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Preface

Tuberculosis (TB) has been a disease of animals and humans since thousands of
years ago, but it is still affecting the people, to become the leading cause of death
due to a single infectious disease.

A variety of control programs has been launched to eliminate TB. They mainly
include national programs to prevent TB, screen for TB, and increase patients’
adherence to treatment regimens. However, TB remains to pose its new challenges
with regard to effectiveness of control and prevention programs, management,
detection and diagnostic techniques, HIV-TB co-infection, drug resistance and drug
discovery, childhood TB, genetic susceptibility, environmental factors, epigenetics,
vaccine development, social and structural determinants, animal TB, extrapul-
monary TB, and research.

Tuberculosis: Integrated Studies for a Complex Disease is a multi-authored
comprehensive volume on TB that provides a review of all the above challenges
along with recommendations.

Tehran, Iran
April 2022

Nima Rezaei, M.D., Ph.D.

Acknowledgment I would like to express my gratitude to Editorial Assistant of this book series,
Dr. Amene Saghazadeh. Without a doubt, the book would not have been completed without her
contribution.
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Graphical Abstract

TB or not TB? (Adapted with permission from the Association of Science and Art (ASA),
Universal Scientific Education and Research Network (USERN); Made by Nastaran-Sadat
Hosseini)
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1 Introduction

Tuberculosis (TB) is an old disease. It remains a disease with high incidence and
mortality, which, along with other respiratory infections, accounts for the first cause
of death in the category of communicable, maternal, neonatal, and nutritional
disorders (this chapter). Even in the United States, where TB incidence is generally
on the decline, the trends are concerning, particularly regarding disparities: the
decline in TB cases has been shown to happen only to United States-born indi-
viduals, not non-US-born individuals [1]; childhood and adolescent TB cases
remain significantly higher in non-white people and those from TB-endemic
countries [2].
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1.1 Heterogeneity in TB Transmission and Manifestations

Generally, the heterogeneity in TB epidemiology is under the influence of various
factors related to the infectious agent, infectious host, susceptible host, environ-
ment, and distal determinants (Chap. 2) [3]. Particularly, Mycobacterium tubercu-
losis (M. tb)–the organism that is responsible for TB–has different isolates that
show heterogeneity in the genotype and phenotype lying in different stochastic
processes, growth phase and growth rate, asymmetric cell division and cell aging,
and host microenvironment (Chap. 3). With regards to the host, there might be
genetic susceptibility. In particular, studies of patients with Mendelian predispo-
sition to severe TB have associated genetic loci with developing TB, including
active TB and latent TB infection, and related outcomes [4–6], especially
drug-resistant TB [7]. Also, TB heterogeneity is seen with anthropometric mea-
sures, age, and sex, with higher TB rates in underweight [8] and older people [9]
and in men [10]. The socioeconomic factors have been shown to account for TB
heterogeneity as well. Importantly, TB is mostly a disease in the poor. Ecological
analyses suggest that the unemployment rate and household crowding are the
socioeconomic factors best associated with higher TB rates [11]. Moreover, TB
transmission shows a high degree of heterogeneity, as shown in a systematic review
of spatial studies of TB [12]. Interestingly, the immune system shows heterogeneity
in response to infection with M. tb. In particular, macrophages, which comprise the
dominant population of cells infected by M. tb, display phenotypes and immune
functions that vary across individuals [13]. This would, in turn, contribute to the
heterogeneity in the immunopathogenesis of TB [14]. Finally, TB patients show
different responses to anti-TB therapy [15]. Identifying the sources of heterogeneity
for dealing with the problem of TB effectively is imperative [3].

1.2 TB and Related Conditions

1.2.1 Tobacco Use
Meta-analyses indicate a positive, significant association between drug-resistant TB
and tobacco smoking (Chap. 4) [16], especially for current smoking, as well as
between TB rates and exposure to indoor air pollution, especially for pollutants
PM2.5 and biomass smoke [17]. Despite this evidence, no consensus has been
developed on integrating TB and tobacco control programs, calling a need for
TB-tobacco integration [18–20]. For this purpose, understanding the epidemiology
of TB and tobacco use in relation to each other is indispensable. There have been
launched some joint policies for tackling TB and tobacco use; however, their
effectiveness is limited due to challenges at the patient, healthcare provider, and
health system levels. Opportunities are available as well, along with recommen-
dations to establish the joint working group at all levels, modify reporting mech-
anisms, integrate the programs into health and development agendas, and advocate
for smoke-free policies (Chap. 4).
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1.2.2 Cancer
Following a cancer diagnosis, TB rates increase especially, according to a large
cohort study, in patients diagnosed with myelodysplastic syndrome (MDS)/
myeloproliferative neoplasm (MPN) [21] (Chap. 5). On the other hand, having TB
is associated with an increased risk of developing lung cancer, which is attributed to
the ability of M. tb in causing cellular transformation in the lung cells, making them
vulnerable to lung cancer [22, 23]. Managing TB in patients with cancer is faced
with challenges, importantly with regards to anti-TB treatment while the patients
are on anti-cancer therapy [22]. Moreover, there have been reports of M. tb reac-
tivation following treatment with immune checkpoint inhibitors [24], highlighting
the importance of evaluating latent TB infection in patients with cancer. Though
some mechanisms have been suggested to underlie the cancer-TB association [25],
they remain less understood. Yet, the TB-cancer association poses a complex
problem.

2 Diagnosis

Different methods have been developed for TB diagnosis. For a laboratory diag-
nosis of TB, there are various concerns and topics from laboratory safety, collection
of different specimens, importantly blood and sputum, and digestion and decon-
tamination, to microscopy, culture using both solid media and liquid system, tu-
berculin skin test, interferon-gamma release assays, molecular methods, including
signal amplification method and post-amplification analysis, nanodiagnostics, and
biosensing techniques for consideration (Chap. 6). Among them, the most com-
monly used methods are acid-fast staining and culture. According to estimates
provided by a pooled analysis, the specificity of acid-fast staining falls between 95
and 98%, while that for culture is 98% [26]. The sensitivity of acid-fast staining is
between 20 and 70%, compared to that of 95% for culture. Molecular methods can
be used in the step after the positive result is obtained with culture. Importantly,
nucleic acid amplification tests help with the direct observation of M. tb in tested
samples [26]. Molecular methods are still in progress, enabling laboratorians to
both establish TB diagnosis and screen for drug-resistance TB-related mutations.
Among the recently developed methods are MTBDRplus, loop-mediated isothermal
amplification, line probe assay, GeneXpert, whole-genome sequencing, and
next-generation sequencing [27]. Machine learning-based approaches have recently
been shown to be promising in handling laboratory data and aiding with the dif-
ferentiation of active TB from latent TB infection [28].

Microfluidics can also apply to TB diagnosis [29]. These devices can diagnose
TB from bacterial components and through genotyping (Chap. 7). They offer a
lower price and analysis time with acceptable cost-effectiveness and accuracy [30].
They are also easy to use; microfluidic devices can be integrated into standard
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laboratory equipment [31]. To exemplify, in a recently published study, the com-
bination of a microfluidic cartridge and FluoroType MTB yielded a 100% sensi-
tivity for TB diagnosis. This cartridge can be integrated into a platform of testing
for drug-resistant TB and provide information about drug-resistant isolates, too
[32]. Efforts are increasing to integrate microfluidics into TB diagnostic procedures,
such as real-time polymerase chain reaction [33].

In addition, immunodiagnostics involves a wide range of blood-based
biomarkers, host gene expression profiles, OMICs, etc. (Chap. 8) that can be
used as point-of-care tests for TB diagnosis [34]. Cytokine biomarkers, for exam-
ple, have been shown to diagnose TB, differentiate active TB disease from latent
TB infection [35], determine disease severity, and predict and monitor treatment
response [36–38]. Gene expression signatures can classify patients according to
their immune profiles. This classification is useful for both diagnostic and prog-
nostic purposes and for identifying potential targets for therapy and decision-
making about the immune response endotype-based host-directed therapy [39–41].
Multi-OMICs technologies can help develop proteomic, genomic, or transcriptomic
diagnostics that can diagnose pulmonary TB and extrapulmonary TB and assess the
disease status [42]. Multi-OMICs approaches are promising in the diagnosis of TB
in problematic populations [43], e.g., pediatric TB (Chaps. 10–12) and people
who live with HIV [44]. They can also contribute to drug discovery for TB by
identifying new targets by evaluating drug action and screening by compound
activity [45].

Bronchoscopy is used as a diagnostic and therapeutic procedure in the context of
TB practice (Chap. 9), especially in cases with endobronchial TB and for those
suspected of having pulmonary TB who are smear-negative or sputum-scarce [46].
Different bronchoscopic techniques have been described to provide bronchoalveolar
lavage and bronchial washing aspirates in a safe and accurate manner [46]. Even
bronchoscopic procedures can apply to pediatric patients [47].

3 Treatment

3.1 Anti-TB Drugs

The treatment of TB mainly involves chemotherapy [48, 49]. Anti-TB medications
include first-line (isoniazid, rifampicin, pyrazinamide, and ethambutol) and
second-line (streptomycin, injectables (amikacin, kanamycin, and capreomycin),
fluoroquinolones, ethionamide/prothionamide, cycloserine/terizidone, para-
aminosalicylic acid/Para-aminosalicylic acid sodium, bedaquiline, delamanid,
linezolid, clofazimine, augmentin, and thioacetazone) anti-TB drugs. Recommen-
dations on these drugs prescriptions and population-specific advice, i.e., adults,
children, TB-HIV-co-infected people, and patients with latent TB infections, are
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provided (Chap. 13). Moreover, the exposure to anti-TB medications or their levels
correlate with TB outcomes [50]; for example, with regards to the first-line anti-TB
drugs, higher exposure to rifampicin is related to a better outcome and lower levels
of rifampicin, isoniazid, and pyrazinamide to a weaker outcome. Understanding the
pharmacokinetic and pharmacodynamic properties of anti-TB medicines is required
for treatment optimization (Chap. 14) [51].

3.2 Immunotherapy

TB and its presentation and outcome are associated with immune responses [52].
CD4+ Th1 cells, CD4+ Th17 cells, CD8+ T cells, c9d2 T cells, mucosa-associated
invariant T (MAIT) cells, and antibody responses are known as immune responses
potentially contributing to protection against TB reactivation, whereas CD4+ Tregs,
exhausted T cells, alternatively activated macrophages, and type 1 interferon-
induced polymorphonuclear cells might adversely affect anti-TB immunity [53].
Adjunct immunotherapies have, therefore, been considered for TB [54, 55] to
influence the immune system and inhibit M. tb replication [53]. Immunotherapy for
TB mainly involves cytokines, particularly interferon and interleukin 2, and their
inhibitors, especially anti-tumor necrosis factor (Chap. 15) [55]. However,
Mycobacterium vaccae, RUTI (a vaccine), autologous mesenchymal stem cells
(MSC), V5 immunitor, drugs/compounds with immunomodulatory properties, e.g.,
steroids, Levamisole, Albendazole, and Thalidomide, and vitamin D, have been
clinically investigated as well.

3.3 Inhaled Anti-TB Therapy

Inhalation is a method of drug delivery for TB. Different drugs can be used in
inhaled TB therapy [56], including old and new drugs (colistin, capreomycin,
amikacin/kanamycin/gentamycin, streptomycin, pyrazinoic acid ester and pyrazi-
noic acid/ester Dry Powder, spectinamides, rifampicin, clofazimine, isoniazid,
pretomanid) [57]. Inhaled TB therapy is promising to carry the drug to the lungs
directly as well as deliver it to the systemic circulation and maintain drug con-
centrations optimal while systemic toxicity risk remains low [58–60]. This is very
demanding given that conventional drug delivery methods are often unable to hold
anti-TB drugs at the optimal concentrations but are also associated with a variety of
side effects due to their accumulation in the circulation [61]. Studies are increasing
to assess the prospects of inhaled TB therapy keeping in mind the lessons learned
from the experience with other pulmonary diseases (Chap. 16) [57, 59]. To
investigate the effectiveness of inhaled anti-TB therapy in drug-resistant TB,
however, requires clinical studies [57].
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3.4 Malnutrition Treatment

Malnutrition is a common problem in patients with TB; therefore, nutrition is
significant to control TB [62]. Poor nutrition, decreased appetite, malabsorption,
and metabolic changes account for malnutrition in TB. Malnutrition in TB occurs as
protein-energy malnutrition and/or essential elements deficiencies [63]. Particularly,
patients with TB show deficiencies in micronutrients zinc, vitamin B6, vitamin C,
vitamin D, and vitamin E (Chap. 17). Malnutrition is a cause of secondary
immunodeficiency resulting in increased individual vulnerability to TB. Studies
have associated malnutrition with an increased risk of developing TB, delayed
recovery of TB, and death due to TB. Nutrition examination surveys and nutrition-
focused programs need to be incorporated in TB prevention and management
programs [64, 65]. In particular, micronutrient supplementation is a key for inte-
gration into TB management [66].

4 Drug Resistance

Drug resistance is a challenge of modern TB that emerged 30 years ago [67]. It is a
threat to the world, from Asian and African countries to European and American
countries [68]. Drug-resistant TB is a form of TB where M. tb strains undergo
changes in cell morphology considerably. Mutations causing these changes are
different, so databases have been developed to list them [69]. When standard
anti-TB therapy fails, drug resistance testing is done to isolate M. tb species and
agents to which they are susceptible. This testing can be based on phenotypic and
genotypic approaches [70]. Different molecular mechanisms have been linked to
drug-resistant TB (Chap. 18) [71], including permeability-associated resistance,
acquired resistance by genetic mutations (Chaps. 43 and 47), drug efflux, target
mimicry, and drug degradation and modification. Moreover, epigenetic mechanisms
have recently been proposed to play a role in anti-TB drug resistance (Chap. 44).
These mechanisms might contribute to the host–pathogen connection by affecting
the gut-lung microbiota in a way that resistance develops (Chaps. 46 and 47).
Molecular and whole-genome sequencing methods are recommended for under-
standing its pathogenesis and diagnosis along with multiomics integration
(Chap. 45). Drug-resistant TB calls for new anti-TB strategies to modulate the
resistance, e.g., structural modification in existing drugs to address mutation-
associated resistance, targeting efflux pumps associated with drug efflux, and
bypassing drug inactivating enzymes. As a result, drug discovery remains an
intensely active line of research in TB (Chaps. 21–25), with many drugs are under
development for TB therapy, especially for drug-resistant TB (Chap. 19).
Individualized treatment is useful to manage drug-resistant TB patients considering
the form of TB, existing comorbidities, genetic background, disease severity,
nutritional status, demographics, and body composition (Chap. 20) [15].
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5 Prevention

According to the World Health Organization (WHO) report, the decline in TB
incidence was estimated at about 6% from 2015 to 2018, while the 2020 milestone
was set at 20% [72]. That TB elimination is not progressed as it should be because
TB prevention is faced with challenges, importantly latent TB infection, drug re-
sistance, missing cases, contact investigation, gender disparities, global migrations,
childhood TB, HIV-TB co-infection, TB among people who use drugs, and TB
among people with autoimmune diseases who use TNF-targeted therapies
(Chaps. 28–32). Moreover, extrapulmonary TB that affects different anatomical
sites is associated with difficulties in diagnosis and treatment (Chaps. 33–39). The
search for animal TB, which mostly occurs due to Mycobacterium bovis in
domestic animals, is crucial to the success of TB prevention programs; upon
exposure to these animals, individuals might be infected (Chaps. 40–42).
TB-related stigma is high, which might prevent people from being interested in
knowing about latent TB infection status; stigma reduction is necessary, too
(Chaps. 49 and 50) [73]. Preventive efforts are required to tackle TB as a complex
global problem that needs attention to identify the targeted population for TB
preventive therapy (Chap. 27) and develop TB diagnostics, therapeutics, and vac-
cines [74, 75].

6 Experience Before US

6.1 Integrated Prevention Services

Integrated prevention services aim to control TB along with comorbid infections,
mainly HIV, viral hepatitis, sexually transmitted diseases [76], or non-
communicable diseases [77]. These services are, not limited to, ranging from the
prevention and treatment of mental health and substance use disorders to treatment
of infectious diseases and delivery of preventive services. The inetgartion of TB and
HIV care services is, however, poorly implemented [78].

6.2 Integrated Therapy

Accordingly, integrated therapy for TB and comorbid conditions is warranted [79].
For example, patients undergoing an integrated intervention of anti-retroviral
therapy (ART)-anti-TB therapy were less likely to die by more than 80% at the end
of the study compared to those who sequentially received anti-TB treatment and
then ART [80]. Also, an integrated TB treatment-tobacco cessation protocol, called
SCIDOTS, has been shown to improve the success of quiting smoking and anti-TB
treatment, as compared to the anti-TB treatment (DOTS) merely [81].
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6.3 Integrated Research

An integrated approach for TB research can help with the discovery of anti-TB
drugs and vaccines. For example, Tuberculosis Database (TBDB) is a database
including genomic data and resources to which an integrated approach can apply
[82].

6.4 Integrated Understanding of Pathogenesis

6.4.1 Integrated Immune and Endocrine View
TB infection is accompanied by alterations to immune and endocrine processes. In
particular, TB is characterized by increased levels of IFNc, IL6, and IL10 [83]. For
the endocrine component, it is related to increased levels of growth hormone,
decreased levels of testosterone and dehydroepiandrosterone (DHEA), and an
increased cortisol/DHEA ratio. At their intersection, DHEA has been shown to
correlate with IFNc levels. Therefore, TB is considered a immunoendocrine dis-
order, and understating its pathogenesis calls for an integrated view (Chap. 48).

6.4.2 Integrated Whole-Genome Analysis
Integrtaed studies of whole genome analysis can shed light on TB pathogenesis by
establishing relationships between DNA sequences, methylation, and transcription.
This leads to the identification of mechnaisms potentially contributing to TB that
can serve for targeting options [84].

6.5 Integrated Diagnostic Approach

Integrated diagnostic methods are used to detect M. tb with advantages; for
example, earlier detection of M. tb, M. tb detection in smear-negative samples, and
drug resistance diagnosis [85–88].

6.6 Integrated Anti-resistance Platform

To attenuate the problem with drug resistance in TB, there have been many efforts
for drug discovery. In addition, a bioengineered integrated platform can help
with monitoring the response to drugs, i.e., pharmacokinetics modeling. E.g., a
three-diemnsional cell culture provides such a platform that integrates a micro-
sphere system and a microfluidic plate and evaluates the effect of drugs on M. tb
killing [89].
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6.7 Integrated Social Epidemiology

By comparing large and small clusteres of TB, an integrated analysis of epidemi-
ological and genomics data could identify various host-related and pathogen-related
factors that mediate TB transmission. These include mainly being a non-hispanic
black, homelessness, male sex, aged below 65 years, sputum smear positivity,
drinking too much acohol, and HIV seropositvity, among which, importantly, being
a non-hispanic black and homelessness were the independent risk factors for TB
[90]. This calls a need for integration of social factors into the control programs of
TB.

6.8 Integrated Contact Tracing

Contact tracing is an important step of TB care. Different strategies have been
developed for this purpose; however, detection rates remain low in some areas,
indicating that contact tracing has not been effective. Integrated approaches can
increase the effectiveness of contact tracing. For example, the performance of a
combination of CXR, sputum, and gene Xpert MTB/RIF examination was shown to
be suitable [91], yielding a high detection rate in a high-burden area.

6.9 Integrated Forecasting Model

Forecasting the incidence of TB is required to prepare health services and resources.
Integrtaed models have shown a good performance, e.g., auto-regressive integrated
moving average (ARIMA) model and its seasonal version (SARIMA) [92].

7 Conclusion

As outlined above, in Tuberculosis: Integrated Studies for a Complex Disease, TB
is highlighted as a disease with complexity in multiple aspects, from the hetero-
geneity in epidemiology and diagnosis to treatment, drug resistance, and preven-
tion. In parallel, the book includes several nudges to the drug discovery for both
tuberculous mycobacteria and non-tuberculous mycobacteria (Chap. 26). In the end,
Chap. 51 is an Expert Opinion that includes the opinion of more than 150 authors
who contributed to the volume. We have express our opinions on TB 2050.
Welcome to Tuberculosis: Integrated Studies for a Complex Disease.
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Core Messages

• Even in locations where TB incidence is generally declining, the trends are
concerning, particularly regarding disparities.

• A variety of concerns exist regarding laboratory TB diagnosis, particularly
childhood TB diagnosis in resource-limited settings.

• The treatment of TB mainly involves first-line and second-line medicines;
however, adjunct immunotherapy is also promising.

• Drug resistance is a challenge of modern TB, with different molecular
mechanisms playing a role.

• That TB elimination is not progressed as it should be because TB pre-
vention is faced with challenges.
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It wasn’t raining when Noah built the ark.

Howard Ruff

Summary

Tuberculosis (TB), despite being curable and preventable, remained on the list of
top ten mortality causes across the globe. TB-HIV comorbidity and emergence
of drug-resistant TB (including MDR and XDR) are superadded problems. Like
other infectious diseases, TB has strong ties with socio-economic strata, with a
higher incidence among low-income countries compared to their counterpart. TB
control came on the list of global priority agenda after being labeled as a global
health emergency in 1993. Afterward, implementation of DOTS (Directly
Observed Treatment Strategy), Stop TB strategy, and End TB Strategy played a
significant role in combating the situation. The global incidence of TB has
declined from 172 per 100,000 population (2000) to 132 per 100,000 population
(2018). However, the pace of decline is still insufficient to meet global targets
and commitments.
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1 Introduction

German microbiologist and physician Robert Koch identified the etiological agent
of human tuberculosis (TB) in the 1880s. Despite tremendous success in developing
diagnostic tools and therapeutic agents, the highly adaptive nature of Mycobac-
terium tuberculosis (M. tb) kept this bacterium a problem for health. TB is a
daunting public health challenge not only because of its mortality but also because
of its limited success in preventing transmission. Every minute around 19 people
develop TB disease across the globe (incidence is 10 million, range 9–11.1 million)
[1]. This disease burden has diverse geographical and demographic patterns.
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In 2018, the average global incidence was 132 cases per 100,000 population.
Southeast Asia (WHO region) had the maximum share of global TB toll. Around
87% of cases were in 30 countries, amongst which the top eight included India,
China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh, and South Africa,
respectively. Among the estimated incidents, 69% (63–77%) were notified and put
on treatment during 2018 across the globe [1].

The gender disparity is also reflected in estimated incidence where men aged 15
and above had 57% of the total caseload while the women of the same age group
had 32% of that. Children under the age of 15 bore 11% of the burden of TB [1].

TB has close associations with some common diseases and conditions, including
human immunodeficiency virus (HIV) and diabetes. HIV-infected persons account
for 8.6% of all TB cases worldwide. In 2018, 64% of the TB patients reported had
known HIV status, which is an improvement from prior years, but still a significant
number. In 2018, 56% of all TB HIV cases were reported to the national database [1].

The emergence of drug-resistant (DR)-TB has created a menace to the situation.
In 2018, around 500,000 new DR-TB cases developed, among which 78% had
multidrug-resistant (MDR)-TB. India, China, and the Russian Federation accounted
for 27, 14, and 9% of the global DR-TB burden. DR-TB was found in 3.4% of new
cases of TB and 18% of cases of TB retreatment. Globally, 32% of the incident
DR-TB cases were put on treatment during 2018 [1].

TB is included in the global list of top ten mortality causes and ranks as the top
mortality cause from one infectious agent even higher than HIV/AIDS. WHO
estimated that TB accounted for 1.2 million (1.1–1.3 million) deaths during 2018
among HIV-negative individuals, with an additional 251,000 deaths among HIV
and TB comorbid people [1].

The social and demographic determinants also affect the disease burden in terms
of both occurrences as well as transmission. These factors include but are not
limited to congested and poor living, limited health education, smoking, alcohol,
and under-nutrition [2]. Global statistics of TB, both the incidence and notification,
reflect the impact of the existing level of TB control efforts and their potential in
reaching “End TB” milestones and targets set in sustainable development goals
(SDGs). The global epidemiology of TB also throws light on the areas where there
is a need to take novel and bold steps to eradicate the disease.

2 History of Strategies and Commitments to Control
the Tuberculosis Epidemic

TB remained gross neglect until 1993 when it was declared a global public health
emergency by WHO. Subsequently, the DOTS (Directly Observed Treatment
Short-course) strategy was launched and implemented from 1994 to 2005, followed
by the development and implementation of the Stop TB Strategy (2006–2015),
which showed global commitments and efforts for halting the epidemic [3].
Meanwhile, in 2014, WHOs’ End TB strategy was adopted by World Health

2 Global Tuberculosis Epidemiology 19



Assembly (WHA). Afterward, ending the TB epidemic was included as a target in
SDGs by United Nations (UN) General Assembly in 2015 (Target 3.3) [4].

“End TB Strategy” paved the way for decreasing the TB burden and mortality. The
milestones for 2020 include a 35% reduction in TB-related mortality and a 20%
reduction in TB incidence as compared to 2015, whereas the targets for 2030 are a
reduction of 90% in TB mortality and 80% in TB incidence in comparison to levels in
2015. The UN high-level meeting (2018) reaffirmed the SDG target and End TB
Strategy. New global targets were also introduced in the political declaration, including
the provision of TB disease treatment to 40 million people and TB preventive therapy
for LTBI (latent TB infection) to 30 million people in five years (2018–2022) [1].

3 Global Monitoring of TB

WHO has published annual TB global data since 1997 to provide updated infor-
mation on the TB epidemic and the achievements in response to the effort made for
the cause. The data is collected with the involvement of multiple stakeholders in a
systematic manner. Incidence is estimated based on TB prevalence surveys, noti-
fications adjusted by under-diagnosis and under-reporting in high-income countries,
national inventory studies, and case notification and detection gaps as per expert
opinion in low-income countries [5]. For Global TB Report 2019 (WHO), 202
countries/territories contributed TB data, accounting for more than 99% of the
global population [1]. For understanding the epidemiology of the global TB epi-
demic, the standard definitions of TB related terminologies by WHO are of par-
ticular importance:

• latent TB infection (LTBI), LTBI refers to a state where there is a persistent
immune response to MTB antigen in the absence of any clinical evidence of TB
disease. It also is referred to as “TB infection” depending on the context [6];

• TB case, bacteriologically confirmed (B +ve) TB case is declared when a bio-
logical specimen is positive either through culture, sputum smear microscopy
(SSM), WHO Recommended Diagnostics (WRD), Gene Xpert MTB/RIF, and
others irrespective of notification and registration status; and

• Clinically diagnosed (CD) TB case, if an expert clinician or medical practitioner
diagnoses active TB disease without bacteriological confirmation. Basis of
clinical diagnosis may include X-ray findings or histological evidence.

3.1 Classification (Anatomical Site)

3.1.1 Pulmonary Tuberculosis
TB lesion exists in lung parenchyma and/or tracheobronchial tree. Pulmonary TB
(PTB) may be B +ve or CD. Because of the involvement of lungs in miliary TB, the
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disease also comes under PTB. A patient is classified as PTB if both the lung
parenchyma and other organs or sites are involved.

3.1.2 Extrapulmonary Tuberculosis
TB involving any organ other than the lung parenchyma and/or tracheobronchial
tree is defined as extrapulmonary TB (EPTB). It includes TB involving pleura,
lymph nodes, skin, bones and joints, abdomen, genitourinary tract, and meninges.
Intra-thoracic lymphadenopathy, including mediastinal and/or hilar lymph nodes
and pleural effusion, without evidence of lung parenchymal involvement, also
comes under EPTB.

3.2 Classification Based on the History of Previous
Tuberculosis Treatment

3.2.1 New Patients
They are patients who have never had anti-tubercular therapy (ATT) or who have
received ATT for less than one month.

3.2.2 Previously Treated Patients
These patients had taken ATT for at least one month in the past. Based on their
treatment outcome of the most recent course of treatment, these patients are further
classified into five groups:

• relapse patients: patients diagnosed again after being declared cured or having
finished treatment (being well treated) in the most recent round of TB therapy;

• treatment after failure patients: patients treated for TB in the past and their
treatment outcome was a failure during the most recent episode;

• treatment after loss to follow-up TB cases: patients whose most recent treatment
outcome was a loss to follow-up;

• other previously treated patients: these are previously treated patients and their
last treatment outcome is unknown or undocumented; and

• unknown TB treatment history: patients who do not fit into any of the above
categories.

3.3 Classification Based on Drug Sensitivity

Drug susceptibility testing (DST) for anti-tuberculosis drugs on clinical isolates of
TB patients differentiate TB into three categories:

DR-TB, DR-TB patients are further classified as per number and types of
anti-tuberculosis drugs to which they have developed resistance, e.g.,
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i. Rifampicin-resistant TB (RR-TB);
ii. MDR-TB;
iii. Extensive drug-resistant TB (XDR-TB).

3.4 Classification Based on HIV Status

An HIV-positive TB case is defined as any diagnosed TB patient who is either HIV
positive at the time of TB diagnosis or has previously been registered/diagnosed for
HIV. HIV-negative TB patients have negative HIV results at the time of TB
diagnosis. Unknown HIV status refers to diagnosed TB patients whose HIV status
is unknown.

3.5 TB Treatment Outcome Definition

Some of the common drug-sensitive (DS) TB treatment outcomes include:

3.5.1 Successful Treatment Outcomes
Cure and completion are both regarded as effective outcomes of TB. Cured refers to
any B-+ PTB patient who became negative (on SSM or culture) at the end of
treatment and during one of the follow-up examinations. Completed refers to a TB
patient who completed treatment without evidence of failure or cure.

3.5.2 Unsuccessful Treatment Outcomes
Unsuccessful treatment outcomes mean treatment failure, death, and loss of
follow-up. Treatment failure is assigned to all TB patients who became B-+ during
TB treatment at the fifth month or later. Loss to follow-up means after at least one
month of treatment, there is an interruption in treatment for two consecutive months
or more.

DS-TB and DR-TB are mutually exclusive cohorts (based on registration and
management). The outcome of DR is the same as DS-TB as far as terminology is
concerned; however, the definitions for DR-TB are as per their management pro-
tocols. In DR-TB, too, the sum of cured and completed is considered as a successful
treatment.

3.5.3 TB Death
The death (TB mortality) result of TB therapy is ascribed to the death of a TB
patient (DSTB and DRTB) before or during TB treatment [7].

3.6 Latent TB Infection (Exposure and Infection with M. tb)

LTBI is a condition of persistent immune response to M. tb antigen in the absence
of any clinical evidence of active TB disease. There are no accurate figures about
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the LTBI global burden; however, around one-third of the global population is
infected with M. tb. Among LTBI cases, around 5–10% might develop the disease
later on in their lives, while the vast majority of the LTBI cases never become
diseased [8].

Management protocols of LTBI include identifying high-risk people, ruling out
active TB disease among them, testing with the available methods for LTBI, and
providing an appropriate and effective treatment where needed so that adherence till
completion is ensured and adverse effects are monitored and managed. The
high-risk groups include people living with HIV (PLHIV), household (HH) mem-
bers of pulmonary B-+ patients, and clinically high-risk patients (patients on
dialysis, patients preparing for an organ transplant, patients with silicosis, etc.) [8].

During the UN high-level meeting, Global commitment for preventive treatment
included the provision of LTBI to 30 million people in five years (2018–2022). This
included 6 million PLHIV, 4 million under 5 HH contacts of TB patients, and 20
million other eligible HH contacts [1].

Among PLHIV, 1.8 million (in 65 countries) received LTBI treatment in 2018
compared to less than a million in 2017. There was even a great success when we
compared from 2005 where 30,000 patients received the same. The global target is
6 million LTBI treatments during 2018–2022 seems achievable with this pace of
progress [1].

Around 1.3 million children < five years among the HH contacts of B-+ PTB
patients were the eligible candidates for LTBI treatment. However, only 349,487
were given preventive treatment and reported in 109 countries in 2018, which is
only 27% in terms of coverage. The number was higher than last year, and since
2015, this number has increased around four-fold [1].

There is around a 30% decrease in uptake of preventive treatment among five
years and older age group HH contacts in a year, from 103,344 during 2017 to
79,195 during 2018. This number is quite low compared to the UN high-level
meeting [1].

4 The Magnitude of Global TB Disease

4.1 Drug-Sensitive Tuberculosis Incidence

In 2018, around 10 million people developed TB (range 8,990,000–11,100,000)
with the incidence rate of 132 per 100,000 (range 118,000–146,000) of population
(Fig. 1) [1].

Incident cases in reference to population size give the true picture of the severity
of the epidemic and the effectiveness of prevention and control measures. TB
incident rate (incident cases per 100,000 population) remained varied across
socio-economic strata. In most high-income countries, the incident rate remained
under 10 per 100,000 population; however, the same remained 150–400 per
100,000 population in high burden countries. In some countries, including the
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Central African Republic, Lesotho, the Democratic People’s Republic of Korea,
Namibia, Mozambique, the Philippines, and South Africa, the incident rate was
above 500 per 100,000. Among the 30 high TB burden countries, Brazil, China,
and the Russian Federation had a very low incidence rate of 45, 61, and 54,
respectively [1].

4.1.1 Age and Sex Distribution
All age and sex groups are susceptible to TB; however, men share a greater burden
than women. In 2018, men, women, and children shared 57, 32, and 11% of the
total caseload [1].

4.1.2 Trends in Line with Global Commitments
Global surveillance data indicate a decline in incidence, both the number and the
rate. During 2000–2018, the average rate of decline was 1.6% per annum,
increasing to 2% between 2017 and 2018. Still, reaching the End TB Strategy
milestones for 2020 seems a challenge with this level of success. Since the end of
three years of the “End TB Strategy” (2015–2018), the cumulative decline in TB
incidence was 6.3% [1].

The regional comparison shows that the fastest decline is observed among the
WHO regions in the European Region (on average, 5% per year), followed by the
African Region (3.8% per year). During 2015–2018, the cumulative reductions in
incidence were 15, 12, 2.8, 6.6, and 3.8% in European, African, Eastern Mediter-
ranean, Southeast Asian, and the Western Pacific regions. Contrary to these five
regions, the estimated incidence is increasing in the Americas region, showing an
upward trend [1].

Fig. 1 Global TB incidence. Global Health Observatory data repository 2020. Prepared with data
from https://apps.who.int/gho/data/node.main.1315?lang=en
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4.2 Drug-Sensitive Tuberculosis Case Notification
and Treatment Success

4.2.1 Notification
In 2018, 7,253,116 TB cases were notified across the globe. Of the incident cases
(new and relapse), 6,950,750 were notified in 2018, 70% of the total incidents (ten
million). 85% of the incident TB cases had PTB. Among these PTB cases, 55%
were B-+, and the remaining were CD-TB patients. In countries where
WHO-recommended rapid diagnostic (WRD) are universally accessible to all
(high-income countries), around 8% of the PTB cases were B-+. However, in
low-income countries, where SSM is the available and accessible TB diagnostic
tool, B positivity is low; around 50% were B-+ in 2018. The trend of B positivity is
declining, which is concordant with an increased notification indicating that efforts
to find missed TB cases have led to overdiagnosis without sound diagnostic evi-
dence [1].

4.2.2 Age and Sex Distribution
Incidence as well as case notification increase with age. Globally, male to female
ratio as well as childhood TB case notification percentages vary across countries
and regions; global M:F is 1.7 [1]. These variations may result from differences in
epidemiology or access to standardized healthcare services has played a role.

4.2.3 Pulmonary Tuberculosis Versus Extrapulmonary
Tuberculosis

In Global TB Report 2019, around 85% (5.9 million) of notified cases were of PTB,
which included both the bacteriological confirmed as well as clinically diagnosed
cases [1].

4.2.4 The Trend Is in Line with Global Commitments
Globally, 7 million incident TB cases (new and relapse) were notified in 2018
compared to 6.4 million of same in 2017, showing a 9% increase in the notification.
Additionally, 300,000 cases of previously treated TB patients were notified. Inci-
dent case notification increased from 2000 to 2009. It remained almost stagnant
during the next four years (2009–2012), with a gradual increase afterward (Fig. 2)
mainly attributed to high case notification in India and Indonesia [1].

4.3 Childhood Tuberculosis

Over one million children developed TB in 2018. Since childhood TB (CHTB)
diagnosis is always a challenge, its notification remained lower compared to inci-
dence. Even the percent notification in all forms is below percent incidence among
all cases. In 2018, around 11% of the total TB incident cases were of CHTB, while
in the same year, CHTB cases were only 8% among the notified cases [1].
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4.3.1 Incidence Estimation
In 2018, incident cases of childhood TB remained at 1.1 million across the globe.
Incidence is determined through statistical models involving prevalence surveys
and case notification trends with further adjustments. In the case of CHTB, it is
difficult to include children in prevalence surveys because of the dependence of
surveys on B positivity, while taking sputum samples from children is always a
challenge, keeping this segment underestimated [9].

4.3.2 Notification and Treatment
Among the new and relapse cases notified, 8% (around 560,000) were CHTB cases
(age 0–14 years) in 2018. [1] Ironically, TB diagnosis remained a challenge for
pediatric TB, especially for children under five years of age. Both the household
screening and the symptomatic screening miss most cases, while broader approa-
ches are cost-intensive with low yield. The respiratory sample is always difficult to
obtain for TB diagnostics among children. Data supporting other types of diag-
nostic tests are less available. Bacterial confirmation in CHTB is difficult, so
children may be undertreated or never treated [10].

Gaps in estimated incidence and notification of pediatric TB are a challenge for
TB control. Further, it is estimated that less than 5% of the estimated DR-TB
incident children (DR-CHTB incidence: 25,000–32,000) ever receive standardized
DR-TB management [9]. TB mortality among children is predominantly with
tuberculosis meningitis (TBM) or extensive disease (disseminated TB) [2].

4.4 Drug-Resistant Tuberculosis

In 2018, the estimated incidence of MDR- and RR-TB was 484,000 (range
417,000–556,000), whereas only 186,772 cases (38.6%) of the same were
laboratory-confirmed, leaving 297,228 MDR-TB and RR-TB cases undetected. The
number of patients who started DR-TB treatment further decreased to 156,071
(including those diagnosed before 2018 and put on treatment this year). This

Fig. 2 Missed TB cases. Global Health Observatory data repository 2020. Prepared with data
from https://apps.who.int/gho/data/node.main.1315?lang=en
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declining trend in the DR-TB cascade leaves undiagnosed and/or untreated DR-TB
patients leading to further transmission of DR-TB [1].

High-income countries have a significantly lower DR-TB burden reflecting that
standardized diagnostic and treatment services reduce the gaps in cascade. In
high-income, low-prevalence countries, all TB patients receive DST, and their
treatment is tailored as per their drug susceptibility leading to a high treatment
success rate.

4.5 Access to Drug SensitivityTesting

WHO recommends Gene Xpert, Xpert Ultra, and Line Probe Assay (LPA) to
diagnose DR-TB. In resource-deprived settings, SSM, chest X-ray, and clinical
diagnosis remain the diagnostic tool for TB; thus, drug sensitivity testing (DST) is
usually not performed, or if available, it is only on tertiary care facilities. With the
widespread coverage of WRD across high TB burden countries, the number of B-+
cases tested for rifampicin resistance through Xpert has increased from the previous
year; still, only 51% (1.8 million) of the total 3.2 million B-+ PTB patients were
tested for Rif resistance. Second-line DST is the standard for all MDR/RR patients;
however, in 2018, only 59% of all notified RR-TB patients received complete
DST [1].

4.6 Gaps in the Drug-Resistant Tuberculosis Care Cascade

In the 2016 cohort, there were 600,000 MDR-TB/RR-TB incident cases, while only
153,119 (25.5%) were notified and 129,689 were enrolled [11], and around 70,000
(56%) of the enrolled patients completed the treatment. This DR-TB cascade, in
other words, shows that 12 out of 100 estimated DR-TB incident cases completed
their treatment successfully [1].

The cascade of DR-TB, right from the estimated incidence till successful
treatment, shows a sharp downward trend at all cascade steps. The burden of
DR-TB disease and losses in diagnostic and treatment cascade both are related to
standards and access to standardized TB care. Factors contributing to the gaps in the
DR-TB treatment cascade include weak political will, complexities and undesired
outcomes of the current DR-TB regimen, access to universal healthcare, and an
ineffective model of care for DR-TB [12].

4.7 Tuberculosis-Human Immunodeficiency Virus
Comorbidity

In 2018, HIV-+ TB incidence was 862,000 (range 776,000–952,000) across the globe
while the TB-HIV co-infection incidence rate was 11 (range 10–13) per 100,000 of the
population [1]. HIV affects the immune status resulting in the rapid progress of

2 Global Tuberculosis Epidemiology 27



innocuous TB infection to TB disease and up to threatening life level [2]. Among the
incident TB cases, around 8.6% (range 7.4–10%) were people living with HIV. This
TB-HIV co-infection has the highest proportion in countries from WHO African
Region. This proportion was even more than 50% in some parts of Southern Africa.
Among PLHIV, the risk of TB is 19 times more than the rest of global population [1].
Among the TB patients notified in 2018, around 64% had documented HIV test results
(Fig. 3), which is higher than in 2017 (60%). In high-HIV burden countries of the
WHO African Region, more notified cases had their HIV status known. Of the total
TB-HIV co-infection cases, 56% (477,461) were reported in 2018 [1].

4.8 Treatment Success Rate

TB treatment success rate (cured and completed) varies with the TB treatment
status, HIV status, drug susceptibility level, etc. Among the 2017 cohort of new and
relapse (incident) cases, 85% successfully completed their TB treatment, and the
outcome was declared in 2018. Among the previously treated patients (excluding
relapse patients) registered in 2017, treatment success was 61%. Among
HIV-positive TB patients registered during the same, 75% were successfully trea-
ted. Treatment outcome of DR-TB cases for the cohort of patients registered for
DR-TB treatment in 2016 differed based on the type of DR-TB; a favorable out-
come in 56% of MDR patients and 39% of XDR cases was achieved (Fig. 4) [1].

The treatment success rate of MDR-/RR-TB among the 2016 cohort was 56%,
while unsuccessful outcomes included 15% mortality, 8% treatment failure, 15%
lost to follow-up, and 6% had an unknown outcome. Among the XDR-TB cohort
notified and registered in 2016, 57 countries/territories reported outcomes. In this
group, 39% had successful treatment outcomes, 26% died, 18% had treatment
failure, and 18% were lost to follow-up or not evaluated [1].

Fig. 3 TB HIV care cascade. Global Health Observatory data repository 2020. Prepared with data
from https://apps.who.int/gho/data/node.main.1315?lang=en
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4.9 Estimated Mortality

TB is the leading cause of death from a single infectious agent, even above HIV. In
2018, the estimated death toll from TB was 1.2 million (range 1.1–1.3 million) in
HIV-negative patients with additional 251,000 deaths (range 223,000–281,000)
among TB-HIV co-infection cases. In 2018, the estimated death rate was 16 (15–
17) per 100,000 among HIV-negative while it was 20 (range, 18–21) per 100,000
for both TB deaths among HIV-negative and positive patients [1].

The socio-economic profile of countries seems to be an important player in the
TB mortality rate. Many high-income countries have less than one TB death per
100,000 population; on the other hand, the rate is 40 or more than that per 100,000
of the population in other African countries [1].

The estimated death burden among HIV-negative people was distributed among
age and sex groups. Men and women of age more than 15 years had 55 and 31%
load respectively, while children (age less than 15) had a 14% share in TB mor-
tality. Children had more share in estimated mortality than their estimated share of
incident cases (11%). The death toll among HIV-positive patients was distributed:
49% were males, 38% were females, and 13% were children [1].

TB deaths decreased by 27% in the period of 18 years (2000–2018), where in
2000, estimated deaths were 1.7 million, and in 2018, it was 1.2 million among
HIV-negative individuals. The same (TB deaths) fell much faster among
HIV-positive cases where in 2000 there were 624,000 deaths which reduced to
251,000 deaths in 2018 (60% decrease). The rate of decline in TB mortality was
greatest in the WHO European Region, followed by WHO African Region [1].

Fig. 4 Treatment success rate. Global Health Observatory data repository 2020. Prepared with
data from https://apps.who.int/gho/data/node.main.1315?lang=en
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5 Conclusion

Global commitments and strategies are commendable if implemented in full spirit.
Progress in terms of notification is encouraging; however, still, there is a huge gap
in incidence and notification more prominently for DR-TB and TB-HIV comor-
bidity. Financial resources must be mobilized to ensure accessibility of standardized
diagnostic and treatment to each and every TB patient.

Core Messages

• TB is public health challenge for the entire globe.
• TB is among the top ten mortality causes globally despite being a pre-

ventable and curable disease.
• TB control is part of global commitments.
• The pace of achievements is not enough to meet the requirements and

targets for ending TB worldwide.
• The emergence and spread of DR-TB and TB-HIV comorbidity have

added misery to menace.
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3Heterogeneity in Tuberculosis

Richa Sinha and Rahul

It is not the strongest of species that survives. It is the one that is
the most adaptable to change.

Charles Darwin

Summary

Tuberculosis (TB), an age-old disease, has troubled the human race despite
advances in diagnosis and treatment. Mycobacterium tuberculosis (M. tb), the
causative agent of TB, has gradually developed effective defense mechanisms to
evade the host immune system and the toxic effects of medications. Genotypic
and phenotypic variations in the bacterium molding the host response to its
advantage produce many clinical presentations. While a large proportion of
patients develop a latent TB infection, about 10% develop active disease. Nearly
20% remain unaffected and asymptomatic. Heterogeneity in manifestations
exists at both the individual and community levels. The host’s biological
(nutritional status of the patient, immune status, genetic background) and
environmental (social, economic, and geographical) factors are responsible for
variation in the risk of disease transmission, disease severity, and treatment
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response. Effective disease control entails a good understanding of the disease
process and the host–pathogen interaction. This chapter intends to discuss the
nuances of heterogeneity in TB.

Graphical Abstract
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1 Introduction

The beginning quote of the chapter holds for Mycobacterium tuberculosis (M. tb),
the causative agent of tuberculosis (TB), which has remained a daunting disease for
the human race. Description of an ailment similar to TB is present in the ‘Vedas’
and the ancient Arabic and Chinese literature. The development of an effective
treatment (Streptomycin, Rifampicin, Isoniazid, and Ethambutol) in the mid-
twentieth century was a ray of hope. Initial disease control with combination
therapy was phenomenal, but with the emergence of the human immunodeficiency
virus (HIV) infection and drug resistance (DR), incidence of TB started to rise
again [1]. Despite the strategic steps taken by the World Health Organization
(WHO) in the last three decades to control disease spread, it continues to over-
burden the health infrastructure worldwide. Globally, TB is the leading cause of
mortality attributed to infectious diseases. Records of 2018 represent nearly seven
million new cases and 1.5 million deaths (including 251 thousand individuals
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co-infected with HIV). Several factors contribute to the survival of this deadly
infectious agent, despite the global coverage by vaccination and chemotherapy. One
of the factors may be heterogeneity in the disease prevalence and healthcare
facilities, which also exists across the globe—the data taken from WHO shows that
one in three patients has no access to the treatment. Around 0.5 million cases every
year are diagnosed as multidrug-resistant (MDR) disease [2].

The clinical spectrum of TB is also varied. It can affect almost all body organs.
However, pulmonary tuberculosis (PTB) is the most common form. The invasion
by the bacteria broadly results in two types of disease states, active disease and
latent TB infection (LTBI). Classical features of the active PTB include persistent
cough (> three weeks) despite antibiotic treatment, expectoration, fever, significant
weight loss, fatigue, and in severe cases, hemoptysis. LTBI is characterized by the
persistence of bacteria in the host with no or minimal symptoms though the patient
may positively respond to immunological tests using mycobacterial antigens (hy-
persensitivity tests). LTBI represents about 90% of all TB infections [3]. Recently,
a spectrum of disease manifestations in terms of severity, drug response, immune
response, and disease outcomes has been recognizable between these two presen-
tation states. Various host and pathogen factors contribute to the heterogeneity
observed in the mycobacterial infection and varied host response.

2 Genotypic and Phenotypic Heterogeneity
in Mycobacterium Tuberculosis Isolates

The genetic variants of Mycobacterium seem to influence the host response. Current
knowledge of genetic heterogeneity comes from molecular epidemiological studies
(analyses of the global distribution of strains). As evident in animal studies,M. tb from
East Asia produced a distinct host response compared to other strains (larger areas of
pneumonitic patches). The difference in the genetic makeup was possibly responsible
for variation in cell wall glycolipids, activation of Toll-like receptors (TLRs), and
inflammatory responses, which contribute to the disease progression [4–6]. The gene
sequencing techniques have added to the understanding of this genetic heterogeneity.
Earlier, detection of repetitive DNA elements was done using PCR-based Spoligo-
typing and MIRU-VNTR (mycobacterial interspersed repetitive units-variable number
of tandem repeats). Spoligotyping analyzes the presence or absence of 43 mercurial
spacer sequences in the mycobacterial genome’s repeat regions.

On the other hand, MIRU-VNTR typing evaluates the 24 loci containing VNTR
of genetic elements, including MIRUs. It identifies phylogenetic lineages better
than spoligotyping. Till April 2016, the global genetic database of M. tb has
identified 19,000 different MIRU-VNTR types and 7,000 variable spoligotypes
worldwide [7]. Other methods of genetic sequencing (single nucleotide polymor-
phism (SNP), large sequence polymorphisms, and whole-genome sequencing) have
identified seven main lineages of human-associated strains with the specific
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geographical association: lineages 1–4 and lineage 7, M. tuberculosis sensustricto;
and lineages 5, 6, M. africanum (Table 1) [8].

Recent studies have demonstrated a difference of not more than 2200 SNPs
between a human and an animal strain. Among the strains affecting only humans,
this difference is less than 1800 SNPs. This restricted diversity suggests that all the
strains originated from a common ancestor (probably M. carnettii). Evaluation of
the lineages suggests that most of the ancestral lineages affecting humans (lineages
1, 5, 6, and 7) probably have an African origin. The modern lineages show a
distribution pattern centered on Asia (lineage 3) and intercontinental regions (lin-
eage 2, Beijing in East Asia; lineage 4, distributed in Europe). The mycobacterial
infection has a sympatric distribution among the immune-competent individuals of
a particular region. However, an immunodeficient state increases vulnerability to
allopatric strains as well [9, 10]. African origin lineage might have followed the
human migration out of Africa to other regions some 40–80 thousand years ago.
Animal-associated lineages diverged from human strains around ten thousand years
ago when the domestication of animals started. The geographical distribution of
M. tb suggests co-evolution of the pathogen and human host.

An organized and localized pool of immune cells, including macrophages and
lymphocytes, called a granuloma, is the hallmark of human TB. It is the host
response to persistent stimuli by the pathogenic bacteria. Different structures,
mainly cellular components, participate in the formation of TB granulomas.
However, it is unclear if the granuloma heterogeneity in a particular host results
from the bacterial variation. Evidence from bacterial genetic mapping suggests that
a single bacterium triggers most of the granulomas in a host. Unlike other bacilli,
M. tb is a genetically stable, monomorphic, and slowly dividing organism.

Table 1 Global phylogenetic structure of M. tb strains [7, 9, 10]

Lineage Classification Geographical
distribution

Characteristics

Lineage 1 Ancestral East Africa 1 A predilection for the central nervous
system

Lineage 5 West Africa 1 Less virulent and less risk of progression
due to mutation of genes encoding
Molybdenum and Vitamin B12
co-factors

Lineage 6 West Africa 2

Lineage 7 Ethiopia (East
Africa)

Lineage 3 Modern Asia/Delhi More commonly affects lymph nodes
and the gastrointestinal tract

Lineage 2
(Beijing)

East Asia, Eastern
Europe, and
Central Asia

Responsible for Central Asian and
Eastern European/Russian MDR-TB
outbreak

Lineage 4 Europe, America,
and Western
Africa

No association with any particular organ
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Moreover, the infectious dose is usually low and hence the variation in strains at
the time of infection is low [11, 12]. Several studies on macaques and humans have
demonstrated little or no genetic changes even after a long disease course. One
study noted that less than five SNPs among the bacterial strains were isolated from
different granulomas in a single host [13, 14]. Hence, the authors concluded that
genetic heterogeneity was less likely to cause the striking phenotypic (difference in
appearance or form) heterogeneity in a mycobacterial population.

Though divided asexually encoding the same genes, the bacteria exhibit subtle
phenotypic heterogeneity in successive generations. Various driving factors might
play a role in the phenotypic variations, including adaptive mutagenesis, amplifi-
cation of genes, and the effects related to environmental variations. Below, we have
discussed changes that help the organism withstand and flourish in the fluctuating
environment [15].

2.1 Stochastic Processes

No two bacteria are identical and thus do not exhibit the same phenotype. Noise in
gene expression is an important cause for phenotypic heterogeneity. Extrinsic noise
resulting from fluctuations in the number of ribosomes and RNA polymerase
activity affects gene expression. Intrinsic noise is due to biochemical changes
affecting the binding of proteins at the promoter regions. The former often con-
tinues to act over the next generation of cells through cellular memory [16]. The
bacterium also maintains stability through environmental fluctuations by positive
feedback mechanisms at various levels. Bi-stability is a prominent feature mediated
through the ‘mprAB’ operon in Mycobacterium [17, 18]. Transcriptional noise is
another mechanism of metabolic diversification, which facilitates survival in dif-
fering substrate concentrations. Recently, a persister lineage of Mycobacterium
demonstrated a stochastic decreased expression of KatG enzyme (antioxidant) to
evade the bactericidal properties of Isoniazid [19].

2.2 Growth Phase and Growth Rate

Not all cells remain in the same division phase at any given point of time in a given
population of multiplying cells. It results in marked heterogeneity in terms of cell
size, age, and susceptibility to antibacterial agents. Variations in growth rate reflect
the microenvironment state (presence of nutrients, synthesis of proteins, presence of
toxins, oxygen concentration) and vice versa. Mycobacterium is a slow-growing
organism and exhibits frequent changes in growth patterns even in optimal con-
ditions. Stressful conditions exacerbate the heterogeneity and are largely respon-
sible for developing a non-growing but metabolically active (NGMA) bacteria.
Murine models suggest that macrophage uptake results in slow-growing
drug-resistant (DR) bacteria [20, 21].
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2.3 Asymmetric Cell Division and Cell Aging

Cell division in bacilli produces two different daughter cells: a relatively large pole
but older sibling and a smaller younger sibling. The cellular components are also
differentially distributed among the progeny. Mycobacterium is no exception. The
younger pole sibling has higher ribosomal RNA concentrations and grows faster [22].
A single-cell technique using fluorescent-tagged protease chaperon (ClpB) demon-
strated the differential distribution of oxidized proteins, which slowed down the
growth and repair system [23]. Other enzymes (AAA+ proteases) are also involved in
antitoxin degradation. Older Mycobacterium also tends to accumulate misfolded
proteins and overexpress AAA+ proteases resulting in growth attenuation [24].

Similarly, 88 toxin-antitoxin systems have been described in M. tb, most of
which result from horizontal gene transfer rather than ancestral inheritance. It
results in multi-stable phenotypes and favors mechanisms responsible for its per-
sistence. The triggering factors for such phenotypic changes include nutrient star-
vation, hypoxia, host immunity, and exposure to toxins or drugs [25].

2.4 Host Microenvironment

It is considered the most important determinant for phenotypic heterogeneity. The
differences in innate immune activity (pro-inflammatory and anti-inflammatory
mediators) and variable production of cytokines, reactive oxygen substrates, dynamic
nutrient availability, and anti-TB drug concentration in different sites affect bacterial
growth, damages repairability, and redox modulators. It distinguishes and differen-
tiates each lesion in a given individual [26]. The vascularization of a granuloma also
affects bacterial activity. Bacilli from an open cavity can be readily cultured (within
six to eight weeks instead of 12–18 weeks from closed cavities) and are more likely
to show resistance to treatment than bacilli from a closed one [27].

Diversity in the genetic and phenotypic activity has strong implications on
disease persistence, development of DR, and disease progression. Deep learning
through computational modeling and single-cell biology can help develop per-
sonalized medications and target the subpopulation of the persister.

3 Heterogeneity in Host Genetic Susceptibility
to Tuberculosis

As described earlier, a large proportion of the population develops LTBI, termed
non-progressors. According to estimates, one-fourth of the world population har-
bors latent infection, and only 5–15% of the hosts infected with the organism
progress and develop clinical disease [28]. Infection with the M. tb stimulates a
cascade of immune responses. Interestingly, not all hosts become symptomatic or
develop the latent disease when infected with M. tb. Several epidemiological
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studies have shown that, even on prolonged close contact of active TB cases (family
members sharing a room, sailors, miners, and students living in confined areas), 5–
20% of individuals behave as resilient or resistors [29]. They either do not get
infected or rapidly clear the bacteria after a transient infection. The innate immune
system muzzles the bacterial infestation without activating the acquired immune
system. Therefore, the skin reactivity test (tuberculin skin test, TST) and interferon-
gamma release assay (IGRA) remain negative despite persistent heavy exposure of
the bacteria. Studies have shown that ability to resist the infection by Mycobac-
terium is more common among siblings than unrelated individuals connoting the
role of genes in the susceptibility to infection [30].

Epidemiological studies have demonstrated heterogeneity in TB susceptibility.
Amidst a TB storm, 13% of African miners were revealed to be resistors [31].
Similarly, the few healthcare workers treating TB patients have the resilience to the
mycobacterial infection [32]. Outcomes of infection with Mycobacterium were
quite variable, including fatal disease in 50%, chronic disease in 25%, and cure in
25%. Such estimates proved the presence of innate immunity in some individuals
[33]. Another report on 251 infants (in 1929) who received contaminated TB
vaccine containing virulent Mycobacterium behaved differently. While 29% of
children succumbed to the illness, 68% developed the mild disease. The dose of
inoculum correlated with the outcome in the majority of cases. However, two
babies who succumbed to the illness had received the vaccine with minimum
contamination, suggesting their high level of inherent susceptibility to TB [34]. The
death rate associated with TB among the native population of Canada decreased
from 10% in 1890 to 0.2% in 1930, but the disease wiped off half the area’s
population after just 40 years [35]. This example implies a likely mechanism of
natural selection of resistant genes in TB.

Phenotypic heterogeneity of the bacteria and diversity in the human cohort have
presented genetic evaluation challenges. Recent developments and advances in
genetic epidemiology and functional genetics (epigenetics, microRNA isolation,
transcriptomics) have highlighted the role of genes in the mycobacterial suscepti-
bility pattern [36]. Experimental studies on mammals have also documented two
types of genetic control on the outcome of infection with mycobacteria. Resistant
rabbits in one study survived twice as long as the susceptible rabbits [37]. In
another experiment, Werneck-Barroso demonstrated the absence of disease mani-
festations in 20–40% of rabbits (majority TST negative) exposed to the TB bacteria
[38]. Genetic studies on human populations in Africa and North America have
shown wide variations in the heritability of TST and IGRA responses to exposure.
Less than half of the familial contacts became TST and IGRA positive. In another
study on 90 multi-generational families from Columbia, a co-dominant gene was
responsible for the variability (65%) in TST positivity [39].

Cobat et al. demonstrated two major loci determining TST reactivity: TST1 on
chromosome 11p14 and TST2 on Chromosome 5p15. The latter exhibited asso-
ciation with the intensity of T-cell mediated response to tuberculin injection. A gene
(SLC6A3) encoding Dopamine transporter seemed to modulate response differences
[40]. People who remain TST negative despite exposure to M. tb may be innately
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resistant to the organism. A report from Ghana showed that TST-negative indi-
viduals were less likely to produce Interleukin (IL)-10 than TST-positive individ-
uals (IL-10 haplotype inheritance). IL-10, an anti-inflammatory cytokine, may be
associated with suppressing adaptive immune response [41]. Multiple genome-wide
association studies (GWAS) have been undertaken to identify the genomic loci
responsible for affecting disease development. A study from Iceland demonstrated
the correlation between the human leukocyte antigen class II (HLA-II) region, TST
response, and resistance to the mycobacterial infection. The HLArs2894257 variant
on chromosome 6p21 is associated with the reduced presentation of antigens to the
T cells [42, 43]. Another genome-wide transcriptional study from Uganda on
HIV-negative individuals suggested an association between the histone deacetylase
pathway and TB infection resistance [44, 45]. A number of loci have been identified
to affect the outcome: 5p13, 5q23, 11p13, 11p14, 15q11, 20p13, and 20q12.
However, inconsistency in the inferences derived from various studies from dif-
ferent regions exists, and therefore gene locus identified in one study could not be
validated in another. The limiting factor in the majority of the studies was the small
cohort size and variation in non-coding sequences. It thus becomes difficult to
explain the development of infectious diseases by SNPs alone [46].

A report from Uganda documented the heritability of IGRA response to
Mycobacterium (* 30%) [47]. Recent studies have focused on the gene mutations
responsible for IL-12/IFN-c activity. Such alterations in these genes may result in
atypical TB and other infections and follow Mendelian inheritance. Individuals are
susceptible to low pathogenic Mycobacterium, called Mendelian susceptibility to
mycobacterial disease (MSMD) or atypical familial mycobacteriosis, which cor-
relates with seven autosomal (IFNGR1, IFNGR2, IL12B, IL12RB1, IRF8, ISG15,
STAT1) and two X-chromosome genes (CYBB, IKBKG). Identifying more than 140
mutations in these genes has provided insights into mechanisms responsible for 18
different disease manifestations. However, incomplete penetrance of most muta-
tions results in the heterogeneity of MSMD. It accounts for 3–45% of disseminated
TB [48, 49].

Various methods help to identify genetic variants. Transcriptional (unwinding of
DNA helix at the RNA synthesis site) studies have identified the histone
deacetylase pathway as an important factor in determining resistance against
Mycobacterium [45]. In studies on animals, 34 transcripts appeared to play a crucial
role in determining the course of tubercular infection in advance (active disease or
LTBI) [50]. The majority of these transcripts were related to interferon and
inflammatory pathways. Suliman et al. described a transcript signature (RISK4)
based on blood RNA sequencing to predict the course of PTB in the African
population up to two years before the development of symptoms [51]. A recent
meta-analysis, which included 16 genetic studies in patients with active TB,
described a set of 380 differentially expressed genes. Reports indicate the role of the
upregulation of IFN-c in increasing the susceptibility and severity of disease [52].

Other mechanisms potentially related to increased TB infection susceptibility
include epigenetic modifications in monocyte-derived macrophages. These regu-
latory changes (methylation or acetylation) are responsible for the upregulation or
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downregulation of specific genes. They are also responsible for releasing
pro-inflammatory cytokines and determining the activity of macrophages against
the bacilli [53]. MicroRNAs (non-coding chains of nucleic acids that regulate the
degradation of messenger RNAs) play a pivotal role in developing TB.
MicroRNA-223 regulates neutrophil-driven inflammation, while microRNA-155
enhances the autophagic response of macrophages to Mycobacterium by inducing
phagosome maturation. A study showed that their deletion in TB-resistant mice
transformed those mice into susceptible hosts [54, 55]. MicroRNA-499 and
microRNA-146a are associated with decreased resistance towards mycobacterial
infection [56].

Despite the molecular advances, a comprehensive understanding of the genetic
basis of susceptibility to TB remains elusive. The majority of studies have limited
their evaluation of PTB. The different forms of the disease (active infection, LTBI,
secondary forms, primary disease) need to be evaluated simultaneously regarding
genetic susceptibility. An integrated approach may serve to develop effective
treatment and preventive strategies.

4 Anthropometric Heterogeneity in Tuberculosis

Susceptibility to Mycobacterium increases with extremes of the host response.
Inadequate response in people with HIV, children under the age of two, and
immunocompromised people presents with disseminated disease or extrapulmonary
tuberculosis (EPTB), while excessive inflammation correlated with necrotizing
granulomas and cavitary pulmonary lesions [57, 58]. The body mass of an indi-
vidual has an important role in the outcome of TB. Obesity is a state of mild
inflammation and has shown protective effects against active TB. Adipocytokines,
like leptin, tend to rise with obesity. Leptin can stimulate naïve T-cells proliferation
and promote Th1 cytokine response, which plays a pivotal role in containing
mycobacterium [59]. A systematic review of six studies by Lönnroth et al. could
associate about a 14% reduction in the incidence of TB with a rise in body mass
index (BMI) from 18.5 to 30 kg/m2. The authors noted a log-linear inverse rela-
tionship between the infection and BMI [60]. In another study from Hong Kong,
Leung et al. [61] reported a three-fold decrease in the risk of developing active TB
infection in obese individuals than normal-weight people. This picture was similar
to that reported in the USA [62], where the authors documented a five-fold decrease
in the risk of progression in obese individuals compared to normal-weight people.
A decrease in the risk of new infection among HIV-positive obese patients was also
noted in a South African report [63]. Aibana et al., in a prospective cohort study on
the risk of 14,000 household contacts, clearly demonstrated a protective effect of
high BMI, as high as > 35 kg/m2, in preventing active disease. However, the
protective effect was not evident among children below 12 years, and high BMI
was not associated with decreased chances of TB infection [64]. Human adipose
tissue rather promotes LTBI by providing a reservoir to the bacilli to survive in a
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dormant state. Moreover, obesity is often associated with diabetes, a proven risk
factor for TB progression.

Malnutrition (low BMI), on the other hand, is a risk factor for the reactivation of
LTBI as well as transmission of TB due to poor cell-mediated immune response.
Also, low BMI correlates with increased mortality and DR. Undernutrition is
strongly associated with other risk factors of TB, including low socioeconomic
status, overcrowding, alcohol consumption, and comorbidities. A BMI < 13 kg/m2

in males and < 11 kg/m2 in females is considered lethal among TB patients. BMI
of 16 kg/m2 is associated with a two-fold rise in mortality. Nutritional support with
dietary supplements to increase the BMI to 18.5 can decrease the risk of mortality
in infected individuals [65].

5 Age- and Sex-Specific Heterogeneity in Tuberculosis

A striking feature of TB, apparent in national surveys across the globe, is that it
affects men more than women. The prevalence remains equal in males and females
till 10–14 years of age, after which male prevalence starts exceeding that of females
[66]. In a report by Martinez et al., the authors documented a male to female ratio of
2.1 in Americans and foreign-born individuals as far as TB incidence above
14 yearsage was concerned. The increased incidence was evident even in the
HIV-negative population [67]. In 2018, nearly ten million patients were affected by
TB globally. The disease influenced individuals in all age groups. However, males
(15–64 years) were affected maximally (57%). Adult females and children (<
15 years) comprised 32 and 11% of all those affected with TB, respectively. These
differences between males and females in the adult age group (15–64 years) are
possibly attributable to differences in:

• societal roles (males are often the sole bread earners of the family in developing
countries and venture out for work leading to more external contact);

• behavioral differences (alcohol intake and smoking, as well as high-risk
behavior, are more common among males); and

• living conditions (males often migrate to cities in search of work, stay in slums
and work in overcrowded places like mines and factories; males predominantly
inhabit prisons).

Such differences increase the risk of exposure and contracting the infection.
Moreover, males are more likely to develop advanced clinical disease, as reflected
in more hemoptysis and sputum production. Even at the start of symptoms, miliary
pattern and cavitary lesions on chest radiographs are more common among males
than females [68–70]. However, females experience higher mortality than males in
the early years of life. Females younger than 35 are more likely to succumb to the
illness. Above 35, the disease becomes several times more fatal in males [66].
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This age-related male–female variation might depend upon the effects of hor-
mones, steroids, and immune responses (T-cell differences and variance in antibody
production). Also, there are potential effects of pregnancy, co-infection with HIV,
and differential individual response to testing [71]. Females have higher levels of
IgM antibodies as they can produce a better antibody response to many vaccines.
Hence, a woman’s immune response can counter a TB infection more efficiently.
A Th1 lymphocyte response is associated with protection against TB infection. In
women, a shift from Th1 to Th2 activity occurs during pregnancy to suppress the
maternal immune system, which would otherwise harm the fetus. Hence, a female
capable of preventing TB infection might become susceptible to disease reactiva-
tion and even progress to severe disease when pregnancy does occur [72].

Males are more susceptible to post-primary smear-positive PTB, which is
responsible for the continuum of spread. On the other hand, females more often
present with smear-negative PTB or EPTB, which, in turn, results in decreased
notification [73]. Moreover, females show a different reaction to diagnostic tools, a
10% fewer culture positivity on sputum examination and less likelihood of testing
positive for TST [74]. It implies an increased chance of missing and underreporting
a female case of TB. Therefore, more sensitive methods are necessary to achieve
statistical accuracy, especially for women.

The prevalence and incidence of HIV in young females are higher than in males.
The risk of transmission of HIV is two to four times higher in a female after
intercourse. The co-infection of HIV with TB is devastating. Patients often die with
TB due to opportunistic infections rather than due to TB itself, and the mortality is
usually due to HIV rather than TB. This explains the low notification rates among
co-infected women with HIV [66]. Many questions remain unanswered. The low
notification rates in females point out a distinct biological and social behavior.
However, the contribution of statistical miscalculation (underreporting of EPTB, a
higher chance of social stigma, and lack of awareness among females) needs to be
understood.

6 Socioeconomic Heterogeneity in Tuberculosis

There is enough evidence to support the influence of socioeconomic determinants
(social, political, and economic circumstances in which the individuals take birth,
thrive, work, grow and die) on TB pathogenesis, risk of transmission, host sus-
ceptibility, lead time to diagnosis, access to the healthcare system, time to start
treatment, compliance, and cure [75]. These factors are responsible for the
heterogeneity in transmission and the prevalence of the disease. The economic
crisis in the continent (2008–2012) effectively halted the continuous decrease in the
incidence rate of TB in European nations. In a Portugal report, Franco et al. doc-
umented that urban centers were the areas with the highest prevalence. While
unemployment and lack of a socioeconomically qualified population were impor-
tant factors in one region, immigration from Sub-Saharan Africa (high-TB

3 Heterogeneity in Tuberculosis 43



incidence) was responsible for the high number of TB cases in another region [76].
As documented in another study from sub-Saharan Africa, high prevalence deter-
minants included low education, unemployment, poverty, smoking, undernutrition,
alcohol intake, and incarceration. Malnutrition renders an individual highly sus-
ceptible to new infection and reactivation of dormant disease. Financial constraints
and poor health facilities at government centers are responsible for delayed or
incomplete treatment adding to the transmission, prevalence, morbidity, and mor-
tality rates of TB.

TB is traditionally considered a social stigma. It acts as a deterrent to social
support and apt treatment due to a lack of education and awareness in economically
backward areas [77]. One-third of the population in South-East Asia lives in an
economic crisis. Education is not a priority for low-income families, and the bread
earners often contact a large number of dependants. Lack of appropriate education
contributes to further poverty. They often live in crowded areas and use biomass
fuels for cooking. The small households expose them to smoke, leading to low
pulmonary reserve. Migrants from such high burden regions remain at increased
risk of contracting TB. The physical health of migrants from a rural area or a
developing country is usually better than the residents who stay back but not better
than those residing in an urban area or a developed country [78]. In a study from
China, individuals who internally migrated to another province with better
socioeconomic conditions were less likely to develop TB than those who stayed
back. The reason stated by the authors was the selective migration of healthy
individuals [79].

Social interventions (social protection, uplifting living standards, and health
education) can help improve access, compliance, and completion of treatment. It is
likely to bridge the socioeconomic gaps, prevent migration, and positively impact
TB epidemiology.

7 Heterogeneity in Tuberculosis Transmission

M. tb is airborne, and therefore spread of infection is possible without direct con-
tact. However, the transmission rate is not as high as respiratory viral infections. As
discussed in the previous section, transmission depends on several social and
economic factors. It also depends on the characteristics of cough, size of aerosols
generated, environmental factors, host susceptibility, and duration of exposure [80].
Melsew et al., in their study (4190 index cases and 18,030 primary contacts),
documented that 75% of all the secondary infections in a community were asso-
ciated with super spreading events (one patient producing three or more infections).
Nearly 90% of secondary infections were due to only 20% of the index cases. Some
factors affected secondary infections. The co-occurrence of PTB and EPTB was
associated with about a 42% reduction in secondary infection rates compared to
PTB alone. This may be because patients with disease sites other than pulmonary
tend to have a low bacillary load. EPTB alone was associated with nearly zero
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transmission. Patients identified through active contact tracing or post-migration
follow-up were responsible for lower secondary infections (71% and 46%,
respectively) compared to patients with clinical manifestations. Patients identified
by symptoms alone remained undiagnosed for a more extended period and posed a
constant threat to the community until they became symptomatic. The rate of
transmission was low in patients with the disease diagnosed by PCR/histology
(70% less) and radiographs (55% less) as compared to those with a culture-positive
disease (culture positivity implies an increased viral load) ([81]; Table 2).

8 Heterogeneity in Treatment Responses

Mycobacterium can exhibit several metabolic states at different locations inside the
same individual and demonstrate variable tolerance to the medications over a while.
It has made prolonged treatment regimens for TB mandatory. The quest for
antibiotics that can act across a range of granuloma and target the metabolism of the
bacteria has led to the development of new drugs, notably Nitroimidazoles and
Bedaquiline [82, 83].

Granuloma heterogeneity is a major determinant of antibiotic response inde-
pendent of bacterial activity. Not all drugs have equal access inside TB granulomas.
Spectrometry studies (MALDI, matrix-assisted laser desorption/ionization) have
clarified that while Rifampicin, Isoniazid, and Pyrazinamide aptly penetrate all
granulomas, Moxifloxacin (second-line agent) diffuses poorly into the acellular
regions (caseum) [84]. The ability of a drug to sterilize the infection correlates with
its potential to penetrate the granuloma. Factors that affect the diffusion into the
caseum include active transport into immune cells, the binding capacity to trans-
porter proteins and macromolecules, and physiochemical properties (less lipophilic)
affecting drug solubility. While Isoniazid and Pyrazinamide distribute equally
across walls and necrotic cores but do not accumulate with repeated dosing,
Rifampicin preferentially accumulates in the caseum over time in addition to its
bactericidal properties. Pyrazinamide is an effective agent against bacteria in an
inflammatory environment and acidic pH (inside a phagolysosome of an infected
macrophage where pH is around 5). It is relatively ineffective at neutral pH (7.3–7.4
in caseum and 6.4–6.7 in a granuloma center). However, Pyrazinamide, along with
Rifampicin, is responsible for the decrease in the duration of treatment to six
months compared to the previous strategy (two years therapy) [85].

The most problematic aspect of TB management is the emergence of MDR-TB
strains, i.e., strains resistant to at least Rifampicin (R) and Isoniazid (H). In vitro
studies have shown that nutrition starvation can affect drug permeability and pro-
mote phenotypic resistance to the compounds [86]. Studies on animal models have
shown the effect of vascularization on the development of DR. A well-vascularized
granuloma (open cavities) promotes bacterial growth in an aerobic microenviron-
ment with neutral pH. Metabolically active bacilli in these granulomas are sus-
ceptible to Isoniazid and Rifampicin but more likely to develop resistance and
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Table 2 Factors affecting heterogeneity in transmission of TB

Sources Drivers of
heterogeneity

Mechanisms
associated with
increased
transmission

Implications

Infected host Some patients may be
superspreaders

Patients with
symptoms or
culture-positive
pulmonary disease

Less than 20% of
individuals are
responsible
for * 90% of the
transmission. They
can be mainly
targeted

Mycobacterium
(infectious
agent)

Virulent strains or
resistant forms of TB
(MDR/XDR-TB)

The bacilli are more
capable of evading
the host's immune
system as well as the
treatment. Index cases
remain infective for a
more extended period

Lineage 2 form of
mycobacterium was
responsible for
outbreaks of
MDR-TB in Russia
and Europe
XDR-TB outbreaks
have been reported
from regions of South
Africa. Such cases
need a timely
diagnosis and apt
treatment to curb the
spread

Susceptible host Immunosuppression,
HIV infection,
malnutrition, smokers

Poor innate immunity
or pulmonary reserve
to counteract the
infection

The emergence of
HIV in the early
1980s led to the
resurgence of TB in
developed countries.
Improving nutrition
and protecting
high-risk people
(immunosuppressed)
is prudent for
controlling the
disease

Environmental
factors

Closed crowded areas
(prisons, less
ventilated health
centers, mines,
slums) and prolonged
contacts (family
members); higher
population density

Poor ventilation and
close contact increase
the chances of aerosol
inhalation

The prevalence of TB
is high among the
economically
deprived population
due to overcrowding
and poor living
conditions.
A high-risk
environment needs to
be targeted (slums,
prisons, mines)

(continued)
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relapse with suboptimal dosing. In a closed cavity lesion with poor circulation, the
bacteria stay in an NGMA state due to poor nutrition and an anaerobic environment.
Due to the slow growth rate, they also tend to become tolerant to Isoniazid (a cell
wall synthesis inhibitor) but remain susceptible to Rifampicin, an RNA polymerase
inhibitor. The impeded drug penetration with dynamic oxygen levels in such lesions
can augment drug tolerance in due course of time [87]. Hence, a combination of
drugs is necessary to sterilize various lesions. Rifampicin and Pyrazinamide are
uniquely capable of eradicating drug-tolerant persister subpopulations. Moxi-
floxacin (a gyrase inhibitor) showed bactericidal properties killing both active and
dormant bacilli in murine models but failed to shorten the duration of treatment in
human trials [88, 89].

In a nationwide survey, it was noteworthy that one in each of the three patients
carried an MDR strain [90], while only one-fifth of all were properly recognizable,
diagnosed, and aptly treated. Lack of adequate treatment increases morbidity,
mortality, and ongoing transmission. It has also led to the development of exten-
sively drug-resistant (XDR) strains that have resistance to Isoniazid, Rifampicin,
Fluoroquinolones, and one of the three injectable drugs (Amikacin, Kanamycin, or
Capreomycin). Recently, cases resistant to the latest anti-TB drugs (Delamanid and
Bedaquiline) have also been documented [91].

9 Heterogeneity in Immunity and Antibody Responses
to Tuberculosis

The immune response to a microbe is complex and highly variable. It involves
interplaying the host's virulence factors (toxins, enzymes, immunomodulatory
proteins) related to the microorganism and the defense system (macrophages,
antigen-presenting cells, lymphocytes, antibodies, and other inflammatory mole-
cules). It may result in four possibilities [92]:

Table 2 (continued)

Sources Drivers of
heterogeneity

Mechanisms
associated with
increased
transmission

Implications

Other factors Inadequate health
provision and
inadequate
surveillance increases
the risk, migration,
poverty

Undiagnosed and
untreated cases come
in contact with the
community for a
more extended period
spreading the disease.
Higher population
density increases the
chances of
transmission

Recently,
improvement in
living standards has
resulted in a decline
in infection rates.
A strong and
equitable policy with
planning is the need
of the hour
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• mild or no symptoms followed by complete eradication of the organism by the
host’s immune system;

• the immune system gets overwhelmed by the infection, often leading to severe
symptoms, complications, and even death of the host;

• microbial proliferation leads to symptoms followed by a persistent state with
minimal host cell damage; and

• the organism remains in association with the host without causing obvious
damage (commensal).

Each of the above states may coexist in a single host during the infection. TB is
an excellent example of such diversity in the immune response. The most common
route of transmission is through the respiratory tract. The immune system suc-
cessfully clears the infection in the majority (90%). The remaining 10% develop
clinical symptoms [93]. This is true for non-pulmonary involvement as well. One
known contributor to disease susceptibility is malnutrition, well-known to impair
immunity. The magnification of disease burden in the areas with high-HIV
prevalence also supports the immune system's role against TB.

Seeding the pathogen in the host's lower respiratory tract (alveoli) induces a
cascade of events. The first encounter with innate immunity is crucial in deciding
the outcome. The plausibility of developing a clinically significant disease is
inversely related to the number of activated natural killer (NK) cells, white blood
cells, and mucosa-associated T-cells [94, 95]. Mycobacterium lacks toxins and
typical virulence factors, unlike other bacilli. Instead, it thrives on its ability to
evade the host immune system. Lipid in the bacterial membrane and inhibiting
proteins impede its recognition by the host’s immune cells. The pathogen replicates
and is carried to the lymph nodes by migratory dendritic cells [96]. In the case of
PTB, the airway epithelial cells and the macrophages are the first to come in contact
with the Mycobacterium. They recognize the bacilli and possess the ability to
eradicate the infection (through phagocytosis and microbicidal agents) if present in
adequate numbers. Mycobacterium, in turn, has several mechanisms to divert the
response of the immune cells, especially the macrophages. It tries to counteract the
phagocytic activity of the macrophages through the neutralization of oxidizing
molecules and toxic metals. The deficiency of vitamin D in the host appears to
result in decreased activity of IFN-c, which plays a pivotal role in the containment
of the Mycobacterium [97]. Infection occurs once Mycobacterium reaches the
lymph nodes, activating the adaptive immune response. It takes two to six weeks
for the cellular immune response to manifest and become evident in the form of
TST. The TST does not correlate with the protection against the infection [98].

The ESAT-6 (early secreted antigenic target-6), a virulence factor secreted by
the Mycobacterium, drives macrophage differentiation for its advantages. Initially,
it triggers a marked M1 response and later transforms the macrophages from
phenotype M1 to M2. M1 phenotype at the start of infection promotes granuloma
formation through increased production of pro-inflammatory cytokines (IL-6,
IL-12, and TNF-a). It correlates with the activity of IFN-c, as shown by Mishra
et al. [99]. It develops a primary innate granuloma, which has bactericidal
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properties and helps to eliminate the invading organism in around 10%. In the rest
90% of cases, Mycobacterium gradually shapes the granuloma activity to suit its
existence. The same ESAT-6 binds to TLR-2 and induces an immunomodulatory
M2 phenotype responsible for the secretion of anti-inflammatory cytokines, e.g.,
IL-10 [100]. Innate and adaptive immune responses of the host act together in a
coordinated fashion to seal the bacilli in a “silent” granuloma, a suitable niche for
Mycobacterium.

Mass spectrometry studies have also demonstrated anatomical and spatial
heterogeneity within the granuloma; a pro-inflammatory environment governs the
center of the granuloma while anti-inflammatory mediators act in the periphery.
A granuloma is a conglomerate of macrophages, multinucleated giant cells with
abundant intracellular lipids in the center and neutrophils, lymphocytes, and den-
dritic cells in the periphery. Cholesterol forms the major energy source inside a
granuloma, resulting in hypoxia and high nitric oxide concentrations [101]. There
exists paramount heterogeneity in the morphology of the granuloma at various
stages of the disease. This organization allows localized restriction, and the bacteria
continue to persist in a non-replicating state or latent state inside the cell but
become active in the immunodeficient states. The granuloma's internal milieu
(inflammatory markers, hypoxia, lipid metabolism, and bacteria gene expression)
changes with alterations in the host’s microenvironment. The patient becomes
symptomatic and infective when the granuloma drains into the bronchial lumen. We
already understand that the granuloma, though it appears to contain the infection,
forms an excellent niche for the Mycobacterium for long-term survival.

10 Geographical Heterogeneity in Tuberculosis

A third of the world’s population is suffering from TB. However, a wide variation
in incidence and severity exists among the countries. South-east Asia and Africa
share nearly 75% of all the newly diagnosed cases, while developed regions of
Europe and America contribute to only 7% of total cases annually. The countries
with the highest incidence rate and mortality rate include African nations, Ban-
gladesh, Myanmar, India, and China. India and South Africa alone constitute
one-third of global mortality due to TB. The limited access to antiretroviral therapy
results in rapid progression to severe TB, complications, and death. The prevalence
of TB increases due to HIV but is lower than the increase in incidence due to poor
life expectancy in this subgroup. The prevalence rates have followed an inverse
relationship with the rate of economic development. Prevalence in America
decreased by more than 50% from 1990 to 2004, but it has increased over time in
Africa. In 2011, 87% of new TB cases worldwide were treated successfully. The
lowest rate of cure was observed in Africa (79%), America (75%), and Europe
(72%). Possible reasons for the poor treatment outcomes in Africa were lack of
compliance and inadequate resources, while in developed countries of America and
Europe was the high prevalence of MDR-TB [102, 103].
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Geographical clustering is typical of TB. The main characteristics that define a
hyperendemic hotspot are low socioeconomic status, poor hygiene, overcrowding,
incarceration, and HIV infection. Through a TB transmission model in the capital
city of Brazil, Dowdy et al. demonstrated that hotspots disproportionately increase
the chances of community transmission. A city hotspot comprising 6% of the city’s
population and 16.5% of TB cases was responsible for 35% of the ongoing
transmission in the community. Such high incidence clusters correlated with low
socioeconomic status. The contribution of a hotspot towards disease transmission
was dependent on the hotspot size, hotspot intensity (hotspot-to-hotspot versus
community-to-community transmission), and cross-transmission [104]. Targeting
such a hotspot for TB control is challenging and resource-intensive but is very
useful in limiting community transmission.

11 Conclusion

The biological and social factors are inseparable in the discussion on heterogeneity
in TB. Two biological issues that have added to the problem and hindered the
abolition of mycobacterial infection are the emergence of HIV and MDR-TB.
Studies on genetic sequencing of M. tb strains from various geographical stations
suggest that the bacilli followed the migration of humans from Africa nearly sev-
enty thousand years ago. Since then, it has remained a principal cause of morbidity
and mortality due to infectious diseases [105]. The co-evolution of the organism
and the human race is the plausible cause of its successful, long-lasting existence.
Mycobacterium has adapted to evade the host immune system by conserving its
antigenic epitopes [106]. Host immune response and microenvironment continu-
ously propagate subtle but effective adaptations in the pathogen. Diversity in the
infection sites, genetic susceptibility, host response, and disease outcomes has
obscured recognizing the exact infectious process. The current knowledge on the
mycobacterial phenotype comes from laboratory studies. There is a marked dif-
ference between the pathogen’s in vitro and in vivo behavior. The use of
cutting-edge technology to study the host-pathogen interaction and drug effects in
the natural environment may shed some light on the knowledge of bacterial
heterogeneity, which is still in its infancy.

The heterogeneity of M. tb is diverse, colossal, and deep. Knowledge is growing, but we
have miles to go before we sleep.

Richa Sinha, Rahul
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Core Messages

• Genetic heterogeneity of Mycobacterium is a less likely cause behind the
striking phenotypic variation.

• Granuloma heterogeneity determines the antibiotic response and is
responsible for developing drug resistance.

• Females of reproductive age group and obese individuals have decreased
chances of severe disease.

• Super-spreaders and community hotspots are responsible for 90% of
community transmission.

References

1. Sharma SK, Mohan A (2013) Tuberculosis: from an incurable scourge to a curable
disease-journey over a millennium. Indian J Med Res 137(3):455–493

2. Floyd K (2019) Global TB Report 2019. Geneva: World Health Organization. License:
CCBY-NC-SA3. OIGOhttps://www.who.int/tb/global-report-2019. Published online on 17
October, 2019

3. Andrews JR, Noubary F, Walensky RP, Cerda R, Losina E, Horsburgh CR (2012) Risk of
progression to active tuberculosis following reinfection with Mycobacterium tuberculosis.
Clin Infect Dis 54(6):784–791

4. Lopez B, Aguilar D, Orozco H, Burger M, Espitia C, Ritacco V, Barrera L, Kremer K,
Hernandez-Pando R, Huygen K, van Soolingen D (2003) A marked difference in
pathogenesis and immune response induced by different Mycobacterium tuberculosis
genotypes. Clin Exp Immunol 133(1):30–37

5. Portevin D, Gagneux S, Comas I, Young D (2011) Human macrophage responses to clinical
isolates from the Mycobacterium tuberculosis complex discriminate between ancient and
modern lineages. PLoSPathogens 7(3):e1001307

6. Carmona J, Cruz A, Moreira-Teixeira L, Carole S, Sousa J, Osorio NS, Saraiva AL,
Svenson S, Kallenius G, Pedrosa J, Rodrigues F, Castro AG, Saraiva M (2013)
Mycobacterium tuberculosis strains are differentially recognized by TLRs with an impact
on the immune response. PLoSone 8(6):e67277

7. Niemann S, Merker M, Kohli T, Supply P (2016) Impact of genetic diversity on the biology
of Mycobacterium tuberculosis complex strains. Microbiol Spectr 4(6). TBTB2-0022-2016

8. Coll F, McNerney R, Guerra-Assunção JA, Glynn JR, Perdigão J, Viveiros M, Portugal I,
Pain A, Martin N, Clark TG (2014) A robust SNP barcode for typing Mycobacterium
tuberculosis complex strains. Nat Communications 5:4812

9. Merker M, Blin C, Mona S, Duforet-Frebourg N, Lecher S, Willery E, Blum MG,
Rüsch-Gerdes S, Mokrousov I, Aleksic E, Allix-Béguec C, Antierens A,
Augustynowicz-Kopeć E, Ballif M, Barletta F, Beck HP, Barry CE III, Bonnet M,
Borroni E, Campos-Herrero I, Cirillo D, Cox H, Crowe S, Crudu V, Diel R, Drobniewski F,
Fauville-Dufaux M, Gagneux S, Ghebremichael S, Hanekom M, Hoffner S, Jiao WW,
Kalon S, Kohl TA, Kontsevaya I, Lillebæk T, Maeda S, Nikolayevskyy V, Rasmussen M,
Rastogi N, Samper S, Sanchez-Padilla E, Savic B, Shamputa IC, Shen A, Sng LH,
Stakenas P, Toit K, Varaine F, Vukovic D, Wahl C, Warren R, Supply P, Niemann S,
Wirth T (2015) Evolutionary history and global spread of the Mycobacterium tuberculosis
Beijing lineage. Nat Genet 47(3):242–249

3 Heterogeneity in Tuberculosis 51

https://www.who.int/tb/global-report-2019


10. Gagneux S, DeRiemer K, Van T, Kato-Maeda M, de Jong BC, Narayanan S, Nicol M,
Niemann S, Kremer K, Gutierrez MC,Hilty M, Hopewell PC, Small PM (2006) Variable
host-pathogen compatibility in Mycobacterium tuberculosis. Proc Natl Acad Sci USA 103
(8):2869–2873

11. Lin PL, Ford CB, Coleman MT, Myers AJ, Gawande R, Ioerger T, Sacchettini J,
Fortune SM, Flynn JL (2014) Sterilization of granulomas is common in active and latent
tuberculosis despite within-host variability in bacterial killing. Nat Med 20(1):75–79

12. Jacobs AL (1941) Infective dose in pulmonary tuberculosis. Tubercle 22:266–271
13. Ford CB, Lin PL, Chase MR, Shah RR, Iartchouk O, Galagan J, Mohaideen N, Ioerger TR,

Sacchettini JC, Lipsitch M (2011) Use of whole genome sequencing to estimate the mutation
rate of Mycobacterium tuberculosis during latent infection. Nat Genet 43(5):482–486

14. Bryant JM, Schurch AC, Deutekom HV, Harris SR, Beer JLD, Jager VD, Kremer K, van
Hijum SAFT, Siezen RJ, Borgdorff M, Bentley SD, Parkhill J, van Soolingen D (2013)
Inferring patient to patient transmission of Mycobacterium tuberculosis from whole genome
sequencing data. BMC Infect Dis 13:110

15. Raj A, van Oudenaarden A (2008) Nature, nurture, or chance: stochastic gene expression
and its consequences. Cell 135(2):216–226

16. Rosenfeld N, Young JW, Alon U, Swain PS, Elowitz MB (2005) Gene regulation at the
single-cell level. Science 307(5717):1962–1965

17. Sureka K, Ghosh B, Dasgupta A, Basu J, Kundu M, Bose I (2008) Positive feedback and
noise activate the stringent response regulator rel in mycobacteria. PLoSone 3(3):e1771

18. Ghosh S, Sureka K, Ghosh B, Bose I, Basu J, Kundu M (2011) Phenotypic heterogeneity in
mycobacterial stringent response. BMC Syst Biol 5:18

19. Choi SW, Maiga M, Maiga MC, Atudorei V, Sharp ZD, Bishai WR, Timmins GS (2014)
Rapid in vivo detection of isoniazid-sensitive Mycobacterium tuberculosis by breath test.
Nat Commun 5:4989

20. Manina G, McKinney JD (2013) A single-cell perspective on non-growing but metabolically
active (NGMA) bacteria. Curr Top Microbiol Immunol 374:135–161

21. Adams KN, Takaki K, Connolly LE, Wiedenhoft H, Winglee K, Humbert O, Edelstein PH,
Cosma CL, Ramakrishnan L (2011) Drug tolerance in replicating mycobacteria mediated by
a macrophage-induced efflux mechanism. Cell 145(1):39–53

22. Manina G, Dhar N, McKinney JD (2015) Stress and host immunity amplify Mycobacterium
tuberculosis phenotypic heterogeneity and induce non-growing metabolically active forms.
Cell Host Microbe 17(1):32–46

23. Fay A, Glickman MS (2014) An essential nonredundant role for mycobacterial DnaK in
native protein folding. PLoS Genet 10(7):e1004516

24. Feng J, Kessler DA, Ben-Jacob E, Levine H (2014) Growth feedback as a basis for
persisterbistability. Proc Natl Acad Sci USA 111(1):544–549

25. Ramage HR, Connolly LE, Cox JS (2009) Comprehensive functional analysis of
Mycobacterium tuberculosis toxin-antitoxin systems: implications for pathogenesis, stress
responses, and evolution. PLoS Genet 5(12):e1000767

26. Kim M-J, Wainwright HC, Locketz M, Bekker L-G, Walther GB, Dittrich C, Visser A,
Wang W, Hsu F-F, Wiehart U, Tsenova L, Kaplan G, Russell DG (2010) Caseation of
human tuberculosis granulomas correlates with elevated host lipid metabolism. EMBO Mol
Med 2(7):258–274

27. Vandiviere HM, Loring WE, Melvin I, Willis S (1956) The treated pulmonary lesion and its
tubercle bacillus. II. The death and resurrection. Am J Med Sci 232(1):30–37

28. Houben RMGJ, Dodd PJ (2016) The global burden of latent tuberculosis infection: a
re-estimation using mathematical modelling. PLoS Med 13(10):e1002152

29. Ringshausen FC, Nienhaus A, Schablon A, Schlösser S, Schultze-Werninghaus G, Rohde G
(2010) Predictors of persistently positive Mycobacterium-tuberculosis-specific interferon-
gamma responses in the serial testing of health care workers. BMC Infect Dis 10:220

52 R. Sinha and Rahul



30. Casanova JL, Abel L (2002) Genetic dissection of immunity to mycobacteria: the human
model. Annu Rev Immunol 20:581–620

31. Hanifa Y, Grant AD, Lewis J, Corbett EL, Fielding K, Churchyard G (2009) prevalence of
latent tuberculosis infection among gold miners in South Africa. Int J Tuberc Lung Dis 13
(1):39–46

32. Dickie HA (1950) Tuberculosis in student nurses and medical students at the University of
Wisconsin. Ann Intern Med 33(4):941–959

33. Murray CJ, Styblo K, Rouillon A (1990) Tuberculosis in developing countries: burden,
intervention and cost. Bull Int Union Tuber Lung Dis 65(1):6–24

34. Fox GJ, Orlova M, Schurr E (2016) Tuberculosis in newborns: the lessons of the “Lübeck
Disaster” (1929–1933). PLoSPathog. 12(1):e1005271

35. Motulsky AG (1960) Metabolic polymorphisms and the role of infectious diseases in human
evolution. Hum Biol 32:28–62

36. Orlova M, Schurr E (2017) Human genomics of Mycobacterium tuberculosis infection and
disease. Curr Genet Med Rep. 5(3):125–131

37. Lurie MB, Abramson S, Heppleston AG (1952) On the response of genetically resistant and
susceptible rabbits to the quantitative inhalation of human type tubercle bacilli and the nature
of resistance to tuberculosis. J Exp Med 95(2):119–134

38. Werneck-Barroso E (1999) Innate resistance to tuberculosis: revisiting Max Lurie genetic
experiments in rabbits. Int J Tuberc Lung Dis 3(2):166–168

39. Cobat A, Barrera LF, Henao H, Arbeláez P, Abel L, García LF, Schurr E, Alcais A (2012)
Tuberculin skin test reactivity is dependent on host genetic background in Colombian
tuberculosis household contacts. Clin Infect Dis 54(7):968–971

40. Cobat A, Gallant CJ, Simkin L, Black GF, Stanley K, Hughes J, Doherty TM,
Hanekom WA, Eley B, Jaïs JP, Boland-Auge A, van Helden P, Casanova JL, Abel L,
Hoal EG, Schurr E, Alcaïs A (2009) Two loci control tuberculin skin test reactivity in an
area hyperendemic for tuberculosis. J Exp Med 206(12):2583–2591

41. Thye T, Browne EN, Chinbuah MA, Gyapong J, Osei I, Owusu-Dabo E, Brattig NW,
Niemann S, Rüsch-Gerdes S, Horstmann RD, Meyer CG (2009) IL10 haplotype associated
with tuberculin skin test response but not with pulmonary TB. PLoSone 4(5):e5420

42. Tian C, Hromatka BS, Kiefer AK, Eriksson N, Noble SM, Tung JY, Hinds DA (2017)
Genome-wide association and HLA region fine-mapping studies identify susceptibility loci
for multiple common infections. Nat Commun 8(1):599

43. Sveinbjornsson G, Gudbjartsson DF, Halldorsson BV, Kristinsson KG, Gottfredsson M,
Barrett JC, Gudmundsson LJ, Blondal K, Gylfason A, Gudjonsson SA, Helgadottir HT,
Jonasdottir A, Jonasdottir A, Karason A, Kardum LB, Knežević J, Kristjansson H,
Kristjansson M, Love A, Luo Y, Magnusson OT, Sulem P, Kong A, Masson G,
Thorsteinsdottir U, Dembic Z, Nejentsev S, Blondal T, Jonsdottir I, Stefansson K et al
(2016) HLA class II sequence variants influence tuberculosis risk in populations of European
ancestry. Nat Genet 48(3):318–322

44. Stein CM, Zalwango S, Malone LL, Won S, Mayanja-Kizza H, Mugerwa RD, Leontiev DV,
Thompson CL, Cartier KC, Elston RC, Iyengar SK, Boom WH, Whalen CC (2008) Genome
scan of M. tuberculosis infection and disease in Ugandans. PLoSone 3(12):e4094

45. Seshadri C, Sedaghat N, Campo M, Peterson G, Wells RD, Olson GS, Sherman DR,
Stein CM, Mayanja-Kizza H, Shojaie A, Boom WH, Hawn TR (2017) Transcriptional
networks are associated with resistance to Mycobacterium tuberculosis infection. PLoS
one 12(4):e0175844. Tuberculosis Research Unit (TBRU)

46. Rudko AA, Bragina EY, Puzyrev VP, Freidin MB (2016) The genetics of susceptibility to
tuberculosis: progress and challenges. Asian Pac J Trop Dis 6(9):680–684

47. Tao L, Zalwango S, Chervenak K, Thiel B, Malone LL, Qiu F, Mayanja-Kizza H,
Boom WH, Stein CM (2013) Genetic and shared environmental influences on interferon-c
production in response to Mycobacterium tuberculosis antigens in a Ugandan popula-
tion. Am J Trop Med Hyg 89(1):169–73. Tuberculosis Research Unit (TBRU)

3 Heterogeneity in Tuberculosis 53



48. Boisson-Dupuis S, Bustamante J, El-Baghdadi J, Camcioglu Y, Parvaneh N, El Azbaoui S,
Agader A, Hassani A, El Hafidi N, Mrani NA, Jouhadi Z, Ailal F, Najib J, Reisli I,
Zamani A, Yosunkaya S, Gulle-Girit S, Yildiran A, Cipe FE, Torun SH, Metin A,
Atikan BY, Hatipoglu N, Aydogmus C, Kilic SS, Dogu F, Karaca N, Aksu G, Kutukculer N,
Keser-Emiroglu M, Somer A, Tanir G, Aytekin C, Adimi P, Mahdaviani SA, Mamishi S,
Bousfiha A, Sanal O, Mansouri D, Casanova JL, Abel L (2015) Inherited and acquired
immunodeficiencies underlying tuberculosis in childhood. Immunol Rev 264(1):103–120

49. Qu HQ, Fisher-Hoch SP, McCormick JB (2011) Molecular immunity to mycobacteria:
knowledge from the mutation and phenotype spectrum analysis of Mendelian susceptibility
to mycobacterial diseases. Int J Infect Dis 15(5):e305–e313

50. Gideon HP, Skinner JA, Baldwin N, Flynn JL, Lin PL (2016) Early whole blood
transcriptional signatures are associated with severity of lung inflammation in Cynomolgus
macaques with Mycobacterium tuberculosis infection. J Immunol 197(12):4817–4828

51. Suliman S, Thompson EG, Sutherland J, Weiner J III, Ota MOC, Shankar S,
Penn-Nicholson A, Thiel B, Erasmus M, Maertzdorf J, Duffy FJ, Hill PC, Hughes EJ,
Stanley K, Downing K, Fisher ML, Valvo J, Parida SK, van der Spuy G, Tromp G,
Adetifa IMO, Donkor S, Howe R, Mayanja-Kizza H, Boom WH, Dockrell HM,
Ottenhoff THM, Hatherill M, Aderem A, Hanekom WA, Scriba TJ, Kaufmann SHE,
Zak DE, Walzl G (2018) Four-gene Pan-African blood signature predicts progression to
tuberculosis. Am J Respir Crit Care Med 197(9):1198–1208. GC6-74 cohort study team,
The ACS cohort study team

52. Blankley S, Graham CM, Levin J, Turner J, Berry MPR, Bloom CI, Xu Z, Pascual V,
Banchereau J, Chaussabel D, Breen R, Santis G, Blankenship DM, Lipman M, O’Garra A
(2016) A 380-gene meta-signature of active tuberculosis compared with healthy con-
trols. Eur Respir J 47(6):1873–6

53. Esterhuyse MM, Weiner J, Caron E, Loxton AG, Iannaccone M, Wagman C, Saikali P,
Stanley K, Wolski WE, Mollenkopf HJ, Schick M, Aebersold R, Linhart H, Walzl G,
Kaufmann SHE (2015) Epigenetics and proteomics join transcriptomics in the quest for
tuberculosis biomarkers. mBio 6(5):e01187–e01115

54. Dorhoi A, Iannaccone M, Farinacci M, Faé KC, Schreiber J, Moura-Alves P, Nouailles G,
Mollenkopf HJ, Oberbeck-Müller D, Jörg S, Heinemann E, Hahnke K, Löwe D, Del
Nonno F, Goletti D, Capparelli R, Kaufmann SH (2013) MicroRNA-223 controls
susceptibility to tuberculosis by regulating lung neutrophil recruitment. J Clin Invest 123
(1):4836–4848

55. Wang J, Yang K, Zhou L, Minhaowu WuY, Zhu M, Lai X, Chen T, Feng L, Li M, Huang C,
Zhong Q, Huang X (2013) MicroRNA-155 promotes autophagy to eliminate intracellular
mycobacteria by targeting Rheb. PLoS Pathog 9(10):e1003697

56. Li D, Wang T, Song X, Qucuo M, Yang B, Zhang J, Wang J, Ying B, Tao C, Wang L
(2011) Genetic study of two single nucleotide polymorphisms within corresponding
microRNAs and susceptibility to tuberculosis in a Chinese Tibetan and Han population.
Hum Immunol 72(7):598–602

57. Ehlers S, Schaible UE (2013) The granuloma in tuberculosis: dynamics of a host-pathogen
collusion. Front Immunol 3:411

58. Naing C, Mak JW, Maung M, Wong SF, Kassim AI (2013) Meta-analysis: the association
between HIV infectionand extrapulmonary tuberculosis. Lung 191(1):27–34

59. Carbone F, La Rocca C, Matarese G (2012) Immunological functions of leptin and
adiponectin. Biochimie 94(10):2082–2088

60. Lo¨nnroth K, Williams BG, Cegielski P, Dye C, (2010) A consistent log-linear relationship
between tuberculosis incidence and body mass index. Int J Epidemiol 39(1):149–155

61. Leung CC, Lam TH, Chan WM, Yew WW, Ho KS, Leung G, Law WS, Tam CM, Chan CK,
Chang KC (2007) Lower risk of tuberculosis in obesity. Arch Intern Med 167(12):1297–
1304

54 R. Sinha and Rahul



62. Cegielski JP, Arab L, Cornoni-Huntley J (2012) Nutritional risk factors for tuberculosis
among adults in the United States, 1971–1992. Am J Epidemiol 176(5):409–422

63. Hanrahan CF, Golub JE, Mohapi L, Tshabangu N, Modisenyane T, Chaisson RE, Gray GE,
McIntyre JA, Martinson NA (2010) Body mass index and risk of tuberculosis and death.
AIDS 24(10):1501–1508

64. Aibana O, Acharya X, Huang C-C, BecerraMC GJT, Chiang SS, Contreras C, Calderon R,
Yataco R, Velásquez GE, Tintaya K, Jimenez J, Lecca L, Murray MB (2016) Nutritional
status and tuberculosis risk in adult and pediatric household contacts. PLoSone 11(11):
e0166333

65. Bhargava A, Chatterjee M, Jain Y, Chatterjee B, Kataria A, Bhargava M, Kataria R,
D’Souza R, Jain R, Benedetti A, Pai M, Menzies D (2013) Nutritional status of adult patients
with pulmonary tuberculosis in rural central India and its association with mortality.
PLoS ONE 8(10):e77979

66. Holmes CB, Hausler H, Nunn P (1998) A review of sex differences in the epidemiology of
tuberculosis. Int J Tuberc Lung Dis 2(2):104

67. Martinez AN, Rhee JT, Small PM, Behr MA (2000) Sex differences in the epidemiology of
tuberculosis in San Francisco. Int J Tuberc Lung Dis 4(1):26–31

68. Thorson A, Long NH, Larsson OL (2007) Chest X-ray findings in relation to gender and
symptoms: a study of patients with smear positive tuberculosis in Vietnam. Scand J Infect
Dis 39(1):33–37

69. Vlassoff C, Bonilla E (1994) Gender-related differences in the impact of tropical diseases on
women: what do we know? J Biosoc Sci 26:37–53

70. Dean A, Dodd P, Floyd K, Glaziou P, Law I, Auget OT (2019) TB disease burden. In:
Cadman H (ed) Global tuberculosis report 2019. Geneva: World Health Organization,
Licence: CC BY-NC-SA 3.0 IGO, p 27

71. Caracta C (2003) Gender differences in pulmonary disease. Mt Sinai J Med 70(4):215–224
72. Rook GAW (1998) Steroid hormones and the immune response; sex and gender differences.

In: Gender and tuberculosis. An international research workshop. Report from the workshop
at the Nordic School of Public Health, Goteborg, 24–26 May, pp 55–75

73. Bothamley G (1998) Sex and gender in the pathogenesis of infectious tuberculosis: a
perspectve from immunology, microbiology and human genetics. In: Gender and
tuberculosis. An international research workshop. Report from the workshop at the Nordic
School of Publice Health, Goteborg, 24–26 May, pp 41–54

74. Kivihya-Ndugga LEA, vanCleeff MRA, Ng’ang’a LW, Meme H, Odhiambo JA, Klaster PR
(2005) Sex-specific performance of routine TB diagnosis tests. Int J Tuberc Lung Dis 9
(3):294-300

75. Hargreaves JR, Boccia D, Evans CA, Adato M, Petticrew M, Porter JDH (2011) The social
determinants of tuberculosis: from evidence to action. Am J Publ Health 101(4):654–662

76. Franco I, Sousa P, Gomes M, Oliveira A, Gaio AR, Duarte R (2016) Social profile of the
highest tuberculosis incidence areas in Portugal. Rev Port Pneumol 22(1):50–56

77. DuarteR LK, CarvalhoC LimaF, CarvalhoACC M-T, Centis R (2018) Tuberculosis, social
determinants and comorbidities (including HIV). Pulmonology 24(2):115–119

78. Pescarini JM, Rodrigues LC, Gomes MG, Waldman EA (2017) Migration to middle-income
countries and tuberculosis-global policies for global economies. Glob Health 13(1):15

79. Zhang L, Liu S, Zhang G, Wu S (2015) Internal migration and the health of the returned
population: a nationally representative study of China. BMC Publ Health 15:719

80. Gardy JL, Johnston JC, Sui SJH, Cook VJ, Shah L, Elizabeth B, Rempel S, Moore R,
Zhao Y, Holt R, Varhol R, Birol I, Lem M, Sharma MK, Elwood K, Jones SJM,
Brinkman FSL, Brunham RC, Tang P (2011) Whole-genome sequencing and social-network
analysis of a tuberculosis outbreak. N Engl J Med 364(8):730–739

81. Melsew YA, Gambhir M, Cheng AC, McBryde ES, Denholm JT, Tay EL, Trauer JM (2019)
The role of super-spreading events in Mycobacterium tuberculosis transmission: evidence
from contact tracing. BMC Infect Dis 19:244

3 Heterogeneity in Tuberculosis 55



82. Mukherjee T, Boshoff H (2011) Nitroimidazoles for the treatment of TB: past, present and
future. Future Med Chem 3(11):1427–1454

83. Koul A, Dendouga N, Vergauwen K, Molenberghs B, Vranckx L, Willebrords R, Ristic Z,
Lill H, Dorange I, Guillemont J, Bald D, Andries K (2007) Diaryquinolines target subunit c
of mycobacterial ATP synthase. Nat Chem Biol 3(6):323–332

84. Prideaux B, Via LE, Zimmerman MD, Eum S, Sarathy J, O’Brien P, Chen C, Kaya F,
Weiner DM, Chen PY, Song T, Lee M, Shim TS, Cho JS, Kim W, Cho SN, Olivier KN,
Barry CE III, Dartois V (2015) The association between sterilizing activity and drug
distribution into tuberculosis lesions. Nat Med 21(10):1223–1227

85. Zhang Y, Mitchison D (2003) The curious characteristics of Pyrazinamide: a review. Int J
Tuberc Lung Dis 7(1):6–21

86. Keren I, Minami S, Rubin E, Lewis K (2011) Characterization and transcriptome analysis of
Mycobacterium tuberculosis persisters. mBio 2(3):e00100–e111

87. Jennewein J, Matuszak J, Walter S, Felmy B, Gendera K, Schatz V, Nowottny M,
Liebsch G, Hensel M, Hardt W-D, Gerlach RG, Jantsch J (2015) Low-oxygen tensions
found in Salmonella-infected gut tissue boost Salmonella replication in macrophages by
impairing antimicrobial activity and augmenting Salmonella virulence. Cell Microbiol 17
(12):1833–1847

88. Nuermberger EL, Yoshimatsu T, Tyagi S, Williams K, Rosenthal I, O’Brien RJ, Vernon AA,
Chaisson RE, Bishai WR, Grosset JH (2004) Moxifloxacin-containing regimens of reduced
duration produce a stable cure in murine tuberculosis. Am J Respir Crit Care Med 170
(10):1131–1134

89. Jindani A, Harrison TS, Nunn AJ, Phillips PPJ, Churchyard GJ, Charalambous S,
Hatherill M, Geldenhuys H, McIlleron HM, Zvada SP, Mungofa S, Shah NA, Zizhou S,
Magweta L, Shepherd J, Nyirenda S, van Dijk JH, Clouting HE, Coleman D, Bateson AL,
McHugh TD, Butcher PD, Mitchison DA (2014) High-dose rifapentine with Moxifloxacin
for pulmonary tuberculosis. N Engl J Med 371(17):1599–1608. RIFAQUIN Trial Team

90. Skrahina A, Hurevich H, Zalutskaya A, Sahalchyk E, Astrauko A, Hoffner S, Rusovich V,
Dadu A, de Colombani P, Dara M, van Gemert W, Zignol M (2013) Multidrugresistant
tuberculosis in Belarus: the size of the problem and associated risk factors. Bull World
Health Organ 91(1):36–45

91. Hoffmann H, Kohl TA, Hofmann-Thiel S, Merker M, Beckert P, Jaton K, Nedialkova L,
Sahalchyk E, Rothe T, Keller PM, Niemann S (2016) Delamanid and bedaquiline resistance
in Mycobacterium tuberculosis ancestral Beijing genotype causing extensively drugresistant
tuberculosis in a Tibetan refugee. Am J Respir Crit Care Med 193(3):337–340

92. Casadevall A, Pirofski LA (2000) Host-pathogen interactions: basic concepts of microbial
commensalism, colonization, infection, and disease. Infect Immun 68(12):6511–6518

93. Comstock GW (1982) Epidemiology of tuberculosis. Am Rev Respir Dis 125(3 Pt 2):8–15
94. Cambier CJ, Takaki KK, Larson RP, Hernandez RE, Tobin DM, Urdahl KB, Cosma CL,

Ramakrishnan L (2014) Mycobacteria manipulate macrophage recruitment through coor-
dinated use of membrane lipids. Nature 505(7482):218–222

95. Reed MB, Domenech P, Manca C, Su H, Barczak AK, Kreiswirth BN, Kaplan G, Barry CE
III (2004) A glycolipid of hypervirulent tuberculosis strains that inhibits the innate immune
response. Nature 431:84–87

96. Forrellad MA, Klepp LI, Gioffré A, Sabio y García J, Morbidoni HR, Santangelo M,
Cataldi AA, Bigi F (2013) Virulence factors of the Mycobacterium tuberculosis com-
plex. Virulence 4(1):3–66

97. Gou X, Pan L, Tang F, Gao H, Xiao D (2018) The association between vitamin D status and
tuberculosis in children: a meta-analysis. Medicine 97(35):e12179

98. McKinney J, Jacobs W, Bloom B (1998) Persisting problems in tuberculosis. In: Krause RM
(ed) Emerging Infections. Academic Press, San Diego, pp 51–146

56 R. Sinha and Rahul



99. Mishra BB, Moura-Alves P, Sonawane A, HacohenN GG, Moita LF, Anes E (2010)
Mycobacterium tuberculosis protein ESAT-6 is a potent activator of the NLRP3/ASC
inflammasome. Cell Microbiol 12(8):1046–1063

100. Refai A, Gritli S, Barbouche M-R, Essafi M (2018) Mycobacterium tuberculosis virulent
factor ESAT-6 drives macrophage differentiation toward the pro-inflammatory M1
phenotype and subsequently switches it to the anti-inflammatory M2 phenotype. Front Cell
Infect Microbiol 8:327

101. Gibson S, Harrison J, Cox J (2018) Modelling a silent epidemic: a review of the in vitro
models of latent tuberculosis. Pathogens 7(4):88

102. Glaziou P, Sismanidis C, Floyd K, Raviglione M (2015) Global Epidemiology of
tuberculosis. Cold Spring Harb Perspect Med 5(2):a017798

103. Corbett EL, Charalambous S, Moloi VM, Fielding K, Grant AD, Dye C, De Cock KM,
Hayes RJ, Williams BG, Churchyard GJ (2004) Human immunodeficiency virus and the
prevalence of undiagnosed tuberculosis in African gold miners. Am J Respir Crit Care Med
170(6):673–679

104. Dowdy DW, Golub JE, Chaisson RE, Saraceni V (2012) Heterogeneity in tuberculosis
transmission and the role of geographic hotspots in propagating epidemics. PNAS 109
(24):9557–9562

105. Comas I, Coscolla M, Luo T, Borrell S, Holt KE, Kato-Maeda M, Parkhill J, Malla B,
Berg S, Thwaites G, Yeboah-Manu D, Bothamley G, Mei J, Wei L, Bentley S, Harris SR,
Niemann S, Diel R, Aseffa A, Gao Q, Young D, Gagneux S (2013) Out-of-Africa migration
and Neolithic coexpansion of Mycobacterium tuberculosis with modern humans. Nat Genet
45(10):1176–1182

106. Comas I, Chakravartti J, Small PM, Galagan J, Niemann S, Kremer K, Ernst JD, Gagneux S
(2010) Human T cell epitopes of Mycobacterium tuberculosis are evolutionarily hypercon-
served. Nat Genet 42(6):498–503

Richa Sinha, an assistant professor in the Department of
Microbiology, is determined to excel in academics and research
work. She graduated in 2008 from an esteemed university in
Ranchi, India. Due to her inclination towards diagnostics and
advanced research, she took up Microbiology as a
post-graduation subject. Her hard work and dedication during the
post-graduation earned her the best outgoing postgraduate student
for 2013. Then she joined senior residency in Sanjay Gandhi
Postgraduate Institute of Medical Sciences, Lucknow, India. It
was an excellent opportunity for her to learn the intricacies of
microbiology. She has a particular interest in molecular diag-
nostics and infectious diseases. She is a kind lady committed to
the improvement of patient care. Richa plans to continue her role
as a teacher and researcher and believes in continuous learning.

3 Heterogeneity in Tuberculosis 57



Rahul is a faculty in the Surgical Gastroenterology department at
Sanjay Gandhi Institute of Medical Sciences, Lucknow, India.
After graduating from Banaras Hindu University, Varanasi, in
2005, he specialized in general surgery from the same institute.
He then pursued a super-specialty course in his dream branch
(Surgical Gastroenterology) from King George’s Medical
University from 2013–16, followed by a fellowship in Liver
transplant under Dr. Subash Gupta. He actively participated in
clinical works and departmental research activities. He has
commanded minimal invasive surgery and liver resections. Dur-
ing his post-graduation, his works on gall bladder cancer earned
him accolades in national society meetings. His main research
areas are hepatobiliary cancers, pancreatitis, and colonic
pathologies. He has authored more than 15 articles and book
chapters in national and international journals. In his spare time,
Rahul loves cooking and spending time with family.

58 R. Sinha and Rahul



4The Unequivocal Relationship
Between Tuberculosis and Tobacco:
Integration of Two Maladies

Sonu Goel and Garima Bhatt

Stopping TB requires a government program that functions
every day of the year, and that’s hard in certain parts of the
world. And partly it’s because of who tuberculosis affects: It
tends to affect the poor and disenfranchised most.

Tom Frieden

Summary

Tuberculosis (TB) and tobacco use are among the leading causes of mortality
and morbidity, posing a significant challenge to the health systems across the
globe. Smoking tobacco is a significant contributor to one’s likelihood of
acquiring TB and is associated with poor prognosis among TB patients due to
various reasons. This calls for developing and implementing innovative,
integrative interventions that address both of these challenges. There are joint
global policies for TB and tobacco; however, there are certain impediments
broadly at the level of patients, healthcare providers (HCPs), and the health
system. Various evidence-based strategies have evolved over a while to
overcome these challenges. Utilization of each clinical encounter, religious
bodies, and short text messages adapted to cultural context could offer cessation
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support. Further, integrated capacity building, monitoring and evaluation
programs on collaborative initiatives, facilitation of cross-referral at
TB-cessation clinics, along with standardized screening and treatment protocols,
could address the constraints in implementation. The chapter also highlights
certain recommendations for steering TB and tobacco control efforts, such as
establishing a joint working group at all levels, modification of reporting
mechanisms, advocacy for smoke-free policies, and integration into health and
development agendas. Integration may also provide a more regular response
point at various levels of the current health system. In a resource-limited setting,
linking and utilizing existing programs through a synergistic approach can
reduce the burden attributable to both epidemics paving the way to achieve
Sustainable Development Goals.

Graphical Abstract

Keywords

Epidemiology � Global policies � Integration �MPOWER � Strategies � SDGs �
Tobacco � Tuberculosis

Challenges with the integration of care for tuberculosis (TB) and tobacco
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1 Introduction

Globally, tuberculosis (TB) and tobacco consumption are two leading public health
challenges that are preventable to a great extent and cause considerable health and
economic burden. Smoking is a significant risk factor for the spread of TB.
Smoking tobacco more than doubles the risk of developing TB and is associated
with increased resistance towards anti-tubercular treatment (ATT), delaying the
bacteriological conversion, high relapse rates, high mortality, and varied treatment
outcomes among TB patients. This grave situation calls for novel interventions to
control the growing confluence of both epidemics (TB and tobacco) [1]. In addition
to the 20% incidence of global TB attributed to tobacco smoking, it accounts for
about three million new TB cases. Further, projections demonstrate that between
2010 and 2050, tobacco smoking will contribute to a surplus of 18 million TB
infections and 40 million deaths from TB [2].

1.1 Epidemiology of Tuberculosis

TB, or white plague, is the captain of all leading causes of death. Globally amongst
all infectious diseases, TB remains a major cause of mortality despite being pre-
ventable and curable. In 2019, nearly ten million individuals fell sick from TB
worldwide. Males (aged � 15 years), females, and children accounted for 56%,
32%, and 12%, respectively [3]. Although there is no age predilection for devel-
oping TB, studies show that adults are at an increased risk. The majority of cases
(44%) were recorded from Southeast Asia, followed by Africa (25%) and closely
after by the Western Pacific (18%).

Furthermore, countries such as India, China, Indonesia, Pakistan, Bangladesh,
Nigeria, the Philippines, and South Africa contributed to two-thirds of the overall
global burden of TB [3]. Also, TB entraps families, communities, and even entire
countries into the cycle of poverty, leading to economic devastation. The risk from
TB is further accelerated by multi-drug resistant TB (MDR-TB), an emerging
public health crisis in almost every country of the world. Individuals suffering from
diabetes, malnutrition, those infected with the human immunodeficiency virus
(HIV), or people who use tobacco are at an increased risk for TB. Estimates show
that, in the absence of adequate control measures to prevent TB transmission, it will
lead to 28 million deaths between 2015 and 2030, costing the global economy
almost US $1 trillion. Further, TB is likely to be more detrimental in the subsequent
15 years, when the overall cost of the disease would be $984 billion, and nearly
one-third of which would fall on Africa [4].

Global TB incidence is declining at around 2% annually, with a cumulative
reduction of 9% reported between 2015 and 2019. Also, around 60 million lives
were saved between 2000 and 2019 by medical services for TB diagnosis and
treatment [3]. One of the targets for the transitioning to Sustainable Development is
to end TB by 2030 [5]. The World Health Organization (WHO), the Stop TB
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Partnership, and the Global Fund to Fight AIDS, Tuberculosis, and Malaria have
collaborated to launch Find. Treat. All. #ENDTB. It facilitates access to TB pre-
vention and care universally by inviting all countries and partners to contribute to
the project by concrete commitments [6].

Under the United Nations’ Sustainable Development Goals (SDGs) and WHO’s
End TB Strategy, the heads of state and national governments have concurred to
end the TB epidemic by 2030. They focused on minimizing fatalities by 90% and
TB incidence by 80%, with no TB-affected households burdened with catastrophic
costs [7]. Furthermore, a policy of the political declaration of the 2016 UN
High-Level Meeting on HIV comprises an ATT coverage by 90% and high levels
of ATT success rates.

According to the Stop TB Global Plan to End TB, 2016–2020, the primary
targets are vulnerable and marginalized groups. The End TB Strategy, the Stop TB
Global Plan to End TB, the SDGs, and the “triple billion” target for 2023 will all
help to meet the goals for a decline in TB incidence and mortality outlined at the
End TB Strategy, the Stop TB Global Plan to End TB, and the “triple billion” target
for 2023 of the 13th General Programme of Work (GPW) [8].

1.2 Epidemiology of Tobacco Use

Tobacco consumption is a leading public health issue that results in more than eight
million deaths per year. Nearly seven million of these deaths are caused by direct
tobacco consumption, whereas 1.2 million are caused by second-hand smoke
exposure (SHS) among non-smoking individuals. The majority of the globe’s 1.3
billion tobacco users (over 80%) reside in low-and middle-income countries
(LMICs) that have the largest burden of tobacco-related diseases and deaths.
Tobacco use is also a substantial risk factor for many illnesses, including cardio-
vascular and respiratory diseases, more than 20 different forms of cancer, and many
other grave medical conditions [9]. Between 2005 and 2015, the relative ranking of
the smoking-attributable disease burden increased from third to second. Further,
there were 148.6 million smoking-attributable DALYs worldwide in 2015 [10].
Besides that, the use of smokeless tobacco (SLT) resulted in the loss of 1.7 million
DALYs due to mouth, pharynx, and esophagus cancers. South-East Asia carries
about 85% of this burden [11]. 10.9 million DALYs are due to second-hand smoke
exposure, and 61% of these DALYs were among children [12]. Along with health
expenditures and productivity losses, the overall economic cost of smoking tobacco
is calculated at around US $1.4 trillion annually, accounting for nearly 1.8% of the
global annual gross domestic product (GDP). Furthermore, approximately 40% of
this economic burden is borne by developing economies, underlining the massive
burden suffered by these countries [13, 14].

Globally, cigarette smoking is perhaps the most popular type of tobacco con-
sumption. Bidis, cigarettes, kreteks, waterpipe smoking, cigarillos, rolling your own
tobacco, and other smokeless tobacco products (SLT), for example, snus, snuff,
betel quid with tobacco, chewable tobacco, etc. are the other ways in which tobacco
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consumption occurs. Exposure to SHS correlates with an increased risk of sudden
infant death syndrome (SIDS), complications among pregnant females, and
low-birth-weight (LBW) babies [15].

Water pipe tobacco smoking impacts health similar to that of cigarette smoking.
It increases the risk of infections, cancers, lung diseases, and other health conditions
[16]. However, the health risks of the use of waterpipe tobacco are also poorly
understood by users [15]. Also, the use of SLT is extremely addictive and harmful
to the consumer’s health. SLT constitutes many toxins that cause cancer. Its use
raises the risk of head, neck, throat, esophageal cancers, oral cavity (including the
mouth, tongue, lip, and gum) cancer, and different dental disorders [17].

The Electronic Nicotine Delivery Systems (ENDS) and Electronic Non-Nicotine
Delivery Systems (ENNDS), known as e-cigarettes, do not include tobacco.
However, they mostly include nicotine, which may lead to severe pulmonary
toxicity [18], damage airway epithelium, and result in small airway constriction
[19]. The Heated Tobacco Products (HTPs) do have tobacco and subject its users to
lethal emissions, most of which are cancer-causing and detrimental to health [15].

There has been a decrease in total global tobacco consumption during the last
two decades, from 1.397 billion in 2000 to 1.337 billion in 2018 [20]. Despite such
progress, however, advancement remains behind in achieving the global objective
of decreasing tobacco use by 30% by 2025. A 23% decrease will be achieved by
2025 based on ongoing progress. Only 32 nations are currently on their way to
meeting the 30% reduction goal [20]. There should be 32 million fewer female
tobacco users by 2025. The majority of the achievements have lied in LMICs. The
European region has been the slowest to decrease tobacco usage among women.
However, the trend is toward reaching a similar degree as observed by around 25%
by 2025 in the Western Pacific and European areas. The greatest burden of tobacco
consumption exists in WHO’s South-East Asian Region (SEAR). However, the
trend appears to be towards achieving a degree similar to that observed in Western
Pacific and European regions of around 25% by 2025 [20].

2 Interaction Between Tuberculosis and Tobacco

People using tobacco are at an increased risk of developing TB and recurrent TB,
along with impairing the response to treatment of the disease. Tobacco use can
mask TB-related symptoms, therefore, delaying the diagnosis. Besides, recent
studies have shown that SHS raises the risk of contracting the infection, especially
in children [21]. Tobacco smoking and TB together induce apoptosis of alveolar
macrophages. While cigarette smoke activates these cells to generate a local
inflammatory response, nicotine suppresses the antigen presentation and thereby the
effective immune response.

Furthermore, chronic exposure to tobacco smoke causes reduced expression of
surface antigens. Tobacco smoking undermines the integrity of the respiratory
epithelium by increasing its permeability and disrupting mucociliary clearance.
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Also, tobacco smoke can increase alveolar macrophage cells and epithelial cells,
contributing to pro-inflammatory and immunosuppressive effects. It further acti-
vates them to generate reactive oxygen species (ROS) and proteolytic enzymes,
thereby creating a cellular mechanism linking inflammation and tissue damage to
tobacco smoking. Also, tobacco smoking is known to recapitulate the Mycobac-
terium tuberculosis (M. tb) infection mechanism, wherein the infected macrophages
cannot migrate towards other macrophages infected with M. tb, which are a major
component of the TB granuloma. It further leads to secondary necrosis, resulting in
granuloma breakdown and enhanced mycobacterial growth [22–24].

3 Joint Global Policies for Tackling Tuberculosis
and Tobacco

Since 2005, the WHO has been considering and exploring collaborative activities to
formulate a common approach for both TB as well as tobacco control. The Inter-
national Union Against Tuberculosis and Lung Disease and the WHO partnered on
a collaborative effort as a first step. A systematic review and meta-analysis were
conducted to examine the possible relationship between tobacco smoking and TB
outcomes. This meta-analysis reported that tobacco smoking significantly impacts
TB susceptibility, progression, and ATT outcomes [25].

In 2007, the WHO-Union monograph on TB and tobacco advocated a routine
examination of tobacco consumption and tobacco cessation programs for TB
patients. Its goal was to improve treatment outcomes by implementing a component
of the Stop-TB Strategy called the Practical Approach to Lung Health (PAL). This
document encouraged primary HCPs in TB control programs to assess tobacco
users as well as provide behavioral and pharmacological interventions for quitting
smoking, including nicotine replacement therapy (NRT), non-nicotine medication,
referring tobacco smokers to specialists for intensive tobacco cessation treatment
(when required and where doable), and providing primary healthcare services in
smoke-free settings. This monograph also provided directions to program heads of
the national TB control and tobacco control programs to design and execute col-
laborative activities for tobacco control through the existing framework of the
healthcare system and evolving TB control strategies. Further, it also emphasized
creating opportunities in the existing healthcare system to offer help to every TB
patient who smokes to quit tobacco smoking. It also asserted that every non-smoker
TB patient should be sensitized about the harmful impact of SHS [26].

After that, in 2008 and subsequently, in 2010, The Union released guidelines on
“Smoking Cessation and Smoke-free Environments for Tuberculosis Patients.” These
guidelines highlighted the relationship between TB and tobacco smoking. Also, it
guided the HCPs to help their TB patients quit tobacco use. It presented the ABC for
TB: “Ask, Brief advice, Cessation support” intervention, which premised that TB
services could be used to assist their patients in quitting tobacco smoking and the
promotion of smoke-free homes for TB patients as well as their families [27].
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The World Health Assembly passed a resolution in 2013 about the End TB
Strategy that focused on integrated, patient-centered treatment and prevention. It
has provided a timely forum for aligning efforts at the same time against two
worldwide epidemics, tobacco and TB. The strategy aimed at achieving health
under the United Nations SDG Goal 3, calling for an end of TB. Not only is it
useful for national TB programs (NTPs) and counterparts in health ministries, but
this strategy can aid all stakeholders in TB prevention and treatment [7].

The board of the Global Fund to Fight AIDS, Tuberculosis, and Malaria adopted
a financial plan of action on co-infections and co-morbidities (COIMs) in 2015,
suggesting that tobacco control could be included in TB and HIV grants [28]. In
addition, the Global Plan to End Tuberculosis 2016–2020 highlighted the need to
manage co-morbidities as part of integrated, patient-centered care and prevention
[29, 30]. “Capability, Opportunity, and Motivation as determinants of behavior”
(COM-B) is a concept used by South East Asia, TB and Tobacco Consortium to
create a training package for LMICs HCPs to assist their TB patients with quitting
tobacco use in routine TB care [31]. Further, the 2017–2021 Regional Response
Plan for the integration of TB and tobacco in South East Asia reiterates its member
states’ commitment to screening tobacco users for TB and providing cost-effective
cessation services by TB control programs already available [32].

The secretariat of the Framework Convention on Tobacco Control (FCTC) has
collaborated with the United Nations Development Program (UNDP) to incorporate
tobacco cessation efforts into funds from the Global Fund to Combat AIDS, TB,
and Malaria. Parties should seek connections between tobacco control and HIV and
TB services, according to the WHO FCTC [33]. The 2030 Agenda for Sustainable
Development calls for work on health and development issues to be integrated. TB
and AIDS epidemics must be eradicated by 2030, according to Target 3.3. In order
to achieve the 2030 agenda for SDGs, it is necessary to address these co-morbidities
through integrated solutions rather than disease-specific responses [34] (Table 1).

4 Challenges to Implementation of Global Policies

Though various policies against TB and tobacco exist, there are certain challenges
for implementing the same. These challenges broadly fall into three levels: patient,
HCP, and system. In the following section, we will briefly discuss each of these
levels (Graphical Abstract).

4.1 Patient-Level

Multiple challenges at the patient level impact outcomes of TB-tobacco integration.
These include hesitancy in admitting tobacco use habits (especially females due to
religious and socio-cultural leverage), gender sensitivity on the part of patient and
HCP/interventionist, nicotine dependency, cravings, withdrawal symptoms, will
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power, social environments and determinants, and non-compliance of patients to
scheduled counseling sessions or follow-ups and referrals [44]. Further, disad-
vantaged communities such as refugees, prisoners, injecting drug users, and sex
workers face stigma and have challenges using the formal health system facilities
[45]. Inadequate information about tobacco smoking as a risk factor for getting
tuberculosis, poor prognosis, myths and misconceptions, conventional care-seeking
habits, physical and psychological addiction, and low self-efficacy compound the
difficulties. There may still be a considerable digital-use divide in current times,
reflecting a gap in digital media literacy and digital engagement. Therefore, inter-
ventions developed on digital platforms such as mobile health (mHealth) may not
help reach the targeted population [46].

4.2 Healthcare Provider Level

The HCPs face many challenges. Heavy workloads, insufficient time per patient to
offer behavioral support causing additional time burdens, administrative activities,
shifts between colleagues, staff re-organization, high patient numbers, lack of
appreciation for their achievements, patients who do not return for follow-up, and
lack of privacy are recognized [44]. Furthermore, there is concern about the
shortage of adequately skilled and motivated health professionals, the lack of
willingness, and the inability of HCPs to provide comprehensive services. Also,
lack of information about the interplay between TB and tobacco, inadequate
understanding of tobacco cessation, poor communication skills, and reservations
about competency requirements accentuate the problem [35].

4.3 Health System Level

Health system capabilities and its preparedness to operationalize integrated services
in developing nations pose a challenge. Key examples are inaccurate assessment
and documentation of each person’s smoking habits as part of routine practice [36],
lack of adequate space and human resources within health facilities, privacy issues,
failure to provide sufficient technical resources and equipment to support integrated
front-line facilities, inappropriately delegated responsibility and decision-making
system that allows front-line management and workers to acclimate integration to
native conditions. Further, significant obstacles in the successful implementation of
integrated services include:

• lack of overarching policies to create standards, guidelines, and capacity
building programs;

• sluggish permeation of evidence-based transnational TB and tobacco policy
initiatives;

• insufficient stewardship and political engagement;
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• a lack of preparedness and assets for initiating national policy measures and
evidence-based guidelines;

• subprime coordination between different stakeholders operating in TB and
tobacco control programs [47];

• inadequate involvement of civil society organizations (CSOs) and community-
based organizations (CBOs) engagement in integrated TB-tobacco activities [37];
and

• lack of specific operational guidance on linking and treatment protocols for
HCPs for the proper management of patients with co-morbidities [48].

5 Strategies to Overcome Challenges

Various evidence-based strategies have evolved over a while to overcome the
challenges mentioned above. The discussion of these strategies shall also be under
the patient, HCP, and system levels (Fig. 1).

5.1 Patient-Level Strategies

Every clinical encounter is an opportunity starting from the point of diagnosis of TB.
It is the first teaching opportunity that can be targeted and channeled for offering
cessation support if the TB patient reports being a tobacco smoker [44]. The role of
religious beliefs in promoting tobacco cessation attempts among patients needs to be
harnessed in the integrated TB-tobacco model to break the stigma associated with
disease and tobacco use. SMS-based cessation messages for TB patients embedded
into the broader education and health promotion messages for TB patients can
address the local cultural context as well [46]. Incorporating smoking cessation
services in TB treatment facilities frequently visited by specific sub-populations such
as refugees, sex workers, prisoners, and injecting drug users who may face stigma
and have issues using mainstream health facilities will offer greater coverage for
vulnerable populations. Such joint initiatives may create a precedent for other tobacco
cessation interventions in specific groups, such as people with substance use disorders
(SUD), those who have a serious mental illness (SMI), and people living with
HIV/AIDS (PLWHA) [49]. Also, smoke-free homes could promote abstinence by
minimizing smoking cues, making it easier for TB patients to avoid smoking [40].

5.2 Healthcare Provider Level Strategies

To deal with long-term implementation and sustainability and keep the HCPs
motivated, it is essential to continue their capacity building to carry out effective
patient communication to deliver newer cessation treatment algorithms and
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learning. Their capacity needs to counter social influences on smoking behavior,
manage workloads and time, and overcome potential biases (e.g., gender and social
desirability) and barriers (socio-cultural) [44]. HCPs in TB can be engaged in
interventions by prioritizing ‘MPOW’ (“Monitor tobacco use, Protect people from
tobacco smoke, Offer help to quit tobacco use, Warn about the dangers of tobacco”)
for individual practitioners and ‘E’ (“Enforce bans on tobacco advertising, pro-
motion, and sponsorship”) for program and organization managers.

Implementation of smoke-free settings must be part of the regular preventive
tasks of TB personnel to protect patients, staff, and visitors. Also, smoke-free
homes can promote abstinence by minimizing cues to smoking, enabling patients
with TB to stop smoking. Assistance and counseling must address the requirements
of patients with TB, while physicians must review the pharmacotherapy alternatives
to make sure conformity with the ATT regimen. Enforcing institutions and program
managers may enact their respective mandates prohibiting the organization and
employees from conducting or endorsing tobacco promotions or sponsorships [40].

5.3 Health System-Level Strategies

Integrated capacity-building programs on collaborative initiatives of TB and
tobacco control could be established, with reciprocating components in training
curricula and resources combined, enabling the capacity building of HCPs of both

Fig. 1 Integration of care for tuberculosis (TB) and tobacco: strategies to overcome challenges
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programs. Further monitoring and evaluation of both programs can also be inte-
grated. Also, standardized screening and treatment algorithms with implementation
guidelines are necessary to facilitate cross-referral at TB-cessation clinics. Active
engagement of civil society organizations and CBOs could help garner local
expertise and support through their working relationships for implementing ces-
sation interventions at TB clinics [44]. Undertaking a situation analysis exercise
could aid in mapping and prioritizing critical areas of primary concerns in
TB-tobacco prevention and treatment [45]. Furthermore, the identification of
stakeholders in the activities of TB and tobacco help forge synergies, make efficient
use of resources, and avoid duplication of effort, especially in the context of
resource constraint settings.

6 Recommendations

6.1 Establishment of the Joint Working Group at All Levels

Each country needs to establish a coordination mechanism from national to grass
root level between the technical advisory bodies and implementers of TB control
and tobacco control programs. A collaborative working forum with both technical
advisory bodies must be set up to establish strategic and operational guidance for
collective preparation, capacity building, monitoring, and evaluation to develop an
organizational framework to ensure the long-term sustainability of such collabo-
rative initiatives (Fig. 2).

6.2 Modification of Reporting Mechanism

The reporting mechanism could also be updated to include indicators for tracking
tobacco control activities (e.g., tobacco users amongst TB patients, users provided
with advice/pharmacological treatment, users remaining quit after treatment). At the
same time, the tobacco control program could promote improved TB case finding
among tobacco users.

6.3 Integration into Health and Development Agendas

The “Health-in-All-Policies” strategy should be used, with activities focusing on
social determinants, such as tobacco control, which raises the likelihood of
obtaining TB. The integrative model might be supported by the incremental
adaptation and implementation of evidence-based transnational TB and tobacco
policy initiatives, as well as astute leadership and political support, and optimum
convergence amongst diverse stakeholders engaged in TB and tobacco control
initiatives could support the integrative model [50].
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6.4 Advocacy for Smoke-Free Policies

TB and tobacco control programs must actively advocate for the introduction of
smoke-free policies at all healthcare institutions offering TB care services as well as
in homes where TB patients reside. NGOs operating in the domain of TB control
and tobacco control could collaborate to promote the execution of collaborative
measures along with undertaking tracking, analysis of joint activities, and research.
With a view to a global coordinated effort to regulate tobacco, this is an opportune
time for nations to participate in combating these two formidable epidemics [51].

7 Conclusion

The intersecting epidemiology of TB and tobacco use offers not just a convincing
cause for intervention but a chance to resolve a significant cause of preventable
mortality and ensure that the advantages of anti-TB prevention and treatment are
understandable to TB patients [48]. Integration may also provide a more regular
response point at various levels of the current health system. Effective incorporation
of tobacco control interventions into TB treatment would provide a prototype
framework in which additional risk factors (e.g., opioid abuse) and diseases (e.g.,
hypertension, diabetes, chronic obstructive pulmonary disease) could be treated to

Fig. 2 Integration of care for tuberculosis (TB) and tobacco: recommendations
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improve patients’ overall health. Collaborative work among TB and tobacco control
initiatives will include advantages such as resource sharing, increased outreach to
disadvantaged communities, and the potential for rational linkages within health
systems that would make patient-centered prevention and management more
comprehensive. The guiding frameworks for treating TB should provide guidelines
for the treatment of tobacco smoking and all different forms of tobacco being used.
It should transcend the conventional domain of promoting tobacco cessation and
instead include broader, vitally important overarching aspects of MPOWER. In a
resource constraint setting, linking and utilizing existing programs through a syn-
ergistic approach can reduce the burden attributable to both epidemics paving the
way to achieve SDGs.

Tuberculosis and tobacco are old foes of humanity, supplementing and complementing
each other yet giving us opportunity nodes to break the vicious cycle.

Sonu Goel and Garima Bhatt

Core Messages

• A large body of evidence highlights the intersecting epidemiology of
tuberculosis and tobacco use.

• The collaborative international initiatives have proposed various models
and recommendations to combat the dual burden.

• Multiple challenges at various levels must be addressed to implement these
collaborative policies effectively.

• Establishing a collaborative working forum for strategic-operational
guidance could support the integrated framework.
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5Relationship Between Pre-existing
Cancer and Tuberculosis

Yaşar Barış Turgut, Alican Tahta, and Özgür Tanrıverdi

Science is the most reliable guide for civilization, for life, for
success in the world. Searching a guide other than the science is
meaning carelessness, ignorance and heresy.

Mustafa Kemal Ataturk

Summary

Tuberculosis (TB) is one of the most serious infectious diseases in the world. Of
those latently infected (LTBI), 5–10% will develop an active infection at some
point in their lifespan. Screening strategies and management of LTBI have
recently been areas of interest to control the global TB epidemic. Having a
hematologic malignancy or head and neck cancer, having an immunocompro-
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mising condition, undergoing organ transplantation, and long-term treatment
with corticosteroids and tumor necrosis factor-alpha (TNF-a) inhibitors are risk
factors for the development of active TB. The incidence rate of TB decreases
from the time of diagnosis of cancer. Patients with hematological malignancies
are more likely to develop TB than those with solid cancers. It is due to having a
weakened immune system and treatment with chemotherapeutic agents used for
managing the hematological malignancies. Despite advanced radiotherapy
options, patients with solid head and neck malignancies are still at an increased
risk of developing TB than the general population. Similarly, pediatric cancer
patients remain at a higher risk of getting TB than their adult counterparts.
Altogether, TB in cancer is an important issue that might contribute to mortality,
both directly and indirectly.

Graphical Abstract

Keywords

Cancer � Infection � Management � Mortality � Tuberculosis

Risk factors for developing active tuberculosis (TB)

80 Y. B. Turgut et al.



1 Introduction

Tuberculosis (TB) is one of the major infectious diseases in the world [1].
One-quarter of the world’s population has been affected by Mycobacterium
tuberculosis (M. tb). Ten million people have active TB infection, and more than
one million people die from TB each year [1]. TB is clinically asymptomatic and
microbiologically inactive (latent) in most infected people. Of those latently
infected (LTBI), 5–10% will develop an active infection at some point in their
lifespan [2]. Having a hematologic malignancy or head and neck cancer, having an
immunocompromising condition, undergoing organ transplantation, and long-term
treatment with corticosteroids and tumor necrosis factor-alpha (TNF-a) inhibitors
are risk factors for the development of active TB (Graphical Abstract) [3, 4]. Both
screening strategies and management of LTBI have recently been areas of interest
to control the global TB epidemic [5]. Also, the World Health Organization
(WHO) advised the initiation of screening strategies of high-risk patients in
countries having upper-middle- or high-income economies with a TB incidence
of < 100 per 100,000 person-years [6]. On the other hand, cancer incidence is
increasing steadily. In addition, with the advances in treatment methods, the life
span of cancer patients is prolonged [7, 8]. For these reasons, the number of people
with malignancies increases, and coping with complications in this population
becomes important. Infections remain a leading cause of death and disability in
people with cancer worldwide [9]. The focus of this chapter are TB and cancer.

2 Incidence and Risk of Tuberculosis and Cancer

An increasing trend in the incidence of TB has been shown in cancer patients [10,
11]. Lung cancer, gastric cancer, thyroid cancer, hepatocellular carcinoma, breast
cancer, colon cancer, pancreatic cancer, and hematological malignancies are fre-
quently associated with TB. Shu et al. found the crude incidence of TB was higher
in cancer patients with involvement of respiratory tract (about 900 per 100,000
person-years) than in patients with hematological malignancies (about 500 per
100,000 person-years) [12]. A meta-analysis by Dobler et al. estimated an overall
incidence rate ratio (IRR) of TB among adult cancer patients as 2.61 [13]. In
particular, it was 3.53 for hematological malignancies and 2.25 for solid cancers
[13]. Among solid tumors, the IRR of TB was 6.14 for lung cancer, 2.17 for breast
cancer, 2.02 for liver cancer, and 2.00 for colon cancer [13]. For gastric cancer, a
highly morbid type of cancer for which the treatment modality of choice is gas-
trectomy associated with malnutrition [14], the relative risk of TB was not signif-
icantly different from other solid neoplasms. The IRR of TB in pediatrics with
hematological malignancies or solid neoplasms was also 16.82 [13, 15].

In a large population-based study in South Korea, the SIR (standardized inci-
dence ratio) of TB was 2.22 in cancer patients compared with the overall population
[16]. When comparing the SIR of different malignancies, hematological
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malignancies have the highest ratio, followed by gastric cancer, pancreatic ade-
nocarcinoma, liver carcinoma, and breast cancer [16]. Notably, pancreatic cancer
had the highest SIR (3.17). They presumed that this high SIR value is, in fact, a
reflection of the higher probability of advanced or metastatic disease in association
with pancreatic cancer compared to other types of cancers [16]. Furthermore, the
low SIR value (1.52) of cancer of the thyroid gland was a matter of fact that most
patients (99.2%) were early-stage and had low recurrence rates [16, 17].

TB incidence decreases from the time of diagnosis of malignancy [16]. The
relative risk of TB was at its highest following the diagnosis of malignancy. Then, it
began to decline with a SIR of 3.70 for the first six months; 2.19 for months six–11;
1.75 for months 12–23; and 1.43 after 24 months from diagnosis [16]. The SIRs of
TB for patients with cancer of the thyroid gland and the biliary tract are not different
in six months after a cancer diagnosis. However, the SIR values for hematological
malignancy, gastric cancer, pancreatic adenocarcinoma, and liver carcinoma were still
more than one, even two years following diagnosis of cancer [16]. The risk of TB in
patients with malignancy was higher than the overall population, and the risk
depended on the type of malignancy. Also, the SIR remained high even two years
following diagnosis of malignancy in an intermediate TB-incidence country [16]. The
high number of TB diagnoses in patients with cancer might lie in the lower immunity
these patients have as a result of cancer and cancer treatment, as well as the fact that
they receive more frequent examinations and close monitoring than people without
cancer [16]. Patients with a history of cancer treatment within the past two years
should be included in the high-risk group, like patients with other medical problems,
including chronic renal disease and diabetes mellitus [12, 16, 18].

The reported prevalence of TB in cancer patients with hematological malig-
nancies, including chronic lymphocytic leukemia (CLL), Hodgkin’s disease, and
non-Hodgkin’s lymphoma, differs between 1 and 10% in previous studies [19–22].
Different clinical characteristics of the patient, diagnostic approach strategy, and the
prevalence of TB in the countries where the studies were performed might account
for this heterogeneity [23]. A meta-analytical review reported that the CIR of TB in
patients with hematologic malignancies was highest in countries with high-TB
incidence (6873/100,000 population) but lower in countries with intermediate-
(2686/100,000 population) and low-TB incidence (418/100,000 population) [24].
According to Silva et al. the prevalence of TB in patients with hematological
malignancies was only 2.6%, while it was 6.9% in patients with CLL [23]. In
previous reports, Hodgkin’s disease was closely related to TB [19]; however, in
Silva et al.’ study, no such correlation existed [23].

Silva et al. found malnourishment and treatment with steroids–which are known
to cause impairment of T-cell immunity–as major risk factors for TB [23]. More-
over, studies show that fludarabine and alemtuzumab impair T-cell immunity and
cause infections due to T-cell immunodeficiency [25, 26]. Fludarabine is an agent
that inhibits the cytokine-induced activation of STAT1 (an important transcription
factor in cell-mediated immunity) [27]. The types of infections seen in patients have
changed with the addition of fludarabine in CLL treatment. The incidence of dis-
eases associated with T-cell immunodeficiency, such as TB, has increased [28, 29].
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Although allogeneic hematopoietic stem cell transplantation (HSCT) has been
found to enhance the risk of TB about three times compared to the general popu-
lation, it has been shown that autologous HSCT does not increase TB risk in a study
involving more than 8000 patients with HSCT [30]. Also, no relationship was
found between TB and HSCT in a study by Silva et al. in which the majority of
HSCT was autologous [23].

3 Mortality of Tuberculosis Associated with Cancer

Mortality directly or indirectly related to TB is an important issue in patients with
malignancy. Mortality is a factor of epidemiological interest; the prevention
strategies are mainly based on years of lost, and years of lost life is a major factor in
determining the cost-effectiveness of the strategy [12]. Shu et al. found the inci-
dence of mortality directly related to TB was 0.83% in the population with cancer;
this incidence was 0.28% in the general population, according to the national
cause-of-death database [12, 31]. Also, the overall mortality rate during six months
after TB diagnosis in patients with cancer was 15.56%, which is higher than the rate
during six to 12 months after TB diagnosis (5.0%) [12, 31]. The mortality rate of
TB-positive cancer patients was 20.56%, which is higher than that of TB-negative
cancer patients (11.84%) at 12 months. They assumed a correlation between TB
infection and worse outcomes in cancer patients [12]. Lung cancer is also associated
with increased mortality in TB [32, 33]. Shu et al. found the highest mortality rates
in TB-positive patients with hematological malignancies, malignancies of the res-
piratory tract, and head and neck cancers [12]. However, TB-positive female genital
and breast cancer patients had lower mortality rates. So, mortality rates in
TB-positive cancer patients were associated with not only TB but also cancer types.
For hematologic malignancies with TB, the mortality rate was higher than that in
solid cancers, with rates between 23 and 90% [10, 23].

4 LTBI Screening in Patients with Cancer

Both solid tumors and hematologic malignancies are immunocompromising con-
ditions. So, on their own and as a result of the associated chemotherapy, they have
been shown to increase the chance of TB reactivation by increasing the risk of
cancer recurrence [13]. TB reactivation risk has changed over time because of
changes in cancer treatment modalities and, therefore, in the extent to which the
immune system is impaired. New treatment modalities, including purine analogs,
monoclonal antibody therapies, and HSCT, alone or in combination, are more
immunosuppressive than old therapies present for half a century. Also, local tissue
damage caused by radiotherapy in solid head and neck malignancies has reduced
with the technological development of certain radiation therapies [34, 35]. In

5 Relationship Between Pre-existing Cancer and Tuberculosis 83



addition, the average lifespan of cancer patients is longer than before due to the
progress of current drugs [36]. So, the incidence of TB has been recently increased
in cancer patients with various malignancies [13, 24, 37].

Patients with cancer, therefore, require LTBI screening as well as treatment.
However, there is insufficient evidence to support the use of LTBI screening for
these individuals. According to the British National Institute for Health and Care
Excellence (NICE), individuals with hematological malignancies, those who have
undergone chemotherapy, and those who have undergone a gastrectomy are all at
risk of acquiring TB. However, they do not advise screening and management for
TB in these patients [38]. Joined guidelines of the American Thoracic Society
(ATS) and the Centers for Disease Control and Prevention (CDC) advise treatment
of LTBI in patients with leukemia, lymphoma, and certain malignancies (lung,
head, or neck cancer) [3]. These guidelines are based on independent studies
conducted between the 1950s and 1970s. These studies looked at the cumulative
incidence of TB rather than the incidence of TB among cancer patients. Moreover,
they had some methodological issues regarding relative risk calculations [19, 39].

Following the initial TB infection, reactivation can occur [2]. Therefore, the
estimated cumulative lifetime risk for the development of TB is important to advise
screening and treatment of LTBI. There is an increased lifelong risk of TB in
chronic diseases, including diabetes mellitus and chronic renal disease, without
affecting the overall life expectancy. However, in malignancies, immunosuppres-
sive states are temporary in most cases during chemotherapy [13], and life
expectancy might be markedly reduced, therefore lowering the cumulative lifetime
risk of developing TB. Based on the findings of a meta-analysis conducted by
Dobler et al. there is no need for LTBI screening and management in adult patients
with malignancy [13]. As outlined in the WHO guidelines, the effectiveness of
LTBI treatment in terms of harms and benefits should be considered on an indi-
vidual patient basis [6]. This entity’s context, accessibility, cost, and implementa-
tion are important aspects of screening and treatment for LTBI [6].

Children with cancers have a high risk for the development of TB. They have to
be evaluated for screening and treatment of LTBI. In this context, two studies
conducted in South Africa suggest an active approach for pediatric patients with
malignancy, including:

• screening for TB on the admission, including a detailed history, tuberculin skin
test (TST), and physical examination;

• clinical, radiological, and TST screening during immunosuppressive therapy and
long-term follow-up; and

• prophylactic management for all exposed to a patient with TB and for
positive-TST children in endemic regions [15].
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5 Conclusion

Patients with malignancy are at an increased risk of contracting TB than patients
without malignancy. Moreover, patients with hematological malignancies are more
likely to develop TB than patients with solid cancers. Immunodeficiency and
chemotherapeutic agents used in managing hematological malignancies are the
causes for this situation. Despite advanced radiotherapy options, patients with solid
head and neck malignancies are still at an increased risk of developing TB than the
general population. Similarly, pediatric cancer patients remain at a higher risk of
getting TB than their adult counterparts. According to recent studies, screening for
LTBI is recommended in children with cancer.

Core Messages

• The number of complications in people with malignancies is increasing
due to their prolonged life span.

• Cancers, especially hematological ones, are associated with an increased
risk of TB.

• There is a correlation between TB and worse outcomes in cancer patients.
• Context, accessibility, cost, and implementation are important in managing

LTBI in cancer patients.
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6Laboratory Diagnosis of Tuberculosis

Sagar Mali, Anushka V. Devnikar, and Arvind Natarajan

A dread disease in which the struggle between soul and body is
so gradual, quiet and solemn and the result so sure that day by
day and grain by grain, the mortal part wastes and withers away.
A disease… which sometimes moves in giant strides and
sometimes at a tardy sluggish pace, but, slow or quick, is ever
sure and certain…

Charles Dickens

Summary

The diagnosis of tuberculosis (TB) is multifaceted. It requires an integrated
approach that extends to all facets resulting in early diagnosis of TB. In the era of
evidence-based medicine, there is an absolute necessity of correctly detecting
and promptly treating every case of TB. In this chapter, an attempt has been
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made to describe the advantages and disadvantages of present diagnostic
modalities and discuss a few future diagnostic modalities and how their potential
has the power to change the entire diagnostic approach of the present day. The
technological breakthroughs will increase the accuracy of newer innovations,
and large-scale production will make them economical and affordable diagnostic
modalities. Considering the increased awareness regarding TB in the general
population, an integrated approach by the World Health Organization (WHO),
governments, communities, and private sectors, as well as behavioral change
like the use of face masks worldwide due to coronavirus pandemic, we are
optimistic about reaching the target set by ‘The END TB strategy’ by 2035.

Graphical Abstract

Keywords

Biosensor � Culture media � Diagnosis � Immunodiagnosis � Microscopy �
Molecular methods � Nanodiagnosis � Nanoparticles � Tuberculosis

1 Introduction

Tuberculosis (TB) is preventable as well as curable. But it has claimed more lives
than any other disease (more than HIV/AIDS). The burden of TB is an issue of
concern in developing countries. Different aspects of diagnosis related to latent TB
infection (LTBI), drug-resistant TB (DR-TB), extrapulmonary TB (EPTB),

Tuberculosis diagnosis
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HIV-associated TB, and pediatric TB are all challenging and continue to put
clinicians and microbiologists in a state of dilemma. These cases may be missed at
all points of care. This fact warrants us to systematically fill the gaps which exist
from the time of detection of TB till its cure. Early and accurate diagnosis of TB
plays a major role in determining the outcome of the disease.

“Find. Treat. All. #END TB” is a joint initiative by the World Health Organi-
zation (WHO), the Stop TB Partnership, and the Global Fund. The target is to treat
40 million people with TB between 2018 and 2022. To reach this target, a disparity
between estimated incident cases and the number of new cases reported needs to be
addressed. This mismatch is due to underreporting and underdiagnosis of TB cases.
The majority of disparity is with India (25%), Nigeria (12%), Indonesia (10%), and
the Philippines (8%). Efforts should improve the reporting, diagnosis, and treatment
of TB. Strict majors and achievable targets backed up by technological break-
throughs will help end the global epidemic of TB by 2035 [1].

2 Laboratory Diagnosis

The conventional diagnostic tools like the culture on solid media, species identi-
fication by biochemical tests, and drug susceptibility test on solid media are all
time-consuming. These tools have good sensitivity and specificity but fail to pro-
vide early results. In recent times, a shift away from traditional practices towards
fluorescent microscopy, liquid cultures, and molecular techniques, which provide
early results, has been noticed. These newer diagnostic modalities have similar or
higher sensitivity and specificity than conventional tools. Before discussing these
methods, it is imperative to know about laboratory safety and specimen collection.

2.1 Laboratory Safety

All clinical specimens should be handled carefully to avoid any risk of infection to
laboratory personnel. Liquefaction and the concentration of sputum sample can be
safely performed on an open bench. Any aerosol-generating procedure needs bio-
logical safety cabinet (BSC) class 1 or 2. Handling of Mycobacterium tuberculosis
(M. tb) or M. bovis cultures requires bio-safety level (BSL) 3 cabinets. Laboratory
personnel working in the laminar flow BSC or BSL 3 cabinet should wear complete
personal protective equipment and respirator [2].

2.2 Specimen Collection

To ensure quality results, a sample reception unit should accept good quality
samples in a labeled specimen container. Collection, labeling, transporting, and
registering specimens for microscopy, culture, and molecular technique should be
as per the respective national TB program.
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2.2.1 Sputum
Around three to five milliliters (ml) of well-coughed, non-salivary sputum specimen
is considered good quality. Sputum specimens should be strictly collected in
ventilated sputum collection rooms or should be collected in an isolated,
well-ventilated open area. Sputum samples can be obtained by expectoration or
inducing (ultrasonic nebulization). Early morning samples contain the highest
concentration of mycobacteria.

It is advisable to collect early morning sputum or urine on three consecutive days
for pulmonary TB (PTB) or renal TB patients, respectively, given mycobacteria’s
intermittent and irregular release. It increases the sensitivity of diagnostic tests.
Twenty-four hours of sputum or urine sample collection should be discouraged
because of the risk of specimen dilution and overgrowth of contaminant bacteria
and fungi. In pediatric PTB cases, fasting, early morning gastric aspirate (five to ten
ml) on three consecutive days is recommended [3].

2.2.2 Blood
The use of blood culture for M. tb became a common modality after the HIV
pandemic. Initially, mycobacteremia was thought to be due to TB-HIV co-infection,
but various reports suggested that mycobacteremia (though in low frequency) has
been observed in HIV-negative patients as well [4, 5]. Hence blood culture is a
necessary tool, especially in the diagnosis of disseminated TB. The yield of M. tb
from blood can be increased by using a lysis-centrifugation blood culture system or
semi-automated liquid culture systems (discussed later in this chapter). Single blood
culture for routine diagnostic purposes and two blood culture sets for suspected
disseminated TB infection are recommended.

2.2.3 Other Specimens
Specimen collected aseptically that is normally sterile, like CSF, synovial fluid,
pleural fluid, etc., can be directly processed bypassing the decontamination
step. Biopsy specimen or fine-needle aspiration (FNA) material should be immersed
in 7H9 or 7H11 broth and homogenized to make aliquots of suspension. The
aliquots are then subjected to different tests. Swabs should not be accepted for
culture; if received in the laboratory, the swab tip should be directly placed in 7H9
broth or on solid culture media and incubated for six to eight weeks.

Stool sample (only if AFB positive by smear microscopy) should be processed
similar to sputum sample. The isolation of MAC from stool samples is predictive of
disseminated disease in HIV infection; hence a stool sample must be processed
whenever required [6].

2.3 Digestion and Decontamination

Sputa, stool samples, and other contaminated specimens need digestion decon-
tamination procedure for concentrating mycobacterial cells. The decontamination
process inhibits undesirable bacterial overgrowth and digestion of specimen
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liquefies mucus, releasing mycobacteria. The standard digestion-decontamination
procedure by CDC requires N-acetyl-L-cysteine and 2% NaOH [7]. Other agents
used for decontamination and concentration of specimen are:

• Dithiothreitol + 2% NaOH;
• 13% Trisodium phosphate + Benzalkonium chloride;
• 4% NaOH;
• 13% Trisodium phosphate;
• 5% Oxalic acid; and
• 1% Cetylpyridium chloride + 2% NaOH.

After the decontamination-digestion procedure for sputum and liquid specimens
(i.e., CSF, synovial fluid, pleural fluid, etc.), centrifugation at a relative centrifugal
force of 3000 g for 15 min is optimal to increase recovery of mycobacteria. Sed-
iment formed after centrifugation is divided into aliquots and subjected to different
diagnostic tests.

2.4 Microscopy

Mycobacteria have a thick, waxy capsule with high lipid content, which provides
them unique property called acid-fastness. The cell wall is rich in mycolic acid,
which binds to fuchsin dye and is not destained by acid-alcohol. Hence the staining
is called acid-fast staining, and the mycobacteria are called acid-fast bacilli (AFB).
For routine microscopy to detect AFB, at least 10,000 AFB per 1 ml sample are
required. Smear microscopy of clinical samples is a very useful test in the man-
agement of TB because it helps in diagnosis, monitoring progress, and defining
cure, acts as an indicator of infectiousness, is feasible in the remote/tribal area, and
more importantly, it is inexpensive, reproducible, and reliable [8, 9].

Commonly used stains are:

1. Fluorochrome stain—Auramine O ± Rhodamine
2. Carbolfuchsin stain—

a. Ziehl Neelsen (hot stain)
b. Kinyoun (cold stain)

The advantage of fluorochrome staining is that stained smears can be scanned
with 25� objectives, reducing the time required to scan each slide.
Fluorochrome-stained bacilli glow bright–yellow/orange-red against a dark back-
ground, making them readily detectable under low magnification without affecting
sensitivity. Fluorochrome stained smear can also be subjected to subsequent
staining with carbol fuchsin stain. It has 10% more sensitivity than ZN staining
[10]. A halogen or mercury vapor lamp used for fluorescent microscopy has been
replaced by light-emitting diodes (LEDs). It costs less than 10% of a mercury vapor
lamp and has a life of > 50,000 h. Because it can run on batteries, it has a definite
operational advantage in peripheral areas/remote areas [11].
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AFB appears bright red following carbol fuchsin stain and depending upon the
counterstain used, the background is either blue or green. The reporting of stained
smear is based on the number of AFB. Among carbol fuchsin stains, ZN staining is
more sensitive than Kinyoun cold staining for AFB detection. ZN staining like
fluorochrome staining cannot differentiate between M. tb and NTM. It has a low,
variable sensitivity ranging between 0 and 40% [12–14].

Smear microscopy is practical, readily available, and has a high predictive value,
as well as it is the most rapidly performed test in the diagnosis of TB. The better
correlation between positive smear microscopy and positive cultures has made
smear microscopy a reliable index of mycobacterial infection [15, 16].

2.5 Culture

For a definitive diagnosis of TB, isolation of M. tb from the clinical specimen by
culture is considered the gold standard. It requires ten to 100 bacilli per ml of
concentrated specimen for culture to confirm the presence of M. tb in a clinical
specimen. The culture of M. tb also provides isolates for determining phenotypic
drug susceptibility testing (DST) and species identification. It has a variable sen-
sitivity ranging from 0 to 80% [17–20]. Culture media can be broadly divided into
solid and liquid culture media, as shown in Fig. 1.

2.5.1 Solid Culture Media

Non-selective Media
In the nineteenth century, growing mycobacteria on agar culture media was very
poor compared to egg-based media. Even isolating mycobacteria on egg-based
media was rendered difficult by liquefaction of media due to proteolytic enzymes
released by contaminating bacteria. To overcome these difficulties, aniline dyes
were added to culture media. Incorporating aniline dyes (malachite green/crystal
violate) in varying concentrations has improved mycobacterial recovery by
inhibiting the growth of contaminating bacteria in culture (Table 1). Depending on
constituents, culture media can be further divided into:

1. Egg-based media
The most commonly used media is the LJ medium. Other examples are
Petragnani medium and the American Thoracic Society (ATS) medium.

2. Agar based media
These media contain defined salts, organic chemicals, and albumin. Examples
are Middlebrook culture 7H10 and 7H11 agar media [21].

Both 7H10 and 7H11 have high contamination rates because of the low quantity
of incorporated malachite green. Despite this limitation, using either of these agar
media helps in early M. tb detection. An experienced microbiologist can
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Table 1 Non-selective media

Medium Components Inhibitory agent

Lowenstein
Jensen

Coagulated whole eggs, defined salts, glycerol, potato
flour

Malachite green,
0.0025 g/100 ml

Petragnani Coagulated whole eggs, egg yolks, whole milk, potato,
glycerol, potato flour

Malachite green,
0.052 g/100 ml

American
Thoracic Society

Coagulated fresh egg yolks, glycerol, potato flour Malachite green,
0.02 g/100 ml

Middlebrook
7H10

Defined salts, vitamins, cofactors, oleic acid, albumin,
catalase, dextrose, glycerol

Malachite green,
0.025 g/100 ml

Middlebrook
7H11

Defined salts, vitamins, cofactors, oleic acid, albumin,
catalase, glycerol, 0.1% casein hydrolysate

Malachite green,
0.0025 g/100 ml

Fig. 1 Broad classification of culture media
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presumptively identify M. tb within ten days of incubation by examining
micro-colonies and observing certain morphological features [22].

The presence of capneic incubation (5–10% CO2) ensures better growth and
larger colonies of mycobacteria on Middlebrook culture media. In contrast, expo-
sure to strong light and storage at 4 °C for > four weeks has a deteriorating effect
on mycobacteria due to the formation of formaldehyde [23].

Selective Media
The incorporation of antimicrobial agents inhibits the growth of bacterial and fungal
contaminants, thus making media more selective for mycobacterial recovery. Gruft
[24], Petran [25], Mitchison [26], and McClatchy [27] suggested modification in
non-selective media to make them selective for mycobacterial culture, some of
which are listed in Table 2.

2.5.2 Liquid Culture System
Liquid culture or broth system is a type of selective media that is more sensitive
than solid media. There are few liquid culture systems built on different principles
for mycobacteria’s growth and early detection. BACTEC TB 460 (Becton Dick-
inson, Sparks, MD, USA) was the first semi-automated, radiometric liquid culture
system. In this system, mycobacterial growth was detected by quantitatively mea-
suring radioactive 14CO2 released by the metabolism of 14C labeled substrate
present in the BACTEC 12B media [28]. The disadvantages of this system were:

Table 2 Selective media

Medium Components Inhibitory agent

Gruft modification
of Lowenstein
Jensen

Coagulated whole eggs,
defined salts, glycerol,
potato flour, RNA
5 mg/100 ml

Malachite green,
0.025 g/100 ml
Penicillin, 50 U/ml
Nalidixic acid, 35 mg/ml

Lowenstein Jensen
(Petran
modification)

Coagulated whole eggs,
defined salts, glycerol,
potato flour

Malachite green,
0.025 g/100 ml
Cycloheximide,
400 mcg/ml
Lincomycin, 2 mcg/ml
Nalidixic acid, 35 mcg/ml

Middlebrook 7H10 Defined salts, vitamins,
cofactors, oleic acid,
albumin, catalase,
glucose, glycerol

Malachite green,
0.0025 g/100 ml
Cycloheximide,
360 mcg/ml
Lincomycin, 2 mcg/ml
Nalidixic acid, 20 mcg/ml

Middlebrook 7H11
(Mitchison media)

Defined salts, vitamins,
cofactors, oleic acid,
albumin, catalase,
glycerol, casein
hydrolysate

Carbenicillin, 50 mcg/ml
Polymyxin, 200 U/ml
Trimethoprim lactate,
20 mcg/ml
Amphotericin B,
10 mcg/ml
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i. cross-contamination due to the use of needles; and
ii. disposal of radioactive material.

This system is no longer in use and is replaced by other liquid culture systems
discussed below.

Mycobacterial Growth Indicator Tube (MGIT) System (BD Diagnostic)
In the MGIT system, all specimens except blood and urine can be processed for
culture. It uses a modified Middlebrook 7H9 broth base containing OADC (oleic
acid, albumin, dextrose, and catalase) and PANTA antibiotic mixture (polymyxin
B, amphotericin B, nalidixic acid, trimethoprim, azlocillin). OADC acts as a growth
supplement, and the PANTA mixture inhibits the growth of contaminating bacteria.
It is a fluorescence-based technique. A round-bottomed glass tube (MGIT) is fitted
with a fluorescent compound embedded in silicone at the bottom. In any uninoc-
ulated MGIT, dissolved oxygen in the broth quenches any emission of fluorescent
light from silicone. Mycobacterial cells (if present in inoculated media) utilize
dissolved oxygen and deplete its concentration. This process unmasks the
fluorescence from silicone and can be detected manually using long-wave UV light
(Wood’s lamp). The MGIT can be placed in MGIT 960 or 320 (non-radiometric,
automated) systems, for continuous monitoring and detection of the fluorescence.
For optimal performance, 0.5 ml of the specimen is inoculated and incubated at
37 °C.

Rodrigues et al. used BACTEC MGIT 960 TB system and LJ media to test
14,597 specimens. Out of 6143 (42%) positive specimens, MGIT 960 TB system
was positive in 6015 (41%) specimens, and LJ media grew M. tb in 3526 (24%)
specimens. The mean detection time for smear-positive specimens was nine days
for MGIT 960 and 38 days for LJ media. The time for smear-negative specimens
was 16 and 48 days for MGIT 960 and LJ media, respectively [29].

MB/BacT ALERT System
It is similar to the BacT ALERT blood culture system. This system also uses
Middlebrook 7H9 broth. It is used to culture mycobacteria from any specimen
except blood. A supplementary growth factor and PANTA antibiotic mixture are
added to the culture bottle before use to ensure better growth of mycobacteria and
curtail the growth of contaminating bacteria. Each bottle has a gas permeable sensor
fitted at the bottom, which changes color from dark green to bright yellow due to
the increasing concentration of microbial-generated CO2. These bottles are con-
tinuously monitored for color change in MB/BacT ALERT system. MGIT 960 and
MB/BacT ALERT system used for M. tb culture are superior to solid media [30].

Versa TREK (Thermo Scientific)
It was previously known as EPS Culture System 2. Each culture bottle contains
VersaTREKMyco broth, an antibiotic mixture, a growth supplement, and cellulose
sponges (simulating the lungs’ alveoli). This bottle is attached to a sensor through a
needle for continuous monitoring (every 24 min) of any change in pressure within
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the bottle's headspace and rate of oxygen consumption due to the metabolic activity
of microorganisms. Early studies have shown that the growth and detection of
mycobacteria using the ESP MYCO system from all specimens, including blood, is
possible with acceptable results [31, 32].

BACTEC MYCO/F LYTIC (Becton Dickinson, Sparks, MD)
It is a blood culture system. It is designed to culture mycobacteria, fungi, and most
aerobic bacteria. The bottle contains a lytic agent that helps to release mycobacteria
from WBC. The decrease in oxygen concentration due to the metabolic activity of
microorganisms is directly proportional to an increase in the fluorescence and is
detected by any BACTEC 900 series system [33]. In a study by Crump et al. the
performance of the BACTEC 13A (BD Diagnostic), BACTEC MYCO/F LYTIC
(BD Diagnostic), BacT/ALERT MB (bioMérieux), and ISOLATOR 10
lysis-centrifugation (Wampole Laboratories) systems was evaluated. There was no
significant change in yields between these systems. However, the mean detection
time for MAC was shortest for BacT/ALERT MB, followed by BACTEC MYCO/F
LYTIC, BACTEC 13A, and ISOLATOR 10 [34].

2.6 Immunodiagnosis

Immunodiagnostic tests were developed to detect any immune response mounted
against M. tb, as shown in Table 3.

The commercially available serological tests for detecting antibodies against M.
tb were developed as point-of-care tests. Unfortunately, the use of these tests to
diagnose PTB and EPTB has not been recommended by WHO due to highly
inconsistent sensitivity and specificity [35, 36]. The false-positive and
false-negative results have led to more patient harm than good due to inaccuracy
and diagnostic delay causing increased morbidity and mortality [37].

2.6.1 Tuberculin Skin Test (TST)
For LTBI, there is no gold standard test available, and its global burden is not
determined with certainty. Since 5–10% of LTBI cases develop active TB, diag-
nosis and preventive treatment of LTBI is considered a crucial step by the WHO
End TB Strategy [38].

Among the tests available to detect cell-mediated response against M. tb, TST is
the simplest and low-tech test. In this test, an individual suspected of LTBI is
injected intradermally with five tuberculin units (TU), i.e., 0.01 ml of purified

Table 3 Classification of
immunodiagnostic tests based
on immune response

Immune response Immunodiagnostic tests

Humoral ELISA
Immunochromatographic tests

Cell-mediated (T-cell) Tuberculin skin test (TST)
IFN-c release assay (IGRA)
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protein derivative (PPD) on the volar aspect of the forearm. The test reaction (due to
delayed hypersensitivity) is read after 48–72 h as the diameter of induration (not
erythema) seen on the volar aspect of the forearm, measured in millimeters. Though
it is a low-cost test and easy to perform, its specificity is reduced by Bacille
Calmette-Guérin (BCG) vaccination [39, 40].

2.6.2 Interferon-Gamma Release Assays (IGRAs)
M. bovis BCG lacks a 16-gene sequence that codes for culture filtrate protein 10
(CFP-10) and early secretory antigen target-6 (ESAT-6). During TB infection,
cellular immune response produces interferon-gamma (IFN-c) against these two
antigens of M. tb. This effector/sensitized memory T cell’s response is the basis for
T-cell-based IGRAs. Two commercially available IGRAs work on the principle that
re-stimulating an individual with LTBI using M. tb-specific antigens (CFP-10 and
ESAT-6) leads to the secretion of IFN-c. The IFN-c is then detected using enzyme-
linked immunosorbent assay-based tests like QuantiFERON-TB Gold InTube
(QFT-GIT, Cellestis, Australia) or QuantiFERON-TB Gold (QFT-G, Cellestis,
Australia). Another IGRA that detects IFN-c producing peripheral mononuclear
cells after stimulation with CFP-10 and ESAT-6 is the enzyme-linked immunospot
(ELISPOT)-based T-SPOT.TB (Oxford Immunotec, UK) [41].

2.7 Molecular Methods

Among molecular methods, nucleic acid amplification tests (NAATs) were com-
mercially available to detect M. tb complex (MTBC) directly in the mid-to-late
1990s. The recommendations by the CDC on the use of NAATs in the diagnosis of
TB are:

i. testing suspected TB patients with NAATs should become the standard of
practice;

ii. all TB control programs and clinicians should use NAATs for direct MTBC
detection;

iii. at least one respiratory specimen should be tested by NAAT, and all NAAT
negative specimens should be tested for inhibitors;

iv. the time between specimen collection and NAAT report should be � 48 h;
and

v. all laboratories performing NAAT for TB diagnosis should participate in a
proficiency testing program.

Early test results of molecular methods used for M. tb detection have certain
advantages:

i. the positive result helps in:
• early diagnosis and prompt treatment of TB, leading to a decreased period of

infectiousness;
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• earlier notification to TB public health authorities and also ensuring earlier
infection control measures;

• decreased person-to-person transmission; and
• better outcome.
ii. the negative result helps to avoid unnecessary contact tracing and investiga-

tions; and
iii. the results can provide substantial savings for the patients, healthcare provi-

ders, hospitals, and the public health program.

They have limitations, e.g.,

i. relatively lower sensitivity than culture;
ii. possibility of false-positive results (due to many systemic or sporadic errors)

and false-negative results (up to 20% sputum specimen contains inhibitors);
and

iii. laboratory costs.
Molecular methods can be divided into

i. signal amplification method;
ii. nucleic acid amplification method; and
iii. post-amplification analysis.

2.7.1 Signal Amplification Method

Nucleic Acid Probe
These were developed and made commercially available by Gen-probe (Hologic,
San-Diego, CA). In this method, acridine-ester labeled single-stranded DNA probes
were used. These DNA probes were designed to hybridize with mycobacterial
ribosomal RNA (rRNA). Ribosomal RNAs are considered an ideal target for
identifying mycobacteria because they contain signature sequences and are pro-
duced in large quantities by cultured mycobacteria. The DNA probe hybridizes with
rRNA during the test and forms a stable DNA-RNA complex. A signal generating
step is performed after the inactivation of unhybridized probes. This step produces
light which is measured by an instrument. The light generated is directly propor-
tional to the amount of hybridized probe, and the test result is decided based on a
pre-determined threshold of generated light. It requires two hours to determine
species and is superior to traditional identification methods [42, 43]. The use of
these probes on positive broth cultures helps to decrease the time of detection of
mycobacteria even further [44, 45].

Nucleic Acid Amplification Methods
FDA approved two tests based on the nucleic acid amplification method for respi-
ratory specimens in the late 1990s. These tests were Amplicor M. tb PCR assay by
Roche Diagnostics, Indianapolis, IN, and Amplified Mycobacterium tuberculosis
Direct test (AMDT). The test was based on transcription-mediated amplification.
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These tests performed better on smear-positive specimens, but the sensitivity was
lower than culture on a smear-negative respiratory specimen [46–53].

WHO recommended Xpert MTB/RIF assay in 2010, and FDA approved a third
nucleic acid amplification assay, i.e., Xpert MTB/RIF assay (Cepheid, Sunnyvale,
CA) in the United States in 2012. This assay has revolutionized TB control (by
early detection of TB disease and drug resistance). It was introduced as a
cartridge-based, near-patient technology with integrated hands-free sputum pro-
cessing. It was designed based on real-time Hemi-nested PCR to detect M. tb and
rifampin resistance in a single reaction. The assay amplifies the 81-bp fragment of
the M. tb rpoB gene and detects mutations associated with rifampin resistance.
A limit of detection (LOD) of M. tb DNA for this test is 4.5 genomes/reaction (as
low as one genome/reaction) or clinical LOD of 131 CFU of M. tb/ml (as low as
10 CFU/ml). The test results are available in two hours [54, 55]. Rifampin-resistant
strains show resistance to isoniazid in greater than 90% of cases. Hence, detection
of rifampin resistance acts as a surrogate marker for multidrug-resistant TB
(MDR-TB). This has helped in the early initiation of treatment of MDR-TB [56].
An advanced version of the Xpert MTB/RIF assay, i.e., Xpert MTB/RIF Ultra
assay, has improved sensitivity for M. tb detection and rifampin resistance, making
it useful in paucibacillary TB, as frequently seen in cases of TB-HIV co-infection,
in pediatric TB, and those with EPTB [57, 58].

2.7.2 Post-Amplification Analysis

Line Probe Assays (Reverse Hybridization)
In the line probe assay (LPA), using biotinylated PCR primers, target sequences are
amplified. The amplified product (amplicon) is applied on nitrocellulose or similar
substrate on which multiple probes are immobilized. Amplicon-probe hybridization
leads to the formation of lines. The pattern formed is compared to a key for the
interpretation of results. The technique is reverse of Southern blotting with the
advantage that multiple probes can be assayed simultaneously. The assay does not
require any radioisotopes, another advantage of Southern blotting. WHO recom-
mended commercially available LPA, i.e., GenoType MTBDRplus LPA, Hain
version 1 (Hain Lifescience, Nehren, Germany) in 2008 [59]. Subsequently, FIND
(the Foundation for Innovative New Diagnostics) evaluated Hain version 1, Gen-
oType MTBDRplus version 2 (Hain version 2), and Nipro NTM + MDRTB
detection kit 2 (Nipro, Tokyo, Japan) for detecting M. tb and resistance to rifam-
picin and isoniazid in 2015. This study found equivalence among these three
commercially available LPAs [60].

DNA Sequencing
DNA sequencing or Sanger’s sequencing was widely used in many laboratories to
identify mainly slow-growing bacteria such as mycobacteria and Nocardia and
fungi [61, 62].
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Hypervariable region A of the 16S gene complex has been the most commonly
used target to identify and differentiate clinically relevant mycobacteria and isolates
that are difficult to characterize [63–65].

A commercially available DNA sequencing system is MicroSeq developed by
Applied Biosystems, Inc. (ABI), Foster City, CA. It provides primers to perform
PCR. ABI capillary-based sequencing is then performed. The product of
sequencing is matched with a genetic database for results. The rpoB gene is a
popular sequencing target because it provides identification information and
information regarding rifampin resistance [66, 67].

TB-Lamp
TB-LAMP, a loop-mediated isothermal amplification platform developed by Eiken
Chemical Co. (in Japan), is a commercially available, new, manual molecular
method for TB detection [68]. It is a promising diagnostic method requiring min-
imal instrumentation with a high throughput potential, i.e., 14 samples per test run
[69, 70]. The assay requires less than one hour and is read under UV light with the
naked eyes. Loop primers speed up target DNA amplification to 109–1010 times
within 15–30 min. Amplified DNA is detected using SYBR green (DNA binding
dye), magnesium pyrophosphate, or a non-inhibitory fluorescing agent [71].

Microarray Analysis
It is a great research tool used extensively for research in a few laboratories. It has
the potential to examine a large number of DNA sequences in a very short period
[72]. The device used for this test is called a gene chip. It is used for mycobacterial
detection and genetic determination of drug resistance from a large number of
specimens with a single hybridization step. The large expense required for imple-
menting this test is the only major drawback holding its widespread use in diag-
nosing TB.

Cabibbe et al. evaluated the performance of the VerePLEX Biosystem based on
the molecular lab-on-chip technique. It was a single disposable device built based
on microfluidic PCR and microarray modules by STMicroelectronics (Geneva,
Switzerland) to detect NTM and diagnose MDR-TB. 91 M. tb complex (MTBC)
isolates and 116 MTBC culture-negative specimens were included to detect
mutations in rpoB, katG, and inhA genes. The results of the VerePLEX Biosystem
were compared with Sanger sequencing and GenoType MTBDRplus (Hain Life-
science, Nehren, Germany) assay. The VerePLEX Biosystem yielded more than
97.8% of diagnostic accuracy than sequencing and MTBDRplusassay [73].

2.8 Nanodiagnosis

Nanodiagnostics or nanotechnology-based diagnostic methods are likely to become
mainstream diagnostic modalities. It is a little more than a decade since the research
has been happening in this field. Initial results of research have shown great
potential in nanotechnology to become a rapid, reliable, reproducible, and
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cost-effective tool to be used in the diagnosis of TB and cardiovascular, cancer, and
other infectious diseases. We will discuss some nanotechniques which have shown
promising results.

2.8.1 Gold Nanoparticles (AuNPs)
Baptista et al. developed a colorimetric method using gold nanoparticles (AuNPs)
to detect M. tb from a clinical specimen directly. The gold nanoparticle probes
(nanoprobes) were designed using a specific thiolated oligonucleotide derived from
RNA polymerase b subunit of M. tb. The result is based on colorimetric change
observed in a solution containing nanoprobes read at peak absorbents wavelength
of * 526 nm.

The solution with nanoprobes appears red, and the addition of NaCl causes
aggregation of nanoprobes making the solution appear purple. If nanoprobes
hybridize with DNA, the addition of NaCl fails to cause nanoprobe aggregation,
and the solution remains red, indicating the presence of specific target DNA in a
clinical specimen.

Initially, target DNA is amplified using PCR. The amplified DNA is then
denatured (five minutes at 95 °C). The solution is allowed to cool to room tem-
perature for 30 min. During cooling, DNA hybridizes with the probe. The addition
of NaCl to the final solution mixture brings out changes that are measurable using
UV light/visible spectroscopy. The lower LOD is 0.75 mcg of total DNA in the
testing specimen. The total time required for the study is two hours. It is performed
in a single tube, reducing the risk of carryover contamination. It is relatively
inexpensive, including first-step PCR of study (< US $0.35 per sample) compared
to other molecular assays [74].

Tsai et al. evaluated the use of AuNPs in the diagnosis of TB. They demon-
strated the use of the gold nanoparticle colloid system’s surface plasmon resonance
effect in diagnosing PCR amplified M. tb dsDNA sequence. They used the IS6110
target sequence for PCR amplification. The change in color of the solution from red
to blue after the addition of NaCl is considered positive for the presence of M. tb
DNA in the clinical sample. The colorimetric results were analyzed on a simple
paper-based platform with the help of a smartphone. It has certain advantages,

i. rapid analysis;
ii. lower reagent consumption;
iii. no need of installing sophisticated analytic equipment; and
iv. LOD ranging from 1.95 � 10−2 to 1.95 � 101 ng/ml of TB dsDNA sequences.

This method can be a very affordable, user-friendly tool that is very sensitive and
specific, not only for TB but also for other infectious diseases [75].

2.8.2 Array Format-Based Surface Plasmon Resonance (SPR)
Hsieh et al. developed a surface plasmon-based assay to detect antibodies against
M. tb in the patient’s serum. An array chip was designed by immobilizing nine
different M. tb antigens on its surface and subjected to patient serum. The SPR
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reflectivity is then measured using the GWC PCR imager system (biosensor). The
higher value of reflectivity suggests the presence of specific TB antibodies in the
patient’s serum. The results of this array were better than the multiple-antigen
ELISA assay. Another advantage of this technique is that it is label-free and helps
in the real-time detection of antibodies. Since it has high sensitivity (100%) and
specificity (85%) for TB antibody detection, it can be further developed as a
biosensor array system to detect multiple M. tb antibodies [76].

2.8.3 Fluorescent Silica Nanoparticle-Based Indirect
Immunofluorescence Microscopy

In the immunofluorescence (IF) technique, the antibodies conjugated to a fluores-
cent dye (fluorochrome) are used to detect specific target antigens. In indirect IF,
primary antibodies are unconjugated, whereas fluorochrome-conjugated secondary
antibody is directed against primary antibody for detection.

Qin et al. developed fluorescent silica nanoparticle-based indirect IF microscopy
to detect M. tb. The primary antibody used in this technique was an unconjugated,
specific anti-M. tb antibody. An antibody binding protein (protein A) was used to
detect the primary antibody. A simple and efficient water-in-oil microemulsion
method was used to prepare Tris (2,2-bipyridyl) dichlororuthenium (II) hexahydrate
(RuBpy)-doped silica nanoparticles. Protein A was labeled with RuBpy-doped silica
nanoparticles. The technique was used for M. tb detection in pure culture, mixed
bacterial samples, and sputum samples. The RuBpy-doped silica nanoparticles are
attributed to increased detection sensitivity in many aspects. The fluorescent silica
nanoparticles used as labels yielded amplified signal intensity (five times more) and
better photostability than conventional fluorescent dye. The total time required for
the assay is within four hours. This study also claims that integrating epifluorescent
filter techniques can reduce M. tb detection time. It can be further developed into a
universal method for detecting a wide variety of bacteria [77].

2.8.4 Magnetic Nanoparticles
Magnetic nanoparticles are used in clinical and molecular diagnostic laboratories
because of their unique properties. They can be utilized as contrast material (su-
perparamagnetic iron oxide nanoparticles) in magnetic resonance imaging (MRI) or
can be tagged to antibodies for the detection of nucleic acid (mRNA, DNA),
bacteria, viruses, and cells [78–81].

Engstrom et al. developed magnetic nanobead-based detection of rifampicin
resistance in M. tb. They developed nine mutant-specific padlock probes designed
to bind to the most common mutation-associated codons of the 81 bp rpoB gene.
The bound probes were amplified by the rolling circle amplification (RCA) method.
Amplified probes were restriction digested, redigested, and again subjected to RCA,
known as circle-to-circle amplification, to increase the assay’s sensitivity. A dilu-
tion of spherical avidin-functionalized magnetic nanoprobes tagged with specific
oligonucleotide was added to the solution of RCA products. The reaction was read
out using a portable AC susceptometer, and the method was called volume
amplified-magnetic nanobead detection assay (VAMNDA). They found that the

104 S. Mali et al.



method was highly specific and multiplexable. Different padlocks probes can be
designed to detect different mutations associated with drug resistance in M. tb [82].

Gordillo-Marroquín et al. developed a magnetic nanoparticle-based colorimetric
biosensing assay (NCBA) to detect M. tb in sputum specimens and compared it
with smear microscopy results. The digestion/decontamination of sputum was
performed using the NaOH-NALC method. The specimen is divided into two parts.
One part was subjected to routine smear microscopy, and another part was treated
with glycan-functionalized magnetic nanoparticles (GMNPs) and placed in a
magnetic rack. Such treated specimen was then subjected to AFB staining and
microscopy. GMNPs bind to the mycobacterial surface through the
carbohydrate-binding lectins forming a complex. The advantages of this assay were

• rapidness (< 20 min);
• affordable ($0.10/test);
• room-temperature assay;
• no necessity of power supply;
• simple to implement;
• no refrigeration; and
• improved smear grade from 1 + in sputum smear microscopy to 2 + (in NCBA);

hence very useful in paucibacillary TB cases [83].

2.8.5 Quantum Dots Assay
The quantum dots (QDs) technique has become a part of nanotechnology and is
used to develop the newer diagnostic tests. It is also known as semiconductor
quantum dots or nanocrystals and is a type of fluorophore. It is more photostable
than conventional fluorophores and has narrow, symmetrical, and tunable emission
spectra. Multiple molecular targets can be detected using QDs in various clinical
samples [84]. Liandris et al. developed a novel technique that combined cadmium
selenide QDs and magnetic beads to detect surface antigens of mycobacteria. In this
method, streptavidin-coated magnetic beads were functionalized with a biotinylated
polyvalent antibody (produced in rabbit) against M. tb PPD. Cadmium selenide
QDs were coated with streptavidin and two monoclonal antibodies against M. tb
heparin-binding hemagglutinin (murine derived). During the assay, cells were
separated using magnetic beads coated with polyclonal and monoclonal antibodies
mentioned above. These separated cells were treated with streptavidin-coated QD’s,
leading to fluorescence detection. Fluorescence was detected using a spec-
trofluorometer. The LOD was 104 CFU/ml with naked eyes and 103 CFU/ml with a
spectrofluorometer. This assay did not require amplification and can be developed
further to detect any other protein target [85].
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2.9 Biosensing Techniques

Biosensors or biosensing techniques are used in various fields such as clinical
assays, food and agriculture security, disease diagnostics, and environmental
monitoring. Certain advantages of using these techniques are:

• need of very little amount of sample;
• high sensitivity and specificity;
• applicable on different specimens such as blood, serum, urine, saliva, etc. [86–

96].

A biosensor has two basic components, namely

i. bio-recognition component, it can detect any bio-recognition element such as
an enzyme, cell, nucleic acid, antigen–antibody complex, etc.; and

ii. bio-transducer, with the help of different physical or chemical immobilization
methods, the bio-recognition element is firmly attached to the bio-transducer,
which gives a precise measurement of the bound bio-recognition element
[97, 98].

Depending on the method employed for signal transduction, biosensors are
divided into electrochemical, optical, mechanical, and magnetic [99]. A summa-
rized list of various biosensors used in different studies is shown in Table 4.

3 Conclusion

Let to remind the words spoken more than 100 years back by Robert Koch,

The struggle has caught hold along the whole line, and enthusiasm for the lofty aim runs so
high that a slackening is no longer to be feared. If the work goes on in this powerful way,
then the victory must be won [113].

Unfortunately, his words on the fight against TB hold true to date. TB is af-
fecting humanity in the worst imaginable way. The random efforts by different
stakeholders in the struggle against TB are virtually useless. The definitive road to
success is the commitment from patients, healthcare workers, clinicians, policy-
makers, and governments, which will help us win the war against this mortal
enemy, M. tb.

Core Messages

• The diagnostic modalities for TB are smear microscopy, culture, immun-
odiagnosis, molecular methods, and nanotechnology.
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• ZN stained smear microscopy is still widely used for AFB detection with a
variable sensitivity ranging between 0 and 40%.

• Isolation of M. tb from clinical specimens by culture is a gold standard test
and has a sensitivity ranging between 0 and 80%.

• Immunodiagnosis for LTBI has low specificity; a nanotechnological
advance is a futuristic approach in diagnosing TB.

• Molecular methods are widely used for research and diagnostic purpose,
e.g., Xpert MTB/RIF assay, TB-LAMP, microarray, etc.
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7The Role of Diagnostic Microdevices
in the Fight Against Tuberculosis

Marina Cañadas-Ortega, Clara Gómez-Cruz, Juan José Vaquero,
and Arrate Muñoz-Barrutia

As any doctor can tell you, the most crucial step toward healing
is having the right diagnosis. If the disease is precisely identified,
a good resolution is far more likely. Conversely, a bad diagnosis
usually means a bad outcome, no matter how skilled the
physician.

Andrew Weil

Summary

The high incidence and mortality associated with Mycobacterium tuberculosis
(M. tb) bring forward the necessity of rapid and accurate diagnosis. Microfluidic
techniques present characteristics able to cover the gaps between current assays
and clinical needs for disease management. Moreover, they bring a cost- and
time-effective Point of Care (PoC) diagnosis methodology, with multiples
advantages of special importance in countries with low income and resources.
The devices can be classified according to the diagnosis method, which can be
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based on the detection of bacterial elements (such as enzymes or antibodies) or
on genotyping through amplification of the nucleic acid information. In the latter
case, there are devices capable of providing information about the drug
resistance of the particular strains, while others provide just a “yes/no” answer,
differentiating M. tb from other mycobacterial infections. The main goal
attempted by all the devices remains to achieve portability and ease of use
required for a PoC device, besides the required precision.

Graphical Abstract

Keywords

Diagnosis � Immunoassays � Lab-on-a-chip � Microdevices � Tuberculosis

1 Introduction

Tuberculosis (TB) was one of the ten leading causes of death between 2000–2016,
making Mycobacterium tuberculosis (M. tb) one of the deadliest pathogens in the
world. Each year, M. tb infects around ten million people and results in over a
million deaths worldwide, mainly in developing countries and low-income areas
[1]. Most infections remain latent, but around 10% of cases develop an active

The role of microfluidics in tuberculosis (TB) diagnosis. Microfluidic devices can be used to
diagnose TB as well as to detect drug-resistant strains. These devices are based on detecting
bacterial elements or on genotyping the bacterial nucleic acids.
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infection, where the bacteria multiply and invade tissues. M. tb infections primarily
affect the lungs, but other organs like the brain, the kidneys, or the spine can also be
affected [2].

The lack of fast and reliable methods for diagnosing and treating TB and the
development of new drug-resistant (DR) strains of M. tb (DR-TB) are some of the
most pressing issues in the fight against TB. Regarding TB diagnosis, the main
issue is the lack of a reliable, cost-effective diagnostic tool for Point of Care
(POC) testing.

Worldwide, the cheapest and most common diagnostic method of pulmonary TB
(PTB) consists of sputum smear microscopy, but it has low sensitivity and speci-
ficity [3]. Other detection methods like tuberculin skin tests or chest X-rays present
a low potential for PoC testing. The detection of antibodies lacks accuracy and
cost-effectiveness, while detecting the wall lipopolysaccharide lipoarabinomannan
(LAM) has inadequate sensitivity. Molecular genotypic assays based on nucleic
acid amplification tests require a laboratory setting with temperature control and
complex setups.

Previous work has covered more extensively these detection methodologies [4–
6]. This lack of a fast diagnosis test to guide the correct prescription of antibiotics is
one factor that has led to the growth of DR-TB. Other factors in the rise of antibiotic
resistance are improper self-medication and poor adherence to the long-term
anti-TB therapies (ATT), the loose use of these products in the food industry, and
incorrect monitoring of treatment efficacy [7]. DR strains can be classified as
multidrug-resistant (MDR) or extensively drug-resistant (XDR). MDR strains do
not respond to treatment with isoniazid and rifampicin, while XDR ones are
resistant to both first-line anti TB drugs and at least one main second-line drug
(such as capreomycin, kanamycin, or amikacin) [8].

Treating these ‘superbugs’ infections requires more complex drug combinations,
involving multiple second-line anti-TB drugs and often translating into longer
hospital stays. This not only significantly increases the medical costs but also entails
enhanced human costs, as these drugs present more side-effects than the first-line
core ones [9–11]. These ‘superbugs’ with reduced drug susceptibility limit the
treatment options and force combinations of medicaments to achieve the same
result that susceptible strains require a shorter treatment with just two core drugs.
The diagnosis of DR-TB requires either the genotyping of DNA regions in cen-
tralized laboratories or long phenotypic assays like microscopic observation or
culture methods. This leads to a harder diagnosis and worse prescription guidance
in areas with low resources. For this reason, developing new diagnostic tools that
are accurate, fast, and cheap is critical to accurately detect active and latent TB and
the drug susceptibility of the strain at the PoC. This would refine the treatment to be
applied and its monitoring over time. To that effect, incorporating microfluidic
devices, which can accurately control small fluid volumes [12], can improve the
cost, time, and portability of current methods.
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These devices take advantage of electrical or mechanical properties in the
microscale that can be applied to answer biological demands, such as molecule
detection or component mixing or separation. Accurate fluid manipulation of
reagents and samples enables complex reactions that can be reproduced inside the
microdevices, while the low volumes are required to reduce the use of testing
agents, therefore minimizing the costs [13]. Many microdevices are designed as
preloaded disposable platforms with reagents stable over time, permitting their
shipping and storage for a certain number of months [14]. Most of the microfluidic
devices intended to be used for diagnosis are simple, disposable devices with a
sample-in, answer-out architecture. Following this, the sample is introduced in the
chip and automatically processed and evaluated without further human intervention,
which allows easy manipulation, not only reducing contamination and contagious
risks but going beyond the need of laboratory settings [15].

In this chapter, the advances that have taken place in the last decade in the field
of TB diagnosis using microfluidics are reviewed, stating the method of diagnosis
employed as well as their state of development.

2 Diagnostic Microdevices for Tuberculosis

The detection and diagnosis of M. tb can be performed in different ways, ranging
from skin tests to imaging tests, passing through different modalities of molecular
tests. During the last decade, this last approach has been the focus of many research
works; to this extent, microdevices have turned out to be enormously useful due to
the numerous advantages that microfluidic assays present over bulk liquid analyses
(i.e., lower reagent volume, portability, incremented number of assays). The tech-
nologies presented in this chapter can be distinguished by whether their focus is on
detecting bacterial elements or on genotyping. Some of the genotyping technologies
require off-chip DNA extraction and amplification, while others manage to perform
on-chip amplification or even no amplification step. These platforms also vary in
their proximity to the PoC and their development stage: while some could be
applied soon, others are just proofs-of-concept, with many improvements ahead.
However, this great number of published works gives us an idea of the importance
of microfluidic technologies in improving the diagnosis of TB.

2.1 Tuberculosis Diagnosis from Bacterial Elements

2.1.1 Fluorescent Detection of BlaC
An appropriate marker to rapidly diagnose TB is the hydrolase b-lactamase (BlaC)
due to its specific enzymatic activity. Some examples are the collaborative works
between the Texas A&M Health Science Center and the Stanford University School
of Medicine [16, 17]. These groups developed two different microfluidic devices to
take advantage of the properties of BlaC for the diagnosis of TB.
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In 2015, a polydimethylsiloxane (PDMS) microfluidic system was used to
quantify M. tb by encapsulating the bacteria with a BlaC fluorogenic probe [18].
First, picolitre drops containing the bacteria and the fluorogenic probe were gen-
erated and incubated before fluorescence detection with an inverted microscope.
The system gave a detection limit of ten colony-forming units per milliliter
(CFU/ml) and was validated using E. coli and an attenuated Mycobacterium bovis
strain (Bacillus Calmette-Guérin, BCG) to prove the specificity to Mycobacterium.

The main disadvantages of the system reside in its inability to differentiate
between different types of Mycobacterium and a limitation in the number of events
detected by the droplet generation rate. Although consisting only in a
proof-of-concept far from the PoC applications, this platform would allow the
quantitative evaluation of therapeutic methods and drug resistance of the strains.

More recently, the same group developed a dual-targeting strategy to achieve
fluorescent labeling of single bacilli, to be used within a self-driven PDMS
microfluidic chip [19]. This new strategy, based on the fluorescence of the
CDG-DNB31 molecular probe once the BlaC is activated, allowed automated
quantification of individual bacilli and discrimination between live and dead BCG.
Moreover, the probe showed specificity for M. tb over other non-tuberculosis
mycobacteria. The device consisted of four parallel channels flowing from a sample
loading area, through a fluid flow delay region and across a detection window
(Fig. 1) for detection and counting of fluorescent BCG using publicly available
software.2 The device was mounted on a standard glass microscope for its use with
an inverted microscope and could detect up to 100 CFU/ml in a fast, non-invasive
and automatic way. The platform can be used for further cell sorting for drug
susceptibility tests or culturing, enhancing the assessment of ATT efficacy.

2.1.2 Immunoassays
Immunoassays are a quantitative measure of the analyte present in a sample based
on the reaction of the antigen with an antibody [20]. Jing et al. [21] used this
antibody-antigen interaction to detect airborne M. tb using a two-step microfluidic
device (Fig. 2 left). In the first device, the airborne bacterial cells are captured by
drowning air through a micropump and enriching it using chaotic flow that causes
its adhesion to the channel wall; then, they are lysed and flushed by the lysis buffer
into an immunoassay chip. This second chip is preloaded with microspheres coated
by polyclonal antibodies, forming an immune reaction column. An inverted
fluorescence microscope was used to collect the immune adsorption reaction signal.
The whole system has the capacity to analyze low concentrations, about 102 cells,
in 50 min, differentiating M. tb from other airborne bacteria and allowing parallel
analysis of multiple samples. The system was validated with different concentra-
tions of BCG, E. coli as the negative control, and Ag85B secretory protein of M. tb
as the positive control.

1 Dual-targeting fluorogenic probe with a BlaC sensing unit, a fluorescent reporter and an
enzymatic signal trapping unit.
2 FlowJo v10.
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Another potential target for immunoassay detection of M. tb is LAM, a gly-
colipid widely present in the mycobacterium cell wall, with a role in the inactivation
of macrophages and excreted in urine [22]. With the proven potential for TB
diagnostics [23–25], a nanophotonic platform based on a Mach-Zehnder interfer-
ometer (MZI) transducer was developed to directly detect LAM in urine [26].
A disposable cartridge combined the MZI transducer with a spectral filter (Fig. 2
right). After injection onto the MZI sensing arm, the sample is driven through a
microfluidic channel. As the sensor surface is functionalized with monoclonal

Fig. 1 Schematics of the workflow and image acquisition on the microdevice presented in [19] for
labeling of bacteria: a staining, incubation, and loading in the device; b flow of sample from the
collector to the detection chamber. (Adapted with permission from [19])

Fig. 2 Representation of the systems based on immunoassays for TB diagnosis: left, an image of
the two chips that conform the airborne detection platform presented in [21], (leftmost, airborne
bacteria enrichment chip; rightmost, immunoassay chip); right, the layout of the photonic sensor
developed for direct detection of LAM glycolipid widely present in the mycobacterial cell wall in
urine from [26]. (Adapted with permission from [21] and [26])
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antibodies against LAM, the binding event changes the refractive index of the MZI
transducer, causing a detectable spectral shift once illuminated with a broad-band
light source. The system’s limit of detection (LoD) for LAM in undiluted and
unprocessed urine is 475 pg/ml (27.14 pM). Cases with LAM signals higher than
90 pM are considered TB positive. The device was tested using two different fluid
injector mechanisms on 20 real patient samples (ten without and ten with TB; from
these ten, five were HIV positive while the other five were negative). The results
proved that LAM signal returns to the baseline in healthy patients, while high
wavelength shifts are obtained for TB patients, regardless of their co-infection with
HIV. Hence, this platform can detect TB infections regardless of HIV co-infection
in 15 min, being low-cost, single-use, and not requiring special laboratory infras-
tructure, being thus very suited for PoC testing of TB.

2.2 TB Diagnosis Through Genotyping

After describing some methods for TB diagnosis based on antigen or bacterial
specific compounds detection, it is necessary to focus on the methodology that has
drawn a great effort due to the possibilities offered at the PoC. In the last decade, the
use of nucleic acid amplification tests (NAATs) for molecular diagnosis has grown
due to their high specificity, sensitivity, and rapidity compared to traditional
methods [27, 28].

2.2.1 Nucleic Acids Amplification Tests for Diagnosis
In order to detect DNA sequences, sample extraction and amplification of the helix
chains are required. Although this is typically done through polymerase chain
reaction (PCR), alternative methods are continuously being developed [29] due to
the difficulties for PoC implementation entailed by the temperature changes
required by PCR. Despite this, several commercialized systems use PCR technol-
ogy for DNA amplification, as GeneXpert [30, 31] or TrueNAT RT-PCR [32, 33],
which have been thoroughly evaluated with clinical samples of varied conditions.

Loop-mediated isothermal amplification (LAMP) has proven to be useful as a
replacement of PCR for DNA amplification on-chip to reduce both the time and
instrumentation required. In 2014, two different microdevices based on LAMP for
M. tb diagnostics were developed, one with detection based on turbidity [34], while
the second relied on an electrochemical reaction with methylene blue for bacterial
identification [35].

In the first microdevice [34], the LAMP reaction is carried out in capillary glass
tubes (Fig. 3 left) in an attempt to overcome biocompatibility problems of poly-
meric materials and fabrication issues. The reaction solution is prepared to contain
magnesium-pyrophosphate complexes that cause precipitation. Results can be
assessed based on the turbidity of the sample, thus allowing detection with a bare
eye. The sensitivity and specificity of microfluidic LAMP in patient samples were
higher than 90% and 95%, respectively. The LoD was one pg/ml, accomplished in
15 min. With respect to the second device [35], the LAMP reaction was carried out
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on a laser-etched indium tin oxide (ITO) electrode-based chip manufactured in glass
and PDMS. The chip includes eight ITO electrodes, a counter electrode, and a base
point for reference (Fig. 3 right). The detection reaction relies on the intercalation
of methylene blue in the amplified DNA helices, producing a measurable change in
the redox current. The system was evaluated using bacterial cultures from clinical
sputum specimens, obtaining a sensitivity detection limit of 28 copies/ml of the M.
tb after the amplification process. The process required 45 min for the test after the
DNA extraction had been accomplished. Although presenting important reductions
in time, further optimizations in the automatization of the data acquisition and
processing and in the selection of the most appropriate primers would be required to
achieve on-chip nucleic acid extraction and pretreatment for reliable applications at
the PoC.

Another technique that has been commonly used to replace PCR is recombinase
polymerase amplification (RPA). Particularly, a sample-in, answer-out system took
advantage of the isothermal properties of this method to provide quantitative
measures of nucleic acids [36]. The platform consists of a cartridge (Fig. 4 left)
with the reagents, pipettor, the chip itself, and a portable instrument for temperature
control, liquid handling, and optical systems. The chip, made of PDMS (Fig. 4
right), contains a microwell array so that the fluorescent detection reaction is
repeated multiple times. All the processes (DNA extraction, processing, etc.) are
performed directly from bodily fluids inside the chip. The detection rate was higher
when tested in saliva than in serum (91.3 compared to 81.7%). The platform was
able to detect M. tb when mixed with other Mycobacteria but provided no result
when non-tuberculous Mycobacteria were used as the negative control. The high
specificity and the sample-in, answer-out design make the system suitable for PoC
testing.

Fig. 3 Images of the microdevices that take advantage of loop-mediated isothermal amplification
(LAMP) reaction for TB diagnosis through genotyping: left, picture of the glass capillaries for
turbidimetric evaluation of the precipitate formed after LAMP reaction in the capillaries; right,
indium tin oxide electrodes used for redox detection based on methylene blue reaction with M. tb
DNA. It contains eight isolated electrochemical microchambers, and an inlet hole and an outlet
hole are drilled on each microchamber. (Adapted with permission from [34] and [35])
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2.2.2 Nanoparticles Applied to Genotyping
Nanoparticles (NPs) are an important tool that, in combination with microfluidics,
allow the detection of DNA target sequences–rather than biochemical molecules–in
a quicker and more automatized manner. Between the different kinds of NPs
existing, gold nanoparticles have been used in a wide variety of biomedical areas as
biosensing, cancer therapy, or drug delivery [37]. Baptista et al. proved in 2009 the
feasibility of such nanoparticles for identifying M. tb complex (MTBC) [38]. They
developed in 2013 a microfluidic device for genetic detection of M. tb [39], and in
2014, a lab-on-paper platform for molecular diagnostic testing, being M. tb one of
its potential applications [40].

The microfluidic chip detection technology [39] is based on a colorimetric
change of the Au-nanoprobes–coated with specific DNA sequences–from red to
blue after MgCl2 salt-induced aggregation. This color variation is mediated by the
contact with the complementary DNA strands present in the sample solution,
thoroughly proven by the same group [41]. In this way, a blue sample indicates
Au-NPs aggregation due to the absence of a complementary target, while a red
sample indicates the presence of the MTBC-specific complementary target. This
genomic biosensor of DNA-functionalized NPs is integrated into a low-cost PDMS
chip in which two optical fibers are inserted to guide the light inside the
microchannel (Fig. 5, top left). A 395 base-pair (bp) characteristic fragment of the
RNA polymerase subunit was used to validate the device and unequivocally
identify the MTBC. In order to check for false positives and negatives, several
conditions such as the presence/absence of complementary DNA regions or the use
of colloidal or aggregated NPs were used. The LoD of this platform was situated in
90 ng of genetic material to be detected in approximately 30 min. This work was a
proof-of-concept, being far away from PoC applications as could be analyzing
patient samples, which require extensive preprocessing that is not contemplated

Fig. 4 Pictures of the device developed in [36], composed of cartridge and portable instrument:
left, the cartridge containing the reagents, chip, and pipettor for the nucleic acid extraction and
amplification using Recombinase Polymerase Amplification (RPA). The reagents, as labeled in the
picture, are (1) lysis buffer, (2) magnetic beads within a binding buffer, (3) wash buffer I, (4) wash
buffer II, (5) elution buffer, (6) RPA mix, and (7) magnesium acetate solution; right, 3D
representation and photographs of the chip for the fluorescent detection reaction, where the
microwells patterned in the PDMS are clearly observed. (Adapted with permission from [36])
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here. Although the technology developed appears to be promising, the authors have
lately concentrated on simplifying the chip regardless of the biological target and on
the molecular method for different targets, particularly in chronic myeloid leukemia.

Regarding paper-based analytical devices, in [40], a colorimetric assay with
Au-NPs uses wax-printing on paper as a substrate for microfluidic applications.
A 384-well plate is printed with wax and impregnated with MgCl2 salt for inducing
color change due to aggregation of Au-nanoprobes following the same principle as
in the previous device (Fig. 5, right). The time required for the assay, which
includes an off-chip PCR amplification step, rounds two and a half hours. Despite
the requirement of PCR (which entails trained staff and appropriate level laboratory
facilities), the analysis can be done without laboratory access using a simple data
analysis tool on a smartphone. Future work is thus required to simplify or even
eliminate the amplification step, as well as optimization for direct detection of
clinical samples in order to be able to be used at the PoC. Additionally, an extensive
characterization of the LoD of the system is mandatory.

Fig. 5 Devices that combine microfluidics with nanoparticles for genomic diagnosis of TB: top
left, microfluidic chip design from [39] and channel filled with gold nanoparticles, with the color
changes induced by aggregation of the gold nanoparticles in the presence of salt and detected by
the optical fibers. Adapted from Biosensors and Bioelectronics; right, illustration of the
lab-on-paper device [40] summarizes the nanoparticles’ hybridization and aggregation used in
both works. Positive samples get hybridized, preventing aggregation of the gold nanoprobes
maintaining the red color. Aggregation of the particles in the absence of the Mycobacterium
tuberculosis complex induces a detectable change of color from red to blue. From Nanotech-
nology; bottom left, PDMS microfluidic chip with electrochemical chambers containing gold
electrodes coated with carbon nanotubes [46]. The sensors in the chambers get deployed, allowing
to capture of DNA strands by hybridization, which produces a measurable change in the redox
current. (Adapted with permission from [39, 40], and [46])
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In 2017, Tsai et al. [42] combined gold NPs and a lab-on-paper platform for TB
detection by taking advantage of the surface plasmon resonance effect. This effect
takes place when an incident photon hits a metal surface, creating a plasmon of
electron movements in the metal surface. The detection is based on the reflection
angle formed by the photon after its incidence on the plasmon; since the plasmon is
sensitive to changes in its boundary, adsorption can be easily measured [43].
Similarly, the hybridization event varies the aggregation state, inducing a color
change in a label-free environment. This alteration can be determined using a
smartphone camera. This work is fairly similar to the previous one; its outcome is
produced in less than half the time (60 min compared to 150 min) and provides an
LoD of 1.95 � 10−2 ng/ml of required TB DNA.

Gold nanoprobes are the most commonly used NPs; however, other NPs have
been studied for TB diagnosis [44, 45]. Although carbon nanotubes are not con-
sidered NPs themselves, they lay on the nanometer range and can be integrated into
microfluidic platforms. In this case, a PDMS chip could detect label-free DNA using
gold electrodes functionalized with multiwalled carbon nanotube/ferrocene coupled
to DNA probes [46]. The device consisted of three independent channels over a
borosilicate slide that worked as a negative control for DNA detection and mismatch
detection. Each channel included an electrochemical chamber and three gold elec-
trodes functioning as counter, reference, and working electrode, respectively (Fig. 5
bottom left). Using a high flow of 150 µl/min, a depletion layer is formed at the
sensor’s surface, allowing the capture of sample DNA strands by hybridization with
the probe. This attachment of the target biomolecule alters the charge transfer,
inducing a detectable electrochemical response through a redox reaction. The plat-
form was validated using single-strand oligonucleotide from hepatitis C virus, then
applied for direct detection of a wild-type M. tb allele in clinical isolated extracted
DNA. The LoD was established at 0.7 fM with a total test duration of 90 min.
Although DNA extraction is performed off-chip, and improvements in sensitivity
could be made by modifying the carbon nanotubes, the amplification step is not
strictly required, opening the possibility to PoC applications.

2.2.3 NAATs for Drug Resistance Screening
In order to avoid a long time of cell growth required by M. tb to determine its
antibiotic susceptibility, a strong interest in sequencing the mutations that produce
DR [47] arose in the scientific community. This led to the development of a wide
variety of devices that take advantage of microfluidic properties to detect not only
the presence of bacteria but also whether the strain was resistant to the most
frequently used antibiotics. Most of the devices are intended for the PoC, aiming for
a fully integrated sample-in, answer-out device that would not require extensive
sample preprocessing or the availability of biosafety level 3 (BSL3) laboratories
(necessary in handling microbes with lethal potential if inhaled). The sensitivities
and specificities of these devices are verified by different sequencing methods or by
comparison with traditional drug susceptibility tests (DST). The principles on
which these tests are based vary, but most of them focus on three main areas using
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microfluidic technology: the development of microarray tests, lab-on-discs, and
lab-on-films.

Regarding the microarray tests, Linger et al. [48] detected MDR-TB by inte-
grating a microarray workflow into a microfluidic chamber, converting an
open-amplicon microarray test into a closed-amplicon consumable. In this way, the
target amplification and microarray hybridization occur simultaneously, combining
up to seven processes in a single reaction. A LoD of 100 femtograms (fg) of M. tb
DNA was achieved. The evaluation was carried out from sputum samples and
sediment isolates, being able to diagnose properly and showing more than 99% of
concordance with other methodologies. Additionally, the system obtained excellent
specificities (higher than 96%) and good sensitivities (75% and 63.6%, respec-
tively) for the detection of rifampin and isoniazid.

Another microarray technology, a TaqMan array card (TAC), was developed by
Pholwat et al. [49] to analyze critical regions of ten genes responsible for resistance
to nine main anti-TB drugs. Sequence-specific probes were used to detect muta-
tions, and high-resolution melt analysis was used to provide a second layer of
detection to cover for missed probes. The system can perform up to 48 different
real-time PCRs simultaneously to detect DR mutations in one sample. The accuracy
for the different genomic regions varies from 72 to 94% compared to culture-based
DSTs. However, PCR requirements in terms of time and price of the reader remain
as disadvantages for this platform, as well as the high-quality DNA required by the
melt analysis to provide accurate results. Furthermore, the analysis was performed
on M. tb isolates to sequence and determine DR in isolated strains. Due to this, the
authors believe this melt analysis is likely to be limited to pure samples ofM. tb and
fail when presented with clinical specimens or mixed mycobacterial samples.

Lab-on-discs take advantage of centrifugal forces to pump liquids across the
microfluidic chambers, eliminating or reducing the needs of complex pumps and
tubes, thus making the system more prone for PoC testing [50]. Moreover, in order
to fully use this advantage, the changeable temperature regimen required by PCR
was substituted by other isothermal techniques. Particularly, Law et al. [51] used an
RPA method integrated on a lab-on-a-disc to maintain a constant temperature for
the amplification step. RPA advantages rely not only on its working regime at
ambient temperature but its rapidness and simplicity in the primer design. Reagents
addition from the different chambers (Fig. 6, left) relies on the chamber size and
liquid volume, reaching the reaction site at different centrifugation speeds.
According to this, shorter and wider channels containing higher volumes will
require lower rotational velocity to arrive at the reaction site. When validated with
sputum samples (no previous DNA extraction required) with and without the MDR
target gene, the LoD was set at 102 CFU/ml in 15 min of real-time RPA reaction.
The platform can be reutilized after autoclave decontamination and reagent refilling,
allowing its reuse as a sample-in, answer-out system. More recently, Minero et al.
[52] used rolling circle amplification (RCA) as a PCR substitution for the ampli-
fication of DNA in a “two-pot” microfluidic disc at 50 ºC. The DNA ligation
mixture and the RCA mixture are located in two separate chambers and mixed by
spinning after on-disc annealing, initiating the RCA (Fig. 6, right). The LoD
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obtained was 5 pM after a total assay time of two hours, being able to determine the
presence of mutations in the katG gene related to resistance to isoniazid.

Lab-on-films and paper-based microfluidic technologies have strong potential
for disease management due to their low price and versatility [53]. In the last two
years, the group of Cooney et al. developed first a disposable lab-on-film in which
gel elements were printed, forming microfluidic cells in a flexible film substrate
[54]. In this device, amplification through asymmetric PCR and hybridization are
combined in a single chamber, detecting up to 37 mutations, deletions, or insertions
in five main genes related to drug resistance. The processing and detection were
automatized through a TruTip workstation (pipette tips with an embedded matrix
that isolates nucleic acids) and fluorescence imaging, with a sensitivity of
32 CFU/ml. One year later, this lab-on-film technology was integrated into a
bench-top automated system [55], with the addition of a sputum homogenization
and cell lysis step using magnetic rotation to increase mixing. This platform is the
combination of the previous work of the team, integrating the automated nucleic
acid extraction method and the manually operated lab-on-film substrate to obtain an
automated system for detection of MDR-TB. The final lab-on-film assembly sim-
plified the amplification and hybridization steps, automated the TruTip process, and
provided a detection sensitivity of 43 CFU/ml from raw sputum. Despite its size, its
sample-in, answer-out system is able to detect DR mutations with a high level of
sensitivity in an automated way, being suitable for PoC testing.

Table 1 summarizes all the previous microfluidic devices classified according to
the technology used for the detection, as well as their ability to detect antibiotic
resistance, sensitivity, or time required to complete the test.

Fig. 6 Representation of the lab-on-disc platforms: left, disc design of [51], based on recombinase
polymer amplification; presented as schematics, 3D renders, and photographs. Reagent addition to
the reaction site is performed in an orderly manner depending on the spin speed, then mixed by
centrifugation; right, “Two-pot” on-disc rolling circle amplification assay [52]. DNA ligation is
performed on one chamber, then mixed with RCA components stored in a second independent
chamber. (Adapted with permission from [51] and [52])
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3 Conclusion

Microfluidic devices present numerous advantages compared to more traditional
methods in the biomedical field. Nowadays, they constitute a very valuable asset in
the basic and translational research field, both for drug testing and development or
for clinical diagnosis. In this chapter, we have focused on the potential of micro-
fluidics to provide fast, easy-to-handle options for PoC TB diagnosis. Their
reduction in cost, materials, and laboratory requirements can simplify access to fast
diagnosis in underdeveloped or resource-constrained countries. An example is the
tendency to move towards lab-on-paper chips that can be analyzed using a
smartphone, which can be used at the PoC without any medical or scientific
equipment. In addition, several new methods are being developed to detect resistant
M. tb strains, thus allowing for personalized treatments. We expect that incorpo-
rating microfluidic devices to the standard methods for diagnosing TB will then
suppose an increase in the efficiency of the detection and treatment of the disease,
leading to better care for the patients and helping to reduce the burden of TB
worldwide.

We have to keep searching for novel techniques and use every tool within our grasp to
avoid that tuberculosis, which is considered a disease of the past, comes back to be a part
of our present. Microfluidics has proven to be a very useful instrument in that particular
aspect.

Marina Cañadas-Ortega

Core Messages

• Microfluidic diagnostic tools help bridge the clinical gap for better disease
management.

• Cheap, portable, and straightforward microfluidic devices can improve
diagnosis in low-income countries.

• Microdevices for TB diagnosis can be based on genotyping or detection of
bacterial elements.

• Amplifying nucleic acid information helps determine drug resistance,
which improves treatment guidelines.
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8Immunodiagnostics of Tuberculosis:
Recent Discoveries

Shima Mahmoudi, Babak Pourakbari, and Setareh Mamishi

Stopping TB requires a government program that functions
every day of the year, and that's hard in certain parts of the
world. And partly it’s because of who tuberculosis affects: It
tends to affect the poor and disenfranchised most.

Tom Frieden

Summary

Tuberculosis (TB) is a serious public health concern worldwide. Although
numerous current immunological approaches for TB detection have advanced
significantly, there remains a significant restriction due to the lack of extremely
sensitive or specific tests to identify all TB patients reliably. Therefore,
developing a panel of markers or a biomarker might help achieve global TB
control. This chapter aims to evaluate the recent immunodiagnostics of TB and
novel biomarker discoveries.
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1 Introduction

Biomarker-based tests that can detect tuberculosis (TB) and track the response to
anti-TB therapy (ATT) are becoming more popular. Although numerous current
immunological approaches for TB detection have advanced significantly, there
remains a significant restriction due to the lack of extremely sensitive or specific
tests to identify all TB patients reliably. Therefore, developing a panel of markers or
a biomarker might help achieve global TB control.

TB is a serious public health concern worldwide. Greater than one billion people
are believed to carry latent TB infection (LTBI) [1]. Because LTBI may lead to TB
disease in 5–10% of cases, biomarkers for diagnosis ofMycobacterium tuberculosis
(M. tb)-infected people and the estimation of their risk to progress to TB disease are
highly needed for rapid initiation of preventive therapy, as well as for prognostic
purposes.

Although management of LTBI is crucial for controlling TB, the current diag-
nostic methods are not optimal yet [2]. Immunological tests have been introduced
as potentially useful approaches for diagnosing TB, particularly LTBI, as screening
tests by using easily collected samples including blood, saliva, or urine [2, 3].
Interferon gamma-release assays (IGRAs) and the tuberculin skin tests (TST) are

Tuberculosis immunodiagnostics
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widely used as immunological tests to diagnose TB. However, TST has several
limitations due to the possible technical errors, inadequate positive predictive value,
and being influenced by Bacillus Calmette–Guérin (BCG) vaccination. IGRAs were
introduced with superior specificity for the diagnosis of TB. They are not affected
by M. bovis, BCG vaccination, and other environmental mycobacteria. C-Tb test
(Statens Serum Institut, Copenhagen, Denmark) has recently been launched as
immunological testing for LTBI. It employs early secreted antigenic target 6
(ESAT-6) and culture filtrate protein 10 (CFP-10) antigens, which are extremely
specific skin tests for the diagnosis of TB. A high correlation with the
QuantiFERON-TB Gold In-Tube (QFT-GIT) results and better performance than
TST in BCG-vaccinated people was reported [4, 5]. It can be used in individuals
irrespective of BCG and HIV status [6, 7].

Although the above current diagnostic procedures have greatly improved and
play an important role in TB diagnosis, they cannot differentiate LTBI from active
TB due to the indirect detection of TB infection after an immune response to the M.
tb antigen [8, 9]. So, evaluation of different biomarkers to determine TB disease
states is highly needed. This chapter aims to briefly evaluate the recent immun-
odiagnostics of TB and novel biomarker discoveries.

2 Biomarker Discoveries for Tuberculosis

We categorize biomarkers into the following groups:

• M. tb components antigen detection;
• anti-M. tb antibodies produced by the host;
• M. tb-specific cellular immunological responses;
• host gene expression;
• omics approach that includes transcriptomics, proteomics, and metabolomics;
• cell-derived microparticles (MPs); and
• microRNAs.

2.1 M. tb Components Antigen Detection

TB antigen detection in different samples, including blood, pulmonary specimen, or
urine, using enzyme-linked immunosorbent assay (ELISA) or immunochromato-
graphic (ICT) method has been introduced. The only commercially available bio-
marker for TB diagnosis in urine is lipoarabinomannan (LAM), which is considered
the key component of M. tb cell wall [10, 11]; however, several conditions,
including proteinuria, hematuria, urinary tract infection, and pneumonia with cul-
ture result of M. avium and Streptococcus pneumoniae could affect the possibility
of the false-positive result of urine LAM test [12]. According to the meta-analysis,
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the pooled sensitivity of the urine LAM test varied from 13 to 93%, while a better
specificity ranging from 87 to 99% [13] was reported. This test is helpful for the
detection of TB in HIV-positive cases with low CD4+ T-cell counts [11].

2.2 Host Responses to M. tb Antigens

Evaluation of anti-M. tb antibodies produced by the host by measuring the level of
specific antibodies (mostly IgG) against antigens is another approach. First-
generation antibody-based detection tests were designed using the crude mixtures
of M. tb, including culture filtrate proteins and purified protein derivatives. This
generation had low specificities due to the shared antigens between different bac-
terial species. New antigens with enhanced sensitivity and specificity have been
discovered as a result of further attempts to create antibody detection techniques
[14, 15].

Until now, a large number of recombinant proteins have been introduced for
serodiagnostic purposes. Antibody response to several markers including
mycobacterial lipids [16, 17], mammalian cell entry (Mce1A) protein of the M. tb
cell wall [18, 19], cardiolipin, sulfatide, and mycolic acid [19] has also been
introduced as a probable candidate for both TB diagnosis and ATT monitoring;
however, this test has low sensitivity and the negative result was observed in nearly
30–40% of TB patients. Moreover, interference with the BCG vaccine might occur
due to the presence of similar antigenic epitopes with BCG [20].

Totally, serological tests based on recombinant antigens alone or with the
combination of two or three proteins [21] or synthetic peptides derived from
antigenic proteins have been introduced [22, 23]. Moreover, multi-epitope or fusion
recombinant antigen and the use of a single polyprotein might help the serodiag-
nosis of TB to increase the chance of M. tb antibody detection [21, 24–26]. Several
studies have evaluated the use of recombinant proteins of M. tb including ESAT-6,
CFP-10 and TB7.7, 38 kDa (Rv0934), MPT51 (Rv3803c), Ag85B (Rv1886c),
TbF6 plus DPEP, an antigenic glycolipid compound, 2,3,6-Triacyltrehalose (TAT),
malate synthase, a-crystallin, cord factor (trehalose 6,6′-dimycolate) and lipid
(DAT) for the serodiagnosis of pulmonary TB (PTB). These assays have indicated
variable sensitivity ranging from 14 to 85% and specificity of 53 to 98.7% [27–29].

2.3 Host Cytokine Responses to M. tb
Antigens–interferon-Gamma

The cellular immune responses that evaluate host cytokines after stimulation with
mycobacterial antigens are more consistent than antibody responses. The IGRA
tests are based on the production of IFN-c derived from T cells activated by specific
M. tb antigens. IGRA has been recommended for use in BCG-vaccinated indi-
viduals because of its increased sensitivity and specificity. Moreover, it can be used
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during pregnancy for contact investigations, screening of healthcare workers, as
well as treatment monitoring [30–32].

IGRAs are available as different tests. International units (IU) per milliliter are
used to measure IFN-c, which is deemed positive if it exceeds the test limit.

Until now, five commercialized IGRA kits, including the T-cell spot of the TB
assay (T-SPOT.TB, Oxford Immunotec, Abingdon, UK), QuantiFERON-TB Gold
In-Tube (QFT-GIT, Qiagen GmbH, Hilden, Germany), QuantiFERON-TB
Gold-Plus (QFT-Plus, Qiagen, MD, United States), LIAISON QuantiFERON-TB
Gold Plus (LIAISON QFT-Plus, DiaSorin S.p.A., Italy), and LIOFeron TB/LTBI
(LIONEX GmbH, Braunschweig, Germany) are introduced. Moreover, five prod-
ucts are in development—T-Track (R) TB (Lophius Biosciences GmbH), VIDAS
TB-IGRA (bioMérieux), Access QuantiFERON-TB (Boditech Med Inc.), ichro-
maTM IGRATB (Boditech Med Inc.), and IP-10 IGRA ELISA/lateral flow
(R-Biopharm) (WHO 2020).

A new TB antigen tube has been added to the QFT-In-Tube test that previously
included ESAT-6, CFP-10, and TB7.7 peptides. The first TB antigen tube (TB1)
induces CD4 + T-cell responses, whereas the second tube (TB2) stimulates both
CD4 + and CD8 + T-cell responses.

As another example of IGRA, the T-SPOT.TB assay uses ESAT-6 and CFP-10
to induce peripheral blood mononuclear cells. Another commercial kit,
LIOFeron®TB/LTBI, has been introduced for measuring the T-cell response to
specificM. tb antigens [33]. Although current methods such as the Diaskintest, C-Tb
skin test, EC-Test, T-SPOT.TB, QFT-GIT, QFT-Plus, and LIAISON QFT-Plus have
greatly improved the accuracy, sensitivity, and specificity for detection of M. tb
infection; they are still unable to distinguish LTBI from active TB.

2.4 Other Host Cytokine Responses to M. tb Antigens

Numerous research has investigated alternate antigens and host biomarkers for TB
diagnosis and the distinction of active TB from LTBI, in addition to ESAT-6 and
CFP-10 [34, 35] and host biomarkers other than IFN-c [36–39].

Multiplex cytokine arrays have been employed on plasma to distinguish between
active TB and LTBI. Plasma cytokines and chemokines are introduced as helpful
immunological markers for diagnosing and discriminating active TB disease and
LTBI and monitoring ATT [36, 37, 40–47]. Although various biomarkers are used
in different studies, the most commonly used biomarkers are IFN-c and IP-10.

3 Host Gene Expression

Several host biomarkers have been identified as possible biomarkers for the diag-
nosis of TB in whole blood culture supernatants, serum, plasma, saliva, and cere-
brospinal fluid [39, 48–51].
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Studies have frequently investigated the use of immune-related genes and host
transcriptional biosignatures, which are primarily neutrophil-driven type 1 inter-
feron, type 1 interferon-a or interferon-b, FCGR1B gene CD64 (also known as
FCGR1A), RAB24, TLR1, TLR4, MMP9, NLRC4, IL1B, GBP5, and GZMA as
diagnostic candidates for discrimination between TB and LTBI as well as the risk of
potential TB development [52–56].

4 Biomarkers Using “Omics” Approach

Not only have “omics” methods, such as genomics, transcriptomics, proteomics,
and metabolomics, been used in TB detection, monitoring drug effectiveness, and
predicting treatment effects, but they have also been used to better understand the
pathogenesis of the disease [29].

In the era of transcriptomics, which is the study of genome-wide gene expression
with a focus on protein-coding genes, RNA transcript abundance may be assessed
using gene chip microarrays or RNA sequencing.

Metabolic biomarkers, including the small molecule metabolites including fatty
acids, lipids, sugars, amino acids, and nucleotides, have been introduced as
potential approaches for TB diagnostics [57–59]. Metabolomics, which employs
new blood biomarkers such as glutamate, glutamine, sulfoxy methionine,
methionine, aspartate, and asparagine, as well as their ratios, has recently emerged
as a viable tool for detecting PTB [2].

Several metabolomics studies have been conducted on sputum, blood, breath,
and urine samples using various platforms, including nuclear magnetic resonance
(NMR) spectroscopy, gas chromatography time-of-flight mass spectrometry
(GCTOFMS), liquid chromatography high-resolution mass spectrometry (LCMS),
and ultra-high-performance liquid chromatography-electrospray, ionization-
quadrupole time-of-flight mass spectrometry (UHPLC–ESIQTOFMS) to find new
markers for diagnosis of TB infection and/or monitoring ATT [2, 53, 60–66].

5 Cell-Derived Microparticles

There is increasing interest in cell-derived microparticles (MP)–small, membrane-
coated vesicles that may indicate disease activity and evaluate treatment efficacy.
MPs may be used as biomarkers for clinical diagnostic testing and disease pro-
gression monitoring. They are subcellular components that play a role in cell sig-
naling and intercellular connectivity and supply important knowledge about the
immunopathogenesis from LTBI to active TB disease [67]. Cell-derived MPs
mediate intercellular connectivity. MPs from M. tb-infected cells can activate innate
and adaptive responses without direct contact with antigen-presenting cells and T
cells [67, 68].
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6 microRNA

The use of microRNAs as diagnostic biomarkers for TB diagnosis and monitoring
ATT has been described [53, 69–71]. However, further studies on the possible
effect of various factors on microRNA expression in TB disease are required to
progress the creation of microRNAs-based biomarkers as a diagnostic signature for
TB.

7 Conclusion

There is increasing interest in developing novel biomarker-based TB diagnostics
that can identify TB disease and monitor the treatment response. Although
numerous current immunological approaches for TB detection have advanced
significantly, there remains a significant restriction due to the lack of extremely
sensitive or specific tests to identify all TB patients reliably. Therefore, developing
a panel of markers or a biomarker might help achieve global TB control.

Core Messages

• There are several biomarker-based TB diagnostics.
• Biomarker-based TB diagnostics are not sensitive or specific enough to

accurately classify all TB cases.
• Novel biomarkers to identify latent TB infection and active TB disease are

highly required.
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9Role of Bronchoscopy in Diagnostics
and Treatment of Tuberculosis

Ilya Sivokozov and Atadzhan Ergeshov

Any process in the lung should be considered tuberculosis until
proven otherwise.

Robert Hegglin

Summary

Modern bronchoscopy plays a crucial role in confirming pulmonary or
endobronchial tuberculosis (TB), providing a safe, rapid, and effective diagnostic
modality. Numerous biopsy modalities can be used to confirm specific lesions
both in lung parenchyma and bronchial wall. Bronchoalveolar lavage and
bronchial washings are the most simple and popular, followed by endobronchial
biopsy, brushing, and conventional transbronchial needle aspiration, providing
enough material to obtain both cytopathological and microbiological confirma-
tion of diagnosis. New diagnostic modalities, like cryobiopsy and endobronchial
ultrasound-guided transbronchial needle aspiration (EBUS-TBNA), navigation
with radial EBUS can be used to improve the diagnostic yield of conventional
modalities, especially in relatively small pulmonary lesions and mediastinal
adenopathy. Apart from its diagnostic aspect, bronchoscopy is crucial with its
curative intent. Local chemotherapy, endoscopic lung volume reduction, and
recanalization of fibrostenotic complications are now available to improve the
treatment efficacy of advanced pulmonary and endobronchial TB.
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Graphical Abstract

Keywords

BAL � Biopsy � Bronchoscopy � Diagnostics � EBUS-TBNA � Navigation �
rEBUS � Therapy � Tuberculosis

1 Introduction

Bronchoscopy plays a crucial role in differential diagnostics of pulmonary tuber-
culosis (PTB), mycobacteriosis, lung cancer, sarcoidosis, and many other illnesses
which a clinician can confusedly accept as tuberculosis (TB). Modern bron-
choscopy also can give a cytopathological, microbiological, and molecular con-
firmation of disease, thus giving a doctor a definitive diagnosis and drug-sensitivity
profile of mycobacteria. In endobronchial tuberculosis (EBTB) cases, especially
when it is associated with bronchial obstruction, only bronchoscopy can achieve a
fast, effective, and safe cure of infectious lesions in the bronchial tree.

Bronchoscopy: a diagnostic tool for tuberculosis. Adapted with permission from the Association of
Science and Art (ASA), Universal Scientific Education and Research Network (USERN); Made by
Nastaran-Sadat Hosseini
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2 Indications for Bronchoscopy in Pulmonary
Tuberculosis

Diagnostic bronchoscopy is indicated in patients with:

• suspected with PTB to confirm the final diagnosis (by cytopathology and/or
microbiology), when other less invasive diagnostic tests failed or were
inconclusive;

• suspected PTB when it needs to provide a differential diagnosis with
central/peripheral lung cancer, lymphoma, non-specific bronchiectasis, invasive
pulmonary mycosis, etc.;

• confirmed PTB to exclude EBTB;
• suspected EBTB to finally confirm the diagnosis and assess the extent severity of

bronchial lesion; and
• confirmed EBTB to provide dynamic assessment during chemotherapy.

Therapeutic bronchoscopy is indicated in patients with:

• confirmed PTB with cavitation with endoscopic lung volume reduction to close
the cavities and accelerate sputum conversion;

• active EBTB to perform photodynamic therapy as well as local endoscopic
chemotherapy via peribronchial injections of antibiotics or steroids; and

• prominent or critical central airways obstruction due to active EBTB or fibros-
tenotic lesions–to perform recanalization and restoration of bronchial lumen
patency using numerous techniques.

3 Efficacy of Diagnostic Bronchoscopy in Pulmonary
Tuberculosis: From Diagnosis to Treatment

There are a lot of diagnostic modalities to obtain a specimen during a broncho-
scopic examination. They can vary from ordinary washings of proximal bronchial
generations with saline via an instrumental bronchoscope channel to bron-
choalveolar lavage (BAL), which gives a much more return volume and reaches
terminal bronchioles alveolar surface. If needed, a bronchologist can achieve cy-
topathology specimens from pulmonary parenchyma, bronchial wall (brush, for-
ceps, needle biopsies), and from mediastinum (using conventional transbronchial
needle aspiration or endoscopic ultrasound-guided interventions). All the specimens
retrieved can be referred for cytopathological, culture, and polymerase chain
reaction (PCR) detection of mycobacteria.
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3.1 Washings and Bronchoalveolar Lavage

Two of these techniques are most widely used in routine clinical practice to achieve
specimens from deeper parts of the lung. Technically, the procedure of washing and
BAL during bronchoscopy is shown in Fig. 1.

The effectiveness of BAL in the diagnosis of PTB varies. According to
Baughman et al. [1], cytological examination of BAL fluid can detect mycobac-
teria in 68% of cases, and microbiological confirmation of TB in BAL fluid
reaches 92%. Another study [2] showed diagnostic efficacy of BAL according to
culture as high as 87% in the pediatric population (269 children with smear-
negative pulmonary TB). Comparable data were shown by Kalawat et al. [3],
where cytological detection of mycobacteria in BAL fluid reached 82% and
exceeded 90% for culture. At the same time, the efficacy of sputum culture
diagnostics reached only 26%.

However, another study [4], performed among patients with suspected tuber-
culosis and multiple smear-negative sputum microscopy and PCR results, estimated
extremely low sensitivity of BAL for mycobacteria detection: neither microscopy
nor PCR or culture detected more than 10% of TB cases. Also, BAL fluid

Fig. 1 Endoscopic view of BAL and bronchial washing (Videobronchoscope Pentax EB15 J10):
a and b, instillation of warm saline into subsegmental bronchi of RB5; c, aspiration of saline
through the instrumental channel of bronchoscope; d, orifices of two subsegmental bronchi of RB5

immediately after aspiration (note local edema and contact bruising of mucosa on secondary
carina)
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microscopy in smear-negative patients with TB was sensitive in 47% of cases,
expectedly inferior to the PCR, which reached 78%, with total efficacy of TB
detection by both microscopy and PCR of 83%.

The smaller volume of specimen retrieved by washing does not allow to perform
a cell count analysis; however, volume is sufficient for performing microscopy,
PCR detection, and culture for mycobacteria. Among 136 patients with smear-
negative PTB [5], microscopy of washings was sensitive to detect only 10% of
patients, while PCR provided more than 50% sensitivity, and a combination of two
methods gave a final sensitivity of 57%.

The number of studies comparing the effectiveness of BAL versus bronchial
washings in the diagnosis of TB is extremely limited. In a study of Shabalina et al.
[6] on a limited volume of smear-negative patients with finally confirmed pul-
monary TB, the sensitivity of mycobacteria microscopy detection was lower and
reached 21% and 25% for BAL and bronchial washing, respectively. At the same
time, according to this study, the efficacy of culture confirmation of TB reached
75% and 70% for BAL and washing, respectively.

3.2 Brush-Biopsy

Technically, brush-biopsy is performed during bronchoscopy using a cytological
brush either covered by an outer sheath or uncovered (Fig. 2). This biopsy tech-
nique can retrieve cytology smears and/or be immersed in saline solution for further
PCR or culture detection of mycobacteria. This technique can be used for the
peripheral part of the lung or visible endobronchial lesions.

Data regarding the specified efficacy of brush-biopsy in pulmonary TBdetection is
scarce. According to a recent publication [6], this modality reaches the highest
microscopy yield of mycobacteria among all the other biopsy techniques (84%).
Another study [7] reported lower efficacy for brushing–60% in smear-negative
patients.

3.3 Transbronchial Lung Biopsy with Forceps

Conventional transbronchial biopsy is performed using dedicated endoscopic for-
ceps using the instrument channel of the bronchoscope. A biopsy is done without
visual control, and the position of the forceps’ tip can be controlled either by
fluoroscopy or computer tomography. It is also possible to perform transbronchial
lung biopsy with forceps (TBLB) without any radiological guidance, using either
radial ultrasound mini-probe or relying on chest computed tomography (CT) scan
mapping. Usually, TBLB is performed in patients with pulmonary TB as a part of
differential diagnosis, mostly with lung cancer and sarcoidosis. This modality gives
a chance to retrieve a cytopathology specimen, less suitable for the culture and PCR
testing for infections (Fig. 3).
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Data regarding the efficacy and role of TBLB in the diagnosis of PTB are also
varying. Our local data [6] showed that cytological and pathological diagnosis for
TBLB specimens in smear-negative TB patients was quite high–77% and 80%,
respectively. Otherwise, in another study done by the Indian group [8], diagnostic
yield for granulomas detection for TBLB was lower and reached 67%. There are
some data [9] suggesting that in the “real world,” efficacy of TBLB in PTB can be
even lower and come fall to 55%. Not surprisingly, some authors now argue the real
need in TBLB for suspected TB, raising the question of totally avoiding tissue
confirmation for disease [10].

3.4 Transbronchial Cryobiopsy

Endoscopic cryobiopsy potentially can retrieve a larger tissue specimen compared
to conventional TBLB. Another unique aspect of this technique is the much better
quality of the tissue, escaped from crushing artifacts. Unfortunately, better quality
takes its cost–a higher rate of complications (namely bleeding and pneumothorax)
and a need for precautions to escape or control them. Usually, transbronchial

Fig. 2 Endoscopic view of brush-biopsy (Videobronchoscope Pentax EB15 J10): a and b, the
outer sheath of the cytological brush is well seen on the right, with the partial opening of brush out
of the sheath; c, full opening of brush out of the sheath just before the scarification of bronchial
mucosa; d, the exact moment of brush-biopsy of bronchial mucosa (note a bit of blood around the
instrument)
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cryobiopsy (TBCB) is done in a combination procedure using a rigid bronchoscope,
a Fogarty balloon to control bleeding, and a flexible bronchoscope with a dedicated
cryoprobe (Fig. 4). As with TBLB, TB itself is not a common indication for TBCB
procedure. It is widely used as an alternative for surgical diagnostics in patients
with interstitial lung diseases, mostly fibrotic [11].

There is a lack of publications dedicated to TBCB in pulmonary TB patients. In
a very recent study [12], in 54 patients with suspected TB, the efficacy of TBCB in
detecting granulomas reached 87%, overriding the efficacy of GeneXpert assay
(72.7%). Comparable data were shown in another study [13], where TBCB showed
an efficacy of 76%. For both studies, cryobiopsy showed a high safety profile;
moderate bleeding was detected in 7.4% of cases.

3.5 Conventional Transbronchial Needle Aspiration of the
Mediastinum and Pulmonary Tissue

An endoscopic needle biopsy takes a special place in a long list of bronchoscopic
interventions. Apart from all the rest instruments, the needle does not need a

Fig. 3 Endoscopic view of TBLB (Videobronchoscope Pentax EB15 J10): a and b, the tip of the
forceps inside the instrumental channel of the bronchoscope is well seen on the right, during
gradual movement of the scope towards target bronchus; c, biopsy forceps are deeply inserted into
the orifice of middle lobe bronchus, performing a TBLB; d, view of target bronchus immediately
after the TBLB, forceps withdrawn (note the minimal amount of blood after intervention)
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bronchial tree to follow its target; it can simply create its path anywhere and
anyway. But as simple as it can penetrate the bronchial wall to reach a lymphatic
node or pulmonary parenchyma, it also can pierce the scope’s instrumental channel.
Partially because of that reasons and partially because of lack of training, nowa-
days, conventional transbronchial needle aspiration (cTBNA) is not widely used
and mostly accumulated in dedicated expert centers.

Among TB patients, cTBNA can be used to sample mediastinal lymphatic nodes
in tuberculosis lymphadenitis (TBLA), peribronchial stenoses, and probing pul-
monary parenchyma. In most cases (using 21–25G needles), cTBNA retrieves
cytology smears, and saline washed through the needle can be sent for mycobac-
terial culture and PCR detection. Sometimes pathology specimens can be obtained
via 19G bore. Rarely, rigid TBNA of 16-18G bores with spring-cut design can be
used for true tissue core (Fig. 5).

Data on the efficacy of cTBNA in TBLA [14, 15] has shown that it varies from
56 to 100%, greatly depending on the operator’s experience and size of the lym-
phatic node. In the last decade, cTBNA almost completely was substituted by
endoscopic ultrasound-guided interventions. Several publications have been

Fig. 4 Endoscopic view of TBCB (Videobronchoscope Pentax EB15 J10, cryostation ErbeCryo
II): a, Fogarty balloon is placed in the orifice of right lower lobe bronchus, provided parallel to the
scope; b, 1,9-mm cryoprobe inserted through the instrumental channel of the bronchoscope is well
seen on the right, going parallel to Fogarty balloon; c, view of target bronchus immediately after
TBCB was performed, specimen retrieved, and the balloon inflated in the orifice of bronchus to
avoid severe bleeding proximally in the bronchial tree; d, view of target bronchus after deflation of
Fogarty balloon (note a moderate amount of blood after intervention)
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dedicated to the efficacy of cTBNA for pulmonary lesions, mostly solitary pul-
monary nodules at radiographic appearance [16, 17]. Currently, cTBNA is used
mostly when lung cancer is suspected, and as with mediastinum, these interventions
are widely done under ultrasound control.

3.6 Endoscopic Ultrasound-Guided Biopsies
of the Mediastinum and Pulmonary Tissue

In recent years, navigational bronchoscopy techniques have become widespread,
both for mediastinum and lung parenchyma. Initially proposed for lung cancer
staging [18], endobronchial ultrasound-guided TBNA (EBUS-TBNA) (Fig. 6)
dramatically changed the approach to the staging in thoracic oncology. Secondly,
with spread of technology, diagnostics of mediastinal adenopathy have become
easier and less invasive, and now EBUS-TBNA is the first choice in suspected
sarcoidosis [19], lung cancer [20], and lymphoma [21, 22]. TB, especially TBLA,
also became a target for this new bronchoscopic modality. Several publications were
dedicated to this question, including meta-analyses [23–25]. According to publi-
cations, EBUS-TBNA was quite sensitive (80%) and specific (100%) in detecting
mediastinal TB. New modalities of endosonography, like elastography or tissue
harmonic echo, can potentially improve diagnostic yield, providing more precise
targeting of a biopsy [26–28]. The safety profile of EBUS-TBNA for this indication
is very high, with the overall incidence of complications ranging from 0.1 to 0.5%.

Apart from adult patients with suspected TBLA, there are some fundamental
limitations of the EBUS-TBNA [14] approach in the pediatric population due to
anatomical reasons (i.e., the diameter of the trachea). In this situation, the
EUS-b-FNA approach [27, 29] can be effectively used when an echo-bronchoscope
is placed transesophageally (Fig. 7). The diagnostic effectiveness of both
EBUS-TBNA and EUS-b-FNA in the pediatric population ranges from 50 to 89%,
while complications range from 0.5 to 8.9%, with the majority being mild.

Fig. 5 Rigid TBNA (Videobronchoscope Pentax EB15 J10, Karl Storz rigid bronchoscope,
Tru-Cut 18G Sterylab needle): a, a rigid needle is loaded in Karl Storz rigid guide and ready to
fire; b, 18G rigid needle inserted through the rigid barrel is well seen on the right, going parallel to
the video bronchoscope piercing huge subcarinal node; c, macroscopic view of obtained tissue
(note the true core of lymphatic node obtained)
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Another ultrasound technique, radial endobronchial ultrasound (rEBUS), allows
navigation of peripheral lesions in pulmonary parenchyma (Fig. 8). After the
localization of the lesion, ultrasound mini-probe can be removed, and biopsies are
performed regularly. The inability to guarantee that biopsy will be performed in the
same place where the lesion was detected by rEBUS is a disadvantage of this
technique. Another option is to use an extended working channel, “guide sheath,”
which allows to remove mini-probe and fix the place for the further biopsy.

Recent data [6, 30] showed 77–85% sensitivity of navigated bronchoscopy using
rEBUS and a guide sheath technique for detection of PTB, mostly using brush and
TBLB as biopsy modalities.

3.7 Endoscopic Lung Volume Reduction in Cavitary
Pulmonary Tuberculosis

Apart from the diagnostic role, modern bronchoscopy can be a salvation method for
patients with cavitary forms of pulmonary TB. Performing endoscopic lung volume

Fig. 6 Ultrasound view of EBUS-TBNA (Echobronchoscope Olympus BF UC180F, US center
Olympus EU ME1): a, Endoscopic sonogram of huge subcarinal lymphatic node (note color flow
Doppler is showing several vessels in the upper part of the screen); b, a round-shaped solitary node
in the right hilum of the same patient, hypoechoic features; c, the moment of EBUS-TBNA, the
needle tip is well-visualized inside the tissue of lymphatic node; d, view of target node
immediately after biopsy. According to histopathology and microbiology, TBLA was confirmed
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reduction (ELVR) for TB indication (Fig. 9) has been widely accepted in Russian
Federation for more than a decade [31, 32], and to some extent, in Italy [33], India,
and China. Technically, during ELVR, a dedicated one-way endobronchial valve is
placed with full obstruction of target lobar or segmental bronchus to gradually
achieve local atelectasis and consequent closure of the cavity.

According to the recent data [31, 32], the efficacy of ELVR in cavitary MDR-TB
reaches 95–96% for sputum conversion and 67–71% for cavity closure, with
minimal complications and a high compliance rate. Interestingly, that procedure
efficacy does not depend on mycobacteria resistance profile, and ELVR is effective
in drug-sensitive, MDR-, and XDR-TB. The mean duration of valve placement is
12–15 months; afterward, the endobronchial valve can be removed via bron-
choscopy under local or general anesthesia.

Fig. 7 Ultrasound view of EUS-b-FNA in a four-year-old child suspected of TBLA
(Echobronchoscope Olympus BF UC180F, US center Olympus EU ME2): a, Endoscopic
sonogram of the lymphatic node in position 4L with tiny hypoechoic lesions (necrosis); b,
elastography-guided selection of area for biopsy—note the red areas, suggesting necrotic melting
inside the node; c, the moment of EUS-b-FNA, the needle tip is well-visualized inside the tissue of
lymphatic node; d, view of another target node before the biopsy–well-recognized areas of
necrotic melting round the hyperechoic zones (calcification). According to histopathology and
microbiology, TBLA was confirmed
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4 Bronchoscopy in Endobronchial Tuberculosis:
From Diagnosis to Treatment

Endobronchial TB (EBTB) directly targets the bronchial tree, involving the tracheal
and/or bronchial wall. This form of the disease is characterized by the extremely
aggressive transmission of mycobacteria during cough or speech of a patient
because of direct contact of infection locus with central airways. Data regarding the
incidence of EBTB in PTB patients are controversial, and probably real incidence
of this form is underestimated, but according to historical data, EBTB hits 5–45%
of adult patients with PTB. In the pediatric population, EBTB is also an important
clinical problem [27, 34], and its incidence reaches 4.7–8%. Early diagnostics of
EBTB is extremely important to stop the disease transmission in the community and
avoid possible complications, even life-treating, i.e., tracheobronchial stenoses and
tracheomalacia. Diagnostic and therapeutic bronchoscopy plays a crucial role in
establishing the diagnosis and performing local therapy.

Fig. 8 Sonograms of radial EBUS of a patient with a solitary pulmonary nodule in RML (US
center Olympus EU ME1): a–c, endoscopic sonograms of the peripheral pulmonary lesion, uneven
shaped, with multiple air artifacts inside (terminal bronchioles). According to histopathology and
microbiology, tuberculoma was confirmed
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4.1 Bronchoscopic Findings in Endobronchial Tuberculosis
and Possible Biopsies

Analyzing chest CT of patients with suspected EBTB, some signs of possible
tracheobronchial injuries can be found, e.g., narrowing of the bronchial lumen,
atelectasis, irregularity of inner margin of main bronchi and trachea, and peri-
bronchial thickening. Unfortunately, these indirect signs of possible endobronchial
lesions are not sensitive enough to confirm EBTB, so bronchoscopy in this situation
should be performed.

According to the endoscopic picture, EBTB can be divided from five to seven
forms, strongly associated with stages of bronchial wall injury [35]. These forms
can be depicted as follows [36]:

• Non-specific bronchitis: minor changes and moderately hyperemia of bronchial
surface;

• Edematous-hyperemic: remarkably bloated bronchial mucosa with definitive
hyperemia;

Fig. 9 Endoscopic view of ELVR (Videobronchoscope Pentax EB15 J10, endobronchial valve by
Medlung): a, a valve is fixed like a ‘cap’ over the tip of the bronchoscope, and holds by forceps’
cups; b, bronchoscope and valve en bloc inserted through the rigid barrel, going toward target
bronchus; c, a valve is inserted in the orifice of left upper lobe bronchus, and gradually forceps are
removing from it; d, immediately after removal of the forceps, an endobronchial valve is placed in
the target bronchus (note that the ‘tale’ of the valve is not in contact with bronchial mucosa)
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• Actively caseating: bronchial mucosa with signs of edema and hyperemia,
coated by different volumes of cheesy white plaques, often accompanied by
tracheobronchial stenosis of different severity;

• Granular: extreme inflammatory changes of bronchial mucosa with multiple
millet-like changes;

• Tumorous: visually detected tumor-like exophytic lesion with a cheesy surface,
regularly leading to obstruction of target bronchus;

• Ulcerative: multiple ulcer-like lesions on the bronchial surface; and
• Fibrostenotic: different variants of cicatrical stenoses of bronchial tree

In some countries (East Europe and Russian Federation, for example), a shorter
version of this classification is used, including hyperemic, ulcerative, tumorous,
fibrostenotic, and one new specific form: the bronchonodular fistula, which can
resemble an actively caseating form.

Interestingly, all presented forms (Fig. 10) reflect the natural course of EBTB
from minimal lesions with microscopically-detectable mycobacterial invasion
through the active process with caseation or granular/tumorous lesions to final-
ization of process in post-inflammatory fibrotic sequelae of the disease.

Fig. 10 Endoscopic view of different EBTB types (Videobronchoscope Pentax EB15 J10): a,
tumorous type (note exophytic tissue on the right part of the picture); b, actively caseating type
(necrotic tissue narrows the lumen of the left main bronchus); c, fibrostenotic type (severe
post-inflammatory stenosis of the right main bronchus, note areas of anthracosis); d ulcerative type
(note ulcerated, crater-like bronchial mucosa on the right side of the picture)
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Among all the biopsies previously mentioned, mostly EBB/EBCB is used to
confirm EBTB and exclude possible malignancy or other granulomatosis (i.e.,
aspergillosis), followed by brushing and/or cTBNA in order of decline. The sen-
sitivity of EBB is 75–100% [37, 38], whereas endobronchial cryobiopsy tends to be
more effective in this situation (Fig. 11) due to larger samples obtained (Fig. 12).
Brushing and cTBNA tend to be less effective in diagnosing EBTB [37, 38], with
the sensitivity of 50% and 19%, respectively.

4.2 Endobronchial Treatment of Active Endobronchial
Tuberculosis and Its Consequences

According to Chung et al. [35], who precisely observed the natural evolution of
different EBTB variants, the cumulative incidence of fibrostenotic sequelae in this
cohort is 53%, with almost two-thirds of caseating and hyperemic forms coming to
stenosis. All depicted changes occurred within three months of systemic treatment.
These facts highlight the importance of new endoscopic treatment options imple-
mentation. These options dedicated to active EBTB include:

Fig. 11 Endoscopic view of EBCB in granular-type EBTB (Videobronchoscope Pentax EB15
J10, cryo-system ErbeCryo II): a, granular type of EBTB (note millet-like granular tissue on
bronchial mucosa); b, 1,9-mm cryoprobe is inserted through the instrumental channel of the scope;
c, the moment of endobronchial cryobiopsy of the lesions in the distal part of the left main
bronchus (note ice tip formation around the probe); d, biopsy site after the removal of the specimen
(moderate amount of blood after the intervention is observed)
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Fig. 12 Macroscopic view of tissue, retrieved by cryoprobes: a, specimens after TBCB with
1,9-mm cryoprobe; b, specimens retrieved after EBCB with 2,4-mm cryoprobe (note much larger
size of specimens on the right picture due to larger cryoprobe)

Fig. 13 Endoscopic view of cTBNI in a necrotic type of EBTB (Videobronchoscope Pentax
EB15 J10): a, necrotic cap with granulations on tracheal mucosa, confirmed as EBTB; b and c,
22G cTBNI with an injection of capreomycin directly under the ‘cap’ of the tracheal lesion; d, site
of injection immediately after the needle removal (note some swelling of granular tissue after the
injection)
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• local chemotherapy injections (Fig. 13);
• steroid injections; and
• photodynamic treatment of some localized forms [39].

Local injections of anti-TB drugs (mostly amikacin and capreomycin) usually
are performed using a dedicated injection needle of 22–25G, with submucosal
injection of active substance in the affected area, and done by series (from three to
five bronchoscopies one week apart), gaining effective sputum conversion in two–
three weeks, and accelerating healing of bronchial lesion in four to five weeks.
Steroid injections can be added on late procedures to minimize the probability of
fibrostenotic lesions. Photodynamic therapy, widely used in lung cancer patients,
looks promising in EBTB healing because its effects do not need vascular supply to
transfer to mycobacteria and do not depend on the level of mycobacterial resistance
[39, 40]. In the case of the local granular type of EBTB, a single course of bron-
choscopic photodynamic therapy led to full histologically and culture-proven
healing of bronchial mucosa in three weeks without notable complications
(Fig. 14).

In the case of bronchial obstruction due to active EBTB, many types of bron-
choscopic recanalization can be used. Balloon dilatation [41] shows the immediate

Fig. 14 Evolution of endoscopic view during PDT for EBTB (Video bronchoscope Pentax EB15
J10): a, necrotic cap with granulations on the bronchial mucosa, confirmed as EBTB; b, PDT
irradiation of the affected zone; c, photoreaction with edema and necrotic changes one week after
PDT; d, full restoration and healing of EBTB at three weeks after PDT procedure
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but temporary effect; cryorecanalization can lead to a safe and rapid restoration of
bronchial patency; also, different types of lasers and electrocautery were reported
[42].

Endoscopic treatment of fibrostenotic sequelae of EBTB presents a challenging
issue for clinicians, thoracic surgeons, and bronchoscopist. Until now, no definite
and effective cure exists for this situation. Different combinations of dilation
techniques have been used, e.g., rigid bronchoscope bougie, balloon dilatation, and
tracheobronchial stenting (including custom silicone stents; Fig. 15). Also, quite
often, “hot” (laser, cutter, argon-plasma coagulation) and “cold” (cryotherapy,
cryo-spray) methods are used to restore bronchial patency (Fig. 16). Most often,
complications after usage of “hot techniques” are restenosis and new scar forma-
tions, and for dilation techniques–again, restenosis, stent migrations and sputum
congestion due to stent placement. Whereas possible, the general opinion is to
avoid stenting in these situations to escape from acceleration of tracheomalacia and
complications associated with stenting.

Fig. 15 Tracheobronchial stenting of severe fibrostenotic EBTB of right main bronchus in a
patient after left pneumonectomy (Video bronchoscope Pentax EB15 J10, rigid barrel Karl Storz,
custom-made silicone stent ‘Medsil’): a, Initial presentation of a single-lung patient with extreme
deformation and stenosis of right main bronchus; b and c, patency of RMB restored after
custom-made J-shaped silicone tracheobronchial stent placement–view through-the-stent; d,
proximal part of the silicone stent in the lower part of the trachea
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5 Conclusion

For more than a century of its history, bronchoscopy and interventional pul-
monology have come a long way. In addition to outstanding advances in the
minimally invasive diagnosis of TB, nowadays, we can see an incredible increase in
the possibilities of endoscopic treatment of such a formidable infectious disease.

Core Messages

• Bronchoscopy is extremely useful both in the diagnostics and local
treatment of EBTB.

• Bronchoscopic investigation can be accompanied by numerous biopsy
types to confirm or rule out TB.

• Endoscopic treatment for EBTB and PTB includes local chemotherapy
injections, ELVR procedures, and endoluminal PDT.

Fig. 16 Evolution of endoscopic view during endobronchial cryotherapy of severe stenosis of the
right main bronchus after EBTB (Videobronchoscope Pentax EB15 J10, cryo-system ErbCryo II):
a, Initial view of RMB stenosis; b, cryotherapy of the affected zone using 1,9-mm cryoprobe,
exposition 60s, three cycles; c, cryoreaction several seconds after the first cycle of cryotherapy
(note prominent softening of the treated area); d, an increase of lumen patency of RMB after the
first cycle of cryotherapy
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10Diagnosis of Childhood Tuberculosis
in Low- and Middle-Income Countries

Basant Joshi

There can be no keener revelation of a society’s soul than the
way in which it treats its children.

Nelson Mandela

Summary

Pediatric tuberculosis (TB) is one of the neglected groups globally. Non-specific
symptoms, the paucibacillary nature of the disease, and non-specific chest X-ray
findings make childhood TB diagnosis challenging. Additionally, poor knowl-
edge about childhood TB among healthcare workers (HCWs) and community
people, especially in the lower level of the low- and middle-income countries
(LMICs), contribute to the neglect of childhood TB in resource-limited settings,
as they lack the pediatric specialist facility and also the important diagnostic
tools. Smear microscopy–the most common diagnostic tool available in the
resource-limited setting–is not present in all health facilities, and if present,
sustainability is the frequent issue seen. Due to the lower sensitivity of the smear
microscopy, TB cases are being missed to be diagnosed, resulting in increased
missing cases of TB in the community, which makes TB disease transmit from
one person to another in resource-limited high-burden settings of LMICs.
Children are more vulnerable to TB in these settings as they acquire TB from
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adult cases. As pediatric TB is difficult to diagnose even with advanced
diagnostic tools, HCWs working in lower-level health centers should be trained
to develop history-taking and clinical examination skills and to analyze
laboratory and radiological findings for diagnosing pediatric TB. In addition,
national tuberculosis programs (NTPs) should prioritize the scale-up of Xpert
MTB/RIF and sputum extraction procedures for children suspected of TB in
decentralized-level healthcare settings to improve childhood TB diagnosis and
case notification in these areas.

Graphical Abstract

Keywords

Childhood TB � Diagnosis � LMICS � Tuberculosis

1 Introduction

Children are one of the vulnerable groups for Tuberculosis (TB) but are still
neglected. Although children of any age can have TB, most commonly in
TB-endemic settings, children of one to four years are more vulnerable to TB. The
risk of developing TB is more common in children below two years of age whose
immune system is immature compared to other age groups. Age-specific risk of

Diagnosis of pediatric tuberculosis
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progression of TB following primary infection with an index case of infective TB is
shown in Table 1. Pulmonary TB (PTB) is the most common type of TB in
children. Extrapulmonary TB (EPTB) accounts for 30–40% and can occur in any
body part. Children generally develop TB within one year of infection [1]; so, when
TB is diagnosed in children, this indicates the recent TB transmission in the
community. Immunocompetent children will be infected exclusively with TB after
being exposed to a TB-infected case; however, in the case of infants, the illness will
be more severe, with symptoms similar to pneumonia.

TB diagnosis in children is difficult compared to adults as there is a possibility of
either under-diagnosis or overdiagnosis. So, healthcare workers (HCWs) should be
careful while diagnosing children with TB. It is important to assess all the infor-
mation gathered from careful history taking, clinical examination, and laboratory
and radiological findings to confirm TB in children. PTB, the most common form of
TB in children, is difficult to diagnose by using the techniques used to diagnose PTB
in adults. Various factors contribute to the difficulty in diagnosing childhood TB:

• children present with non-specific symptoms; this will make it harder for HCWs
to differentiate TB from other conditions such as malnutrition as well as
HIV/AIDS;

• children tend to have a paucibacillary disease; this will make it difficult to detect
TB bacilli, especially in smear microscopy;

• quality of sputum is also another concern, younger children cannot produce
sputum of good quality, and this will result in misdiagnosis of TB by using
laboratory procedures, such as sputum smear microscopy and even in Xpert
MTB/RIF assay;

• X-ray is not present at primary healthcare centers, it will result in increased costs
for parents to go to the referred X-ray centers. Moreover, the cost of chest X-rays
is not covered by the national tuberculosis programs (NTPs); and

• there is also difficulty in interpreting chest X-rays in children due to non-specific
findings in the radiography.

Table 1 Age-specific risk of developing tuberculosis (TB) following infection with M.
tuberculosis in immunocompetent children. Adapted with permission from [7]

Child age at primary
infection with TB (Year)

Risk of development to TB disease (%)

Pulmonary
TB disease

Disseminated (Miliary) or
Tuberculous meningitis

No TB
disease

< 1 30–40 10–20 50

1–2 10–20 2–5 75–80

2–5 5 0.5 95

5–10 2 < 0.5 98

> 10 10–20 < 0.5 80–90
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Many advancements have been made to diagnose TB in adults and children,
which are being utilized more often in developed countries. More sensitive diag-
nostic technologies are being employed in resource-equipped countries to diagnose
TB. However, low- and middle-income countries (LMICs) are still struggling for
advanced diagnostic tools to be used throughout the country for TB diagnosis. In
this context, pediatric TB is still neglected in LMICs. Conventional diagnostic tools
for adults are not as sensitive for diagnosing TB in children as for adults. So,
vulnerable children in resource-limited settings are far from appropriate sample
collection and testing tools. There are many challenges for correctly diagnosing
childhood TB in resource-limited settings, from screening to diagnosis. These
challenges include poor knowledge about childhood TB among HCWs and chil-
dren’s parents in these settings. There are many operational challenges for imple-
menting advanced diagnostic tools in lower-level healthcare settings of LMICs.
Due to poor socioeconomic status, many NTPs of LMICs cannot scale up the novel
diagnostic tools for childhood TB diagnosis at a decentralized level. Due to limited
human resources, they also face challenges in deploying trained HCWs in
lower-level healthcare settings.

Although research activities are performed to enhance childhood TB diagnosis in
LMICs, there is still a lack of a mechanism for putting evidence into practice. This
chapter will discuss the diagnostic tools used for pediatric TB in resource-limited
settings, the challenges faced by health facilities in LMICs, and the way forward for
improving childhood TB diagnosis in such settings. We will mainly focus on
drug-susceptible (DS) TB in children.

2 Diagnosis of Childhood Tuberculosis
in Resource-Limited Settings

TB is considered one of the oldest diseases in the world. Despite many advance-
ments in the diagnosis and treatment of TB, this disease is still a global public
health problem. The prevalence of TB is more in LMICs and highly populated
countries like India, China, and Indonesia. There is a large gap between estimated
cases and reported cases of TB. This is mainly due to the presence of a diagnosis
gap which is more pronounced in resource-limited high-burden settings. As
childhood TB is difficult to diagnose compared to adult TB, there is a significant
case detection gap. Especially in resource-limited settings of LMICs, childhood TB
is generally under-diagnosed due to the absence of proper diagnostic tools and the
lack of pediatric specialty in lower-level healthcare settings.

Diagnosis of TB starts with a proper screening procedure at the healthcare
center's entry point (triage), followed by clinical evaluation and laboratory and
radiological investigation at the clinic. For pediatric tuberculosis diagnosis, infor-
mation from screening, clinical assessment, and laboratory and radiographic data
are all crucial for decision making. To differentiate TB from other disease condi-
tions in children, it is sometimes better to see the patient’s response to a course of
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antibiotics before confirmation of TB. Appropriate specimens should be collected
from the suspected site and tested in microscopy, culture, or Xpert MTB/RIF. More
sensitive laboratory tools are needed to diagnose PTB in children because of the
paucibacillary nature of the disease in children. PTB is the most common form of
TB in children as in adults. The best sample for diagnosing PTB is sputum. It is
challenging to collect sputum from children in resource-limited settings because
children cannot easily produce sputum. This makes it difficult to diagnose PTB in
children in these settings because they either do not have novel diagnostic tools
such as Xpert MTB/RIF (which are more sensitive to diagnose TB bacilli) in their
facility or if present, it is under-utilized for diagnosing pediatric TB due to lack of
proper sputum collection methods such as induced sputum, gastric aspirate,
nasopharyngeal aspirate and/or lack of trained HCWs to perform these methods to
collect sputum from children. Smear microscopy, culture, and Xpert MTB/RIF are
the widely used tests in LMICs to diagnose TB both in adults and children. Among
these tests, smear microscopy is the only test available in most lower-level health
facilities. Still, it is not sufficient to diagnose TB in children, which will be dis-
cussed later in this chapter. Other specimens from extrapulmonary sites are only
being extracted in tertiary healthcare levels of LMICs. Chest X-ray findings help
HCWs decide for the diagnosis of TB in children, but it alone is not a sufficient
diagnostic tool for childhood TB. The culture of TB bacteria, Mycobacterium
tuberculosis (M. tb), is another TB diagnostic test, but it takes a long time to get a
result, and it may not be as sensitive in the case of children as it is for adults. Apart
from these diagnostic tests, tuberculin skin test (TST) or Mantoux test and inter-
feron-gamma release assay (IGRAs) tests, along with other diagnostic tests, will
help better diagnose childhood TB.

In LMICs and resource-limited settings, there is a high burden of TB, which
leaves children at high risk for developing TB. Moreover, poor diagnostic facilities
increase the challenge for diagnosing childhood TB in these settings. Although
tertiary healthcare services in LMICs have the facility for diagnosing childhood TB,
primary healthcare services and the majority of secondary healthcare services in
these settings have difficulties diagnosing TB in children resulting in misdiagnosis
of pediatric TB in these settings. There are many challenges for diagnosing TB in
children in resource-limited settings described in the following paragraphs.

3 Poor Screening of Presumptive Child Tuberculosis Cases
at Triage

Screening at triage is important for ruling out and providing an early diagnosis of
TB. History taking is the most important part of TB diagnosis in children. In triage
of health facilities, the child should be screened for signs and symptoms of TB.
History of close contact with known adults and children with infectious TB should
be taken into account because children usually acquire TB bacteria from pulmonary
especially bacteriologically confirmed adult or adolescent TB cases known as the
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index cases. Symptom-based screening is an effective approach to finding TB cases
in TB endemic settings [2]. In many primary healthcare centers of LMICs, no
proper screening for childhood TB is being done at triage. Some health facilities in
these resource-limited settings do not practice screening at triage for various rea-
sons such as lack of human resources, place, etc. In contrast, others practice
screening with untrained HCWS or volunteers. This causes a delay in the diagnosis
of TB in children, and children with TB may be overlooked in outpatient depart-
ments (OPD) by HCWs due to the clinic's high patient flow. In some cases,
untrained HCWs at triage might miss the presumptive child TB cases because of
non-specific signs and symptoms present in children.

To increase childhood TB case notification and minimize the gap in childhood
TB case notification, proper screening of children at triage by trained HCWs is
important. HCWs at the triage should be well educated on common signs and
symptoms of TB and childhood TB to screen presumptive child cases and send
them to the clinic for further investigation. If screening for TB and childhood TB
could be made mandatory in all healthcare facilities and HCWs are trained for
proper screening of children for TB, this will help diagnose more children with TB
and minimize the diagnosis gap. In order to do this, each health institution should
create infrastructure for triage in lower-level health facilities, as well as frequent
training for HCWs working at triage should be planned to improve technical
abilities on screening for childhood TB. Frequent monitoring and supervision visits
and clinical mentoring from experts and managerial levels will encourage HCWs to
develop the necessary skills for properly screening children for TB at triage.

4 Difficulties for Sustainability of Active Case Finding
Strategies

Early diagnosis of TB and initiation of anti-TB drugs will help control TB trans-
mission and achieve the ambitious targets set by the World Health Organization
(WHO) and NTPs. Active case finding (ACF) has been an important approach for
identifying children with TB infection and disease [3, 4]. Household contact tracing
of index TB cases will help find the new cases of TB and vulnerable groups
(children less than five years, malnourished children, household members with
HIV) to start TB preventive therapy, which will break the chain of transmission. In
LMICs, especially in high-burden and resource-limited settings, ACF interventions
are seen to be started at some point of time in support of external funding and help
for increasing case notification. But due to lack of regular funding, these inter-
ventions for ACF are not continued in these areas. This will lead to many TB cases
missed in the community who will die because they are undiagnosed for TB and
transmit TB to other people, resulting in an increased number of TB cases in the
community.
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ACF activities such as household contact tracing, mobile screening clinics,
screening of children in schools, etc., will help increase childhood TB case
detection in high-burden and resource-limited settings. To minimize the existing
diagnostic gap for TB in these resource-limited settings, ACF interventions should
be adopted as a routine program by each NTP, and an equal emphasis should be
given to ACF for pediatric TB as well as adult TB. This will help increase TB case
diagnosis from the high-burden community and break the chain of transmission and
mortality due to TB in these settings.

4.1 Lack of Diagnostic Tools

TB can be diagnosed bacteriologically or clinically. Diagnostic tools are most
important for confirmation of TB in adults and children. Diagnostic tools com-
monly used include microbiological tests and molecular tests to confirm TB bac-
teria and radiological findings. Childhood TB diagnosis needs all or majority of
these diagnostic tests results/findings before confirmation of TB. Here we discuss
various tests and tools used to diagnose childhood TB in LMICs, operational
challenges for their effective implementation, and measures that can be adopted to
overcome the challenges faced by health facilities in resource-limited settings.

4.1.1 Mantoux Test
Mantoux test (MT) is also known as tuberculin skin test (TST). It is a delayed-type
hypersensitivity reaction to tuberculin purified protein derivative (PPD). Posi-
tive MT indicates the infection with M. tb but cannot confirm active TB disease.
HCWs should be aware of the possibility of false-positive TST responses, partic-
ularly in the context of past BCG vaccination and nontuberculous mycobacterial
(NTM) infection. Furthermore, a nonreactive TST result does not exclude M. tb or
TB disease infection. This test can be helpful to confirm pediatric TB if it is
considered with other laboratory tests and the history of the child. This test is
available at some of the primary healthcare centers of resource-limited settings, but
it can not be used as a confirmatory test for diagnosing childhood TB. So, this
easy-to-perform test can be used in the lower-level healthcare setting along with
other laboratory tests for confirming pediatric TB.

Another test to detect TB infection in children is the interferon-gamma release
assay (IGRAs). Although this test has higher specificities than TST, especially in
low burden settings and among BCG vaccinated children, it has poor sensitivities
for immunocompromised individuals and children with severe forms of TB. This
test also can not differentiate between TB infection and disease and is not com-
monly used in resource-limited settings.

4.1.2 Chest X-ray
Another diagnostic tool, i.e., chest X-ray, is not available in most of these settings.
If available, there is a challenge for the regular availability of technical staff and
X-ray interpreters. A regular power supply is also a challenge to running X-ray
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machines in resource-limited settings. Most HCWs at primary healthcare centers
lack the skills for interpreting chest X-ray findings [5]. Due to the poor economic
condition of the parents of the children and lack of transportation, they do not prefer
to go to the X-ray facility, which is usually very far from the community they
belong to. Sometimes the referred cases will be lost and never come to the
healthcare facility. This will lead to the condition that the children with presumptive
TB will not get a complete diagnosis, increasing the diagnostic gap in this
group. This will also increase the chance of rising mortality of children due to TB
disease, which is otherwise curable.

4.1.3 Smear Microscopy
In most of the primary healthcare centers of LMICs, the only diagnostic tool for TB
is sputum smear microscopy, which can diagnose adult PTB but cannot detect all
children with PTB, resulting in missed diagnosis of TB in children. Children,
especially young ones, do not produce quality sputum. Primary healthcare facilities
in these settings do not have the capability of extracting sputum (induced sputum,
gastric aspirate, nasopharyngeal aspirate) from children because they lack the
appropriate equipment and/or qualified HCWs to execute sputum extraction pro-
cedures in children. They also do not have equipment for collecting extrapulmonary
samples from children. So, in health facilities in these settings, HCWs need to refer
the child who cannot produce sputum to higher centers to collect sputum or other
samples for EPTB. Although smear microscopy clinics in lower-level healthcare
settings have helped diagnose adult PTB, they have made a relatively minor con-
tribution to pediatric PTB diagnosis.

4.1.4 Xpert MTB/RIF Assay
Xpert MTB/RIF assay can be used in vulnerable people, including children, to
increase TB case detection and determine bacteria's sensitivity (sensitive or resis-
tant) towards Rifampicin, an important TB drug. Xpert Ultra, a more sensitive test
among the Xpert tests group, has the highest sensitivity among rapid diagnostic
tests used for diagnosing childhood TB [6]. If these Xpert Ultra machines can be
established in resource-limited high-burden settings, they will contribute to diag-
nosing pediatric TB. Sample collection by induced sputum and nasopharyngeal
aspirate in children will provide better quality samples for testing in Xpert. If a
combination of these sample collection techniques can be used and the sample is
tested in Xpert Ultra, most children with PTB can be detected [6]. In some primary
healthcare centers of LMICs, Xpert MTB/RIF is provided to diagnose pulmonary
bacteriologically confirmed TB using sputum samples. Still, a majority of them
have a challenge as interruption of Xpert facility occurs due to various causes such
as frequent power cut-off, lack of sophisticated room for Xpert machine, frequent
turnover of trained laboratory staff, interruption in the supply chain of the necessary
consumables such as cartridges, delay in technical support in case of a module
failure, and calibration of the machine. Battery-operated Xpert MTB/RIF machines
might be the alternative for those settings having frequent power cut-off. NTPs
should prioritize establishing Xpert MTB/RIF centers in high-burden settings to
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increase TB case detection in adults and children. This will help minimize the
morbidity and mortality of TB disease in high-burden resource-limited settings.
There might be different challenges for effective implementation of the Xpert
MTB/RIF. Some challenges faced by one health facility might not exist in others.
So, operational and implementation research should be conducted to identify the
implementation bottlenecks in different settings. These operational and imple-
mentation research will help to identify various barriers and facilitators for the
implementation of Xpert MTB/RIF in specific settings and pave the path for better
implementation of Xpert MTB/RIF.

4.1.5 Culture
Culture is also known as the gold standard for the diagnosis of TB as it grows the
live bacteria present in the sample. Culture is used to isolate organisms (M. tb) and
determine phenotypic drug susceptibility testing (DST). For this, samples from
suspected sites are collected and grown in culture media. Because of the pau-
cibacillary nature of the illness in children, the sensitivity of culture to detect M. tb
in children samples is lower than in adults. There is no provision for culture in
lower-level healthcare settings, and the sample should be transported to the labo-
ratory situated in higher-level healthcare centers, especially tertiary-level healthcare
facilities. Because the course of TB in children is quick, the time to get culture
findings is lengthy, and the sensitivity of culture results in children is poor, it is
preferable to begin TB therapy before bacteriological confirmation.

To increase pediatric TB diagnosis in resource-limited settings, sputum extrac-
tion techniques, such as induced sputum, gastric aspirate, or nasopharyngeal
aspirate, and diagnostic techniques with increased sensitivity such as Xpert
MTB/RIF should be available at lower-level health facilities in these settings. In
addition, training and refresher training to HCWs and regular clinical mentoring is
important to implement these interventions easily and contribute to increased
pediatric TB case detection.

4.2 Poor Knowledge About Childhood Tuberculosis Among
Parents and HCWs

Since most children with presumptive TB belong to a low-income family, they
cannot visit the higher healthcare facility even when referred to the higher centers.
Similarly, the out-of-pocket cost for X-rays also discourages children of
low-income families from complete diagnosis. Apart from these, most of the par-
ents of the lower level settings of LMICs have poor knowledge about TB, espe-
cially childhood TB. Due to this, they do not take childhood TB seriously. Instead
of taking their children to healthcare facilities, they prefer visiting traditional healers
first, which delays the diagnosis of TB and increases the severity of the disease.
Even HCWs of lower-level settings have poor knowledge about childhood TB. This
poor knowledge about childhood TB among HCWs will not only directly affect the
childhood TB diagnosis in these settings but will also prevent HCWs from
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sensitizing the parents about childhood TB and the importance of early diagnosis of
childhood TB. Due to this reason, childhood TB remains neglected by parents and
HCWs in lower-level healthcare settings. This will lead to a large number of
children in the community who are undiagnosed and untreated for TB. So, training
on childhood TB for HCWs in such settings is important to initiate and increase
case detection. Apart from this, various programs based on community to sensitize
community people on TB and childhood TB are necessary on a regular basis [8].

5 Conclusion

This chapter described diagnostic tools for childhood TB in the lower-level
healthcare setting of LMICs. The challenges faced by HCWs in resource-limited
settings for diagnosing childhood TB were discussed, along with the way forward
for the increased and improved diagnosis of childhood TB. The discussion high-
lighted how operational and implementation research is important in these settings
to identify bottlenecks for introducing better diagnostic tools for childhood TB in
resource-limited settings. So, “healthier children for better community” should be
accepted by community people to protect children from infectious diseases like TB.

Core Messages

• Childhood TB is still neglected.
• Childhood TB diagnosis tends to be missed due to the paucibacillary

nature of the disease and the lack of specific diagnostic tools.
• Lack of diagnostic tools and experience makes diagnosing pediatric TB

difficult in low- and middle-income countries.
• There is a need to study the possibilities of decentralizing childhood TB

diagnostic technologies in resource-limited settings.

References

1. Marais BJ, Gie RP, Schaaf HS, Hesseling AC, Obihara CC, Starke JJ, Enarson DA,
Donald PR, Beyers N (2004) The natural history of childhood intra-thoracic tuberculosis: A
critical review of literature from the pre-chemotherapy era. Int J Tuberc Lung Dis 8:392–402

2. Triasih R, Robertson CF, Duke T, Graham SM (2015) A prospective evaluation of the
symptom-based screening approach to the management of children who are contacts of
tuberculosis cases. Clin Infect Dis 60:12–18. https://doi.org/10.1093/cid/ciu748

3. Joshi B, Chinnakali P, Shrestha A, Das M, Kumar AMV, Pant R, Lama R, Sarraf RR,
Dumre SP, Harries AD (2015) Impact of intensified case-finding strategies on childhood TB
case registration in Nepal. Public Heal action 5:93–98. https://doi.org/10.5588/pha.15.0004

184 B. Joshi

http://dx.doi.org/10.1093/cid/ciu748
http://dx.doi.org/10.5588/pha.15.0004


4. Marais BJ (2015) Strategies to improve tuberculosis case finding in children. Public Heal
Action 5:90–91. https://doi.org/10.5588/pha.15.0028

5. Christiansen JM, Gerke O, Karstoft J, Andersen PE (2014) Poor interpretation of chest X-rays
by junior doctors. Dan Med J 61:1–5

6. Zar HJ, Workman LJ, Prins M, Bateman LJ, Mbhele SP, Whitman CB, Denkinger CM,
Nicol MP (2019) Tuberculosis diagnosis in children using Xpert Ultra on different respiratory
specimens. Am J Respir Crit Care Med 200:1531–1538. https://doi.org/10.1164/rccm.201904-
0772OC

7. Marais BJ, Gie RP, Schaaf HS, Beyers N, Donald PR, Starke JR (2006) Childhood pulmonary
tuberculosis: old wisdom and new challenges. Am J Respir Crit Care Med 173:1078–1090.
https://doi.org/10.1164/rccm.200511-1809SO

8. Reuter A, Seddon JA, Marais BJ, Furin J (2020) Preventing tuberculosis in children: a global
health emergency. Paediatr Respir Rev. https://doi.org/10.1016/j.prrv.2020.02.004

Basant Joshi is a young researcher from Nepal, currently a Ph.D.
scholar in Epidemiology focusing on implementation research,
from the University of Bordeaux, France. He has experience
working under the National Tuberculosis Program (NTP), Nepal,
to improve diagnostic and management practices for TB. He has
completed an M.Sc. (Medical Microbiology) from Tribhuvan
University, Nepal, and M.P.H. from the University of Gadjah
Mada, Indonesia, under the WHO-TDR scholarship scheme.
Basant is a researcher who has experience conducting research in
low and middle-income countries. He has published his research
works in various international journals as PI. He is also con-
tributing to the scientific community as a peer reviewer. He
started his research career after participating in Operational
Research (OR) training course conducted by International Union
against TB and lung diseases supported by WHO and MSF in
2014. Apart from the experience of conducting research espe-
cially in TB, HIV, and neglected tropical diseases in low- and
middle-income countries, he has also been delivering lectures for
University students.

10 Diagnosis of Childhood Tuberculosis in Low- and Middle-Income Countries 185

http://dx.doi.org/10.5588/pha.15.0028
http://dx.doi.org/10.1164/rccm.201904-0772OC
http://dx.doi.org/10.1164/rccm.201904-0772OC
http://dx.doi.org/10.1164/rccm.200511-1809SO
http://dx.doi.org/10.1016/j.prrv.2020.02.004


11Pediatric Tuberculosis: Current
Evidence for Laboratory Diagnosis

Christiane Mello Schmidt, Claudete Aparecida Araújo Cardoso,
Rafaela Baroni Aurílio, Maria de Fátima Bazhuni Pombo Sant’ Anna,
and Clemax Couto Sant’Anna

Many vague concepts on the pathogenesis of tuberculosis are
attributable to an inadequate understanding of the basic facts
and principles of the action of the bacteria and the reactions of
the host.

Arnold Rich [1]

C. M. Schmidt (&) � C. A. A. Cardoso � M. de Fátima Bazhuni Pombo Sant’ Anna
School of Medicine, Fluminense Federal University, Marquês do Paraná, Avenue, 303, Downtown
Niterói, Rio de Janeiro, Brazil
e-mail: christianeschmidt@id.uff.br

C. A. A. Cardoso
e-mail: claudetecardoso@id.uff.br

M. de Fátima Bazhuni Pombo Sant’ Anna
e-mail: mariamarch@id.uff.br

C. M. Schmidt
Integrated Science Association (ISA), Universal Scientific Education and Research Network
(USERN), Niterói, Brazil

R. B. Aurílio
Institute of Pediatric Care and Pediatrics Martagão Gesteira, Federal University of Rio de
Janeiro, Rio de Janeiro, Brazil
e-mail: rafaela.baroni@ippmg.ufrj.br

M. de Fátima Bazhuni Pombo Sant’ Anna
School of Medicine, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

C. C. Sant’Anna
School of of Medicine, Rio de Janeiro Federal University, Rio de Janeiro, Brazil
e-mail: clemax@medicina.ufrj.br

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
N. Rezaei (ed.), Tuberculosis, Integrated Science 11,
https://doi.org/10.1007/978-3-031-15955-8_11

187

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15955-8_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15955-8_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15955-8_11&amp;domain=pdf
mailto:christianeschmidt@id.uff.br
mailto:claudetecardoso@id.uff.br
mailto:mariamarch@id.uff.br
mailto:rafaela.baroni@ippmg.ufrj.br
mailto: clemax@medicina.ufrj.br
https://doi.org/10.1007/978-3-031-15955-8_11


Summary

As children develop paucibacillary forms of tuberculosis (TB), bacteriological
tests usually are negative. This chapter describes aspects of the laboratory tests
available for clinical practice. It also discusses perspectives, such as biomarkers,
which can be utilized in rapid tests, point of care (POC) tests, performed on
samples other than sputum.

Graphical Abstract

Keywords

Biomarker � Children � Diagnosis � GeneXpert® � Pediatric tuberculosis �
Tuberculosis � Xpert Ultra®

1 Introduction

Children represent approximately 11% of worldwide tuberculosis (TB) cases.
Despite Robert Koch’s discovery of its principal etiologic agent, Mycobacterium
tuberculosis (M. tb), bacteriological confirmation remains a challenge in this age
group, as children develop paucibacillary forms of the disease, primary TB, and
young children are unable to expectorate [2]. Pulmonary TB (PTB) is the most
prevalent form. Adolescents often present post-primary PTB similar to adults, they
can expectorate, and bacteriological tests usually tend to be positive [3, 4].

Pediatric tuberculosis diagnosis
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The radiological changes predominant among children are hilar lym-
phadenopathy, nodular, micronodular (miliary) infiltrates, and chronic evolution of
lesions characterizing expansive pneumonia. In adolescents (10–19 years of age),
post-primary or adult-type TB is more frequent [4, 5]. These characteristics are
displayed in Fig. 1. Also, the forms of extrapulmonary TB (EPTB) in human
immunodeficiency virus (HIV) co-infected patients are paucibacillary [6]. Even
today, especially in children, the diagnosis, mainly of PTB, is based on clinical,
radiological, and epidemiological findings together with the positive result of the
tuberculin skin test (TST) [6, 7].

cGraham et al. (2015) propose that the final classification of pediatric TB cases
should be either confirmed TB (culture and/or polymerase chain reaction
(PCR) positive for M. tb) or unconfirmed TB [8]. This categorization facilitates the
comparison of results obtained in scientific studies. In recent years, various strate-
gies, including the assessment regarding contacts of bacilliferous patients and
diagnosis and treatment of latent TB infection (LTBI), have been used for “The
End TB Strategy” of the World Health Organization (WHO) [9]. Individuals under
five years old and with immunodeficiency are given priority in the treatment of
LTBI. It is known that treating LTBI can diminish the risk of illness, with an
efficiency of between 60 and 90% [10]. Primarily, LTBI is treated with one or two
drugs; thus, both clinicians and laboratorians must differentiate it from active TB [6].

In 2016, the WHO projected 490,000 multidrug-resistant TB (MDR-TB) cases
globally, which reinforces the need for the availability of laboratory tests to assess
bacterial resistance [11].

The classic tests used to investigate suspected TB are TST, bacterioscopy for the
acid-fast bacilli (AFB), and culture techniques for M. tb in clinical specimens [6].
Increased knowledge of the pathogenesis and immunology of the disease, with the
development of molecular biology and biotechnology, has allowed the identifica-
tion of molecules that can be used in diagnostic tests in clinical practice. Examples
of new tools incorporated into clinical practice are detection in peripheral blood
through interferon-gamma release assays (IGRA) and nucleic acid amplification
tests (NAATs). Such tests provide fast results and accurately measure drug-resistant

Fig. 1 Clinical and radiological characteristics of PTB in children and adolescents. Adapted with
permission from [4]
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(DR) [12]. Moreover, the development of rapid TB tests, point of care (POC) tests,
is cardinal as they can provide a fast diagnosis, especially for children and
co-infected patients [13]. New perspectives have emerged from the studies per-
formed to evaluate the role of biomarkers in TB, including innovations such as
“omics” technologies that identify molecules such as proteomics, metabolomics,
and transcriptomics [14].

This chapter presents the laboratory tests currently available for diagnosing
LTBI and active TB in children and adolescents and new perspectives in this era.

2 Non-specific Tests

The hematological abnormalities in pediatric TB are anemia, neutrophilia, or
monocytosis. Although such hematological changes are quite prevalent in children
with TB, in developing countries, they also occur frequently among children with
other non-TB respiratory infections. Thus, the complete blood count has no pre-
dictive diagnostic value when investigating a child assumed to have TB [15].

Higher leukocytosis, neutrophilia, neutrophil/lymphocyte ratio, C-reactive protein
(CRP), and red cell distribution width (RDW) were observed among adult patients
with advanced PTB [16]. In this group, the effectiveness of CRP for the diagnosis and
follow-up of TB cases has been demonstrated since its concentrations decrease
throughout the anti-TB treatment (ATT) and will be normalized at the end of the
therapy [17]. CRP is superior to erythrocyte sedimentation rate (ESR) [18]. In another
study involving adults, after two months of treatment, patients with PTB and anemia
were more likely to display bacteria in the sputum than TB cases without anemia,
denoting a higher risk of a positive AFB with increasing severity of anemia [19].

3 Immunological Tests

3.1 Tuberculin Skin Test

TST, an indirect method to detect M. tb infection, is useful to detect LTBI and as a
complementary test in suspected active TB cases [20–22]. Charles Mantoux
developed TST in 1907. TST is performed by intradermal inoculation of five crude
tuberculin units (TU) or a purified protein derivative of M. tb (PPD). The most
commonly used is PPDRT23, which provides a reading after 48–72 h [20, 22]. For
almost 100 years, TST was the only diagnostic tool available to detect M. tb,
regardless of clinical presentation. Furthermore, TST has a high positive predictive
value in regions where LTBI is prevalent and among those individuals with known
risk factors [20, 23]. The TST is considered positive if the area of induration is
greater than or equal to five millimeters [6]. Consideration should be given to the
guidance of health authorities in each country concerning local norms and policies.
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Usually, the interpretation of TST results for individuals vaccinated with
Bacillus Calmette-Guérin (BCG) is similar to those not vaccinated [22]. BCG
vaccine can cause false-positive results. However, evidence suggesting that the
positive result is due to an LTBI can be affirmed by ascertaining known contacts
with contagious TB, family history of TB, time since BCG vaccination (> five
years), and TST reaction size (� 15 mm) [20, 22]. Broadly, the specificity ranges
from 49 to 65% among children vaccinated with BCG and between 95 to 100% for
unvaccinated children [20]. Some disadvantages of TST include administration and
interpretation of the process as a trained professional is required to apply and read
the test. The patient is also required to return to read it. False-positive can result
either due to the previous application of a BCG vaccination or because of a viable
contact with non-tuberculous mycobacteria (NTM) [20].

Immunocompetent children with confirmed TB may present negative TST [22].
Other reasons for a false-negative TST result are young age, starvation, inadequate
handling of PPD, viral infections (chickenpox, influenza, and measles), recent M. tb
infection, immunosuppressive diseases, such as acquired immunodeficiency syn-
drome (AIDS), or because of other severe forms of TB [20, 22, 23]. Therefore, the
lack of reaction to TST does not exclude LTBI or active TB [22].

3.2 Interferon-Gamma Release Assay

Since 2002, QuantiFERON-TB Gold In-Tube® (Cellestis International, Melbourne,
Australia) and T-SPOT TB® (T-SPOT TB®; Oxford Immunotec, Abington, UK)
are available for use in the United States of America. Both detect blood interferon-
gamma (IFN-c) synthesized by lymphocytes stimulated with M. tb antigens. These
antigens are associated with M. tb rather than M. bovis (BCG vaccine) or several
other NTMs. While the QuantiFERON-TB Gold In-Tube® analyzes the amount of
IFN-c produced by lymphocytes stimulated by 6-kDa early secretory antigenic
target (ESAT6), 10-kDa culture filtrate protein (CFP-10), and Rv2654 (TB7.7), the
T- Spot quantifies lymphocytes stimulated by ESAT-6 and CFP-10 [22, 23]. The
possible results are positive, negative, or indeterminate, and T-SPOT TB® also has
the possibility of yielding a borderline result [23]. In cases of indeterminate or
negative results, the test must be repeated, or another method must be used [22, 23].

TST and IGRA sensitivity are similar for documenting M. tb infection in adults
and children; however, there may be less sensitivity for IGRAs in countries with a
high-TB burden [20, 22, 24]. The specificity of IGRA is greater than that of TST [20].

In children, who have signs and symptoms of TB, the IGRA has a sensitivity of
60–80%. Yet, among confirmed TB cases, it ranged between 80 and 85%. Speci-
ficity ranges from 89 to 100% in children vaccinated with BCG and from 90 to 95%
among unvaccinated [20]. More recently, it has been observed that IGRA has
consistent performance among children aged two years and over, and some data
support its usage even for younger children [22].

While a positive IGRA result in children should be considered M. tb infection, a
negative result does not rule it out. Conversely, indeterminate or invalid results
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have several causes related to the patient, the test, or the performance itself. These
results do not exclude infection byM. tb and may require the repetition of the test or
the use of another method. Therefore, indeterminate/invalid IGRA results should
not be solely employed to make clinical decisions [22].

3.3 Tuberculin Skin Test Versus Interferon-Gamma Release
Assay

TST is the test of choice for children under 24 months of age. In those older than
two years, either the TST or IGRAs can be used; the latter is even preferred if the
child is vaccinated with BCG, thus avoiding false-positive TST results [22].
Both IGRA and TST depend on cellular immunity, so sensitivity may be lower in
immunosuppressive conditions such as HIV/AIDS [20, 22, 23]. When comparing
TST and IGRA, the second costs more and needs more specialized laboratories, so
it is not regarded as a substitute for TST in endemic TB regions with limited
resources, regardless of the HIV status [4, 9, 25].

4 Bacteriological Tests

4.1 Bacilloscopy (Direct Examination)

Bacilloscopy is a simple, safe, and fast method performed in laboratories by trained
professionals. The procedure evaluates the AFB in material obtained from the
airway and extrapulmonary lesions. For a positive result, at least 5000 bacilli per ml
of respiratory secretion are required. However, this method does not allow a dis-
tinction between theM. tb and NTM [6, 25]. Therefore, it can be performed through
conventional microscopy, with Ziehl–Neelsen staining, the most frequently used
method, or through fluorescence microscopy, conventional or with light-emitting
diode (LED). Fluorescence microscopy has slightly higher accuracy than conven-
tional microscopy [6, 25]. Correspondingly, the reading and interpretation of
bacilloscopy results are described in Table 1. The reading and interpretation of the
bacilloscopy results of other materials are shown in Table 2.

4.2 Culture

Culture testing is a more complex, expensive, and time-consuming method; as a
result, it can take up to 40 days in case of a solid medium, compared to bacil-
loscopy, but requires fewer bacilli in the material to show a positive result. It can be
performed using a solid egg-based medium, Löwenstein-Jensen (LJ),
Ogawa-Kudoh, or a liquid medium [25–27]. Particularly, this method tests the
sensitivity of the infectious agent to antimicrobials.
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The commonly used liquid media are Middlebrook 7H9 and Dubos Tween, as
well as automated alternatives, such as microscopic observation drug susceptibility
assay (MODS), BACTEC 460 TB, and the Mycobacteria growth indicator tube
(MGIT) 960 system. Complementarily, secure laboratories with adequate equip-
ment and trained professionals are needed. Also, there is a greater risk of con-
tamination with such methods, but the waiting time for results when positive ranges
from five to 12 days [25–27]. A study carried out in adults validated that the
average waiting time for a result was 25.8 days for the LJ medium and 13.2 days
for the concur that these data can be extrapolated to children MGIT [28, 29].

The performance of smear and culture varies according to age and the material
analyzed. For bacterioscopy, positivity varies from 50 to 80% in sputum, 10–15% in
gastric lavage (GL), and is lower in pleural fluid and cerebrospinal fluid (CSF) (less
than 5–10%). Culture yield can be high in sputum (80%), between 20 and 77% in
GL, less than 25–50% in pleural fluid, and less than 30–90% in CSF [26].

The culture test result confirms the diagnosis of mycobacteria. Specific identi-
fication is necessary to characterize whether it is a case of TB (M. tb complex) or
NTM [6, 25]. The identification of sensitivity to anti-TB drugs can be conducted by
the sensitivity test (ST). It can employ phenotypic (biochemical) or genotypic
(molecular) methods. The most common phenotypic methods for ST are [6, 25, 30]:

i. a proportion method (the conventional method of Canetti, Rist, and Grosset)
that utilizes a solid medium and provides results in up to 42 days of incubation;
and

ii. an automated method that uses a liquid medium, with resistant results available
in about five to 13 days and identifies sensitivity in 13 days.

Table 1 Reading and interpretation of sputum bacilloscopy AFB, acid-fast bacillus

Reading Result

AFB not found in 100 fields observed Negative

1–9 AFB in 100 fields observed The quantity of bacilli
found is reported

10–99 AFB in 100 fields observed Positive +

1–10 AFB per field in 50 fields observed Positive ++

On average more than 10 AFB per field in 20 fields observed Positive +++

Adapted with permission from [6]

Table 2 Reading and interpretation of the bacilloscopy of several clinical specimens AFB,
acid-fast bacillus

Finding Result

AFB is not found in the examined material Negative

AFB is found in any quantity of the examined material Positive

Adapted with permission from [6]
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The drugs commonly tested are streptomycin (S), isoniazid (H/Inh), rifampicin
(R/Rif), ethambutol (E/Emb), and pyrazinamide (Z/Pza).

An expensive method for detecting M. tb growth and assessing resistance (R/Rif
and H/Inh) is the MODS [31]. A study with 96 children, using the MODS and
MGIT methods, showed sensitivity and specificity of 39.7% and 42.3%, respec-
tively, for diagnosing TB. Besides, the average time to acquire the results was eight
and 13 days, respectively [32]. The culture test, although of paramount importance,
both for confirming the case and for detecting DR, does not help in the initial
decision to treat a TB case due to the slowness of the result [33].

5 Nucleic Acid Amplification Tests

The Xpert® M. TB/RIF assay (Cepheid; Sunnyvale, CA, USA) consists of a
molecular method that amplifies nucleic acids through real-time PCR using the
Gene Xpert® platform. It integrates three processes (sample preparation, amplifi-
cation, and detection) concerning M. tb deoxyribonucleic acid (DNA) and utilizes a
technique that does not require manipulation of mycobacterial DNA after ampli-
fication [34]. It is possible to identify the M. tb DNA and R/Rif resistance
(RR) within two hours. After amplification, the region responsible for the resistance
gene, rpob, is examined to detect mutations [33]. Although this technique does not
test I/Inh, most cases regarding the detection of RR by Xpert® are also resistant to
this drug, named MDR-TB [35]. This is a fast, automated, and operator-
independent test whose role is to add the reagent to the sample and then homog-
enize it for 15 min to transfer to the Xpert® cartridge [34]. Also, the machine
requires relatively simple maintenance and has customized cartridges. Each
machine has independent modules for the cartridges and can process various
materials (organic liquids and aspirated peripheral lymph nodes) [36]. It should not
be used for treatment control since it can identify live or dead bacilli [33]. With the
incorporation of Xpert®, the identification of M. tb DNA and RR has increased [2].

In 2017, the Xpert M. TB-RIF Ultra® (Xpert Ultra) emerged with the expecta-
tion of presenting greater sensitivity, particularly in the paucibacillary population.
The platform was maintained, and two modifications were made to the method
cartridge, a larger recipient for nucleic acid amplification, enabling a larger sample
and two more M. tb targets [37]. Additionally, other technical changes were made.
Therefore, to enhance the detection of resistance to RMP, melt curve analysis is
used instead of the real-time PCR, thus avoiding false-positive results among those
with a small bacillary population [38].

The limit of detection by Xpert® is 4.5 copies of genomes or 131 colony-forming
units (CFU) ofM. tb per ml of sputum. These values are higher in comparison to the
culture for Mycobacteria (10–100 CFU/ml) but substantially lower than bacil-
loscopy (10.000 CFU/ml) [34]. As a result, there is a good alignment between the
positivity of Xpert® and the culture test, which was already evident among
Brazilian children and adolescents with presumed PTB [39]. Moreover, the changes
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in Ultra®, in contrast with Xpert®, provided a reduction in the detection limit to
approximately 16 CFU per ml [40].

Detjen et al. (2015) performed a meta-analysis to evaluate the use of Xpert® in
pediatric TB cases. When compared to culture, the sensitivity and specificity were
62% and 98% in sputum and induced sputum (IS) and 66% and 98% in GL,
respectively [41]. Specificity is similar to that observed in adult clinical samples
(98%) [42]. However, most studies involve the sensitivity of the method using
culture as a gold standard from those with a clinical diagnosis and a negative culture
(using clinical diagnosis as gold standard), whereas the ideal would be to evaluate
all as a single group since there is no gold standard for diagnosis of TB in the
pediatric age group. The sensitivity of Xpert® in children may vary according to the
specimen evaluated, and collecting serial samples can increase performance. Ioos
et al. (2018) evaluated the detection of M. tb by Xpert® and through cultures in
alternative specimens (GL, IS, nasopharyngeal aspirate [NPA]) in children with
symptoms suggestive of PTB. The detection of Xpert® was 2–17% in IS, 5% to
51% in GL, and 3% in NPA [43]. The use of Xpert® in bronchoalveolar lavage
(BAL) among children with negative bacilloscopy in GL or sputum/IS samples and
in those with suspected MDR-TB proved effective. Advice regarding this type of
specimen collection would be to restrict only to patients who evolve without
clinical or radiological improvement, seeking confirmation of PTB or proof of
MDR-TB [44, 45].

Notably, in the forms of EPTB, Xpert® is also recommended by the WHO, even
though few studies validate its positive effects for children and adolescents [46–48].
The sensitivity of the method in lymph nodes, compared to culture, for both chil-
dren and adults, is 96%, with the specificity of 93% [49]. In an Ethiopian study
evaluating patients with suggestive TB lymphadenitis, Xpert® detected M. tb in
more than half of the samples with caseum [50]. The document referring to TB
diagnosis published in 2020 by the WHO suggests Xpert® and Ultra® as an
alternative for bacilloscopy evaluating cases suggestive of PTB in children and
adults. These tests are recommended to be performed on samples other than spu-
tum, such as NPA, GL, and stools [12]. It also emphasizes using these tests in cases
of EPTB [12]. Professionals involved with pediatric TB should be aware of the
different aspects of PTB among children and adolescents, the intricacy involved in
collecting different specimens, especially from outpatients, and the lower accuracy
of DNA amplification tests in children when compared to adults, so that TB in this
group, especially among younger children, tends to be underdiagnosed.

In a study with children who presented signs suggestive of TB meningoen-
cephalitis, the positivity of Xpert® was 21.4% [47]. Lopez et al. [48], when
simultaneously analyzing urine and respiratory samples using Xpert®, were
unsuccessful in getting a positive urine result, a reflection of PTB among children.
WHO recommendations regarding specimen analysis by Ultra® are the same as
those of Xpert®, including extrapulmonary samples. The semi-quantitative analysis
of both methods is similar, with results presented as high, medium, low, and very
low for M. tb DNA detection. A new category was included, “traces,” presented
only in Ultra® (corresponding to a level below the very low rating given by

11 Pediatric Tuberculosis: Current Evidence for Laboratory Diagnosis 195



Xpert®). This category, “traces,” corresponds to a very small bacillary population,
configuring a true-positive result in children, HIV-infected, and EPTB patients [38].

Investigating PTB Among hospitalized children in South Africa, samples from
IS collected on the same day were submitted to Xpert® and Ultra® along with a
culture test for comparison. For those with bacteriological confirmation (culture,
Xpert or Ultra), the detection was 63.2% (Xpert®), 73.7% (Ultra®), and 82.9%
(culture). However, using culture as a reference, the sensitivity of both molecular
methods was similar (64.4% for Xpert® and 65.8% for Ultra®) [51]. To evaluate the
higher performance of Ultra®, the combination of NPA and IS achieved 80%
sensitivity, using culture as a reference [51].

WHO (2020) recommends other nucleic acid amplification methods, such as
loop-mediated isothermal amplification (TB-LAMP), line probe assay (LPAs), and
second-line LPAs, especially for adults. Second-line LPAs are highlighted to be
used in cases with MDR-TB/RR to test for resistance to other drugs, such as
fluoroquinolones (FQs) [12]. Table 3 illustrates the characteristics of the molecular
tests available.

6 Serial Samples, Different Specimens, and Faster
Methods

The evaluation of respiratory specimens on consecutive days can intensify the
performance of Xpert®. This type of collection among pediatric patients with
presumed PTB enabled the additional detection of 7.9% positivity through

Table 3 Characteristics of some molecular tests used for the diagnosis of TB, nucleic acid
amplification tests (NAATs); Xpert M. TB/RIF assay, molecular test for M. tb and resistance to
rifampin (R/Rif); isoniazid (I/Inh), line probe assay (LPA), fluoroquinolones (FQs) and
second-line injectable drugs (SLID)

Method Time
(h)

Sensitivity Specificity

Xpert MTB /RIF assay < 2 85% (pooled)
96% (RIF)

99% (MTB detection)
98% (RIF resistance)

Xpert MTB/RIF Ultra < 2 90% (pooled)
94% (RIFresistance)

96% (MTB detection)
98% (RIF resistance)

LPA (1 line) [INH and RIF] 5 98% (RIF resistance)
84% (INH resistance)

99% (RIF resistance)
> 99% (INH
resistance)

LPA (2 lines) [Fluo; SLID] 5 86% (FLQ resistance)
87% (SLID
resistance)

99% (FLQ resistance)
99% (SLID resistance)

Loopamp™ MTBC assay < 2 78% (pooled) 98% (MTB detection)

TrueNAT MTB Plus < 2 89% (pooled) 98% (MTB detection)

TrueNAT MTB – RIF Dx 93% (RIF resistance) 95% (RIF resistance)

Adapted with permission from [52]
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molecular methods [53]. The evaluation of paired samples on the same day, using
an NPA sample and an IS sample using culture as a confirmed definition of TB,
exemplified the sensitivity of Xpert® with the collection of a paired sample of
80.5%, similar to the percentage obtained with the Ultra® [54, 55]. However,
collection on different days may be more difficult for outpatients, and in these cases,
the analysis of two samples collected in one visit can be considered [35, 43].

The Xpert® and Ultra® can be performed on the stools and be helpful in pau-
cibacillary patients who are unable to generate respiratory specimens. Simultaneous
collection of IS and fecal sample, in children in South Africa, denoted sensitivity of
37.9% for Xpert® and 58.2% for Ultra®, when compared to a bacteriological
confirmation according to culture, Xpert® or Ultra®, in the IS. These values
increased to 77.8 and 88.9% for Xpert® and Ultra®, respectively, when the refer-
ence was bacteriologically confirmed only by a culture test [56].

Genomic sequencing can confirm the susceptibility of at least first-line drugs.
The genotypic approach associated with the phenotype is necessary for the optimal
diagnosis of DR [35]. Omni and Edge are portable modules (POC test) for a single
Xpert cartridge, powered by batteries that facilitate the investigation of community
TB cases [35].

7 Biomarkers

Biomarkers are substances or components that can serve as markers and express
normal or pathogenic biological events. They can be used in laboratory tests, either
for diagnostic purposes or to control the therapeutic response. They can be unique
or represent a set of molecules characterizing the biosignature, and they originate
from the pathogen or host [57, 58].

In the context of TB diagnosis, some aspects related to biomarkers deserve to be
highlighted, such as using POC tests and analyzing different specimens of respiratory
secretions like blood, urine, and exhaled air, among others. This characteristic of
biomarkers is integral for children with TB and TB-HIV-co-infected patients in
whom bacilloscopy has low sensitivity and sputum collection is proving to be difficult
[13]. A good biomarker could allow rapid screening of patients, detect individuals
more likely to develop TB from LTBI, and differentiate between healthy individuals
and those with active TB [59, 60]. According to theWHO, a test to be used on a large
scale for TB must have at least 90% sensitivity and 70% specificity [7].

7.1 Serology

M. tb can stimulate the humoral immune system resulting in the synthesis of
different antibodies [61, 62]. In pediatric TB, serological tests arouse scientific
interest since the tests can be performed in specimens other than respiratory
secretions and other sites of infection. They also have the advantage of potentially
low cost and the ability to provide quick results [63, 64].
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In children, some aspects should be highlighted when assessing the dosage of
immunoglobulins (Igs) in the diagnosis of TB. The immune system is still devel-
oping in individuals under two years of age. In newborns, IgM is the main
immunoglobulin synthesized in response to antigenic stimuli; IgG levels result
mainly from the mother-fetus transplacental passage and breast milk supplies yield
IgA [65]. At two, six, and ten years, a child reaches the maximum levels of IgM,
IgG, and IgA, respectively [66].

Achkar and Ziegenbalg [64] selected 23 articles on the use of antibodies in
pediatric TB. They found differences in antibody levels in terms of sensitivity (14–
85%) and specificity (86–100%). These authors highlighted the difficulty in com-
paring the results between studies due to different age groups, in house methods or
use of commercial kits, distinct antigens (Ag5, “old tuberculin,” A60 (ANDA-TB)
16KDA, 30 KDA, 38 KDA, PPD, ESAT-6, TBLG, LOS, DAT, PGBTb1, Ag 85
complex, and CFP-10), as well as the antibody isotypes evaluated and the type of
final TB diagnosis (confirmed or not) in the studies.

Nonyane et al. [7] evaluated the IgG response to 119 antigens (i.e., multiplexed
bead-based assay) in the serum of children aged from 12 to 152 months with
confirmed PTB, unconfirmed PTB, and improbable PTB. When comparing patients
with confirmed PTB, improbable PTB, and negative TST, for all ages, they found
the best area under the curve (AUC) of the receiver operating characteristic
(ROC) equal to 0.74 for the RV 3875_FIND antigen; with sensitivity and specificity
of 70 and 71%. When comparing PTB versus improbable TB with positive TST, the
antigen with the best result was DID64IDRI, with AUC of 0.59, the sensitivity of
60%, and specificity of 64% [7].

Schmidt et al. [67] evaluated IgG anti Mce1A (mammalian cell protein) as a
biomarker to differentiate LTBI and active TB, finding sensitivity of 74% and
specificity of 64%, respectively, when comparing pediatric patients with PTB with
a positive bacteriological method (AFB, GeneXpert M. tb/RIF® or culture) and
patients with LTBI.

The commercial serological methods are not recommended, by WHO, to be used
in clinical practice due to their low accuracy [7, 68].

7.2 Lipoarabinomannan

The measurement of lipoarabinomannan (LAM), present in the cell wall of M. tb, in
the urine (POC test), is an auxiliary tool in co-infected (TB-HIV) adults with
advanced disease [69]. Nicol et al. [70], examining children co-infected or not,
found low sensitivity and specificity, thus, discouraging its use in this
group. However, in 2020, WHO recommended the use of LAM dosage through
lateral flow in the following situations:

• children, adolescents, and adults living with HIV;
• hospitalized patients with suspected PTB or EPTB or with severe AIDS with a

total CD4 less than 200 cells/mm3; and
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• children, adolescents, and adults living with HIV and treated on an outpatient
basis, depicting signs and symptoms of PTB and EPTB or being seriously ill,
regardless of clinical manifestations of TB, and with an unknown CD4, or with
CD4 cells less than 200/mm3, as well those with no symptoms but with CD4
cells of approximately 100–200 cells/mm3 [12]

Despite these indications, its use in childhood is still limited.

7.3 Cytokines

Cells (T lymphocytes, macrophages, and non-specific T cells) activated by M. tb
antigens secrete cytokines that can be used as biomarkers to further distinguish
between LTBI, active TB, and other lung diseases. Some cytokines have already
been detected in elevated levels in TB patients [71].

In a study with children carried out in India, the association of the dosage of
interferon-gamma inducible protein 10 (IP-10) and IGRA exhibited promising
results [72]. Sudbury et al. [73] published a study performed in Peru aiming to
evaluate the effectiveness of some cytokines as a tool for diagnosing active TB and
LTBI in pediatric participants, demonstrated higher levels of IFN-ɣ, interleukin
(IL) 1ra, IL-2, IL-13, IP-10, macrophage inflammatory protein 1 beta (MIP-1b), and
tumor necrosis factor a (TNF-a) when compared to control groups (healthy people
and patients with other diseases). The best performance was obtained with IL-2,
IL-13, and IP-10, with positive and negative predictive values above 90% for IL-2.
Levels of IL-1ra and TNF-a differentiated LTBI and active TB. Togun et al. [74]
studied Gambian children with a condition suggestive of intrathoracic TB, and
identified a biosignature (IL-1Ra, IL-7, and IP-10) capable of differentiating TB
from other respiratory diseases; the sensitivity was 72.2% (95% CI: 60.4–82.1%),
the specificity was 75.0% (95% CI: 64.9–83.4%), and the AUC was 0.74 (95% CI:
67–81%). Lastly, different detection methods and evaluated cytokines in pediatric
TB studies make it difficult to compare their results [71].

8 Omics Technologies

Biotechnology has enabled the development of “omics.” The suffix “omics” has a
Latin origin and is a branch of biology that seeks to characterize a set of molecules
that translate into the structure, function, and dynamics of an organism [14]. These
experiments measure the activities of genes that result in the identification of
transcriptomics, proteomics, and metabolomics [75]. Since the 1990s,
two-dimensional electrophoresis and mass spectrometry have allowed the identifi-
cation of several microbial proteins. Specifically, proteomics mentions the set of
proteins expressed by a given cell in different situations [76]. Likewise, metabo-
lomics studies the metabolite repertoire of an organism [77]. Molecules of
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ribonucleic acid (RNA) read from part of the DNA are the transcripts, which
together form transcriptomics. Typically, it is formed by messenger RNA [78]. The
studies of proteomics, metabolomics, and transcriptomics have been evaluated as
potential biomarkers for use in diagnostic tests for TB.

Anderson et al. [79] in a prospective study in South Africa, Malawi, and Kenya,
with children with suspected TB, infected or not with HIV, detected 51 transcripts
that allowed differentiation between TB and other diseases. In patients with TB
confirmed by culture, the sensitivity was 82.9% and the specificity was 83.6%.

Penn-Nicholson et al. [80] studied two proteomic signatures (i.e., TRM5 and
3PR) in the plasma of TB contacts in South Africa and the Gambia. Both were able
to predict TB, although they did not meet the criteria designated by the WHO for
use in large-scale testing, suggesting that further studies are required.

9 Conclusion

Despite technological advances, the difficulty in laboratory confirmation of TB
persists in children. TST and IGRAs are used in cases of LTBI and active TB.
However, traditional bacteriological tests ( bacterioscopy and culture) perform
poorly in children. Furthermore, Xpert M. tb RIF® and Ultra® have already been
incorporated into clinical practice, but in children, they have not achieved the
expected results as obtained in adults. New perspectives are being evaluated, such
as the use of different clinical specimens and the discovery of potential biomarkers
that achieve adequate accuracy for developing POC tests [81].

Pediatric tuberculosis requires much attention: we do not always find the bacillus, but it is
there.

Christiane Mello Schmidt, Claudete Aparecida Araújo Cardoso, Rafaela Baroni Aurílio,
Maria de Fátima Pombo Bazhuni Sant`Anna, Clemax Couto Sant´Anna

Core Messages

• In children, PTB and EPTB are, commonly, paucibacillary.
• The bacteriological or molecular tests are less sensitive in children com-

pared to adults.
• Although TST and IGRAs are useful for detecting M. tb infection, they do

not differentiate LTBI from active TB.
• The new perspectives are different NAATs and biomarkers that can be

used in POC tests.
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Summary

Tuberculosis (TB) is an old disease but not a disease of the past. Despite a global
plan to End TB, it is still among the leading causes of death. The main
challenges are the gap in case detection and challenges along the cascade of care.
According to the World Health Organization, in 2018, thirty percent of the
people that were ill with TB were missed. Resource-limited settings are
particularly affected. This chapter describes an unconventional, multidisciplinary
scientific approach to tackle TB in high-burden settings. In 2001, the non-profit
organization APOPO initiated the idea of training African giant pouched rats to
diagnose TB. Informed by behavioral science and analytical chemistry of
volatile organic compounds, this concept was put into practice with local health
partners to impact health and inspire positive societal change. This spirit guided
the development of an integrated TB detection model to increase TB detection
rates by utilizing innovative TB detection rats alongside novel service elements,
including new sample referral structures to speed up diagnostic services and
critical efforts to reliably link newly diagnosed patients to care. This approach
has resulted in more than 20,000 additionally diagnosed TB cases across three
African countries. TB detection rats are one of the most sophisticated medical
uses of animal scent detection. Yet, this is not the end of ambitions: the
diagnostic tool and the service approach are continuously refined, and new
sample materials and disease targets remain to be tackled.

208 N. Beyene et al.



Graphical Abstract

Keywords

Cricetomys ansorgei � Diagnostic � Same-day TB testing � Sample referral
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Tuberculosis (TB) detection rats technology: a presumptive TB cases provide sputum samples for
microscopic examination at their local clinic; b once the microscopic examination is completed,
APOPO’s sample collectors pick up both TB-positive and TB-negative samples; c at the APOPO
facility, samples are heat-inactivated to ensure that any TB-positive sputum is no longer
contagious; d all the samples from the clinics are presented to the rats. If a rat shows positive
indication (holding the nose over the sample for 3 s) and if this sample was TB-positive at the
partner clinic, the rat receives a reward that keeps them accurate and eager to find TB in the
samples; e if the rat indicates a sample marked negative by the clinics, this sample is flagged
suspect; f the suspect samples are then confirmed at APOPO's lab using WHO-endorsed diagnostic
methods; g confirmed positive results are reported to the clinic within 24 h. Adapted with
permission from APOPO vzw. Copyright © APOPO
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1 Introduction

Tuberculosis (TB) is both treatable and preventable. Nonetheless, it remains one of
the top causes of mortality. The United Nations (UN) and its member states are
committed to “End TB.” The “Find.Treat.All.#EndTB” initiative1 was jointly
developed by the World Health Organization (WHO), the Stop TB Partnership, and
the Global Fund to Fight AIDS, Tuberculosis, and Malaria. However, finding and
treating all patients remains a global challenge. Bold strategies and initiatives to
improve the diagnosis and treatment follow-up are required to fulfill the ambitious
disease elimination plan. Next to conventional national and international disease
efforts, unusual paths were taken to challenge TB: training rats to diagnose TB by
APOPO,2 a Belgian NGO that develops and utilizes scent detection technology for
humanitarian purposes.3 Scent detection is a broad, interdisciplinary area of science
and application. Odors play a very important role in the life of many species
(olfaction is, evolutionary speaking, our oldest sense). Using animals such as dogs
for scent detection, i.e., as biosensors, is rather common; however, deploying
African giant pouched rats (Cricetomys ansorgei) for humanitarian tasks is unique.
Work that proved these trained rats can detect explosives raised the question in
2001 if they could also find TB. Scientific studies followed, and the hypothesis was
supported: rats can detect TB using their sense of smell. APOPO’s projects do not
end with proofs-of-concept but include the deployment of the detection rat tech-
nology as part of wider community response and services. Thus since 2007, a new
area of research and application has emerged, with the development of an integrated
TB detection model that incorporates rats as a test for research purposes, urban
sample referral models, and community action to improve services alongside the
cascade of TB care.

This chapter describes the multidisciplinary science behind the TB detection rat
technology, the holistic approach envisioned, and the future outlook of this novel
technology. The first section deals with the biology, behavior, and training pro-
cedures of Cricetomys ansorgei (animal behavior and psychology), the second
section explains the evaluation cage designs developed (industrial engineering), the
third section deals with the description of the TB-specific odors the rats are sniffing
(organic analytical chemistry), the fourth section describes the urban sample referral
network, the fifth section describes the diagnostic procedures and integrated diag-
nostic services (biomedicine and public health), and section six presents the social
impact of the rats when combined with WHO-endorsed tests in three different
countries (public health and epidemiology). Finally, a conclusion is drawn, and an
outlook to the future is given.

1 https://www.who.int/tb/joint-initiative/en/.
2 Anti-Persoonsmijnen Ontmijnende Product Ontwikkeling, which stands for Anti-Personnel
Landmines Removal Product Development.
3 www.apopo.org.
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2 Animal Behaviour and Training

APOPO works with giant African pouched rats (Cricetomys ansorgei; Fig. 1)
belonging to the Nesomyidae family within the Muroidea superfamily. The
omnivorous and nocturnal rats are native to sub-Saharan Africa. Like their hamster
cousins, the pouched rats get their names from large cheek pouches in which they
commonly store food or transport various items [1]. Their large size inspires the
“giant” aspect of their name, averaging 60–90 cm in overall length (including their
tail, which accounts for nearly half of this length) and weighing 1–1.5 kg (males
slightly more) as adults. In captivity, the rats commonly live nine years or more.

APOPO maintains a breeding colony of Cricetomys alongside its training and
research facilities at the Sokoine University of Agriculture in Morogoro, Tanzania.
Genetic diversity of the colony is maintained by the occasional introduction of
wild-caught rats that are re-released after litters are weaned at ten weeks post-natal
age. After weaning, each animal is outfitted with a radio frequency identification
(RFID) chip and given a unique name to highlight individual importance.

All APOPO rats are housed with littermates in ventilated home cages containing
a locally sourced clay pot to mimic their natural underground burrow, clean wood
shaving substrate, an untreated wood gnawing/climbing stick, free access to
drinking water, and either an elevated platform or large running wheel. The rats are
fed a variety of fresh fruits, vegetables, grains, and protein sources, including nuts,
legumes, and sun-dried sardines supplemented by commercial rodent chow. During

Fig. 1 An adult African giant pouched rat (Cricetomys ansorgei). Adapted with permission from
APOPO vzw. Copyright© APOPO/Marten Boersema
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training sessions, most of their food is provided with extra rations supplied in the
home cage during weekends and holidays. The rats are routinely examined by a
veterinarian, who inspects rat health, welfare, and housing conditions and provides
healthcare as needed.

Training begins when the eyes of young pups open at four weeks of age. This
early training socializes the rats to humans through gentle handling three times a
day and hand feeding them palatable foods, including bananas or peanuts. During
these sessions, the trainer also habituates the young rats to the various sights,
sounds, and smells they may encounter as a future scent detection rat by gradually
exposing them to various objects and environments. Not only does this rich range
of experiences minimize stress to the rat during more advanced training stages and
help ensure they will not experience anxiety while later working in the scent
detection context, but it also approximates what is often termed “environmental
enrichment.” Such enrichment has been shown to positively impact learning and
memory abilities in other rat species [2–4]. This early training continues for
approximately two weeks after the rat is weaned (roughly 12 weeks of age) or until
it does not show any signs of fear, stress, or aggression when introduced to a novel
context or person. Enrichment and socialization are then provided through three
weekly exercise sessions of 15 min each in which the rat is allowed to freely
explore a large, ventilated enclosure equipped with securely fastened climbing
branches or ramps, a large running wheel, and a variety of objects presented in
rotation, such as sisal climbing ropes, large diameter pipes, or cardboard boxes.

After the rat has been properly socialized, scent detection training proceeds
through a series of stages (summarized below), beginning when it is approximately
13 weeks old. Training activities are typically conducted five days per week and are
driven by the psychology principles of shaping, positive reinforcement, and dis-
crimination learning.

2.1 Reinforcer Selection

Successful scent detection training requires carefully timed reinforcement of desired
behaviors. While the target behavior may vary across stages of training as the rules
of shaping are applied, the reinforcement must always represent a desirable out-
come for the rat (a so-called “reward”) to maintain proper learning motivation and
encourage a recurrence of the target behavior. Early work at APOPO established a
mixture of bananas, avocados, and crushed rodent chow pellets as optimal rein-
forcement because it not only meets nutritional demands but is also highly palatable
for even mildly food-restricted rats (when 23 h has elapsed since prior access to
food but with no deviations observed in free-feeding bodyweight). Furthermore,
when delivered through a 20-cc syringe, this soft mixture is immediately consumed
by the rat rather than stored in its cheek pouches, thereby avoiding motivation
attenuation shown with other “storable” food items.
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2.2 Clicker Training

Applying the classical principles of learning discovered by Pavlov [5], a previously
neutral click sound acquires relevance to the rat by repeatedly pairing this sound
with the biologically relevant food reinforcement (unconditional stimulus (US) in
Pavlovian terms). Clicker training is accomplished by placing the rat inside a
rectangular enclosure and triggering the click when the rat approaches the trainer
positioned outside, who then immediately provides food reinforcement. Such click
! food pairing occurs 15–20 times (until the rat appears sated) during each of two
daily sessions. These pairings effectively form an association between the clicker
sound and food which can be observed in the behavior of the rat. That is, prior to
pairing, the clicker fails to evoke any response from the rat; however, after the rat
has learned that the click reliably predicts food delivery, the click sound-alone
provokes the rat to approach the trainer in anticipation of the food. Not only does
this newly established value of the click serve as a signal for food to the rat, but it
also establishes the sound of the click as a conditioned reinforcer [6] capable of
supporting further learning. This association establishes a critical foundation for
subsequent training because it provides the trainer with a means of communicating
with the rat. Like most animals, rats engage in various natural behaviors within a
short period. Therefore, the timing of reinforcement is essential to teach the rat
which specific behavior triggered the reinforcement effectively. Such precise timing
is difficult to achieve with a food-filled syringe that must be physically moved to the
rat’s vicinity; however, using a small handheld device, the trainer can quickly
depress a button generating the click sound to instantly reinforce the rat’s behavior
at precisely the moment it occurs. This allows the trainer to shape the rat’s natural
behavior by reinforcing successive approximations towards the unnatural target
response.

2.3 Indication Training

Explicit shaping begins by teaching the rat to approach and sniff a two-cm diameter
hole in the floor of the training enclosure. A sputum sample confirmed by micro-
scopy to contain Mycobacterium tuberculosis (M. tb, TB-positive sample) is placed
beneath each of three holes spaced equidistant along the floor. Each hole is covered
by a metal plate. After placing the rat within the enclosure, the trainer slides open
one metal plate to reveal the hole and the sample it contains. The rat’s natural
exploratory behavior to approach this novel hole is reinforced by immediately
sounding the click. As the rat moves away from the hole to retrieve its food reward,
the hole over the container is slid closed. The hole is then re-opened, and the click is
again sounded when the rat re-approaches it. During subsequent trials with the open
hole, the trainer withholds clicking until the rat inserts its nose within the hole (nose
pokes). Gradually, across trials, the trainer requires the rat to nose poke for pro-
gressively longer durations. By placing the rat in the same end of the apparatus at
the start of each training session and opening each sample hole in succession,
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starting with the hole nearest the rat, the rat also learns to navigate the apparatus to
evaluate scent samples in sequence during this training stage. This process is
repeated across days until the rat reliably nose pokes for at least three seconds in
each of nine consecutive holes containing TB-positive samples (each of the three
holes is visited three times).

2.4 Discrimination Training

Using the same three-hole rectilinear training apparatus, discrimination training
establishes the unique odor profile emitted by TB-positive samples as a discrimi-
native stimulus to signal when the rat’s nose poke behavior will be reinforced. This
is accomplished by introducing sputum samples deemed not to contain M. tb
(TB-negative samples) and never sounding the click or delivering food reinforce-
ment when the rat nose pokes in the hole containing these samples, regardless of
how long the nose poke response occurs. Importantly, which hole contains
TB-positive or TB-negative samples is randomized across sessions; thus, the only
cue the rat can rely on to predict reward is the smell of the sample placed beneath
the hole. Half of the holes contain TB-positive sputum samples during initial
training sessions, while the rest are TB-negative samples. To prevent the cunning
rat from relying on cues extraneous to the presence of TB and to ensure that the rat
accurately identifiesM. tb across its various presentations within samples (including
bacterial load, how the sample was stored or otherwise handled, and unique patient
characteristics including age, sex, diet, or comorbid infections), thousands of
TB-positive and TB-negative samples from partner clinics are used throughout this
and the following training stages. The total number of sputum samples included in
the session gradually increases across days while the ratio of TB-positive to
TB-negative samples decreases. To advance to the final training stage, the rat
undergoes a blind test in which the trainer is not even aware which samples are
TB-positive or TB-negative. This ensures the rat’s nose poke behavior is
unequivocally driven by the odors emitted by the samples without influence from
any subtle behavioral cues of the trainer, such as reaching for the next hole before
the rat has finished nose poking the current hole containing a TB-negative sample
or leaving the hole open longer when a TB-positive sample is placed within it. This
test includes 30 unique sputum samples (each of the three holes within the appa-
ratus are visited ten times), from which only eight are TB-positive. To pass the test
and advance to the final training stage, the rat must either 1) accurately indicate
(nose poke of � three seconds) all eight TB-positive samples while committing no
more than one false indication of a TB-negative sample or 2) miss (nose poke <
three seconds) no more than one of the eight TB-positive samples while committing
no false indications of TB-negative samples.
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2.5 Final Training

To capitalize on the rats’ incredible speed in the scent-based evaluation of sputum
samples and maximize throughput, rats are transitioned to a larger version of the
rectilinear training apparatus containing ten holes instead of three. Daily training
sessions follow the same procedures established during discrimination training;
however, the total number of samples evaluated within each session gradually
increases across days from 30 (each hole visited three times) to 100. To prepare the
rat for research involving patient samples from local clinics, the prevalence of
TB-positive samples is gradually reduced to 10% or less, while blind samples are
introduced. Blind samples offer the benefit of avoiding inadvertent cueing from the
trainer that may influence the rat’s indication behavior and undermine the scent
detection training while also teaching the rat that a reward does not always follow
correct indications. This latter point is critical in positioning the rat to reliably
identify new cases of TB that were previously undetected at the clinic. Without
specific training, the behavioral phenomenon of extinction rapidly occurs when
reinforcement is withheld under circumstances when it would otherwise be
expected. Extinction learning causes the rat to stop performing the indication
response. From the rat’s perspective, it expects to be rewarded if its nose pokes a
hole that smells like M. tb. However, if the clinic misses the presence of M. tb
within the sputum sample, the sample will appear TB-negative for rat training
purposes, and the trainer will not reinforce the rat’s nose poke with the click sound
and food. This can be surprising to the rat and reduces its motivation to indicate
subsequent TB-positive samples (likewise reducing the likelihood of finding new
cases). However, by only reinforcing a subset of known TB-positive samples
during training, the rat’s indication behavior can be protected from extinction by
essentially teaching it that non-reinforcement occasionally occurs, but if the rat
continues on the task of sniffing successive samples, it will eventually encounter
another TB-positive sample for which it can earn the click and food.

This training continues for at least three months of daily sessions until the rat
passes another blind test. During this final blind test, the rat is challenged to achieve
100% sensitivity and 95% specificity with 100 sputum samples of confirmed TB
content (including nine or fewer TB-positive samples) or otherwise miss no more
than one TB-positive sample while achieving 97% specificity. Allowing two sep-
arate criteria for passing this blind test allows highly sensitive and specific rats to
join APOPO’s operational research programs. Deploying the rats in a team strategy
(where a pre-defined number of rats must all indicate any given sputum sample for
it to be considered suspected of containing M. tb and subjected to laboratory
confirmation) reduces the risk of missing a new TB-positive case by offsetting one
rat’s high specificity with the strong sensitivity of other rats. Likewise, relying on
the indication behavior of only one or a few highly sensitive rats compromises
efficiency through an increased risk of false indications, which a highly specific rat
counters. Thus, including both sensitive and specific rats in operations ensures
cost-efficient detection of new TB cases.
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As with final training, operational TB detection research utilizes the ten-hole
cage and includes all sputum samples collected by partnering clinics, including
those which were already confirmed TB-positive and those diagnosed TB-negative.
TB-positive samples permit within-session calibration of rat performance while
providing an opportunity for the rat to earn food reinforcement, effectively main-
taining its TB detection training and motivation for the task. TB-negative samples
indicated (nose poke of � three seconds) by the team of rats are then flagged for
confirmatory analysis within APOPO’s laboratory using WHO-endorsed TB tests.

3 Rat Evaluation Setups

Presently, all rat TB detection research is performed in manually operated training
cages, including the rectilinear and semi-automated line cages. In these setups,
trainers manually open and close the sample holes (by sliding the metal plate
covering them) to provide access for the rat to sequentially sniff sputum samples
placed beneath them.

3.1 Rectilinear Manual Cage

This is a custom-engineered apparatus consisting of a rectangular enclosure
(210 cm long � 52 cm wide � 41 cm tall) elevated by four 85-cm steel legs and
covered by a hinged wire-mesh door. All sides of the enclosure are constructed
from clear Perspex panels allowing an unobstructed view of the rat. The
stainless-steel floor contains ten holes (measuring two cm in diameter) spaced ten
cm apart (as measured from the center of one hole to the center of the adjacent
hole). Aluminum cassettes measuring 192 � 8 � 45 cm, which contain ten holes
aligned with the ten holes along the enclosure floor, are loaded with plastic sputum
sample containers. Cassettes are placed in a hinged bracket below the cage floor,
which, when locked into the upward position, situate the samples beneath the holes
of the cage floor. Each hole is covered by an aluminum plate that can be easily slid
by the trainer to expose or re-cover it (and the sputum sample it contains).

When all samples have been received from partner clinics and autoclaved for the
day (Section “Social Impact of Tuberculosis Detection Rat Technology”), the data
coordinator enters coded sample, patient, and partner clinic information into a
secure database. The database then randomly assigns samples to specific cassette
positions using criteria defined by the data coordinator, including the overall
prevalence of known TB-positive samples. If possible, a range of bacterial loads
(from scanty to higher grades, 3+) is represented across the TB-positive samples
included in each rat evaluation session, and at least one blind TB-positive sample is
planned. A sample log detailing hole position and bacterial load of (non-blind)
TB-positive samples is then generated for reference during the rat evaluation
session.
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Typically, three people must operate the manual cage during the rats’ evaluation
sessions. One person (designated as the “trainer”) is responsible for opening and
closing the sample holes in succession and carefully observing the rat’s behavior as
it navigates the cage and sniffs the sample holes. The trainer is also responsible for
classifying the rat’s nose poke responses as indications depending on the estimated
time the rat pauses with its nose within a sample hole. If the rat nose pokes for three
or more seconds, the trainer announces the hole number (labeled one through ten).
A second person serves as a note-taker and relies on the announcements from the
trainer to record samples indicated by the rat. The note-taker is equipped with the
sample log on a clipboard and a clicker. If the trainer calls a rat indication on a
sample known as TB-positive, the note-taker immediately activates the clicker and
records the rat indication on the sample log. If the sample in question is marked
TB-negative on the log (either found TB-negative at the partner clinic or a
TB-positive sample from the clinic that was blinded prior to the session), the
note-taker marks the sample as “suspect” on the log but does not activate the click.
The third person involved in the session is the handler responsible for delivering
food reinforcement after the note-taker has clicked by inserting the syringe tip
through a hole in one wall of the line cage. The handler also assists the trainer with
swapping sample cassettes throughout the session (typically ten cassettes housing
ten sputum samples each) and transporting the rat to and from the line cage
apparatus and its home cage. This video (https://www.youtube.com/watch?v=
kuYpIUZIwAE) shows how the rectilinear manual cage works.

3.2 Semi-Automated Line Cage (ALC)

This apparatus resembles the rectilinear manual cage in design, overall dimensions,
and materials but is outfitted with a mechanism (ENV-203-94, MedAssociates,
Georgia, VT) to automatically deliver flavored pellets (5TCY OmniTreat, TestDiet)
to one side of the enclosure when the rat has correctly indicated a known
TB-positive sample (sample position tracked by MS Visual Basic). A through-beam
photoelectric sensor (ENV-254, MedAssociates) inside each sample hole records
beam break duration (when the rat nose pokes) to the nearest millisecond to
determine when a sample has been indicated (sniff duration exceeds a threshold
defined prior to the start of the session). Each sample indicated is recorded
regardless of known TB status (TB-positive or TB-negative). In this way, the ALC
minimizes the potential for error in data collection, ensures consistent timing of rat
indication responses and delivery of reinforcement, and reduces the personnel
required to just two: a trainer and handler. Figure 2 shows the schematic design of
the ALC, and this video (https://www.youtube.com/watch?v=VrzpEfCUnjc) illus-
trates how it works.
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3.3 Fully-Automated Line Cage Odor Nose Poke Holes
Apparatus

The number of people needed to operate a rat evaluation session is further reduced to
just one with this newest version of APOPO’s evaluation cage. Like the ALC, the
Fully-Automated Line Cage Odor Nose-poke holes (FALCON) apparatus utilizes
controlling software, photoelectric beams and sensors, and automated pellet delivery
mechanisms. Additionally, solenoids attached to themetal sample hole plates beneath
the cage's floor are programmed to automatically open and close the holes in suc-
cession, dependent on the rat's nose poke behavior. When the session initiates, Hole 1
opens, and an LED positioned outside the glass wall near the hole is illuminated.
When the rat nose pokes in Hole 1, Hole 2 immediately opens, and a second LED
positioned near it is illuminated. Notably, Hole 1 remains open until the rat inserts its
nose into Hole 2, at which timeHole 3 is then opened, and a third LED near this hole is
lit. Holes 4–10 operate similarly, with Hole 10 closing after a 0.5-s delay after the
photobeam is restored (the rat removes its nose). The trainer then changes the sample
cassettes and selects the appropriate bar on the software graphical user interface
(GUI) to again open Hole 1 containing a new sputum sample. Interested readers can
view this video (https://www.apopo.org/en/latest/2019/10/Unlocking-the-full-
potential-of-the-HeroRATs-with-FALCON) for a better understanding.

In summary, we have gone through the developments of a three-person manual
rat evaluation cage to a one-person fully automated cage, which is a huge step in
our research and to availing the technology for those interested in state-of-the-art
detection rat technology. Most high-TB burdened countries are in Sub-Saharan

Fig. 2 Design scheme of an automated line cage: 1, pellet dispenser; 2, pellet delivery port; 3,
through-beam photoelectric sensor; 4, sniffing hole; 5, sliding metal plate
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Africa, where electric supply is intermittent. The manual cage has a practical
advantage over the semi-automated and fully-automated ones because it does not
require electricity. Moreover, the manual cage can be produced locally with a
limited investment cost. Therefore, its simplicity, low cost, no electricity require-
ment, and of course, more job creation by involving three people makes it the
preferred setup used in our operational sites (Section “Social Impact of Tubercu-
losis Detection Rat Technology”).

3.4 Tuberculosis-Specific Odor

APOPO has been conducting a series of organic analytical chemistry researches to
determine what the rats rely on to discriminate TB-positive samples from the neg-
atives. The first study aimed to find out whether the TB detection rats could correctly
identify clinical samples with M. tb and ignore others with non-tuberculous
mycobacteria (NTM) and with other microorganisms that are commonly found in the
respiratory tract (Nocardia, Rhodococcus, Streptomyces, Moraxella, Candida, and
Streptococcus pneumonia). The Nocardia and Rhodococcus species can look like
the Mycobacteria species (acid-fast) under microscopic examination. We found that
the rats discriminate clinical samples with M. tb from those with NTM and other
microorganisms [7]. In another study, we compared the performance of fully trained
TB detection rats (trained with TB-positive sputum samples) on cultures of standard
M. tb, NTM, and other microorganisms (Nocardia, Rhodococcus, Streptomyces,
Bacillus, Candida, and Saccharomyces). We found that trained rats could distin-
guish M. tb cultures from that of NTM and other microorganisms [8]. Furthermore,
analysis of volatile organic compounds (VOCs) from M. tb, NTM, and other res-
piratory tract microorganisms revealed that a group of VOCs from M. tb is distinct
from NTM and other microorganisms. There were 13 M. tb-specific compounds
(most of them were aromatic compounds), and 13 others were also found in NTM
and other respiratory tract microorganisms. Among the 13 M. tb-specific com-
pounds, the following six were relatively higher in concentration and selected to test
the rats' response on spiked samples: methyl nicotinate, methyl 4-anisate,
2-phenylanisol, 4-methyl anisole, ethyl 4-anisate, and benzothiazole. Sputum sam-
ples were spiked with individual compounds as well as different combinations of the
six compounds, and the spiked samples were presented to trained rats. The best
detection was observed when samples were spiked with a mixture of all six com-
pounds suggesting that the rats relied on a bouquet of VOCs rather than a few
specific compounds [9–11]. The result also indicates the complexity of investigating
a fewM. tb-specific VOC biomarkers towards developing olfaction-based diagnostic
tools such as e-noses. Rats, as a living biosensor, are going for a bouquet of VOCs
rather than the smell of a few specific compounds that simplifies their task [12].
Further research is ongoing to compare the chemical signatures of known
TB-positive sputum samples with the standard culture isolates.

The research and development aspects of the TB detection technology have been
described in the preceding sections. And yet, APOPO is also conducting ongoing
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field research using TB detection rats as a diagnostic tool and providing diagnostic
services in agreement and partnership with national TB programs and local TB
clinics and health care facilities in mostly urban settings of three high-TB burden
African countries. Our main approach is supporting partnering clinics in enhancing
their TB case detection by re-evaluating the patients’ samples at our labs and
promptly returning results to the clinics. Thus, the subsequent sections describe the
practical aspect undergoing operational research.

3.5 Urban Model for a Sample Referral Network

The TB detection rats are designed for high speed and sample throughput. This can
be achieved best when testing is centralized. Under the premise that patients should
not face extra efforts (e.g., time to travel, costs), it was clear that samples, not
patients, had to be referred for re-evaluation. To this effect, sample collectors are
trained on the basics of TB, e.g., mode of transmission, infection control, pre-
vention measures (laboratory safety, road safety, triple packaging of infectious
materials), and data collection. Triple packaging refers to the three layers of pro-
tection as follows:

i. samples are placed in tightly-locked lunch-box type plastic boxes;
ii. the plastic boxes are placed in a tightly-locked large cool box; and
iii. the cool box is put in an aluminum box that is fitted in the rear of the

motorcycle.

Sample collectors are equipped with personal protection equipment (lab coat,
N-95 mask, gloves, tissue paper, 70% alcohol) as well as accident protection gears.

The sample referral network was first conceived and tested in Dar es Salaam,
Tanzania, in 2013. Sputum samples from 12 TB clinics in Dar es Salaam were
stored at a central location at the laboratory of one of the participating hospitals
collected daily by a trained laboratory assistant riding a motorcycle. APOPO then
transported these samples weekly to its research facility in Morogoro, 200 km from
Dar es Salaam. However, the long delay in the result turnaround time (TAT) forced
us to change course and started daily transport of samples to the research facility
using public transport but with strict adherence to international guidelines for
transporting biological materials (triple packaging). Instead of the motorcycle-fitted
aluminum box, a lockable and portable aluminum box was used. Although the latest
development reduced the TAT to a few days, it was still unsatisfactory. Time
matters with respect to receiving the additional results for patients who were newly
diagnosed by the project (who were initially tested negative by the TB clinics) for
eventual treatment initiation. This led us to strive for a result TAT of 24 h. That
means results from APOPO are released on the same day of collection to the
respective clinics so that the clinicians can use the result for clinical
decision-making. In 2016, APOPO opened a new TB diagnostic laboratory facility
in Dar es Salaam, i.e., closer to where the largest number of patients live, which
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helped build the same-day testing and reporting scheme. After the success in Dar es
Salaam, the same scheme has been replicated in a similar operational research
program established in 2013 in Maputo, Mozambique, and in 2018 in Addis Ababa,
in Ethiopia. This has partly improved the treatment initiation and thereby reduced
the loss to follow-up. The infographic in Fig. 3 shows the urban sample referral
model [13].

3.6 How the Tuberculosis Detection Rats Technology
Is Deployed in the Field

Trained rats are currently not a stand-alone diagnostic test and complement rather
than replace the standard diagnostic services at local TB clinics. Because of this, we
collect samples once the primary (first-line) testing is completed at the clinics, and
thus the testing done by the trained rats is termed “second-line testing.” The
second-line testing model incorporates not only rat testing but also confirmation of
rats’ positive results by WHO-endorsed methods. Those patients that are negative
by the clinics’ test but positive by the second-line testing are considered as “ad-
ditional cases.”

Patients with signs and symptoms of TB (e.g., cough) visit their local TB clinic
or center. There, not only a medical exam and diagnostics are offered (mostly
sputum smear microscopy), but also patients are registered and asked to provide
contact details such as telephone numbers (their own, a family member’s, friend’s,

Fig. 3 APOPO’s urban sample referral network (model). Adapted with permission from APOPO
vzw. Copyright © APOPO
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or co-worker’s) and addresses. Patient contact details are also made available to
trained community health workers (CHW) for the purpose of tracking the patients.
Once the sputum samples are examined by microscopy at the clinic, the clinics’ lab
personnel keep the remaining samples for the APOPO project. The project’s sample
collectors pick up the samples with the following corresponding data: lab serial
number of the patient, gender, age, and microscopy result at the clinics.

Once the sample is picked up, it is transported to a central detection rats’ facility
where all the data (clinic’s name, patient number, gender, age, and smear results)
are fed to a dedicated Laboratory Information Management System (TB-LIMS).
This database generates a random list of samples from different clinics to be
checked by the rats. The rat evaluation session is conducted, and those samples that
are negative at the clinic’s lab but positive by the rats are further confirmed by a
more sensitive method. If the samples indicated as positive by the rats are con-
firmed, then the corresponding patient number is notified to the TB coordinator of
the clinic for eventual patient tracking and treatment initiation using the contact
details collected during the initial consultation. Collaboration with CHWs from
patient organizations ensures that more newly diagnosed TB patients are supported
and tracked, if needed, to make sure they start the free standard TB care at their
clinics. The following infographics (Graphical Abstract) and animation video
(https://youtu.be/Z_vc5BtPPQ0) illustrate the whole process.

4 Social Impact of Tuberculosis Detection Rat Technology

The first proof of principle for the TB detection rats technology was completed in
2007 and published in 2009 [14]. Since 2007, APOPO has been steadily improving
this technology while using it as an add-on diagnostic tool to contribute to the
efforts of finding missed TB cases. Over the years, it has expanded its reach to a
huge number of TB clinics and towns in Tanzania, as well as opened TB detection
programs in Maputo, Mozambique (2013 onwards) and Addis Ababa, Ethiopia
(2018 onwards).

4.1 Tanzanian Enhanced Case Finding Programs

This program started with four participating TB clinics in 2007 and gradually
increased to 21 in 2013 and four regions (Coastal, Dar es Salaam, Dodoma, and
Morogoro) and a total of 75 TB clinics in 2020. Until the end of June 2020, more
than 516,220 samples collected from 289,406 patients were screened, from which
13,467 patients were found on top of the 24,101 found by the participating TB
clinics. To intensify the social impact, APOPO initiated a collaboration with a local
NGO called Mapambano ya Kifua Kikuu na Ukimwi Tanzania (MKUTA), which
was established by former TB patients. They have been involved in the additional
case tracking and linking to care, and they enhanced the treatment initiation rate

222 N. Beyene et al.

https://youtu.be/Z_vc5BtPPQ0


from a baseline of 10% (prior to the involvement of MKUTA) to an average annual
of 81% in 2017.

In Dar es Salaam, a special opportunity emerged to add a digital element to the
integrated TB detection model and pilot the digital treatment adherence technology
e-Compliance (from OpASHA, India) in the Temeke District. This allowed going
beyond linkage to care and follow-up the patients until their treatment completion.
Overall, 3250 TB patients were reached by the digital technology e-Compliance.
The enrolled TB patients benefited (after an initial clinic-based treatment phase)
from daily drug doses, digital monitoring, and support delivered to the patients’
homes by MKUTA community health workers, which led to a steady increase of
the treatment adherence (in % of daily doses taken) from 65 to 92% and above. This
pilot described elsewhere [15] illustrates that the innovative TB detection model is
modular, complementary, and interoperable both with standard care in the
respective countries (without duplicating efforts) yet also with newly emerging
approaches alongside the cascade of care. The general ambition and theme stay to
make services more integrated and patient-centered.

4.2 Mozambican Enhanced Case Finding Programs

This is APOPO’s first program outside of Tanzania and was initiated in 2013 in
collaboration with Eduardo Mondlane University, the National Institute of Health,
the national TB program, and the Maputo city health directorate. In Mozambique,
APOPO started its case detection operation in 2013 with eight centers in Maputo
city and covered 100% of the TB centers in the city. The coverage of clinics
increased over time, and as of June 2020, there were 23 participating TB centers
from Maputo city that supplied more than 109,629 sputum samples collected from
around 60,880 patients. APOPO’s trained rats found 4067 TB cases that were
negative by the conventional diagnostic method conducted at their respective health
facilities.

The Mozambique program emulated the Tanzanian one not only in finding the
missed TB cases with a faster result delivery but also in the effort of tracking newly
diagnosed patients for rapid treatment initiation. To this effect, APOPO signed a
partnership agreement with a community-based local organization called Kengue-
lekezé in 2017. This partnership, in conjunction with the introduction of the rapid
diagnostic TAT in 2015, increased the patient tracking and treatment initiation rate
from a baseline of 54% in 2013 to 78% in mid-2018 [13].

4.3 Ethiopian Enhanced Case Finding Programs

The Ethiopian APOPO facility started in 2018 with the aim of finding the missed
cases among presumptive TB cases (enhanced case finding) who are diagnosed as
negative by their health facility laboratory. There are currently 58 TB diagnostic
centers participating in this program, and up to the end of June 2020, the trained rats

12 A Multidisciplinary Approach Towards Finding … 223



screened more than 54,374 samples collected from around 27,794 patients. The TB
centers found 1038 smear-positive cases (microscopy), but APOPO-Ethiopia found
additional 707 patients that were missed by the health facility diagnostic center.
Apart from being just a two-and-a-half-year-old program, there is no community-
based local organization involved in patient tracking and treatment initiation (unlike
the Tanzanian and Mozambique programs), and therefore the treatment initiation
rate is currently around 50–60%. Consensus has been reached with the national
program and the Addis Ababa City Administration Health Bureau that the confir-
matory method employed is nationally and internationally accepted with better
sensitivity than direct smear microscopy, and thus clinicians can safely utilize the
confirmatory diagnostic results coming from this project. Moreover, the 24 h TAT,
which is already implemented in Tanzania and Mozambique, is not yet practiced in
Ethiopia, which is another factor impeding the timely treatment initiation.

5 Conclusion

This chapter described an avenue starting from an original idea, training rats to
diagnose TB, and its scientific underpinning. In line with Pasteur’s wise words, we
let the idea grow into an application within the TB control ecosystem. APOPO’s
enhanced case-finding programs started with one TB lab in Morogoro, Tanzania,
has successfully been replicated in a new APOPO lab facility in Maputo,
Mozambique, in Dar es Salaam, Tanzania, and in Addis Ababa, Ethiopia.

This operational TB research in the three countries has resulted in the evaluation
of more than 581,649 sputum samples from around 378,512 presumptive TB
patients and resulted in the identification of 18,872 additional TB cases averting
188,720–283,080 potential infections (as of June 2020). The data from Tanzania
shows that young children and PLHIV are benefiting most from the enhanced
case-finding programs [16]. In parallel to researching TB detection rats under field
conditions, service delivery models have been created and implemented to maxi-
mize benefits for patients. These include sample collection networks, same-day
testing, shorter turnaround time (24-h), and patient tracking for prompt treatment
initiation through partnering patient organizations and CHWs [13, 17].

APOPO has a strong scientific record and active lines of research in the
investigation of odor patterns (volatile organic compounds) specific to M. tb, rat
odor discrimination learning and performance, as well as the possibility of using
other biological materials such as saliva, urine, sweat, and sebum (instead of
sputum) that are less invasive and more child-friendly, and thus can potentially
benefit pediatric patients with signs and symptoms of TB. The research also
involves master and Ph.D. students contributing to the local capacity-building ef-
forts. APOPO, as a humanitarian non-profit organization, will continue improving
its methodology and make its steady contribution to finding and treating more TB
patients in the three countries until the TB challenge is overcome.
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Core Messages

• Utilizing an unconventional, multidisciplinary, and integrated science
approach can help find missed TB cases.

• Diagnostic innovations integrated with the combination of tools and
approaches can generate social and health impacts.

• Expertise in chemistry, behavioral sciences, engineering, and public health
led to scent detection animal technology.

• Advances in scent detection animal technology may lead to synthetic scent
detection devices such as electronic noses.
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13Chemotherapy for Drug-Susceptible
Tuberculosis

Vinayak Singh, Nicole Cardoso, and Stanislav Huszár

I was in jail when they took a specimen of my sputum and sent it
to hospital. I was diagnosed with TB … Fortunately we sent the
specimen before there were holes in the lung.

Nelson Mandela

Summary

The decade of 1940s brought one of the major achievements when streptomycin
was discovered to treat tuberculosis (TB)–the first effective chemotherapy for the
treatment of TB. However, even today, millions are still affected by this dreadful
disease. In this chapter, basic principles in TB chemotherapy and information on
all approved drugs used to treat drug-susceptible TB are reviewed. A brief
overview of the drugs to treat drug-resistant TB is also discussed. The
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information includes discovery, mechanism of action, efficacy, and safety in
humans. Treatment regimens are discussed in accordance with the current WHO
guidelines.

Graphical Abstract

Keywords

Chemotherapy � DOTS � First-line anti-tuberculars � Tuberculosis

Drug-susceptible tuberculosis treatment. It shows that the treatment of drug-susceptible
tuberculosis requires a combination of different drugs and standardly takes place over six months.
During the two-month intensive phase, isoniazid, rifampicin, pyrazinamide, and ethambutol are
administered. The continuation phase lasts four months and includes the administration of
isoniazid and rifampicin
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1 Introduction

Before discovering streptomycin in 1946, tuberculosis (TB) was considered incur-
able [1]. The first clinical trial performed by the British Medical Research Council
(BMRC) demonstrated the ability of streptomycin to significantly reduce mortality;
however, resistance emerged soon after that [2]. In a second BMRC clinical trial, it
was shown that the use of para-aminosalicylic acid in combination with strepto-
mycin could prevent or delay the onset of resistance. Para-aminosalicylic acid is
bacteriostatic but shown to be useful as monotherapy; however, resistance devel-
opment and associated side effects limited the use [3]. The end of the 1940s wit-
nessed the evolution of TB chemotherapy to combined therapy with streptomycin-
para-aminosalicylic acid, typically given for 12–24 months. Following the discov-
ery of the wonder drug isoniazid, with its anti-TB bactericidal activity and low
cytotoxicity in 1952 [4], it became well accepted that the combination of isoniazid
with streptomycin and para-aminosalicylic acid was more effective than either drug
on its own, and led to the first standardized combination therapy regimen for the
treatment of TB. Except for a rash or hepatitis, isoniazid was generally well tolerated
in patients.

In the 1950s, there were other drugs discovered, such as cycloserine [5], vio-
mycin [6], kanamycin [7], ethambutol, ethionamide [8], and very importantly,
pyrazinamide [9] (Fig. 1). However, due to the widespread use and effectiveness of
isoniazid-para-aminosalicylic acid-streptomycin, the alternate drugs were not pri-
oritized for the standardized regimen and were used only in patients in which the
standard therapy was ineffective. At that time, TB care was limited to sanatoria or
hospitals. A 12-month randomized controlled trial of isoniazid-para-aminosalicylic
acid was launched at the Tuberculosis Chemotherapy Centre of Madras (India),
which showed that an equivalent level of care and treatment efficacy could be
obtained in the home as in a sanatorium or hospital [10]. Thereafter, TB care was
shifted to the home. However, it raised the issue of how to ensure patients adhere to
therapy during a year of home treatment [11]. Many years later, this led to the
implementation of Directly Observed Therapy (DOT), a strategy by the World
Health Organization (WHO) which involves trained healthcare personnel watching
the patient swallow their medications and maintaining the record at a mutually
agreeable location. Other significant TB drugs introduced during this era were
thioacetazone [12], capreomycin [13], and clofazimine [14]. However, there were
several associated side effects to these drugs. Ethambutol subsequently replaced
para-aminosalicylic acid in the standard drug regimen as it was better tolerated than
para-aminosalicylic acid. This also significantly shortened the treatment duration to
18 months [15].

In the 1970s, the discovery of rifampicin revolutionized TB chemotherapy. It
was rifampicin that decreased the treatment duration from 18 to nine months after
the groundbreaking clinical trials performed in East Africa and Hong Kong. The
data strongly suggested that rifampicin/isoniazid/ethambutol/streptomycin or
rifampicin/isoniazid/streptomycin drug regimens were effective in controlling the
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relapse rate [16–18]. The clinical trials performed during the 1970s and the 1980s
suggested that pyrazinamide was instrumental in reducing the TB treatment dura-
tion from nine to six months [19–21]. Later on, streptomycin was replaced by
ethambutol due to the intravenous route of streptomycin administration. These

Fig. 1 Structures of the clinically used TB drugs
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studies were the basis of the modern, highly effective “short-course” chemotherapy
for drug-susceptible (DS) TB, and the world celebrated the end of the “White
Plague.” The first two months of treatment, known as the “intensive phase,” uses
pyrazinamide, isoniazid, ethambutol, and rifampicin, in combination and the sub-
sequent “continuation phase” of four months includes additional treatment with
isoniazid and rifampicin (Fig. 2).

Based on the WHO estimation, TB is declining both in terms of treatment and
the emergence of new cases. However, there were still 1.5 million deaths in 2018
[22]. The major problems with the current chemotherapy are:

• the six-month treatment regimen, it is too long, risking poor adherence to
treatment which may lead to the emergence of drug resistance;

• increasing prevalence of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) strains of Mycobacterium tuberculosis (M. tb); and

• drug-drug interaction with antiretrovirals and anti-diabetics

Fig. 2 The standard treatment regimen for new TB patients with drug-susceptible TB. The
standard treatment regimen for new TB patients with drug-susceptible TB includes 2-month
intensive phase drug therapy with four first-line anti-TB drugs (rifampicin, isoniazid, pyraz-
inamide, and ethambutol), followed by a 4-month continuation phase with two drugs (rifampicin
and isoniazid). The patient’s response to the treatment is continuously monitored to evaluate the
disease progression by sputum microscopy to manage the possible adverse reactions of the drugs
and prevent undesired discontinuation of the therapy by the patient. Several treatment outcomes
are classified for TB treatment. If a TB patient was smear or culture positive at the beginning of the
treatment but is not smear or culture positive in the last month of the procedure, the patient is
declared as cured. The figure was created using BioRender
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2 Anti-Tuberculosis Drugs

2.1 The First-Line Anti-Tuberculosis Drugs

The first-line anti-TB drugs isoniazid, rifampicin, pyrazinamide, and ethambutol,
are the most effective clinically approved anti-TB agents (Fig. 1). Their combina-
tion constitutes the standard treatment regimen for newly diagnosed TB patients
with known or suspected drug-susceptible TB. All first-line anti-TB drugs are given
orally.

2.1.1 Isoniazid
Isoniazid is the hydrazide of isonicotinic acid that has been used for seventy years
in TB therapy since its identification as a potent anti-TB agent in 1952 [4]. Isoniazid
is specifically active only on mycobacteria and blocks mycobacterial cell wall
formation by inhibiting mycolic acid biosynthesis. Isoniazid is a pro-drug that is
activated by the M. tb catalase-peroxidase, KatG. This activation leads to the
interaction of the isonicotinyl radical with nicotinamide adenine dinucleotide
(NAD+) to form isoniazid-NAD+ adducts that in turn inhibit M. tb enoyl-ACP
reductase InhA, a crucial component of the mycobacterial fatty acid synthase type II
(FAS-II) system [23–26]. The FAS-II system is essential for building the precursors
of mycolic acids; thus, inhibition of this process leads to the total loss of mycolic
acids. Isoniazid has an irreplaceable role in TB treatment; however, the worldwide
expansion of M. tb isoniazid-resistant strains makes it unusable for MDR/XDR-TB.
Thus, novel and direct InhA inhibitors (without the necessity of pro-drug activation)
may represent a powerful tool in the TB treatment regimen for drug-resistant
(DR) strains of M. tb.

2.1.2 Rifampicin
One of the current anti-TB drug therapy pillars, rifampicin, was introduced into
clinical practice for TB treatment in 1968 [27]. Rifampicin is a semisynthetic
antibiotic derived from natural products–rifamycins (formerly rifomycins), isolated
from Streptomyces mediterranei [28, 29]. Rifampicin is a broad-spectrum antimi-
crobial agent which inhibits bacterial RNA synthesis by blocking the
DNA-dependent RNA polymerase [30, 31]. The structural study has shown that
rifampicin hampers the elongation of RNA when the transcript is one to three
nucleotides long [32]. Resistance to rifampicin in many bacterial species, including
M. tb, developed via mutations in the rpoB gene, which encodes the RNA poly-
merase b-subunit [33]. Moreover, the combination of M. tb cell wall inhibitors with
rifampicin increases the accumulation of rifampicin in M. tb due to the increased
cell wall permeability [34], validating the synergy of the current drugs in the
multidrug treatment regimen.
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2.1.3 Pyrazinamide
Pyrazinamide, the structural analog of nicotinamide, is a pro-drug that is hydro-
lyzed into its active form, pyrazinoic acid, by pyrazinamidase encoded by the pncA
gene in M. tb [35]. Pyrazinamide is active only at slightly acidic pH and specifically
inhibits M. tb, which can be explained by the lack of pyrazinoic acid efflux
mechanisms in M. tb compared to other mycobacteria [36]. The primary target of
activated pyrazinamide is fatty acid synthase type I (FAS-I), as it was shown that
pyrazinamide inhibits the biosynthesis of fatty acids in mycobacteria [37]. How-
ever, the mechanism of action of pyrazinamide is more complex. Pyrazinamide
binds to the ribosomal protein RpsA, thus inhibiting mycobacterial trans-translation
[38], and also disrupts the membrane potential [39]. Interestingly, it was subse-
quently shown that pyrazinamide activation might not require the M. tb pyrazi-
namidase PncA, thus providing a possible reason for the reduced activity observed
in vitro compared to in vivo activity [40]. Pyrazinamide is active in replicating,
non-replicating, and intracellular M. tb. The synergy of pyrazinamide with isoniazid
allowed for reduction of the standard treatment of DS-TB from nine to six months
and lowered the relapse rate when pyrazinamide was included in the treatment
regimen [41, 42].

2.1.4 Ethambutol
The uniqueness of the mycobacterial cell wall composition and its clinical signif-
icance is underlined by another cell wall inhibitor–Ethambutol, which acts exclu-
sively on mycobacteria. Ethambutol was discovered in 1961 [43], and thanks to its
good water solubility, selectivity, and high potency, it has been used for TB
treatment for more than 50 years. Several subsequent studies have shown that
ethambutol affects the biosynthesis of the major cell wall polysaccharide–ara-
binogalactan (AG), which leads to the lack of attachment sites for mycolic acids,
impaired cell wall integrity, and a bacteriostatic effect [44–47]. Accumulation of the
arabinose precursor (decaprenyl-P-arabinose, DPA) in ethambutol-treated
mycobacterial cells as well as ethambutol-mediated mutations in M. tb genes embA,
embB, and embC, and the recent structural study have shown that ethambutol
inhibits the enzymatic activity of arabinofuranosyl transferases in mycobacteria
[48–51]. Since arabinosyl sugar residues are also a structural part of the my-
cobacterial lipoarabinomannan (LAM), the synthesis of LAM is also affected by
ethambutol [44, 46].

2.2 The Second-Line Injectable Anti-Tuberculosis Drugs

2.2.1 Streptomycin
First isolated in 1943, Streptomycin is an aminoglycoside antibiotic produced by
Streptomyces griseus (formerly Actinomyces griseus) with broad-spectrum activity
against gram-positive and gram-negative bacteria [52]. Streptomycin binds to the
16S rRNA of the 30S small subunit of the bacterial ribosome, which causes the
inhibition of protein synthesis. Streptomycin is administrated intramuscularly and is
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recommended by the WHO in a retreatment regimen for TB patients with relapse of
the disease, in TB patients who continue treatment following defaulting, or for the
treatment of DR-TB [53].

2.2.2 Amikacin, Kanamycin, and Capreomycin
Amikacin, kanamycin, and capreomycin are the second-line injectable anti-TB
drugs used to treat DR-TB. All three drugs interfere with the bacterial ribosome and
inhibit bacterial protein synthesis. Amikacin and kanamycin are aminoglycosides
that bind to the 16S rRNA of the 30S small ribosomal subunit, while capreomycin
is a cyclic polypeptide antibiotic that blocks the ribosomal protein interaction within
the 50S ribosomal subunit [54, 55].

2.2.3 Fluoroquinolones
Fluoroquinolones are a broad-spectrum, synthetic group of antimicrobials that
inhibit the essential activity of bacterial type II topoisomerases, i.e., DNA gyrase
and topoisomerase IV [56]. Unlike most bacteria, M. tb only contains DNA gyrase
encoded by gyrA and gyrB, which possesses characteristics of both type II topoi-
somerases [57]. The fluoroquinolones levofloxacin, moxifloxacin, gatifloxacin, and
ofloxacin are second-line anti-TB drugs that are regularly included in regimens for
the treatment of MDR-TB; however, levofloxacin and moxifloxacin have been used
in place of either isoniazid or ethambutol when those first-line drugs cannot be
tolerated by patients [58]. This practice is not a standard recommendation as it has
been shown that the replacement of ethambutol with moxifloxacin or gatifloxacin,
or of isoniazid with moxifloxacin, is less effective than the standard treatment [58].

2.2.4 Ethionamide/Prothionamide
The thioamides are pro-drugs that inhibit InhA by forming adducts with NAD+

following activation, similar to isoniazid [59]. The activation of ethionamide or
prothionamide is facilitated by flavin adenine dinucleotide (FAD)-containing
Baeyer–Villiger monooxygenase, encoded by ethA [59, 60]. Resistance to both
drugs can arise either through mutations in ethA or inhA, with the latter leading to
cross-resistance with isoniazid. Ethionamide/prothionamide is usually included in
the treatment regimen for MDR-TB due to the low cost and forms part of the
combination used to treat pediatric TB meningitis [58]. However, severe gas-
trointestinal side-effects are observed, making the thioamides poorly tolerated
among patients. Although limited, some evidence points out that prothionamide
causes fewer adverse gastric effects, suggesting that it should be the preferred
choice when designing an MDR-TB regimen [61].

2.2.5 Cycloserine/Terizidone
D-cycloserine is a cyclic analog of the peptidoglycan pentapeptide component,
D-alanine, and is naturally produced by Streptomyces garyphalus and S. lavendulae
[62]. The structural analog, terizidone, is a combination of two cycloserine mole-
cules [63]. D-cycloserine targets two enzymes involved in the biosynthesis of
peptidoglycan: alanine racemase (Alr) and D-alanine:D-alanine ligase (Ddl) [62,
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64]. D-cycloserine and terizidone are approved only for the treatment of MDR-TB
due to adverse neurological side-effects as a result of interaction with the N-
methyl-D-aspartic acid (NMDA) receptor in the brain [62, 63]. The emergence of
resistance to D-cycloserine is extremely low and mainly attributed to Alr over-
production [65]. This favorable characteristic and the possibility that phosphory-
lated forms of D-cycloserine would not interact with NMDA and thus be less toxic
[62] make D-cycloserine a promising candidate for structure-activity relationship
(SAR) studies to develop new anti-TB drugs for susceptible and resistant strains.

2.2.6 Para-Aminosalicylic Acid/Para-Aminosalicylic Acid Sodium
The acid salt form, para-aminosalicylic acid sodium (Na), was the first aminosali-
cylic acid compound used to treat TB, with para-aminosalicylic acid being intro-
duced later due to better gastric tolerance [66]. However, due to the side effects of
persistent gastrointestinal disruption and possible hypothyroidism, as well as the
high cost, the use of para-aminosalicylic acid is restricted to the treatment of DR-TB
[67]. Although available for clinical use since the 1940s, a possible mechanism of
action (MoA) of para-aminosalicylic acid was only recently identified [68]. It has
been shown that para-aminosalicylic acid is a pro-drug that, when metabolized,
disrupts the essential folate biosynthesis pathway by competing with dihydrofolate
as a substrate for dihydrofolate reductase (DHFR), leading to the inhibition of DHFR
and poisoning of the pathway [68]. The high potency of para-aminosalicylic acid is
also attributed to the inhibition of the second target in the folate pathway, the
flavin-dependent thymidylate synthase. In addition, the decreased pool of
S-adenosylmethionine (SAM) leads to the impaired synthesis of the methoxy-
mycolic acids, implying the multi-targeting effect of para-aminosalicylic acid [69].

2.2.7 Bedaquiline
Bedaquiline was the first drug with a novel MoA to be approved for TB treatment in
over 50 years, but only under extreme circumstances. Initially, bedaquiline could
only be used as “compassionate care” for the treatment of patients in which all other
available drugs had failed [70]. More recently, South Africa became one of the first
countries to include bedaquiline for the treatment of MDR-TB [71]. However, there
are still apprehensions regarding the use of bedaquiline, including the increasing
prevalence of resistance [72–74] and safety concerns due to QT prolongation in
patients being treated with bedaquiline [75]. Due to good efficacy and a novel MoA,
bedaquiline is currently in clinical trials to assess a new regimen made up of
bedaquiline, pretomanid, moxifloxacin, and pyrazinamide, for the treatment of
DS-TB [22]. Bedaquiline is a diarylquinoline that targets the respiratory chain by
inhibiting the activity of ATP synthase [76] and has sparked interest in the
development of compounds targeting oxidative phosphorylation in mycobacteria.

2.2.8 Delamanid
Delamanid, similar to bedaquiline, received expedited approval from the US Food
and Drug Administration (FDA) and can be included in an extended treatment
program for MDR-TB [22]. Delamanid is a dihydro-nitroimidazooxazole derivative
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and a pro-drug that targets mycolic acid synthesis in M. tb, specifically inhibiting
the biosynthesis of keto- and methoxy-mycolic acids [77].

2.2.9 Linezolid
The oxazolidinone, linezolid, is a synthetic antibacterial licensed to treat skin and
soft tissue infections, bacteremia, and pneumonia caused by DR-gram-positive
organisms [78, 79]. Recently, linezolid has been used to treat MDR-TB and is
currently being evaluated in different clinical trials to optimize dosing and com-
bination therapies [22]. Linezolid has moderate early bactericidal activity and acts
by inhibiting translation initiation by binding to rRNA on both the 30S and 50S
ribosomal subunits [79].

2.2.10 Clofazimine
Clofazimine is a rhimophenazine with a broad-spectrum antibacterial activity used
to treat leprosy [22, 75]. Clofazimine was originally developed to treat DS-TB;
however, due to the adverse effect of skin discoloration, associated depression in
patients, and poor treatment outcomes in trials, the use of clofazimine for DS-TB
was abandoned [75]. Due to the increasing emergence of drug resistance, clofaz-
imine was reconsidered and is currently available for the treatment of XDR-TB
[70]. In addition, clofazimine is being tested in phase II clinical trials to develop
new and/or shortened regimens for the treatment of MDR-TB [22]. Clofazimine is
thought to exert its antibacterial effect by more than one mechanism, including the
production of reactive oxygen species (ROS) during its reduction by NADH
dehydrogenase and associated spontaneous oxidation by oxygen and by inhibition
of K+ transporters due to membrane disruption [75, 80].

2.2.11 Augmentin
Augmentin is a combination of the b-lactam, amoxicillin, and the b-lactamase
inhibitor clavulanate and is a broad-spectrum antibiotic commonly used for the
treatment of a variety of bacterial infections. The drug targets the bacterial cell wall
by disrupting the biosynthesis of peptidoglycan via inhibition of the
penicillin-binding protein, DD-transpeptidase. Augmentin has been shown to lack
early bactericidal activity in patients with TB and is restricted for use in the case of
XDR-TB when the preferred options are not viable [67, 81].

2.2.12 Thioacetazone
In combination with isoniazid, Thioacetazone was widely used for the treatment of
TB in the past but currently is only used for the treatment of XDR-TB when
better-tolerated options cannot be used [67]. Thioacetazone is not recommended for
HIV-positive patients due to more severe side effects and possibly death. Thioac-
etazone is a pro-drug and, like ethionamide, is activated by EthA and inhibits the
cyclopropanation of mycolic acids in the cell wall [82].
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3 Treatment in Adults

Shortly after the first anti-TB drug, streptomycin, began to be used in clinical
practice, patients developed drug resistance during the treatment process. Resis-
tance has also occurred after the use of other new anti-TB drugs. The reason for this
phenomenon was the administration of only one medication at a time in the
treatment regimen. It is now widely accepted that TB should never be treated with
only one drug [83]. TB treatment requires the administration of anti-TB drug
combinations to prevent the development of drug resistance or relapse of the dis-
ease. Instead of monotherapy, multidrug treatment has become a standard. How-
ever, not every combination of anti-TB agents has favorable results, as some of
them might have an antagonistic effect when combined or may interfere with the
antiretroviral drugs for HIV patients. According to the current WHO guidelines for
TB treatment, all new TB patients (not treated previously for TB) with
drug-susceptible pulmonary TB should receive the standard drug combination
therapy consisting of isoniazid/rifampicin/pyrazinamide/ethambutol for two months
(intensive phase) followed by a combination of isoniazid/rifampicin for four months
(continuation phase) (Fig. 2) [84]. The internationally recommended daily doses (in
mg/kg of body weight) of anti-TB drugs are following: isoniazid (5 mg/kg),
rifampicin (10 mg/kg), pyrazinamide (25 mg/kg), ethambutol (15 mg/kg), and
streptomycin (15 mg/kg). If anti-TB drugs are taken three times per week instead of
daily usage, the recommended doses are following: isoniazid (10 mg/kg), rifam-
picin (10 mg/kg), pyrazinamide (35 mg/kg), ethambutol (30 mg/kg), and strepto-
mycin (15 mg/kg) [67]. The daily administration of anti-TB drugs is suggested
because the administration of drugs thrice-weekly throughout the TB therapy can
raise the chance of developing DR strains of M. tb [85].

However, the importance of multidrug therapy carries one of the most common
problems in TB treatment itself, which is the administration of a considerable
number of medicines at once, often nine to 16 pills a day, for a TB patient. This can
lead to the accidental or intentional omission of some tablets or, in general, prob-
lems with their ingestion, which ultimately results in a lower effective dose of the
drugs and opens a space for developing M. tb resistant strains. Therefore, the WHO
recommends administering fixed-dose combination tablets instead of separate drug
formulations for the treatment of patients with DS-TB [84]. Fixed-dose medicines
are the combinations of two anti-TB drugs (isoniazid + rifampicin or isoni-
azid + ethambutol), three anti-TB drugs (isoniazid + rifampicin + pyrazinamide or
isoniazid + rifampicin + ethambutol), or four anti-TB drugs (isoniazid + rifampicin
+ pyrazinamide + ethambutol) in a single tablet. Administration of the fixed-dose
formulation allows for reduction of the number of pills that need to be taken by the
patient to only three or four ones daily during the entire period of the TB therapy,
while the recommended dose per kg body weight of each drug is well balanced
(Table 1) [86].
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The most significant side effects of the first-line anti-TB drugs include skin rash
with or without itching (streptomycin, isoniazid, rifampicin, pyrazinamide); deaf-
ness (streptomycin); vertigo and nystagmus (streptomycin); hepatitis (isoniazid,
pyrazinamide, rifampicin); confusion caused by acute liver failure (most anti-TB
drugs); visual impairment (Ethambutol); shock, purpura and acute renal failure
(rifampicin) or decreased urine output (streptomycin). If patients with DS-TB
develop serious side effects, the drug administration is stopped, and the clinician
decides on the next course of the treatment. All patients with severe side effects
should be treated in the hospital [67].

Apart from the effective anti-TB drugs, their drug combination, and a sufficient
treatment period, the successful treatment of active pulmonary DS-TB requires the
proper management of the entire treatment process. The response to TB therapy
should be monitored for every TB patient. The continuous monitoring of TB
treatment enables primary caregivers to identify and manage the possible adverse
reactions of the drugs and evaluate the disease progression and patient’s response to
the medicines. To prevent administration errors, omission of some of the drugs, or
interruption of the treatment by patients, DOT is advised by the WHO. Indeed, the
implementation of DOT allowed achieving significant progress in global TB control
[67]. If possible, the community-based or home-based DOT is recommended by the
WHO; however, DOT should be managed by a healthcare worker or a trained
community member rather than by a family member [84]. All medications given to
the patient, adverse reactions, bacteriological tests, and all changes during the
treatment procedure should be documented [87].

The remission or progression of the disease is monitored mainly by sputum
microscopy. Patients should be examined for sputum smear microscopy before
starting drug therapy and during the treatment, specifically at the end of the second
month of treatment, the end of the fifth month, and the end of the sixth month.
Smear microscopy confirms or refutes the presence of M. tb and provides additional
information on the bacillary load during the monitoring of the treatment response,
thus helping to direct further treatment. The patient’s body weight is also a useful
indicator of the treatment progress and should be monitored every month. When the
patient's body weight has changed, the doses of the individual drugs are adjusted
accordingly.

WHO has classified up to seven different treatment outcomes for TB therapy
(Fig. 1) [67]. One of the recurrent events during TB treatment is the discontinuation
of prescription medication by the patient mainly due to the side effects that become
intolerable. When treatment discontinuation lasts for two or more months, the
WHO refers to this treatment outcome as a default. If the patient is taking the
prescribed medication but is smear or culture positive in the fifth or sixth month of
the treatment, this outcome is referred to as treatment failure. This also includes the
detection of any resistance to the prescribed anti-TB drugs at any time during the
patient's treatment. Drug susceptibility testing (DST) is necessary to confirm and
specify the acquired drug resistance in this scenario. On the other hand, treatment
success is attributed to the patient who has completed the whole treatment regimen
and is not smear or culture positive in the last month of the regimen [67].
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Patients who have not completed treatment (default) or patients with relapse of
the disease may undergo a retreatment regimen, in which streptomycin is added to
the drug combination. The retreatment regimen consists of a two-month isoniazid/
rifampicin/pyrazinamide/ethambutol/streptomycin combination, followed by a
one-month isoniazid/rifampicin/pyrazinamide/ethambutol combination and a con-
tinued five-month isoniazid/rifampicin/ethambutol combination. If the patient is
diagnosed with a DR form of TB during the retreatment regimen, patients switch to
the MDR-TB treatment regimen [67].

4 Treatment in Children

Children are a vulnerable group of TB patients. Approximately 1.1 million new TB
infections (11% of total new TB cases) and 14% of TB deaths in HIV-negative and
13% in HIV-positive TB cases are attributed to children (aged < 15 years) [22].
However, children can be protected from TB by vaccination with the Bacillus
Calmette–Guérin (BCG) vaccine.

If children are diagnosed with active DS-TB, the treatment consists of admin-
istering the standard first-line anti-TB drugs isoniazid, rifampicin, pyrazinamide,
and ethambutol. The treatment of TB in children is thus not fundamentally different
from the treatment in adults, although there are a few exceptions. In the treatment of
pediatric TB, it is necessary to modify the drug doses due to the different phar-
macokinetics in the young organism. Specifically, higher doses are administered in
children to reach the serum drug concentrations equal to adults. Therefore, the
WHO recommends the daily doses (in mg/kg body weight) of the first-line anti-TB
drugs for treatment of TB in children as follows: isoniazid (10 mg/kg), rifampicin
(15 mg/kg), pyrazinamide (35 mg/kg), and ethambutol (20 mg/kg) [88, 89].
Importantly, it has been established that higher doses of first-line anti-TB drugs for
pediatric TB do not increase the risk of anti-TB drug-induced hepatotoxicity [90,
91]. The anti-TB drug combination and the length of the therapy (intensive and
continuation phase) for children may differ depending on their living settings (HIV
and MDR/XDR-TB prevalence in the country) (Box 1) [89].

Box 1: Treatment of Tuberculosis (TB) in Children [89]

Treatment regimen for TB in children depends on the patient’s HIV status,
local drug resistance status and type, or severity of the disease:

Isoniazid/Rifampicin/Pyrazinamide (2 months), Isoniazid/Rifampicin (4 months).

• for children in low HIV prevalence and low isoniazid resistance settings
with smear-negative pulmonary TB, intrathoracic lymph node TB, or
tuberculous peripheral lymphadenitis
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Isoniazid/Rifampicin/Pyrazinamide/Ethambutol (2 months), Isoniazid/
Rifampicin (4 months).

• for children in low HIV prevalence and low isoniazid resistance settings
with extensive pulmonary disease, smear-positive pulmonary TB, or sev-
ere forms of extrapulmonary TB (other than tuberculous meningitis/
osteoarticular TB).

• for children in high HIV prevalence or high isoniazid resistance settings or
both, with smear-positive pulmonary TB, smear-negative pulmonary TB
with or without extensive parenchymal disease, or with all forms of
extrapulmonary TB except tuberculous meningitis and osteoarticular TB.

Isoniazid/Rifampicin/Pyrazinamide/Ethambutol (2 months), Isoniazid/
Rifampicin (10 months).

• for children with tuberculous meningitis and osteoarticular TB, regardless
of the local HIV or isoniazid resistance settings.

DS-TB in children is thus treated with the same first-line anti-TB drugs as TB in
adults, except for streptomycin. Streptomycin should not be used to treat pediatric TB
due to the higher risk of toxicity in children and problems associated with
injection-based drug regimens for children [88]. The daily administration of anti-TB
drugs is recommended; however, children without HIV infection living in settings with
well-established DOT may receive drugs thrice weekly during the continuation phase
[88]. Generally, the adverse effects of TB treatment are less common in children than
adult TB patients. Hepatotoxicity is the most severe adverse effect in children treated
with first-line anti-TB drugs isoniazid, rifampicin, and pyrazinamide. Ethambutol
administration in children may cause the impairment of vision due to optic neuritis.
When detected early, the ethambutol side effects are reversible after stopping treatment.
The ocular toxicity in children caused by ethambutol is very rare and often
dose-dependent [92]. Isoniazid may also cause neurological problems associated with
pyridoxine deficiency, especially among malnourished children; however, pyridoxine
supplementation can compensate this [89]. The available fixed-dose combinations of
anti-TB drugs and their recommended doses for children are summarized in Table 1.
The dispersible tablet should be the preferable choice in pediatric TB treatment.

5 Treatment in HIV-Positive Patients

Co-infection with HIV accounted for * 5% of TB cases globally in 2018,
with * 71% of co-infections found in Africa alone [22]. The efficient treatment of
TB in HIV-positive individuals is crucial in eradicating TB. Several factors affect
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the treatment of TB in HIV-positive individuals, with the potential for drug inter-
actions with antiretroviral therapies (ART) and the possibility of developing
immune reconstitution inflammatory syndrome (IRIS) being two of the most
important. The WHO guidelines state that all new TB patients with a known
HIV-positive status are to be on ART, regardless of their CD4 count [67]. The drug
combination, dosage, and duration for HIV-positive individuals are the same as for
HIV-negative individuals, as described above [67]. However, intermittent dosing
via a thrice-weekly administration during the intensive phase is not an option for
HIV-positive patients, as it has been shown to increase the incidence of relapse,
treatment failure, and the risk of acquiring rifampicin resistance [84].

In order to minimize the risk of developing TB-IRIS, it is recommended that TB
treatment be started before ART in patients that are not already receiving treatment
for HIV [67]. Furthermore, ART initiation should be within eight weeks of the start
of TB treatment, but in patients with a CD4 count below 50 cells/mm3, this should
be shortened to within two weeks [84]. Regardless of CD4 count, ART initiation in
patients with TB meningitis is not recommended within eight weeks of the start of
TB treatment [58, 93]. The ART regimen recommended by the WHO for TB
patients should include first-line HIV drugs made up of two nucleoside reverse
transcriptase inhibitors and one non-nucleoside reverse transcriptase inhibitor
(NNRTI) [67]. Additional considerations need to be made for new TB patients that
are on ART, such as modification of the regimen to reduce drug interactions or
increased side effects due to similar toxicities and evaluation of whether the new TB
disease is a result of activation of latent TB infection, and thus represents ART
treatment failure [67]. In order to prevent infection with opportunistic bacterial
pathogens, the WHO recommends that all HIV-positive TB patients begin a pro-
phylactic course of cotrimoxazole [67, 93].

TB-IRIS is an acute inflammatory response to M. tb antigens. It occurs in
patients receiving TB treatment upon initiation of ART (paradoxical) or in
HIV-positive patients with undiagnosed TB who start ART (unmasked) [94]. The
treatment of TB in patients who develop IRIS is not modified or stopped in order to
reduce the possibility of DR. However, due to the difficulty in distinguishing
between clinical symptoms caused by TB-IRIS and by MDR-TB, DR must be ruled
out as soon as possible in patients experiencing worsening symptoms while on
treatment for both TB and HIV [93, 94]. At present, only corticosteroids such as
prednisone are promising for managing TB-IRIS symptoms [95].

Rifamycins display clinically significant drug-drug interactions with several
classes of drugs due to the induction of metabolic pathways that metabolize drugs,
e.g., the cytochrome P450 system. Rifamycins cause a decrease in serum concen-
trations of NNRTI’s, integrase strand transfer inhibitors (INSTI’s), and protease
inhibitors used for the treatment of HIV [58, 67]. Dependent on the HIV treatment
cocktail, the type of rifamycin used should be altered. Rifampicin is not recom-
mended for use with protease inhibitors, and a 150 mg daily dose of rifabutin is
recommended instead [58]. While rifampicin can be used with non-nucleoside
reverse transcriptase inhibitors, it does decrease their exposure and thus requires
higher doses of the NNRTI’s. An exception is the NNRTI efavirenz, which requires
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higher doses of rifabutin and is therefore preferably used in conjunction with
rifampicin. Similarly, the dose of INSTI’s should be increased when administered
with rifampicin, or rifabutin can be used [58].

6 Treatment of Latent Infections

Latent TB infection (LTBI) is a persistent immune response to stimulation with
M. tb antigens in the absence of clinical TB symptoms [96]. Estimates indicate
that * 1.75 billion people harbor LTBI globally, with a 5–10% probability of
developing active disease in their lifetime [22]. In order to meet the goal set by the
United Nations of obtaining an 80% reduction in TB incidence by 2035, the
treatment of LTBI has become of utmost importance. Currently, the only diagnostic
tests available for LTBI are the tuberculin skin test (TST) and interferon-gamma
release assay (IGRA), but neither of these is routinely performed for active case
finding, and both have disadvantages, e.g., false-positive TST results due to pre-
vious BCG vaccination and the high cost of IGRAs. Therefore, the WHO has
identified high-risk groups that should be prioritized for the treatment of LTBI [96].
These groups are adults and adolescents living with HIV, infants and children living
with HIV, household contacts of pulmonary TB, contacts of MDR-TB patients, and
individuals initiating anti-TNF treatment, receiving dialysis, preparing for
organ/hematological transplant or who have silicosis [96].

The most widely used treatment for LTBI has been isoniazid preventative
therapy (IPT), which consists of the daily administration of 5 mg/kg of INH for six
or nine months with the recommendation to supplement with 25 mg Vitamin B6
(pyridoxine) in patients more susceptible to developing peripheral neuropathy [97].
The WHO has recently updated the recommended guidelines to include additional
regimens for LTBI treatment. In addition to IPT and based on the outcomes from
several clinical trials, the available options for the treatment of LTBI in adults
include the following:

• daily rifampicin at 10 mg/kg/day for four months;
• daily rifampicin and isoniazid for three months;
• weekly isoniazid and rifapentine for three months; and
• rifapentine (600 mg) and isoniazid (300 mg) daily for one month.

The regimens listed above are also recommended for children over two years old
but with slight adjustments to doses [96]. Except for combinations with rifapentine,
the treatment plans listed above are also applicable for pregnant women, but it is
encouraged that liver function tests be performed where feasible to monitor possible
toxicity [96]. Special consideration is provided for LTBI treatment in HIV-positive
individuals located in high-TB transmission environments, e.g., mines or prisons. In
these cases, 36 months of daily isoniazid monotherapy is conditionally recom-
mended, but not in those with a negative TST [96]. When choosing which regimen
to prescribe, clinicians need to evaluate several factors, including patient age, drug
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interactions, existing comorbidities, availability of the drugs, and patient prefer-
ence. Prevailing evidence points to improved adherence with shorter regimens and,
if possible, should be the preferred option [96, 97]. Interestingly, it has been
observed that socio-economic factors significantly contribute to LTBI treatment
outcomes, e.g., immigrant status, distance to the health care facility, alcohol and
drug abuse, social stigma, unemployment, and history of incarceration [97]. These
observations highlight the importance of taking a holistic approach to the treatment
of TB that considers the clinical practice and the social situations of individuals.

7 Factors Associated with Treatment Outcome

The main objectives of TB treatment include to:

i. rapidly reduce the bacterial load in order to lessen disease severity, prevent
death and stifle transmission;

ii. obtain complete bacterial sterilization, including persister populations, in order
to prevent relapse; and

iii. prevent the development of antibiotic resistance during treatment [58, 98]

Unfortunately, due to the complexity of the disease as well as the requirement of
efficient collaboration during treatment, it is likely that one of these objectives will
not be met and thus result in treatment failure. Although the treatment success rate
has increased from 81% in 2016 to 85% in 2017, based on the estimated number of
TB cases, * 1.5 million people failed treatment in 2018 alone [22]. Including the
socio-economic factors mentioned above for LTBI treatment, other patient-
associated factors which contribute to treatment outcome include age, immuno-
logical competence, nutritional status, tobacco smoking, the presence of comor-
bidities, such as diabetes, and genetic factors, e.g., genetic features associated with
drug absorption and metabolism [58, 98]. Advanced age has been associated with
unsuccessful treatment outcomes in different populations [99, 100].

Pathological features associated with relapse include extensive disease due to an
increased number and/or size of cavities [58]. Similarly, an increased baseline colony
count and slow culture conversion are also associated with relapse. Pathogen-specific
characteristics that contribute to therapy outcome include drug tolerance, suscepti-
bility to the drugs in the regimen, and the strain genotype, with the Beijing strain being
associated with unfavorable outcomes [101]. Patient adherence largely dictates the
outcome of a treatment regimen, and the healthcare system should be designed to
promote this. To this end, the implementation of DOT has improved patient adher-
ence. However, health facility-based DOT poses challenges for patients, e.g., having
access to transport, loss of income due to missed work, and physical hard-
ship. Therefore, it is recommended that a flexible combination of health facility- and
community-based DOT be available to help ensure patient adherence [98]. As
mentioned above, the large number of pills taken at a time and adverse drug reactions
also contribute to patient adherence and outcome.
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It is now accepted that adherence should not be placed solely on the patient.
Interventions that are predicted to improve adherence include educating commu-
nities about the disease and available treatment programs, minimizing costs and
unpleasant environments at clinics, educating patients and involving them in the
decision-making process regarding treatment design and side-effects, providing
support in the form of food or travel vouchers or monetary compensation in the
form of grants during times of lost income and addressing employment policies to
reduce job losses [98].

8 Conclusion

Although the treatment of DS-TB is readily available, the time taken to treat TB is
frustrating for both the physicians and patients. This is fueled by the emergence of
resistance from single-drug resistance to multidrug resistance, which is further
extended to extensive drug resistance and, in some cases, total drug resistance
where no available drug can kill the resistant pathogen. Currently, the key to TB
therapy is the dissemination of knowledge about therapy and the associated risk of
resistance to the patients and healthcare workers who might be involved in the
treatment of TB. Although the WHO has DST for all TB patients to guide treatment
decisions, improve treatment outcomes, and indirectly assist with drug resistance
surveillance, resources availability is limited [102, 103]. Concerted efforts in
improving the diagnosis of TB are vital to achieving the targets of the End TB
Strategy. Additionally, significant efforts are underway to discover novel chemical
classes and new drug targets to address the treatment shortening of DS-TB and
DR-TB [104].

We are determined that we will overcome Tuberculosis.

Vinayak Singh, Nicole Cardoso, Stanislav Huszár

Core Messages

• DS-TB is curable.
• Standard TB treatment requires combination therapy for a total period of

six months.
• TB treatment in children and adults is largely similar but differs in drug

dosage.
• Steps are urgently needed to address the DR-TB problem regarding its

treatment regimen, side effects, and duration.
• A patient-specific regimen is encouraged.
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14The Pharmacokinetic
and Pharmacodynamic Properties
of Antitubercular Medications

Ashlan J. Kunz Coyne, Anthony M. Casapao, and Eric F. Egelund

The thoughtless person playing with penicillin treatment is
morally responsible for the death of the man who succumbs to
infection with the penicillin-resistant organism.

Sir Alexander Fleming

Summary

Pharmacokinetics and pharmacodynamics operate in a partnership that can be used
to maximize a drug’s potential for increasing treatment efficacy, reducing side
effects, and minimizing drug interactions; maximizing these parameters will help
decide on an optimal dose, ideal administration timing, and an appropriate
frequency of the drug. We reviewed individual medications used in active
tuberculosis (TB), the pharmacokinetic parameters of relevance, and the associ-
ation of pharmacokinetics with pharmacodynamics with treatment efficacy.
First-line agents, including rifamycins, isoniazid, pyrazinamide, and ethambutol,
were evaluated on how to optimize their use. First-line agents highlight the
effectiveness of eradicating active TB by providing an effective dose from various
pharmacokinetic studies. Second-line antibiotics include moxifloxacin, amikacin,
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cycloserine, bedaquiline, and delamanid. The unique pharmacokinetic properties
of each agent were explored. An overview of the standard doses is featured in this
review, along with the pharmacokinetic parameter associated with efficacy in
addition to therapeutic drug monitoring considerations. One of the factors that
clinicians can manipulate in managing TB is the pharmacokinetic parameters via
dosing changes, food administration, management of drug interactions, and
adherence through directly observed therapy.

Graphical Abstract

Keywords

Pharmacodynamics � Pharmacokinetics � Tuberculosis

1 Introduction

The interplay between the patient, drug, and infectious organism is complex.
Physiochemical properties dictate a drug’s pharmacokinetics (PK) and pharmaco-
dynamics (PD). Knowledge of PK, defined as the study of the absorption, distri-
bution, metabolism, and elimination of medications, combined with PD, defined as
the study of the effects a drug has on the body, is essential to optimizing drug
treatment, to increase efficacy, reduce both short- and long-term side effects, and
minimize drug interactions. Specifically, we attempt to maximize parameters to

Common keywords related to pharmacokinetic and pharmacodynamic properties of
anti-tuberculosis (TB) medications
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decide on an optimal dose, the ideal timing of that dose, and how often the dose
should be given. Numerous factors can affect a drug’s PK parameters: the presence
or absence of food, gastric function (e.g., pH), liver metabolism (e.g., cytochrome
enzymes, transporters), and drug-drug interactions, among others. In an ideal world,
we focus on individualized approaches that incorporate patient factors, drug
properties, and microbe characteristics to maximize patient care and improve out-
comes. Herein, we discuss the individual medications used in active tuberculosis
(TB) treatment, PK parameters of relevance, and the associated PK parameters in
conjunction with PD with treatment efficacy.

2 First-Line Medications

2.1 Rifampin

Rifamycins used to treat TB include rifampin, rifapentine, and rifabutin. In addition
to isoniazid, the introduction of rifampin in 1967 (FDA approved in 1971) to the
treatment of TB dramatically changed the time necessary to treat TB [1]. The
rifamycins’ bactericidal activity is associated with concentration. Specifically, they
are considered concentration-dependent killers of Mycobacterium tuberculosis (M.
tb) [2]. Rifampin, the most bactericidal agent used for TB, is key to preventing
disease relapse following treatment [3].

Its PK parameter of efficacy is either area under the curve (AUC) or the peak
concentration (Cmax) (Table 1). Early studies examined rifampin point to
Cmax/minimum inhibitory concentration (MIC) as the PK/PD parameter for bac-
tericidal activity. However, studies conducted more recently show AUC/MIC may
be the PK/PD parameter we should optimize.

The rifamycins differ in regards to absorption properties. Rifampin’s absorption
is decreased by approximately 36% in the presence of food; thus, if possible,
rifampin should be taken on an empty stomach [4]. Additionally, different for-
mulations have variable absorption, as will several disease states. Patients with the
following comorbid conditions may experience lower than expected absorption:
diabetes, cystic fibrosis, and human immunodeficiency virus (HIV) [5–7]. Some
studies suggest that the more advanced the disease, the greater the degree of
malabsorption with HIV-TB-co-infected persons [8].

The standard initial dose for rifampin is 600 mg/day (10 mg/kg). The choice of a
600 mg dose had little data supporting it at the time. Investigating the rationale
behind the selection of this dosing strategy, Van Ingen et al. detail three points of
the rationale for the choice:

i. a 600 mg dose averages concentrations, as measured in the serum, substan-
tially above the MIC;

ii. concern existed that adverse events are dose-related, and the lowest effective
dose could mitigate rifampin’s adverse events; and

iii. rifampin’s expense required judicial use in treatment [9].
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Several recent studies indicated the 600 mg once daily dose may be too low on
the dose–effect curve. A reduction in early bactericidal activity (EBA) was seen
when doses were reduced from 600 to 300 mg [10]. This was supported by clinical
data from a randomized control trial which showed 450 mg was less effective than
600 mg [11]. Data suggest that increasing doses beyond 600 mg will increase
bactericidal activity. Additionally, higher doses of rifampin are currently used in

Table 1 Pharmacokinetic parameters and concentrations associated with efficacy

Drug Standard dose (mg) PK
parameter
associated
w/ efficacy

Peak concentration
w/ standard dose
(mcg/mL) for TDM
considerations

TDM
post-dose
sample
times (h)

Rifampin 8–12 mg/kg Cmax,
AUC

8–24 2 and 6

Rifapentine 600 mg twice daily Cmax,
AUC

8–30 5 and 6

Rifabutin 5 mg/kg once daily
15 mg/kg intermittent

AUC 0.45–0.90 3 and 7

Isoniazid 4–6 mg/kg (300 mg) daily
15 mg/kg (900 mg)
biweekly

Cmax 3–6
9–15

2 and 6

Pyrazinamide 25 mg/kg daily
50 mg/kg biweekly
If CrCl is less than
30 mL/min/1.73 m2,
consider 25- to
35-mg/kg/dose thrice
weekly

AUC 20–50
60–90

24a

Ethambutol 15–25 mg/kg daily
50 mg/kg twice weekly

Cmax 2–6
4–12

2 and 6b

Moxifloxacin 400 mg daily AUC 3–5
AUC 55 (36–79)

2 and 6

Levofloxacin 1000 mg daily AUC 8–13
AUC 129 (103–358)

2 and 6

Amikacin 15–20 mg/kg daily Cmax 35–45 1.8 mcg/mL

Streptomycin 15–20 mg/kg daily Cmax 35–45 2 and 6

Cycloserine 15–20 mg/kg (divided
dosing)

%T > MIC 20–35 2c

Bedaquiline 400 mg daily for two weeks,
then 200 mg thrice weekly

AUC 2.5–8.5 2 and 6

Delamanid 100 mg twice daily AUC 1–4 2 and 6

Prepared with data from [89, 105–108]
CrCL Creatinine clearance; TDM Therapeutic drug monitoring
a Serum uric acid concentration is used as an adherence detector
b 3- and 7-h samples may be preferred if the patient is concomitantly taking rifabutin and/or
clarithromycin
c 6-h sample if not taken on an empty stomach. Consider collecting samples after 3–4 days of
administration to allow for a steady state to be reached
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treating other disease states such as brucellosis and leprosy [12]. Based on the
accumulating evidence from these in vitro, EBA, and animal studies, the HIRIF trial
was conducted to examine doses beyond 600 mg in TB patients [13]. One-hundred
eighty TB patients in Peru were randomized to receive 10 mg/kg (600 mg),
15 mg/kg (900 mg), or 20 mg/kg (1200 mg) of rifampin in addition to isoniazid,
pyrazinamide, and ethambutol. Pharmacokinetic findings from the trial showed an
increase in concentrations above the MIC. Importantly, adverse events were similar
between the three groups. Therefore, increasing drug concentrations with higher
doses (900 and 1200 mg) maximizes the PK/PD parameter of efficacy without
associated increase in adverse effects and guides initial rifampin dosing.

2.2 Rifapentine

Rifapentine is the cyclo-pentyl ring-substituted cogener of rifampin; therefore, the
drug has similar PK properties to its predecessor. These properties include a similar
side effects profile but an advantage in PD with a lower MIC than rifampin [3].
However, the cyclo-pentyl group creates a difference in some PK properties, such
as half-life. Rifapentine’s half-life is approximately 15 h, leading researchers to
examine intermittent dosing with active TB. However, intermittent therapy may
increase rifamycin resistance, particularly in persons living with HIV [14].

Rifapentine is highly protein-bound (98–99%) and, as with rifampin, efficacy
may require higher doses [15]. Similar to the HIRIF study, a randomized,
dose-ranging study by Dorman et al. examined 10, 15, and 20 mg/kg rifapentine
daily [16]. The study showed that antimicrobial activity was associated with AUC.
Importantly, the study showed no increased adverse events due to dose increase. It
is important to note that food, which increases the absorption of rifapentine, was
co-administered with the dose. Additionally, rifapentine concentrations experience
high inter-individual variability; as weight does not affect clearance, dosing by a
specific milligram dose (rather than mg/kg) would help decrease AUC variability.
The optimum AUC appears to be achieved between 900 and 1200 mg for active
TB.

It is unknown if doses beyond 1200 mg will result in increased efficacy. Early
bactericidal studies by Sirgel et al. indicated a minimal increase in antibacterial
activity beyond 1200 mg, and toxicity might prevent higher doses [17, 18]. Cur-
rently, rifapentine seems to have found its niche as an option to treat latent TB when
combined with high-dose isoniazid.

2.3 Rifabutin

Rifabutin’s chemical structure differs from that of rifampin and rifapentine. Rifa-
butin’s side effect profile differs from the other two rifamycins in one substantial
aspect: rifabutin concentrations are limited due to dose-related side effects (e.g.,
anterior uveitis and neutropenia), which are more prominent beyond 1 mcg/mL.
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Unlike rifampin and rifapentine, food does not impact rifabutin’s absorption to any
great extent [3].

Rifabutin is used in TB treatment when drug interactions preclude the use of
rifampin (e.g., HIV antiretrovirals, anti-seizure medications). Rifabutin induces
enzymes approximately sixty percent less than that of rifampin and rifapentine.
However, rifabutin is a CYP3A substrate, and well-noted bidirectional interactions
are possible. The potential drug interactions with CYP inducers or inhibitors, as
well as the concentration-related side effects, lends rifabutin to therapeutic drug
monitoring if logistically and economically feasible [19].

Rifabutin’s efficacy is believed to be similar to that of rifampin and rifapentine
despite what some would consider an unfavorable Cmax/MIC ratio, which is lower
than that of rifampin and rifapentine. It is theorized that rifabutin’s intracellular
penetration may be superior to that of its rifamycin counterpart with an up to
nine-fold concentration within cells [3].

2.4 Isoniazid

For over 60 years, isoniazid has been a primary drug used to treat both active and
latent TB. In the first six months of active TB treatment, isoniazid is used in
combination with rifampin, pyrazinamide, and ethambutol for two months, then
with rifampin for the following four months [20]. For latent TB, isoniazid may be
used as monotherapy for six to nine months or combined with rifampin for three
months [21]. Isoniazid’s bactericidal activity is driven by its concentration-
dependent rapid killing. Its efficacy and affordability assist attainability and prevent
companion drug resistance (DR) [22].

Isoniazid is usually administered orally with intramuscular (IM) and intravenous
(IV) formulations also available. The typical dose is 300 mg daily with an alter-
native 900 mg dose administered one, two, or three times per week [23]. When
taken with food, isoniazid’s bioavailability decreases. Thus, it should be taken on
an empty stomach [24]. Within 2 h of administration, isoniazid exhibits a Cmax
serum concentration of 3 mcg/mL, sufficient for bactericidal activity against sen-
sitive M. tb strains. Furthermore, increasing the Cmax to 5 mcg/mL may facilitate
killing of isolates that withstand Cmax concentrations of 3 mcg/mL [25]. In situ
permeability studies in rats demonstrated that isoniazid has low gastric but high
small intestine permeability. However, isoniazid bioavailability did not differ sig-
nificantly in TB patients following stomach or intestinal surgical resections [26].

Isoniazid has the propensity to cause severe hepatotoxicity, which has been
linked to gene alterations affecting N-acetyl transferase 2 (NAT2) metabolism [24,
27]. Greater than 40 NAT2 variants have been identified, resulting in high
inter-individual isoniazid concentrations [22]. Genotyping NAT2 may make it
possible to individualize isoniazid dosing by lowering the dose in slow acetylators
who are more prone to liver enzyme elevations, thus achieving optimal efficacy
without increasing the risk of hepatotoxicity [28]. Despite evidence for
genotype-guided dosing, it is not commonly performed in current practice.
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2.5 Pyrazinamide

Pyrazinamide, combined with isoniazid, rifampin, and ethambutol for the first two
months, is another essential first-line TB treatment. Its sterilizing effect is most
efficacious during this time against M. tb, allowing a duration of treatment of six
instead of nine months [29]. Unlike other TB treatments, pyrazinamide has bac-
tericidal activity in acidic environments, which may improve its susceptibility in
immunocompromised hosts [30]. Of all anti-TB therapies, pyrazinamide has likely
the most predictable absorption [29]. It demonstrates high bioavailability with
serum Cmax achieved within 1–2 h after administration and intracellular accu-
mulation within 3 h, irrespective of cellular metabolism [29, 31]. Only minor
changes in bioavailability and Cmax are demonstrated when pyrazinamide is taken
with meals [32]. Approximately 10% of pyrazinamide is protein-bound, and it is not
known whether pyrazinamide crosses the placental barrier, but distribution into
breast milk has been documented [33, 34]. The elimination half-life of pyrazi-
namide, which is primarily excreted in the urine, is 9–10 h in healthy adults;
however, metabolite accumulation and a prolonged elimination to 26 h occur in
patients with severe renal dysfunction [35].

Weight-based pyrazinamide dosing is recommended for drug-susceptible TB
(25 mg/kg) and multidrug-resistant (MDR) TB (35 mg/kg) to achieve a goal AUC
of � 363 mg h/L, which has demonstrated improved patient outcomes. However,
traditional pyrazinamide dosing often results in suboptimal PK target attainment;
thus, higher doses may be warranted [32]. In a study by Pasipanodya et al.,
pyrazinamide AUC values < 363 g h/ml resulted in poor patient outcomes,
including treatment failure, disease relapse, and death [36]. Alsultan et al.
demonstrated in a one-compartment model that weight and sex substantially impact
pyrazinamide PK. Specifically, when comparing fixed- versus weight-adjusted
dosing in a 90 kg and 40 kg patient, the model estimated that a fixed dose of
pyrazinamide would decrease the AUC two-fold in the 90 kg patient and that
weight-adjusted doses of 50 mg/kg and 60–70 mg/kg were needed to reach AUC
goals in 80% and 90% patients weighing 40–90 kg, respectively. Based on these
data, the universal use of a fixed dose of pyrazinamide may not be appropriate [29].
However, higher dosing with a weight-adjusted approach may increase levels of
protonated pyrazinoic acid and the subsequent risk of pyrazinamide parent drug- or
metabolite-induced hepatotoxicity [37]. Thus, the risk of hepatotoxicity should be
balanced against using higher doses to improve outcomes.

2.6 Ethambutol

Ethambutol is a first-line TB treatment that protects rifampin from developing DR
during the first two months of therapy in case isoniazid demonstrates resistance.
Ethambutol may be stopped at two months if the other first-line agents demonstrate
susceptibility. However, if it is a rifampin- or isoniazid-resistant strain, ethambutol
therapy may be prolonged [38].
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Ethambutol’s optimal PD parameter has yet to be determined; however, dose–
response efficacy has been observed [39]. Microbial kill has been linked to both
AUC/MIC and Cmax/MIC, while resistance has been associated with
time-dependent activity (%T/MIC) [2].

Ethambutol AUC is decreased in obese patients, reducing the risk of toxicity
while increasing the risk of therapeutic failure. This was demonstrated by Hall et al.
in a prospective study that evaluated the impact of weight on ethambutol PK after
one oral dose of 1600 mg in 18 adults with normal renal function and body mass
index ranging from less than 25 to greater than 40 kg/m2. Using a two-compartment
model, they identified that ethambutol AUC was lower for obese versus lean adults.
These data concluded that weight-based ethambutol dosing regimens might be
warranted for obese and extremely obese patients to improve treatment outcomes
[40].

Ethambutol activity against M. tb requires concentrations of 1 mcg/mL and 5
mcg/mL to achieve a static and cidal effect, respectively [41]. Following oral
administration of a 25 mg/kg dose of ethambutol, approximately 80% is absorbed
with Cmax serum concentrations of 4–5 mcg/mL at approximately 2–4 h post-dose.
Although serum concentrations are not significantly affected by food ingestion, they
are reduced when ethambutol is taken with aluminum hydroxide. Ethambutol
demonstrates low protein binding and rapid gastrointestinal absorption, resulting in
high concentrations at various sites (e.g., kidneys, lungs, erythrocytes, and saliva)
[42]. Ethambutol undergoes partial hepatic metabolism, resulting in 50–80% of
unchanged drug and 8–15% of its metabolites being excreted in the urine, while
25% of the unabsorbed drug is excreted in feces at 24 h [43]. Its elimination has
two phases: a fast decline in the initial 12 h and a slow decrease after that [44]. The
usual plasma half-life is 3.5 h, which can extend to 15 h with renal or hepatic
dysfunction.

Optic neuritis is a serious adverse effect of ethambutol. The concern of ocular
toxicity increases substantially in patients with severe renal dysfunction due to an
approximately two-fold increase in drug half-life [45].

3 Second-Line Medications

3.1 Fluoroquinolones

Fluoroquinolones have been tested in various regimens to determine if they may be
used as first-line treatment. However, most guidelines and clinicians agree that they
should be considered second-line therapy [46, 47].

Fluoroquinolones have high oral bioavailability and low protein binding; addi-
tionally, the plasma half-lives range from 5 to 7 h [48]. These PK properties allow
for once-daily dosing. Its PK efficacy parameter is AUC [49, 50]. Studies show that
the fluoroquinolones’ early bactericidal activity was less than that of isoniazid but
greater than rifampin [51, 52]. Based on these studies, various trials were initiated
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to determine if using a fluoroquinolone in place of a first-line agent (e.g., etham-
butol or isoniazid) shortens the duration of therapy [46, 47, 53]. Thus far, study
results have not shown a clear advantage in switching to fluoroquinolones in
regards to shortening treatment [46, 47, 54, 55].

Moxifloxacin is active against M. tb isolates, including MDR-M. tb isolates [49].
The oral bioavailability is approximately 92% with little first-pass effect [48].
Moxifloxacin has a half-life of 11–15 h, and oral absorption may be delayed when
given with food [56]. Similar to most fluoroquinolones, moxifloxacin significantly
penetrates body tissues and bronchial secretions, a result of its substantial volume of
distribution [57–59]. There are no significant drug interactions through the cyto-
chrome P450 pathway; however, absorption may be decreased when concomitantly
administered orally with multivalent cations. Specifically, aluminum or magnesium
ions decrease the absorption by 40%, and iron ions may decrease as much as 60%
[60]. Moxifloxacin is metabolized and excreted primarily by the hepatobiliary
system by sulfate (38%) and glucuronide (14%) conjugation [61]. The remainder is
excreted in feces (25%) and urine (20%) unchanged.

Clinical efficacy with moxifloxacin has been correlated with the AUC/MIC ratio
[62]. In particular, moxifloxacin has been the focus of studies testing its use as an
alternative agent to be used in a standard first-line regimen. Current literature failed
to meet non-inferiority on shorter duration as well as replacing the first-line regi-
mens. Yet, if a patient cannot tolerate one of the first-line regimens, and if found
susceptible, moxifloxacin may be an option. Currently, the CDC and WHO rec-
ommend the use of moxifloxacin for MDR-TB. Levofloxacin and ofloxacin are also
alternative treatment options. Most in vitro studies show the MICs for moxifloxacin
and levofloxacin are less than 0.5 mcg/mL and ofloxacin around 1 mcg/mL [63].
Ciprofloxacin’s antitubercular activity is not adequate for efficacy [64].

Additionally, concerns exist regarding fluoroquinolones’ resistance due to their
widespread use for multiple disease states. Poor adherence and indiscriminate
prescribing have contributed to this resistance. In regards to the treatment of TB,
previous use can limit their usefulness.

Overall, the newer fluoroquinolones generally have a good safety profile, and
their antimycobacterial drug interactions are limited to rifampin, which results in
decreased moxifloxacin plasma concentration (approximately 31%) [65, 66].
Higher than the standard 400 mgmoxifloxacin dose may be required when taken
concomitantly with rifampin, and therapeutic drug monitoring may be considered,
if feasible. In regards to moxifloxacin dosing, data suggest that the current 400 mg
dose may be suboptimal in eradicating M. tb in the absence of drug interactions and
that 600–800 mg should be used [50, 67, 68].

3.2 Aminoglycosides

The aminoglycosides, once mainstays in the treatment of MDR-TB, are no longer
utilized as often due to the availability of drugs with superior safety profiles and
ease of administration (oral vs. IV). Kanamycin and capreomycin, in particular, are
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not often used, and the current ATS/CDC/ERS/IDSA guidelines recommend
against their use due to an association with poorer outcomes in MDR-TB patients
[69]. Streptomycin and amikacin currently are still recommended for MDR-TB.
Streptomycin, the first isolated aminoglycoside, has been used extensively, but due
to its frequent use, it is estimated that more than 50% of MDR-M. tb isolates may be
resistant in certain regions [70].

Amikacin is active against M. tb [71] and has shown high susceptibility rates in
MDR-M. tb strains [72, 73]. Amikacin has the lowest MIC of the aminoglycosides
by the absolute concentration methods [74]. The likelihood of cross-resistance
between aminoglycosides is not fully consistent. The incidence of amikacin resis-
tance seems to be lower with MDR-M. tb isolates, especially those that are strep-
tomycin-resistant [75].

Amikacin demonstrates poor gastrointestinal absorption, whereas, with IM
injection, the bioavailability is approximately 95%. Amikacin is, therefore, com-
monly administered as an IV agent. Amikacin has a half-life of 1.9–2.6 h with
adults in normal renal function, whereas it will be prolonged to 44 h in patients with
decreased renal function [76–78]. Its volume of distribution is approximately 30%
of the total body weight, indicating that amikacin is primarily distributed in the
extracellular fluids [76]. Amikacin has been shown to penetrate bronchial secretions
in patients with pneumonia and has shown that once-daily administration at higher
concentrations is more effective than divided doses [79].

The Cmax is attained approximately one hour after the start of IV administration.
Amikacin’s PK parameter most associated with killing and efficacy is Cmax; thus,
adjusting the aminoglycoside dose to optimize the Cmax/MIC ratio is necessary to
increase effectiveness. Therapeutic drug monitoring of peak concentrations may aid
in increasing efficacy and potentially reduce the risk of adverse events (e.g.,
nephrotoxicity and ototoxicity) [80, 81]. Amikacin has been shown to concentrate
in the renal cortex and accumulate with repeated doses [82]. Both nephrotoxicity
and ototoxicity are associated with the duration of aminoglycoside use [83]. In a
retrospective analysis of eighty patients, van Altena et al. found that cumulative
drug concentrations correlated with the extent of hearing loss [80]. Modongo et al.
showed its association with AUC and ototoxicity [84]. In their analysis, an ami-
kacin AUC greater than 87,332 mg h/L resulted in a significant increase in oto-
toxicity. Post-antibiotic effect duration has been seen as far as 17.4 h in an in vitro
setting [85]. The post-antibiotic effect may increase to 95–97 h in combination with
other antimycobacterial agents.

Amikacin is excreted entirely from the kidneys and has tubular reabsorption
[77]. Within 24 h of administration, approximately 94% of amikacin is excreted
unchanged in the urine [76, 77].

3.3 Cycloserine

Cycloserine, structurally related to D-alanine, shows activity against several
gram-positive bacteria in addition to M. tb. Data on cycloserine PK is sparse
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compared to other anti-TB medications. Neuropsychiatric side effects prevent
cycloserine’s widespread use, and it remains a second-line agent. The standard dose
of cycloserine is 250–500 mg, taken one to two times daily. The MIC for
cycloserine is approximately 10 mcg/mL in Lowenstein-Jensen media [42].
Regarding efficacy, studies indicate that time > MIC is the PK/PD parameter that
should be maximized [42].

Studies indicate that cycloserine’s absorption is influenced by food and antacids.
Cycloserine is water-soluble and is highly bioavailable. A healthy volunteer study
by Zhu et al. demonstrated decreased cycloserine absorption when taken con-
comitantly with a high-fat meal, which resulted in a decreased Cmax and prolonged
Tmax. In the same study, antacids and orange juice had little effect on PK
parameters. A population PK model by Alghamdi et al. collated cycloserine con-
centrations from 247 individuals from three different countries [33]. The authors
noted that dividing the dose did not improve PK/PD breakpoints, except when
patients received a 750 mg dose divided into 500 and 250 mg. As stated, the central
nervous system (CNS) toxicity limits the use of cycloserine. Some common CNS
side effects include headache, lethargy, dizziness, dysarthria, and depression.
Assuming CNS toxicity is associated with the Cmax, then dividing the dose can
reduce the risk for CNS toxicity while maintaining a time > MIC associated with
efficacy [33].

3.4 Bedaquiline

Bedaquiline, formerly TMC207, received approval to treat pulmonary MDR-M. tb
in 2012 [86]. It has a different mechanism of action compared to other antimy-
cobacterial agents, making it an attractive treatment option for MDR-TB. Beda-
quiline has high in vitro activity against susceptible and resistant strains of M. tb
[87]. Following oral administration, bedaquiline is well absorbed with a median
Tmax at 5 h, which is dose-independent. Food increases absorption and is rec-
ommended to be given with the administration of Bedaquiline [88].

Bedaquiline displays linear kinetics with both single-dose and multiple-dose
administration; thus, Cmax and AUC both increase in proportion with single and
multiple doses. Per animal studies, it is believed that the primary PK parameter
associated with efficacy is AUC. Bedaquiline dosing is 400 mg every day for two
weeks, then 200 mg three days per week. Intermittent dosing is utilized to prevent
the accumulation of bedaquiline while maintaining the average plasma concentra-
tion of 0.6 mcg/mL (based on murine models). The terminal half-life of bedaquiline
is approximately 164 days, which is substantially longer than the 24 h considered
to be its “effective half-life.” Heeswijk et al. describe the effective half-life as: “the
half-life associated with drug accumulation in plasma” [89].

Aside from its long elimination half-life, two other PK features of bedaquiline
stand out: protein binding and its metabolism. Similar to rifapentine, bedaquiline is
highly protein-bound, approximately 99.9% [90]. Bedaquiline’s active metabolite,
M2 (N-monodesmethyl metabolite), is also highly protein-bound, approximately
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99.7% [89]. In regards to metabolism, bedaquiline is primarily metabolized by
CYP3A4 into M2. As a substrate of CYP3A4, the potential for drug-drug inter-
actions is apparent. Notably, bedaquiline is not known to be an inducer or inhibitor
of phase I or II enzymes [91].

3.5 Delamanid

Delamanid, an inhibitor of mycolic acid biosynthesis, was approved by the Euro-
pean Medicines Agency (EMA) in 2014 for MDR-TB. Delamanid shows activity
against actively replicating M. tb as well as dormant and intracellular bacilli [92].
Delamanid has greater than 99% plasma protein binding and a substantial volume
of distribution [93]. Food increases absorption versus a fasted state. Peak delamanid
concentrations occur between 4 and 8 h. In regards to distribution, delamanid can
achieve high tissue levels, including bone tissue and the CNS; thus, delamanid
passes the blood–brain barrier [94].

One of the more unique PK properties of delamanid is how the drug is
metabolized. Plasma albumin is the primary metabolic pathway, which is seen with
a few drug products [93, 95]. Additionally, delamanid neither induces nor inhibits
CYP enzymes or efflux/influx pumps; thus, a few drug interactions is expected [96].
The plasma half-life ranges from 30 to 38 h, which lends itself to once-daily dosing
[97]. Dosing is nonlinear; however, in a dose-ranging study by Diacon et al.,
delamanid’s AUC increased disproportionately from 100 to 400 mg; the authors
believed it was due to dose-limited absorption [98]. Importantly, delamanid was
found to be well-tolerated with few significant signs of toxicity. Common side
effects are nausea, vomiting, headache, and QT prolongation [99]. Though studies
show that QT prolongation has not led to any clinical cardiac events, even when
given in conjunction with other QT-prolonging medications (e.g., fluoro-
quinolones), patients should be monitored closely [99].

The MICs range between 0.006 and 0.03 mcg/mL, depending on the assay used
[100, 101]. Resistance is low, approximately 1.3%, based on a study of 744 MDR
or extensively drug-resistant (XDR) isolates with ten of those isolates having MICs
at or greater than 0.5 mcg/mL [102]. Critical concentrations of 0.2 and 0.125
mcg/mL have been proposed previously [103, 104].

4 Conclusion

Alexander Fleming’s prescient comments regarding the penicillin drug resistance
ring are as true now as he spoke them 90 years ago. TB is a perfectly curable
disease if treated appropriately; yet, it is currently the number one infectious killer
globally. Many factors have contributed to its dissemination throughout the globe,
including logistical and socioeconomic factors. One of the factors that clinicians
can manipulate to a certain extent is the pharmacokinetic parameters via dosing
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changes, food administration, management of drug interactions, and optimizing
adherence via directly observed therapy. Until a viable vaccine is available or
newer, more potent agents are developed, we are left with maximizing today’s
medications to the best of our ability.

Core Messages

• Optimized PK/PD parameters increases anti-TB treatment efficacy while
minimizing side effects and drug interactions.

• TB therapy is two months of isoniazid, rifamycin, pyrazinamide, and
ethambutol, then four months of isoniazid and rifampin.

• Alternative therapy options for TB include fluoroquinolones, aminogly-
cosides, cycloserine, bedaquiline, and delamanid.

• PK parameters associated with efficacy for all agents are Cmax and AUC,
except cycloserine, for which it is T > MIC.
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If you change the way you look at things, the things you look at
change.

Max Planck

Summary

Tuberculosis (TB) is a dangerous infectious disease caused by Mycobacterium
tuberculosis (M. tb). Although approximately 90% of individuals are infected
with M. tb, the disease develops only in 5–10% of the infected people. Other
persons infected with M. tb remain healthy during their entire life, i.e., it can be
assumed that the symbiotic host–pathogen interactions emerge to prevent not
only TB but also other diseases. We believe that the host immune system is
important in developing TB-associated inflammation and another response of
this system to M. tb significantly contributes to TB development. Modulation of
immunity via immunotherapeutic agents may balance host–pathogen interac-
tions. Conventional chemotherapeutic anti-TB drugs aim at eliminating M. tb,
whereas the imbalance in the immunopathological process should be modified
by immunotherapy. Adjunctive immunotherapy may enhance the treatment
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effectiveness, reduce the duration of chemotherapy, and improve the host
immunity preventing TB relapses. This chapter deals with the most common
types of immunotherapeutic strategies that have been used in clinical trials.

Graphical Abstract

Immunotherapy for tuberculosis (TB)
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1 Introduction

Tuberculosis (TB) is a global problem of mankind, which is one of the most
common causes of death worldwide [1]. The drug-resistant (DR) forms of
Mycobacterium tuberculosis (M. tb) are one of the main problems for the End TB
Strategy of the World Health Organization (WHO) to eliminate TB, which aims to
reduce the incidence of TB by 2035 [2]. The main common and most dangerous
forms of resistant TB are multidrug-resistant TB (MDR-TB) and extensively
drug-resistant TB (XDR-TB). MDR-TB is due to M. tb strains resistant to the most
effective drugs for the treatment of TB, namely rifampicin and isoniazid [3, 4].
XDR-TB is caused by M. tb strains which are resistant not only to isoniazid and
rifampicin but also to a drug from the fluoroquinolone group and one additional
group A drug as defined by WHO [5]. XDR-TB and MDR-TB are characterized by
lower treatment effectiveness, the need for increased treatment duration, and more
prevalence of side effects to anti-TB drugs, as compared with susceptible pul-
monary TB (PTB) [6, 7].

Chemotherapy remains an optimal therapeutic approach for TB patients [8].
However, drugs for anti-TB chemotherapy can lose their efficiency over time due to
the development of DR mutants. For example, the recently introduced drugs
delamanid and bedaquiline are becoming less effective since cases with delamanid
and bedaquiline resistance have already been reported [9, 10]. It is important to note
that it took ten years for these drugs to be approved and enter the market, and
during that period, no other novel anti-TB drugs have become available for patients
[11]. This situation has probably emerged since pharmaceutical companies are not
particularly interested in developing anti-TB drugs due to high drug development
costs, time-requiring drug testing, low profits, rapid resistance development, and
other reasons. Furthermore, the treatment effectiveness should also depend on the
combined therapeutic action, for example, on the immunity [12, 13]. Some authors
emphasize that the role of immune therapy in TB treatment is rather limited
compared with chemotherapy [8]. However, there is evidence that the human
immune response is crucial for determining the infection outcome, i.e., complete
clearance of the pathogen, reconvalescence, or relapse [4, 14]. Furthermore, the
susceptibility of HIV-infected persons to PTB infection highlights the role of
immunity in TB development [15]. Immune cells involved in the antimycobacterial
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immune response are affected by HIV, which explains the high incidence of TB
among HIV-infected individuals (50%) and the fact that TB is a leading cause of
death in patients with HIV infection [1]. It is worth mentioning immunological
parameters have prognostic values for treatment effectiveness in TB-HIV
co-infection [16].

One-third of the population is infected with M. tb, and this parameter reaches
90% in countries with high TB prevalence (Ukraine, Russia, India, China, etc.).
However, the disease develops only in 10% of M. tb-infected individuals [17, 18].
Therefore, healthy M. tb-infected people exist in an immunological symbiosis with
M. tb without the development of TB.

The host–pathogen interactions result in a complex immune response whose
intensity and efficiency are dependent on multiple factors. The survival and
reproduction of mycobacteria in the body and the release of pathogen antigens from
cells are balanced by evolutionary immune-escaping mechanisms developed by M.
tb and host immunological mechanisms that implicate cells of monocyte/
macrophage lineage, lymphocytes, and granuloma formation [19]. The immune
response can significantly affect the amount of replicating microorganisms and,
hence, the disease outcome [20]. The knowledge of the nature of interactions
between the host and pathogen underlies the development of anti-TB
immunotherapeutic strategies.

It is important to note that M. tb primarily infects airway epithelial cells, den-
dritic cells, alveolar macrophages, and monocytes [21]. The effective elimination of
M. tb by the cells mentioned above is crucial for infection abortion. Thus, M. tb-
host immune cell interactions are of paramount importance for determining whether
the disease develops or early clearance occurs. The survival of M. tb within mac-
rophages is mediated by the phagosome-lysosome fusion (PLF) [22, 23]. The
phagosomal vacuole should fuse with lysosomes during phagocytosis to provide M.
tb destruction under the action of low pH values and lysosomal hydrolytic enzymes.
In addition to M. tb destruction, this process results in the formation of my-
cobacterial antigens, which are presented to T cells via major histocompatibility
complex (MHC) type II molecules [24]. PLF is prevented by M. tb mediating the
latent infection. During its evolution,M. tb has developed several strategies to avoid
PLF and enable its persistence inside immune cells. These strategies allow the
pathogen to manipulate macrophages instead of killing them. Given that M. tb is an
intracellular microorganism, it is hidden and cannot be recognized by other immune
cells, which fail to destroy it. Therefore, M. tb has the time to reproduce inside the
cell until the next step of immunological reaction occurs.

In addition to PLF, the pathogen has developed other mechanisms responsible
for its survival and reproduction in macrophages. In particular, M. tb can down-
regulate antigen-presenting molecules, prevent cell apoptosis, induce macrophage
necrosis, block oxidative damage, and inhibit autophagy [22, 23, 25].

Another important factor in TB pathogenesis is the phagosome disruption that
promotes the release of M. tb into the cytosol. The cytosolic translocation of bacilli
facilitates the development of infection via several mechanisms, including NLRP3
inflammasome activation, type I IFN secretion, nucleotide-binding oligomerization
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domain-containing protein 2 (NOD2) signaling, and autophagy suppression [26].
NLRP3 inflammasome is activated via the ESAT-6 secretion system-1 (ESX-1),
which is believed to be a major virulence determinant in M. tb. ESX-1-mediated
NLRP3 inflammasome assembly results in the proteolytic activation of caspase-1,
which cleaves pro-IL-1b and pro-IL-18 to produce active pro-inflammatory
cytokines released from the infected macrophages (Fig. 1). It is worth mentioning
that ESX-1 stimulates NLRP3 inflammasome activation by promoting potassium
ion efflux [26, 27]. Moreover, ESX-1 mediates the necrosis of macrophages
(Fig. 1). This highly pro-inflammatory mode of cell death is necessary for the
release of M. tb from the macrophages to infect new cells [28].

The phagosome disruption also promotes type I IFN release from the infected
cells. The leakage of mycobacterial components into the cytosol, in particular
extracellular DNA, activates the STING-TBK1-IRP3 signaling axis, which drives

Fig. 1 Mycobacterium tuberculosis (M. tb) infects a macrophage. Initially, it resides inside a
phagosome. M. tb prevents phagosomal-lysosomal fusion and its destruction by lysosomal
enzymes. Instead, M. tb promotes the phagosomal rupture with the subsequent translocation of the
pathogen in the cytosol. In the cytosol, it binds to NLRP3, activating the formation of the
inflammasome, which is accompanied by the activation of caspase-1 and caspase-1-mediated
cleavage of IL-1b and IL-18 precursors. The binding of M. tb to NOD2 activates the synthesis of
pro-inflammatory cytokines, which are also upregulated when extracellular M. tb interacts with
TLRs. In addition, intracytosolic M. tb activates necrosis to provide the spread and infection of
new immune cells. The pathogen blocks autophagy, which is protective for the host
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the expression of type I IFNs [29]. When the pathogen is translocated to the cytosol
and, thus, enters the intracellular environment, its structural fragments become
exposed to pattern recognition receptors (PRRs). PRPs are components of the
innate immune system, whose ligands are pathogen-associated molecular patterns
(PAMPs), including mycobacterial nucleic acids and fragments of the cell wall [25,
30, 31]. Toll-like receptors (TLRs) and NOD2 protein are among the most widely
studied PRRs involved in the antimycobacterial immune response. Several studies
have demonstrated the association between TLRs and NOD2 polymorphisms and
susceptibility to TB [32, 33]. TLRs, especially TLR2 and TLR4, are responsible for
triggering the adaptive immunity to M. tb [34]. TLRs are expressed primarily on the
surface of immune cells and are responsible for recognizing extracellular my-
cobacterial antigens. In particular, TLR2 and TLR4 signaling induced by
mycobacterial PAMPs, such as cell wall glycolipids, promotes activation of NF-jB
(nuclear factor kappa-light-chain-enhancer of activated B cells), its translocation to
the nucleus and subsequent upregulation of pro-inflammatory cytokines, primarily
tumor necrosis factor-a (TNF-a) [35]. In addition, TLR signaling promotes the
intracellular synthesis of calcitriol, an active form of vitamin D, in macrophages.
Calcitriol shows mycobactericidal effects and promotes anti-M. tb immune response
[36]. This allows considering vitamin D supplementation for a combined pul-
monary TB treatment.

In contrast to TLRs, NOD2 is an intracellular protein receptor. It is expressed in
monocyte/macrophage lineage cells and is activated upon exposure to bacterial
components. NOD2 downstream effects include the induction of NF-jB and the
release of cytokines [37]. After the phagosome disruption and M. tb translocation to
cytosol, NOD2 recognizes and binds to the components of mycobacterial cell wall
peptidoglycans such as muramyl dipeptide. This leads to activation of NF-jB
transcriptional factors and NF-jB-mediated upregulation of cytokines, including
TNF-a, IL-1b, and IL-12 [25, 38]. TNF-a and IL-12 derived from macrophages
induce IFN-c secretion by T lymphocytes and NK cells. This cytokine plays a
pivotal role in antimycobacterial immunity suggesting its implication in TB
immunotherapy. IFN-c promotes phagosome maturation in the infected macro-
phages, improves antigen-presentation, and activates host autophagy [23, 25].
Autophagy is a defense mechanism developed in eukaryotic cells against M. tb.
This process in M. tb-infected immune cells is activated in response to the
translocation of M. tb into the cytosol via its ESX-1 system [39]. In addition,
mycobacterial DNA interacts with the STING protein mentioned above, which
results in ubiquitination of bacterial components followed by ubiquitin recognition
by autophagy adaptor molecules and autophagy activation [40].

As outlined above, it is obvious that the cell-mediated immunity significantly
contributes to the M. tb-induced immune response. It is mediated primarily by CD4
and CD8 T cells [19]. CD4 T lymphocytes can produce Th1 cytokines, including
TNF-a, IFN-c, and IL-2 [41]. IL-2 is of crucial importance for the differentiation of
T lymphocytes. It is a pleiotropic cytokine responsible for promoting NK cell
cytotoxic properties and the formation of memory T cells [42, 43]. A growing body
of evidence suggests that the continuous antigen stimulation in TB results in T cell
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exhaustion associated with the loss of T cell function [42]. This is accompanied by
the reduced cytotoxicity of T lymphocytes, inadequate secretion of Th1 cytokines
(primarily IL-2, but also TNF-a and IFN-c), and insufficient proliferation of T cells.
Thus, IL-2 and IFN-c are promising adjunctive immunotherapeutic agents for TB
treatment.

In contrast to cell-mediated immunity, the impact of antibody-mediated immu-
nity is low in TB. This is explained by the fact that the beneficial effects of
antibodies are limited due to the intracellular localization of mycobacteria [44].
Humoral immunity does not determine the disease outcome in TB patients.

However, immunosuppression does not seem to be optimal for PTB develop-
ment, evidenced by the major immunological tests used in TB (tuberculin and
IFN-c release assay). These tests are based on immunological hypersensitization. It
should be noted that these tests allow detecting the positive or pronounced
immunological reaction to the pathogen, and, in this case, severe TB is usually not
observed. M. tb provokes a constant response to bacillary antigens, and its intensity
does not depend on the number of viable mycobacteria in patients [45]. Thus,
immunotherapy should prevent host tissue damage by promoting an adequate and
balanced immune response instead of reinforcing the inflammatory reaction. In
particular, TNF-a, whose role in anti-M. tb response can hardly be overestimated,
acts as a double-edged sword, and promotes tissue damage [46]. This cytokine
regulates tissue remodeling and the expression of tissue-degrading enzymes. In
addition, significantly elevated concentrations of TNF-a can promote macrophage
necrosis, which is highly pro-inflammatory due to the release of damage-associated
molecular patterns (DAMPs) in the extracellular space due to the loss of membrane
integrity. This contributes to pulmonary parenchyma damage and the formation of
cavities in the lungs [47]. TNF-a inhibitors have been reported to prevent such
unfavorable effects.

Modern chemotherapy has bacteriostatic and bactericidal effects. It alters the
immunological status of TB patients. Thus, the task of restoring the immune system
to the level it used to be prior to the disease cannot be achieved by only
chemotherapy without administering adjunctive immunotherapeutic agents [48].

Since the TB course and outcome are determined by the patient’s immune re-
sponse, biological properties of the pathogen (genotype, susceptibility, and resis-
tance to drugs), and its interactions with the host immune system, it is of huge
importance to take into account all the factors outlined above when developing the
methodology of personalized prevention and immunomodulatory treatment in PTB
as a component of combined chemotherapy-based anti-TB treatment [18]. Thus, we
believe that the altered immune response in TB is an indication of immunothera-
peutic interventions that can improve the effectiveness of anti-TB treatment [12, 49].
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2 Cytokines and Their Inhibitors as Adjunctive
Immunotherapeutic in TB

There is strong evidence that TB is characterized by the prevalence of cell-mediated
immunity with the implication of cytokine-secreting T cells [20]. Th1 cells are
among the crucial players in the M. tb-induced immune response [50]. It is believed
that the hallmark of TB is the inability to eliminate or restrain the pathogen due to
the inadequate host cell-mediated immune response [51]. Thus, one of the strategies
for cytokine-based adjunct immunotherapy in TB is to modulate the immunity by
promoting Th1 cytokine action (IFN-c, IL-2, and IL-12) [52]. On the other hand,
excessive secretion of pro-inflammatory cytokines may promote damage to the
pulmonary tissue, such as the formation of cavities and fibrosis development, in TB
patients [47]. Thus, prevention of cytokine-mediated tissue damage seems to be the
second approach in cytokine-based adjunctive TB immunotherapy [52]. Indeed, the
effectiveness of TNF-a blockers in immunotherapy against TB has been studied
since recently. The TNF-a-driven immune response is of paramount importance in
TB patients. TNF-a has been reported to enhance phagocytosis in macrophages, as
well as promote intracellular destruction of M. tb in a reactive oxygen species
(ROS)- and reactive nitrogen species (RNS)-dependent manner and induce apop-
tosis of M. tb-infected macrophages to restrict the release of M. tb and infection of
new macrophages [53, 54]. The protective role of TNF-a in TB patients is sup-
ported by the observations of higher risks for TB development against the back-
ground of anti-TNF-a-based treatment of rheumatic diseases and inflammatory
bowel disease (IBD) [55]. However, TNF-a overgeneration can be detrimental
because it can cause pulmonary tissue damage in TB patients.

Promising results of cytokine-based TB immunotherapy were initially demon-
strated in rodent models. Aerosolized IFN-c has been shown to have bacteriostatic
effects againstM. tb, reducing its growth in M. tb-infected mice [56]. In addition, an
animal experiment has confirmed that IL-12 can reduce mortality of M. tb-infected
mice, decrease the amount and size of granulomas in the lungs of animals, as well
as stimulate the synthesis of antimycobacterial IFN-c [57]. Data collected using
murine models show that recombinant IL-2 has antimycobacterial effects [58, 59].
Administration of TNF-a inhibitors against the background of chemotherapy was
reported to enhance M. tb clearance in a murine model of TB [60]. Encouraging
results of animal studies are supplemented by the fact that IL-2- and IFN-c-deficient
mice are more susceptible to TB [61, 62].

However, literature data analysis has revealed that human recombinant IL-2,
IFN-c, IL-12, and TNF-a inhibitors show controversial results. The number of
randomized trials that have analyzed the effectiveness and safety of human
recombinant cytokines and their inhibitors in adjunctive immunotherapy in TB is
limited. It is important to note that most studies use the following criteria for
assessing the cytokine-based anti-TB treatment: proportion of sputum smear and
culture conversion, radiographic improvements, changes in clinical manifestations,
and weight gain. The difference in assessing approaches may cause biases when
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evaluating the results of clinical trials. Moreover, various doses of recombinant
cytokines used in the clinical studies, their origin, route of administration, duration
of treatment, and features of conventional anti-TB therapy regimens impede the
comparison of the results.

Data obtained from clinical studies suggest that recombinant IL-2 can increase
the rate of sputum culture and smear conversion among TB patients [41, 63, 64].
However, a randomized trial performed by Johnson et al. has revealed that
IL-2-based immunotherapy results in neither changes in clinical symptoms nor
bacillary clearance improvements in individuals with drug-susceptible TB [65]. In
addition, recombinant IL-2 administration has no effects on X-ray parameters of TB
patients in most cases [41].

Clinical studies have proven that immunotherapy with recombinant human
IFN-c benefits TB patients [66–68]. IFN-c has been shown to promote sputum
conversion, alleviate the clinical course of the disease, and provide chest X-ray
improvements [67–70]. Furthermore, adjunctive immunotherapy with IFN-c was
well tolerated by patients and was not associated with serious adverse effects [68].

Wallis et al. reported that TNF-a inhibitors were safe, promoted sputum con-
version, and increased CD4 cell count in HIV-infected patients with TB [71]. In
addition, anti-TNF-a antibodies could alter the granuloma integrity facilitating the
action of anti-M. tb antibiotics and, hence, improving the bacillary clearance [72].
Despite the reported favorable effects of anti-TNF-a adjunctive immunotherapy,
TNF-a blockers suppress the host antimycobacterial immune response, which
impedes the determination of the harm-benefit balance of their administration as
adjunctive immunotherapeutic agents in TB patients. This hypothesis is supported
by a higher TB incidence against the background of TNF-a blocker-based treatment
strategies in patients with IBD and rheumatic diseases.

It is worth mentioning that the route of administration significantly affects the
efficiency of cytokines in immunotherapy against TB. Aerosol delivery seems to be
the most efficient [56, 67]. Analysis of available data indicates that cytokine-based
adjunct immunotherapy is promising in the combined treatment of TB patients.
However, it has certain limitations. First, large clinical trials with a greater sample
size should be performed to assess the effectiveness of cytokines and their antag-
onists, as well as determine the optimal doses and treatment duration, evaluate both
short-term and long-term adverse effects, and propose the best optimal combina-
tions with conventional anti-TB chemotherapeutic drugs. In addition, therapeutic
modulation of the antimycobacterial host immune response is a complicated task
due to the complex networks of interactions between cytokines and immunocom-
petent cells in TB immunopathogenesis. Since cytokines may act as double-edged
swords, the outcome of therapeutic interventions with them or their blockers in TB
patients can hardly be predicted.
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3 Immunotherapeutic Vaccines Against Tuberculosis

Immunotherapeutic vaccines against TB imply the administration of mycobacterial
components to boost the specific anti-M. tb immune response in patients with
manifestations of TB to improve the treatment outcome. Several approaches have
been used as immunotherapeutic vaccines against TB. The history of im-
munotherapeutic vaccines dates back to the early twentieth century when Friedrich
Franz Friedmann developed a vaccine based on Mycobacterium chelonae isolated
from the pulmonary tissue of turtles. This vaccine proved to be effective for TB
treatment in both children and adults [73]. Other mycobacterial species such as M.
indicus pranii (M. w), M. vaccae, and M. bovis have been reported to be used to
develop immunotherapeutic vaccines. In particular, an M. indicus pranii-based
vaccine action aims at inducing pro-inflammatory cytokines (IFN-c, IL-2, IL-12,
and TNF-a) and downregulating anti-inflammatory IL-10 and pro-fibrotic trans-
forming growth factor-beta (TGF-b), regulating the balance between
pro-inflammatory and anti-inflammatory cytokines to promote the immune response
in TB patients [74]. An M. vaccae-based vaccine has shown its clinical and ra-
diographic effectiveness in some clinical trials [75–77]. In addition, the standard
Bacillus Calmette–Guérin (BCG; M. bovis), which is used for vaccination of
non-infected individuals, has been tested as an adjunctive therapy to improve the
effectiveness of chemotherapy and to prevent MDR-TB development [78].

M. tb bacteria are also promising candidates for developing new therapeutic
vaccines. In particular, RUTI is a therapeutic vaccine prepared from non-viable,
detoxified M. tb components encapsulated in liposomes. There is evidence that this
vaccine can reduce the bacterial load in animal models. Furthermore, it is safe and
immunogenic for healthy adults and patients with latent TB. However, its effec-
tiveness in TB patients is still under investigation [79].

Another relatively novel approach that can be successfully used for TB
adjunctive therapy is gene-based vaccination. DNA vaccines against TB contain the
genes of selected mycobacterial antigens inserted into a bacteria-derived plasmid
vector. Over 60 mycobacterial genes have been considered candidates to be
included in immunotherapeutic DNA vaccines against TB. However, plasmid DNA
vaccines encoding heat shock protein 65 (HSP65), ESAT-6, antigen 85A (Ag85A),
and antigen 85B (Ag85B) are the most common and widely studied, at least using
experimental animal models [80]. In addition, combined chimeric immunothera-
peutic DNA vaccines expressing two mycobacterial components have been
demonstrated to be promising as adjuncts to conventional chemotherapy [81]. DNA
vaccines expressing M. tb antigens can induce the cellular Th1-mediated and CD8
T-cell-mediated antimycobacterial immune response [80]. In particular, a DNA
vaccine that encodes HSP65 of M. leprae has been proven to activate lymphocytes
and show immunoregulatory properties in healthy individuals and TB patients,
making it a valuable adjunctive immunotherapeutic agent [82]. Moreover, it has
been shown in vitro that a DNA vaccine expressing M. tb-derived Ag85A can
stimulate both humoral and cellular Th1-mediated immune responses [83]. DNA
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vaccines encoding mycobacterial ESAT-6, Ag85A, and Hsp65 have positive effects
in animal models [84–86]. Besides, controversial findings have been observed in
studies of chimeric Ag85A/ESAT-6 DNA vaccines. There is evidence that they are
beneficial and can improve immune response in TB [87], whereas the findings of
the other study indicate that this chimeric vaccine increases the mortality of
TB-infected mice [81]. According to the latter study’s authors, ESAT-6 cannot even
be used for adjunctive immunotherapeutic vaccines [81].

All the immunotherapeutic vaccines mentioned above are intended to be
administered as adjuncts to the standard anti-TB chemotherapy. Despite the first
promising results of their administration to laboratory animals, further research is
required to assess their effectiveness and safety for healthy individuals and TB
patients in detail. However, some immunotherapeutic vaccines are already suitable
for clinical trials that allow evaluating their effects on patients with TB and
implementing them in clinical practice.

4 Corticosteroids as Adjunctive Immunotherapeutic
Agents for Tuberculosis Treatment

Tissue damage with the formation of caseous masses is typical for caseous pneu-
monia, military TB, and tuberculous meningitis (TBM). They are formed not only as
a result of the pathogen’s activities but also due to the self-destructive immune
response caused by the altered host–pathogen interactions [88]. Such inflammation-
induced tissue damage may provoke organ dysfunction. Thus, the anti-inflammatory
properties of corticosteroids (CSs) can be used to alleviate the negative conse-
quences of TB-associated inflammation [89]. In addition, CSs can be used to reduce
inflammation due to their immunosuppressant effects. CSs are known to exert
anti-inflammatory and immunosuppressant actions via several mechanisms. Their
intracellular effects are mediated through binding to the cytosolic glucocorticoid
receptor (GR). As a result, the glucocorticoid (GC)-GR complex is translocated to
the nucleus and affects the expression of anti-inflammatory proteins at the tran-
scriptional level. It has been reported that annexin 1, IL-10—an anti-inflammatory
cytokine—, and IkB-alpha—a regulatory protein that inhibits the pro-inflammatory
transcriptional factor (NF-jB)—are upregulated in response to the GC-GR complex
DNA binding [90]. In addition, GCs can directly inhibit the DNA-binding capacity
of NF-jB, preventing the expression of pro-inflammatory NF-jB target genes and,
hence, reducing inflammation [91]. Furthermore, it has been recently reported that
CSs can prevent M. tb-induced necrosis of host macrophages by activating
mitogen-activated protein kinase phosphatase 1 (MKP-1) that dephosphorylates p38
MAPK [92]. Necrosis inhibition prevents the release of M. tb into the extracellular
space and, thus, infection of new macrophages. Moreover, given the lytic nature of
this cell death mode, necrosis prevention reduces the release of DAMPs that activate
M. tb-induced inflammation.

15 Immune Approaches in Tuberculosis Treatment 287



There is evidence that CSs can increase the survival of TB patients [93, 94].
However, there is a controversy. TB develops in the context of pathological
immunity. Thus, the question that arises is how CSs-mediated immunosuppression
can improve the outcome of the disease. We believe that TB is associated with the
abnormal host-M. tb interactions and tissue damage is provoked by the host
immune system. TB-associated lung injury includes the development of cavitation
and fibrosis. The key role in the emergence of cavitation is played by matrix
metalloproteinases (MMPs), especially MMP-1 and MMP-9. They are proteolytic
enzymes responsible for the degradation of extracellular matrix components and
tissue remodeling. Overexpression of MMP-1 and MMP-9 in TB patients is
observed in response to the action of pro-inflammatory cytokines TNF-a and IL-1b
via an NF-jB-dependent way, as well as hypoxia that acts through a hypoxia-
inducible factor 1a (HIF-1a)-mediated manner. In addition to their role in cavitation
formation, TNF-a and IL-1b have fibrogenic properties and, along with TGF-b,
significantly contribute to fibrosis [47]. Pulmonary tissue damage in TB is also
mediated by TB-specific CD4 cells that generate IL-1b and IFN-c and neutrophils
[47, 95]. Thus, CSs seem to be able to reduce lung injury in TB. However, it has
been reported that the administration of CSs in PTB is doubtful and more studies
are required to assess their effectiveness despite some reports on the positive effects
of CSs in patients with TB [96]. In particular, CSs have been shown to cause
radiographic improvements in PTB [97].

There is accumulating evidence that CSs reduce TBM mortality [93, 94] without
affecting the survival rate in TB pericarditis [98]. However, some data indicate that
this group of anti-inflammatory drugs is effective in TB pericarditis [89]. It has been
demonstrated that CSs are of limited effectiveness in TB exudative pleurisy at the
intensive phase of treatment with the insignificant reduction of the risk for devel-
oping pleural thickening or adhesions [99]. However, another study shows that
prednisolone decreases the risk of having severe radiographic adverse events or
functional consequences in patients with TB pleurisy [100].

CSs are recommended as adjuvant immunotherapeutics for children who have
TB of mediastinal lymph nodes complicated by stenosis and atelectasis against the
background of endobronchial obstruction [89].

Given the prevalence of TB among HIV-infected patients, it is important to
mention that the treatment with CSs in such patients has certain peculiarities. The
evaluation of steroid treatment effectiveness in HIV infection and TBM is under
debate [101]. There is some evidence that CSs increased the risk for developing
Kaposi’s sarcoma in HIV-infected individuals with TB pleurisy. Thus, GCs are
recommended not to be added to the combined treatment of such patients [102].
Furthermore, short-term steroid therapy of TB and HIV co-infection results in
immune activation, an increase in CD4 cell count, preservation of the immune
function in these patients, as well as a short-term enhancement of viral load [103].

Collectively, these data indicate that the effectiveness of CSs in TB is contro-
versial, which raises the question of the feasibility of their administration. However,
dexamethasone remains the only approved adjunctive immunotherapeutic agent
with the greatest clinical experience of its administration [92]. In addition, our
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clinical experience suggests that CSs reduce mortality, improve radiographic
parameters, and accelerate the treatment in patients with severe and disseminated
PTB (caseous pneumonia) and TBM, despite the high percentage of disability
caused by TB due to the disseminated process. Furthermore, it is difficult to assess
the effectiveness of CS-based immunotherapy due to heterogeneous designs of
studies. In particular, clinical trials aimed at evaluating the effects of CSs in the
combined TB therapy have been reported to have insufficient sample sizes, various
endpoints (weight gain, radiographic improvement, sputum smear, culture con-
version, adverse effects, etc.), and different basic TB treatment regimens [90].

5 Vitamin D Adjunctive Treatment in Tuberculosis

Antimycobacterial and immunomodulatory properties of vitamin D
(ergocalciferol-D2 and cholecalciferol-D3) have been reported for decades [104].
There is strong evidence that altered vitamin D status is associated with a higher
susceptibility to TB [105–107]. The immunomodulatory effects of vitamin D are
attributed to its active hydroxylated form calcitriol (1,25-dihydroxycholecalciferol
or 1,25-(OH)2D3)). Vitamin D of either exogenous (dietary) or endogenous (pro-
duced in the skin under the influence of sunlight) origin is metabolized to 1,25-
(OH)2D3 by two consecutive hydroxylation reactions catalyzed by hepatic vitamin
D 25-hydroxylase and renal 1a-hydroxylase. In addition to its well-recognized
implication in calcium and phosphate metabolism regulation, 1,25-(OH)2D3 affects
immunity. Cells of macrophage/monocyte origin, including macrophages and
dendritic cells, express 1a-hydroxylase and, thus, are capable of synthesizing cal-
citriol [105]. Its intracellular effects in immunocompetent cells are mediated by
binding to vitamin D receptors (VDR). The calcitriol-VDR complex is a tran-
scriptional factor that upregulates the corresponding target genes such as catheli-
cidin (LL-37) and b-defensins [106, 108, 109]. Besides the direct antimycobacterial
activity of LL-37, this cationic antimicrobial host defense protein can induce the
expression of cytokines modulating the immune response [110]. Moreover, LL-37
has been reported to block the PLF, critical for M. tb elimination within macro-
phages [109].

It is important to mention that TLR signaling and IFN-c promote upregulation of
both 1a-hydroxylase and VDR [36, 105], while 1,25-(OH)2D3, in its turn, blocks
NF-jB activation and, therefore, NF-jB-induced overexpression of TNF-a, IFN-c,
and IL-12 by T lymphocytes and macrophages [105, 111]. Thus, 1,25(OH)
2D3-VDR-mediated downregulation of the pro-inflammatory cytokines reduces
inflammation and prevents host tissue damage facilitating the resolution. In addi-
tion, vitamin D may reduce inflammation by downregulation of TLR-2, TLR-4 and,
therefore, TLR-mediated production of pro-inflammatory cytokines [112]. Com-
pelling evidence indicates that 1,25(OH)2D3 promotes autophagy in M. tb-infected
macrophages, including in an LL-37-dependent manner [105, 113, 114].
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Vitamin D has shown synergistic effects with a conditionally essential amino
acid L-arginine [105]. This amino acid is a precursor of biologically active nitric
oxide (NO), which plays an important role in the antimycobacterial defense of
macrophages. NO generated by inducible NO-synthase (iNOS) from L-arginine in
macrophages is converted to peroxynitrite radical (ONOO) interacting with su-
peroxide ion (O2

−). Peroxynitrite is a highly pro-oxidant RNS, which along with
ROS produced by NADPH-oxidase, is formed in the phagosome of M. tb-infected
phagocytic cells to promote oxidative burst and oxidative damage to mycobacteria
[115]. However, the efficiency of oxidative burst is limited in M. tb-infected
macrophages since several protective mechanisms have evolved in M. tb that can
help the pathogen to avoid RNS- and ROS-mediated destruction [116].

iNOS in immune cells is upregulated under a plethora of pro-inflammatory
stimuli in TB [117]. In addition, there is accumulating evidence that 1,25(OH)2D3
can promote iNOS induction in M. tb-infected macrophages contributing to
NO-mediated mycobacteriostatic and mycobactericidal effects [118]. Moreover, it
has been shown that TB is accompanied by reduced NO bioavailability [119, 120].
Thus, complex vitamin D and L-arginine supplementations may be beneficial for TB
patients. Nevertheless, clinical studies have demonstrated that neither L-arginine nor
vitamin D administration benefits in TB [120].

However, the results of several trials summarized in meta-analyses indicate that
vitamin D supplementation increased the percentage of sputum smear and culture
conversion [121, 122]. In addition, vitamin D intake by TB patients results in
gaining weight, reducing inflammation, and elevating IFN-c concentrations [106].
It should be noted that these data are inconsistent with other studies, which have
demonstrated neither radiographic improvements nor IFN-c overproduction [120,
123, 124]. Some trials show that vitamin D adjunctive immunotherapy has been
associated with no serious adverse events in TB [122, 125–127].

Despite controversial clinical data on vitamin D efficacy, we believe that vitamin
D has positive immunomodulatory and clinical effects in TB patients. In addition, it
is cost-effective. Thus, cholecalciferol supplementation is of limited importance for
TB treatment, but it can be added to the combined anti-TB therapy as an
immunotherapeutic agent in patients with compromised vitamin D status. TB may
also promote vitamin D insufficiency, suggesting its supplementation requirements
in TB [36]. Literature indicates that further studies are needed to elucidate the role
of cholecalciferol in TB immunopathogenesis and its effectiveness in anti-TB
adjunctive immunotherapy.

6 Other Immunotherapeutic Agents

In addition to those strategies of TB immunotherapy discussed above, the global
pharmaceutical industry offers other approaches and groups of drugs that may
improve the treatment outcome in TB patients. The findings of several clinical
studies suggest that the V5 immunitor is well tolerated by TB patients and efficient
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as an immunotherapeutic agent when used along with the standard chemotherapy
[13, 128]. Butov et al. demonstrated that the V5 immunitor reduced the duration of
treatment to one month [13]. This therapeutic vaccine was initially intended for
patients with chronic hepatitis B and C since it is obtained from blood samples of
patients with those infections after blood inactivation with chemicals and high
temperature [129]. There is no data concerning the precise immunomodulatory
effects of the V5 immunitor. However, it is tempting to speculate that some donors
might have latent TB infection with circulating M. tb antigens, which could induce
the immune response [130].

Another immunotherapeutic approach implies the use of mesenchymal stem
cells (MSCs). These cells are mainly found in the bone marrow [131]. However,
their localization is not restricted to the bone marrow, and MSCs are present in
different body organs, including the pulmonary tissue [132]. It should be mentioned
that MSCs have reparative features and can contribute to repairing tissue injuries
[133]. A growing body of evidence suggests that immunological effects of MSCs
are mediated by growth factors and prostaglandin E2 [134]. Administration of
MSCs to patients with MDR-TB and XDR-TB during four weeks after the use of
anti-TB has shown their safety [131].

Monoclonal antibodies to various microorganisms can enhance the immune
response via several mechanisms, including toxin neutralization, opsonization,
complement activation, cytokine release, antibody-dependent cytotoxicity promo-
tion, and antigen presentation provision [135]. An immunotherapeutic approach in
which monoclonal antibodies against M. tb-specific antigens are used has demon-
strated controversial results [136, 137]. Such controversy may be associated with
different types of monoclonal antibodies selected for the studies. It is worth noting
that monoclonal antibodies isolated from BCG-vaccinated individuals have
enhanced M. tb intracellular killing in macrophages and improved M. tb-specific
cell-mediated immune response [135].

A combination of quercetin and polyvinylpyrrolidone that acts as a capillary
stabilizing agent with antioxidant and immunomodulatory properties [49] results in
the following morphological changes in a murine model of TB: caseous necrosis in
granulomas was separated from unaffected areas, and infiltration with Langhans
cells and lymphocytes was observed. In addition, a combination of quercetin and
polyvinylpyrrolidone with anti-TB drugs has promoted fibrillization of epithelioid
cellular tubercles and tissue remodeling with separation of TB granulomas from the
intact tissue via the connective tissue [88, 138]. A clinical study demonstrates that
the combination of quercetin and polyvinylpyrrolidone against the background of
the conventional anti-TB therapy promotes clinical and radiographic improvements,
including earlier closure of cavities and resolution of infiltrative and focal
TB-associated changes in the lungs, as well as faster bacillary clearance in patients
with the newly diagnosed drug-susceptible disease [139].

In addition, several plant-based herbal medications have been tested. One of
them is Dzherelo or Immunoxel. Immunoxel is an alcohol-water phytoconcentrate
of medicinal plants. It has demonstrated positive effects combined with the standard
chemotherapy in clinical trials, promoting faster sputum conversion in TB patients.
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Furthermore, Immunoxel is characterized by anti-inflammatory and hepatoprotec-
tive properties [12, 140].

A plethora of immunotherapeutic drugs against TB registered in Ukraine and
other post-Soviet states can be used in combination with chemotherapy. This
diversity of immunomodulatory agents is widely available for the therapy of TB
patients. Most studies that focus on the effectiveness of immunomodulators in
post-Soviet countries are published in Russian or Ukrainian and are available as
clinical bulletins or manufacturer’s instructions [141, 142]. Such diversity of
immunomodulating agents in the post-Soviet states can be due to a high prevalence
of DR-TB in this region, low effectiveness of treatment, and inadequate supply of
resources required for the treatment of TB patients [7]. Compared to the post-Soviet
world, administration of immunomodulators is less common in the Western
countries due to a higher level of medical care, a lower amount of TB patients,
especially those with MDR-TB, and greater treatment efficiency [48]. Demand
creates its own supply. It explains why most Western researchers and clinicians are
skeptical towards immunotherapy. They do not have experience administering this
group of drugs, so they focus on chemotherapy [8]. Our clinical experience of TB
immunotherapy depicted in the publications mentioned above indicates that adjunct
immunotherapy along with standard chemotherapy can be beneficial for TB
patients.

It is interesting to note that Mycobacterium-based vaccines such as the BCG
vaccine and anti-TB vaccine (attenuated viable M. bovis) can improve the body’s
defense from a wide range of other infections and can be used even to treat bladder
cancer [143]. This is explained by the symbiotic host-M. tb co-existence in which
the host protects the pathogen from unfavorable environmental factors, while M. tb
maintains the indirect immunological defense from causative agents of other
diseases.

7 Conclusion

TB, especially MDR-TB and XDR-TB, as well as its co-infection with HIV, are a
major public health burden. The future of novel chemotherapy regimens and the
effectiveness of new anti-TB drugs seem to be rather obscure primarily due to the
fulminant development of resistance to anti-TB agents. Skeptical attitude towards
immunotherapy in the medical community is not currently uncommon, and
chemotherapy is believed to have no alternative in TB treatment.

However, TB is a typical chronic infectious disease characterized by persistent
inflammation with autoimmune components. This contributes to the alteration of
immune response and enhancement of M. tb-specific inflammation, leading to
irreversible consequences [48, 144]. Anti-TB therapy cannot improve the immunity
and can even worsen the M. tb-associated immune response, which can result in the
death of TB patients with wide dissemination of the process, such as caseous
pneumonia and miliary TB. Analysis of papers and our personal clinical experience
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indicate that immunotherapy against TB may alleviate clinical manifestations,
fasten closure of cavities and the disappearance of focal and infiltrative changes, as
well as reduce the time to sputum culture and smear conversion and the frequency
of chemotherapy-associated adverse effects. These findings suggest that adjunct
immunotherapy is a promising approach in TB treatment. Immunomodulating
agents can stabilize the immune response, shortening the duration of chemotherapy
despite not having antimycobacterial properties. However, clinicians should be
careful when prescribing immunomodulating agents since it is difficult to predict
their action, and they can be detrimental to TB patients altering the immune re-
sponse. We believe that more well-designed clinical trials with a large number of
patients enrolled may help to elucidate the effectiveness of adjunctive
immunotherapeutic agents, their optimal doses, and possible beneficial combina-
tions with chemotherapeutic drugs. In addition, this type of treatment seems to be
suitable for personalized medicine when immune profiling can determine the fea-
sibility and a way of adjunctive therapy in a particular case. In addition, there is
accumulating evidence that adjunctive immunotherapy against TB is mainly
well-tolerated and safe. Collectively, these data show that adjunct TB
immunotherapy is promising for TB patients, including MDR-TB and XDR-TB. It
can shorten the time of TB treatment, improve immunity, and prevent relapses.
Further studies that focus on the search for optimal immunotherapeutic anti-TB
agents are required.

Core Messages

• The outcome of TB depends on a complex host–pathogen interaction and
is strongly linked with the host immune status.

• Adjunctive immunotherapy can modulate the host immune system and
improve the treatment outcome.

• Immunotherapies can increase the effectiveness of treatment and reduce
anti-TB therapy-related side effects.

• Intensified efforts are required to study the effectiveness of existing
immunotherapeutic agents and to develop new ones.

• The standard anti-TB treatment strategies should be re-evaluated to pro-
vide a personalized approach to TB patients.
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16Inhalation Therapy in Pulmonary
Tuberculosis

Thomas Manning, Jenu Thomas-Richardson, Courtney Johnson,
Krupesh Patel, Yatri Thaker, Govind Thomas-Richardson,
Dennis Philips, and Greg Wylie

In the mortality bills, pneumonia is an easy second, to
tuberculosis; indeed, in many cities the death-rate is now higher
and it has become, to use the phrase of Bunyan, ‘the Captain of
the men of death.

William Osier

Summary

Tuberculosis (TB) is a historical disease that can trace its impact on humanity
back in time thousands of years. A bacterial infection by Mycobacterium
tuberculosis (M. tb) that primarily strikes the pulmonary system appears in
patients as latent, active, drug-resistant, and multidrug-resistant forms. While
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regiments recommended by medical institutions focus primarily on tablets,
inhalation offers an approach that should deliver lower doses resulting in lower
side effects. This chapter will review different approaches to inhalation therapy
over the past one hundred years and their impact on the different forms of M. tb
infection. It will conclude by suggesting a method to apply specific dosages of a
front-line anti-TB drug to treat latent, active, and resistant forms of M. tb using
an electronic vaporization technique.

Graphical Abstract

Fatty acid (stearic acid) nanoparticles encasing isoniazid are pictured being inhaled by a patient
(Made by Jenu Thomas Richardson)
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1 Introduction

The inhalation of medicinal compounds has been tested and documented in the
peer-reviewed scientific literature as a delivery method to rid a patient of
Mycobacterium tuberculosis (M. tb) infection for over a century [1–77]. M. tb
infections have ravaged humanity for at least ten thousand years [76]. TB is spread
through the air by someone expelling water droplets infected with M. tb through a
cough or sneeze. Water droplets containing M. tb can float in the air for several
hours, making it possible for someone else nearby to inhale the bacteria. The most
common form of TB, pulmonary TB (PTB), occurs when the bacteria attack the
lungs. Extrapulmonary TB (EPTB) occurs when the bacteria infect other parts of
the body, including the brain [11]. Contradictory to PTB, EPTB is rarely trans-
mitted to others. The combination of isoniazid (INH), rifampin (RIF), and other
first- and second-line anti-TB medications, are widely used to treat M. tb infections
and can take six to nine months to complete the regimen. Combination therapy
reduces the risk of the bacteria becoming drug-resistant (DR) [4]. DR-TB is a type
of infection in which the bacteria become resistant to the primary drugs used to treat
TB. This condition can arise from improper use of medications and regimens and
not completing the full course of treatment. Totally DR-TB and extensively
drug-resistant (XDR) TB are the most severe forms of M. tb infections. Bacille
Calmette-Guérin (BCG) is a vaccine used for TB but has limited efficacy. BCG is
recommended for children and adults at an increased risk of infection or exposure to
TB disease.

Infection by M. tb does not necessarily result in immediate disease expression.
When a subject is infected, granulomas are formed around the bacterium [84] to
isolate and prevent its growth. The human body is efficient in containing outbreaks
of TB after infection by sealing the disease in lesions. Although the TB is con-
tained, the body cannot eradicate it, so latent TB infection (LTBI), or inactive TB, is
expressed once the immune system is compromised. This can be observed in the
syndemic relationship between TB and HIV; HIV drastically weakens the immune
system, causing a TB outbreak to proliferate. Tuberculin-based skin tests are used
to test for TB in travelers. There are two types of TB tests that are economical and
routinely utilized by medical professionals: the skin test and the blood test.
A positive test indicates that the patient has been infected with the M. tb but does
not determine whether or not it is latent or active TB. Further diagnostic tests are
needed to determine whether TB is latent or active in the patient [10]. Lifestyle, as
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well as environmental factors, play a significant role in TB recovery. People with
active TB self-quarantine to avoid infecting others. Patients may be recommended
directly observed therapy (DOT), which requires you to take your medicine in front
of your doctor several times a week. DOT helps prevent DR; however, it tends to
add staggering costs to the patient.

2 History

Before the first mass production of penicillin in the 1940s and the introduction of
antibiotics used to treat M. tb infections in the 1950s through the 1970s, there was
no established treatment for the disease. The following three papers give an insight
into some of the inhalation treatments tested. In a paper published in 1898, a
medical professional had up to 2000 TB patients under his care. The infectious
disease caused by M. tb was typically advanced in the patients [1]. The inhalation
treatment was focused on the application of a vapor composed of:

• eucalyptol (C10H18O), which is a cyclic ether and a monoterpenoid, also called
1,8-cineol;

• oil of cloves (oil extracted from the clove plant, Syzygium aromaticum found in
Southeast Asia, and is composed of b-caryophyllene, a-humulene, eugenyl
acetate, and eugenol; and other ingredients

A quote from the author summarizes the results:

“symptoms have improved in all cases, though some have improved significantly more than
others”.

These were a most unfavorable class of patients to treat, being in the advanced
stage of the tubercular process with hemorrhages, emaciation, night sweats, anemia,
and, in fact, scarcely able to breathe at all. In the absence of a specific symptom for
TB, we believe that with proper apparatus and skillful and continued administra-
tion, much is to be hoped for in this class of patients by inhaling the antiseptic
vapor. The historical literature does not explain why this promising approach was
abandoned.

Benzol was the name for benzene and could be inhaled as a vapor. To put the
study in perspective, penicillin was the first mass-produced antibiotic, which hap-
pened in the 1940s. The concept of an atom was not fully understood, emphasizing
the Nobel prize in physics awarded to James Chadwick to discover the neutron in
1935. Benzene is now recognized by IARC as a human carcinogen that causes
leukemia and non-Hodgkin lymphoma. The study did report changes in changes in
the function of kidneys, liver, and hearts muscles in the mice, and the paper con-
cluded [2]:
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that with further study of this rather specific poison, we may get a little nearer the solution
of some of the unsolved problems of infection and immunity.

Studies of this nature, before the modern era of antibiotics, emphasize the
desperation in seeking treatments using toxic compounds that were very poorly
understood.

In a 1935 paperback entitled “Inhalation Therapy Technique” by W. Collison
[3], there is a chapter dedicated to inhalation therapy in PTB. First, the author
outlined some oils and liquids cannot be used for inhalation therapy because the
large particle sizes generated allow minimal penetration of the substance deep into
the lungs. Likewise, there are medical sprayers used in that time period for treating
the nasal cavity or throat maladies that do not provide the parameters needed for the
mist to penetrate deep into the lungs. An Apneu Inhaling Apparatus was used to
deliver the vapor to a mask that covers the patients’ faces and mouths. There is a
discussion on the parameters that impact the size of the particles, as small as
“1/5000th of an inch.” The apparatus is used to deliver compounds such as adre-
nalin, camphor, menthol, and creosote. The substances are delivered with a pur-
pose; adrenalin is used to reduce congestion by dilating the bronchial tubes;
camphor is stated to stimulate blood circulation and breathing; thymol and menthol
are antiseptic; creosote is a disinfectant; pine and cypress soothed the inflamed
mucous membrane, etc. A typical prescription is described as three minutes of
adrenalin therapy, a three-minute rest, a three-minute camphor therapy, a
three-minute rest, followed by a three-minute adrenalin dosage. While not described
as a cure, it did help patients feel better or “obtain relief.”

3 Modern Work

Currently, there are three types of inhalers used for lung infection treatments:

i. Small-volume nebulizer (SVN), it generates a liquid into an aerosol, and the
droplets are propelled by a compressed gas, typically air or pure oxygen;

ii. Dry powder nebulizer delivers the medication as a powder or small solid
particles; and

iii. The pressurized metered-dose inhaler (MDI), it is the most common type.

Although not placed in the same category of inhalers, anesthetics are gases that
can be inhaled but are not used directly to treat a medical condition. There are some
unsuccessful ventures mentioned in the literature in which gases such as carbon
dioxide were used unsuccessfully.

For a medication to function properly, it should have the ability to reduce or
eliminate the bacterial load contained within a macrophage without eliminating a
large percentage of the macrophages residing within the lungs. Often heavy doses
of antibiotics have to be given to patients to overwhelm physiological barriers such
as macrophages and granuloma to eliminate the M. tb. This results in significant
side effects for the patient.
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We have identified the following pharmacokinetic and pharmacodynamics
aspects related to the administration of inhaled agents with medicinal activity for a
viral infection that need to be considered if a large fraction of the droplets will reach
the desired region of the lungs and be effective in reducing the bacterial load in the
lungs and entering the bloodstream to eliminate its presence throughout the body
(Box 1).

Box 1 A sequential outline of the biological and chemical processes that could
impact the drug delivery efficiency when inhalation is utilized

Some electronic vaporization processes can potentially cause a fraction of the medication or
molecule to react or degrade;
The medication is absorbed in the mouth or throat;
The medication enters the digestive tract;
The medication is absorbed in the trachea;
The medication is absorbed in the upper lungs;
The medication is exhaled;
If a solid, the medication does not completely dissolve;
The medication penetrates the granuloma model (Sarcoidosis) intact;
If a prodrug, it has to encounter a reactive site (i.e., enzyme);
The medication enters the macrophage;
Depending on the MOA, the medication has to penetrate or disrupt the mycolic acid membrane;
The medication can undergo unwanted protein binding;
The medication enters the bloodstream and is distributed, metabolized, and excreted without
interacting with any M. tb;
The medicine is evenly distributed through the alveolus;
The medication undergoes hydrogen bonding to an unwanted species as an H donor or acceptor;
The water solubility of the medication limits its mobility;
The size (high molar mass) of the medication limits its mobility; and
The composition of the inhaled medicinal particle is such that the dissolution and delivery
process of the medication falls within acceptable parameters needed to effectively treat the
patient.

For inhalation to meet each of these processes efficiently, arguably the most
important parameter is the size of the particle. It should be small, with a diameter
less than 200 nm, with values in the 50–70 nm range considered optimal to fully
penetrate the alveoli in the lower lung. Capreomycin is a second-line antibiotic used
to treat DR strains of M. tb. There are two drawbacks to its current administration,
as a tablet or an injection:

i. it involves an injection which can be problematic for several reasons, especially
for children and emaciated adults with low muscle content; and

ii. it necessitates regular visits to a health care facility.
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Studies by Garcia-Contreras et al. [21, 24] developed a low-density particle that
was produced by a sprayed dry technique that contained capreomycin. The study
produced pharmacokinetics data when the particles were inhaled by guinea pigs
with an optimum dose of 14.5 mg/kg, which for a 70 kg adult would translate to a
dose of 1.015 g. It was argued that if the approach was applied to humans, it would
eliminate injections and lower side effects. A scanning electron micrograph sup-
plied an image that indicated the particles are in the range of approximately two to
four micrometers in diameter. Alveolar and interstitial macrophages, which can be
M. tb reservoirs in the lung, have 17.1 and 13.2 µm diameters for nonsmokers, 23.7
and 11.3 µm for smokers, and 23.7 and 11.8 µm for chronic obstructive pulmonary
disease patients. The medicine has to penetrate the macrophage before acting on the
bacterium. Significantly reducing the size of the capreomycin particles, coupled
with a coating that might make the particle appear as cellular debris and/or a
nutrient to the macrophage, might increase the uptake rate.

Antibiotics used to treat DR strains of M. tb can result in significant side effects,
including ototoxicity and nephrotoxicity. Barberis et al. [76] compared capre-
omycin to amikacin for up to 192 days for patients with MDR-TB and up to
735 days with XDR-TB. Their study revealed that amikacin was up to five times
more likely than capreomycin to result in severe ototoxicity. Amikacin had less
hypokalemia (low potassium levels in serum) than capreomycin. Both sets of
patients, those given amikacin or capreomycin, experienced a similar increase in the
creatinine levels.

In a follow-up publication [24], the same group measured pharmacokinetic (PK)
parameters related to the same capreomycin particles being inhaled by guinea pigs.
This study focused on doses of 20 mg/kg. The capreomycin concentration in
bronchoalveolar fluid and lung tissue of the animal was up to one-hundred times
greater than in the plasma when compared to guinea pigs that received the medi-
cation via injection.

DR strains of M. tb have become more problematic worldwide. The treatments
for MDR, XDR, and TDR have more severe side effects when compared to latent or
active TB. Attempts to develop a method that could deliver the antibiotics more
efficiently seem to be a natural progression in order to penetrate the lungs.
Capreomycin is a second-line TB drug that belongs to a group of medications called
glycosides and has been on the market since 1979. It is administered by injection
daily for two to four months and then reduced to two or three times per week but
varies with the patient’s condition. Patients who suffer from trypanophobia or fear
of injections and those with very low muscle mass, such as a child or an adult with a
chronic condition, often will quickly stop taking the medication. Administering
capreomycin via an inhalation route not only removes the use of injections but
should also lower the dose and, subsequently, the side effects.

In a rare study involving human patients [44], capreomycin was formulated as
micrometer-sized particles, which was produced by a dry spray technique. An
aerosol approach was used to deliver the micron-sized particles to the lungs. This
was a phase 1 trial using 20 healthy adults with the goal of measuring several
pharmacokinetic parameters. This study incorporated a relatively simple but
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efficient method for the patients to self-medicate, a tremendous improvement over
visiting a medical office on a daily basis for injection or an IV. The single daily
doses administrated were 25, 75, 150, or 300 mg doses of capreomycin, with five
patients in each dosage group. The doses were 25 mg of capreomycin with 5 mg
lysine serving as an excipient. The 300 mg administration required the patient to
sequentially self-administer twelve doses of the medication.

The patients had their blood sampled for capreomycin four times before the
antibiotic was delivered and at eight points (1, 2, 4, 6, 8, 12, and 24 h) after delivery.
A sample of the mean area under the curve (AUC) values over a finite time interval
for each of five patients was measured; 969 (h ng/ml) for the 25 mg dose group;
3555 (h ng/ml) for the 75 mg group; 7019 (h�ng/ml) for the 150 mg dose group; and
19,959 (h ng/ml) for the 300 mg dose group. The Cmax values measured were 169,
569, 972, and 2315 ng/mL, correspondingly. The published in vitro MIC value for
capreomycin treating M. tb was 2 lg/ml (or 2000 ng/ml). The Cmax for the 300 mg
dose group was the only value that was above the MIC value.

4 The Future

The following is a proposed structure and administration route that could be applied
for latent, active, and resistant M. tb strains. It utilizes electronic vaporization as a
method to form an aerosol and deliver the medication. Our group has incorporated
copper in selected cancer drugs and antibiotics for several reasons [78–84]. Metal–
ligand complexes composed of Cu(II)-sucrose and Cu(II)-DALB (denatured albu-
min) were built to minimize unwanted interactions such as protein binding or the
Cu(II) cation generating reactive oxidation species prematurely. Mostly, M. tb is
impacted by the toxicity of copper metal or the copper ion (Cu(II), Cu(I), Cu(0)).
We demonstrated that a copper-capreomycin complex has a higher efficacy against
active and resistant strains of M. tb [84]. The MIC values were up to 200 times
lower for the copper-capreomycin complex than for pure capreomycin. The com-
plex was synthesized and characterized in our lab and tested at the National
Institutes of Health (Bethesda, MD, USA) against active INH-R (isoniazid-
resistant), RMP-R (rifampin-resistant), and OFX-R (Ofloxacin resistant) strains of
M. tb. While adding the Cu(II) cation to the capreomycin molecule improves
parameters related to Lipinski’s Rules, such as water solubility and the number of
hydrogen bonds possible, it also lowered the MIC value significantly [83]. The
presence of copper might raise toxicity concerns when administrated orally due to
higher doses. Applying the complex directly to the lungs decreases the dose, lowers
side effects associated with higher doses given by tablet, and can increase the
effectiveness of the treatment.

The results of a time-of-flight mass spectrometry analysis (Fig. 1) illustrate that
denatured human serum albumin (DALB), used as a drug delivery platform, can be
electronically vaporized using a Propylene Glycol-Glycerol-Ethanol solvent and
transported as a vapor through two feet of 0.3 cm inside diameter tubing [75].
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Figure 2 provides a novel complex to deliver the copper-capreomycin molecule.
The DALB structure is denatured using ethanol, allowing the glucose molecules
and the copper (II)-capreomycin complex to attach (bond) to it. Glucose is added
via a glycation reaction and included so that macrophages and M. tb recognize it as
an energy source and increase the medication uptake rate. DALB may also be
consumed by the macrophage because it is recognized as cellular debris, providing
an easy entry to the location of the M. tb reservoir. Also, both the macrophage and
M. tb, sensing amino acids, would consume the complex to fulfill its nutrient and
energy needs. Copper strongly binds the amines on capreomycin (CAP) molecules
and to the amines on the protein structure, serving as an atomic level connection.
The copper (II) cation is highly toxic to M. tb and, because of its high metal-ligand
stability constant, is somewhat protected by the protein from dissociating from the
complex. The protein-glucose-copper-capreomycin complex (PGCC) is small
enough to be engulfed/phagocytosed by local cells or to leave the lungs and be
transported through the circulatory system. In pulmonary tuberculosis (PTB), a
common form of the disease, M. tb enters the lungs and is consumed by a mac-
rophage as a single complex would be the desired route.

There are review papers that take the reader back hundreds and even thousands
of years and outline the impact that M. tb infections had on various cultures and
time periods [76]. With modern chemical separation, synthesis, and analysis
techniques providing a more detailed look at the compositions of medical treat-
ments, this review focused on modern developments. There are two key messages
taken away from this review:

Fig. 1 A MALDI-TOF-mass spectra of human serum albumin. It was electronically vaporized
and transported
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i. inhalation therapy should be examined in closer detail as a method of treatment
for the different forms of TB; and

ii. because of some unique features of M. tb, such as its waxy (mycolic acid) outer
membrane and its ability to reside within a macrophage for long periods,
treatments should be devised at a molecular level with these considerations in
mind, rather than borrowing techniques and technologies from disorders that
have a different set of biological and chemical conditions.
There is a significant crossover and adaption of inhalation technologies from

other conditions such as cystic fibrosis and viral infections.

5 Conclusion

With a rise in antibiotic resistance, new techniques are needed to treat patients. This
paper reviewed inhalation therapy first from a historical basis. Despite the fact that
PTB is very common, there has been very little work using inhalation therapy that has
been brought to clinical trials. For the future, with the right delivery mechanism,
capable of making the small droplets needed to penetrate into the lower lungs,
coupled with using a solvent mixture and a formulation that can attack theM. tbwith
several mechanisms of action, inhalation therapy may prove to be part of the solution.

Fig. 2 A proposed delivery method for the copper-capreomycin complex, a novel complex was
developed specifically for patients infected by M. tb that uses a protein-glucose-Cu complex to
deliver capreomycin via inhalation to the patients’ lungs
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Core Messages

• Inhalation therapy offers the potential to transform the treatment of all
levels of TB therapies.

• Existing vaporization and inhalation technology can be adapted to drug
delivery.

• Millions of users have tested the units, and delivery parameters are well
understood.

• Ethanol and glycerol can be used for inhalation and delivery, having
minimal impact on the patient.

• We welcome collaboration with any group interested in delivering CuINH
or CuCAP for pulmonary TB.
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17Role of Micronutrients in Tuberculosis
Management

Vijey Aanandhi Muthukumar, Praveen Devanandan,
and Ranadheer Chowdary Puvvada

Intensive research during the past twelve years on the
relationship between diet and susceptibility to infection, not only
in polio but also in common respiratory infections and
tuberculosis, has convinced me that the human organism can
protect itself against infection virtually completely by proper
nutrition.

Benjamin P Sandler

Summary

Malnutrition is one of the leading risk factors for tuberculosis (TB). It is postulated
that one in every four TB patients experience a nutritional deficiency. Similarly,
depletion of necessary nutrients is one of the first seen adverse effects of TB.
Nutritional status is a significant determinant of medical outcomes in TB. Hence
appropriate evaluation of malnourishment and proper steps to address this issue
are highly needed. Undernutrition in recovered TB patients may still put them at
risk of reactivation. Deficient micronutrient status also affects the prognosis of the
treatment. HIV, diabetes, smoking are some of the commonly seen conditions with
TB, and all these conditions tend to affect the patient’s nutritional status. Dietary
supplementation of micronutrients, as well as medical supplementation, may
correspond to a new approach for quick recovery in TB patients.
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Graphical Abstract
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1 Introduction

Proper nutrition helps us to maintain a disease-free lifestyle. Undernutrition or
malnutrition is one of the leading risk factors for the development of tuberculosis
(TB). It is postulated that one in every four TB patients experience a nutritional
deficiency. Similarly, depletion of necessary nutrients is one of the first seen
adverse effects of TB [1]. This is an important aspect as TB is highly prevalent in
malnourished populations such as underdeveloped countries. Undernutrition in

Micronutrients and tuberculosis
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recovered TB patients may still put them at risk of reactivation. Deficient
micronutrient status also affects the prognosis of the treatment. HIV, diabetes, and
smoking are some of the commonly seen conditions with TB, and all these con-
ditions tend to affect the patient’s nutritional status. This chapter comprehensively
analyzes the definition status of various micronutrients and clauses and their pos-
sible role in the disease progression and effects of using these micronutrients as
supplements for managing TB [2].

2 Zinc

Zinc plays a major role in the host defense against TB by activating host macro-
phages. Several studies suggested a deficiency status of zinc in TB patients.
Deficiency in zinc levels may decrease phagocytosis and anti-TB activity [3].
Furthermore, ethambutol, a first-line anti-TB drug, is known to increase zinc
absorption as well as urinary elimination, leading toward efficient status. It will be
ideal for supplementing zinc in the first two months of the initiation of anti-TB
therapy as it is given only in the intensive phase of the treatment. Zinc is also an
important cofactor in the metabolism of vitamin A. Reduced zinc levels will lead to
reduced retinol levels. Plasma zinc status can be used as a measure for tracking the
disease progression and severity as well as its response to the anti-TB therapy.
However, zinc supplementations have been shown to alter the Mantoux tuberculin
skin test (TST) by increasing the size of indurations [4, 5].

3 Vitamin A

Vitamin A plays a crucial role in the immune system by helping in the activities of
lymphocytes. It also contributes to the antibody-mediated immune responses
against various bacteria, including the Mycobacterium tuberculosis (M. tb) [6–8].
Vitamin A tends to get excreted via urine once the hepatic pro-albumin levels are
reduced. This will occur in infections. Observational studies reported that low
serum retinol levels are observed in TB patients. The development of this deficiency
is predominantly due to the loss of appetite in TB patients, poor gastrointestinal
absorption of vitamin A, and increased urinary excretion of vitamin A. Serum
vitamin A levels usually return to normal state after anti-TB therapy (ATT) even
without the supplementation in most cases. Vitamin A plays a role in boosting the
immune status. Studies have shown interesting outcomes regarding the clinical
benefits of this supplementation. Vitamin A also has been shown to reduce mor-
tality in diseases such as HIV. Vitamin A supplementation may be useful for our
population, such as pulmonary TB patients and their contacts and patients who have
TB-HIV co-infection [9].
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4 Vitamin B6

Pyridoxine is the most important micronutrient in TB therapy. Isoniazid is known to
cause peripheral neuropathy. Isoniazid consumes pyridoxine available in the human
system to form a hydrazone and gets excreted by urine leading to a deficiency of
pyridoxine [10, 11]. Isoniazid may also induce pyridoxine shortage by blocking the
pyridoxine phosphokinase enzyme. This enzyme is essential for converting pyri-
doxine into pyridoxal 5′-phosphate (the active form of pyridoxine). This leads to the
loss of pyridoxine in the mitochondria of neurons leading to the development of
neuropathy. Although certain studies claim otherwise, it is strongly advised to
utilize pyridoxine supplementation with isoniazid, especially in patients at high risk
of neuropathy due to malnutrition, diabetes, and smoking.

5 Vitamin C

Vitamin C, known as ascorbic acid, is a water-soluble vitamin that helps maintain
the patients’ immune system. Vitamin C alone did not show any effect onM. tb. But
several studies suggested that vitamin C increases anti-TB drugs activity and helps
reduce the time for culture conversion in TB [12]. Several reports have postulated
that vitamin C supplementation may benefit multi-drug and extensively
drug-resistant TB patients as the treatment usually requires several months. An
investigation evaluated the synergistic impact of ascorbic acid with rifampicin and
isoniazid and discovered some fascinating outcomes. It was seen that there was a
decrease in the colony-forming units of certain strains of mycobacterium. A de-
crease in CFU occurs synergistically with isoniazid. Vitamin C helps increase the
culture conversion rate during the intensive phase of treatment, probably because of
its antioxidant nature. Furthermore, it helps in the increased bioavailability of
anti-TB agents. Vitamin C plays a crucial role in eradicating M. tb, which is the
primary function of anti-TB drugs [13–15].

6 Vitamin D

Vitamin D3 has been widely used as adjunctive therapy for TB. Vitamin D3 is a
fat-soluble vitamin that can be synthesized by the skin or obtained through diet.
Vitamin D3 undergoes the metabolism in the liver and is then metabolized into
vitamin 25 hydroxyvitamin D3. This 25 hydroxyvitamin D3 has two possibilities,
either it can go for the secondary hydroxylation or bind to the cells through the
receptors and carry out their function. Vitamin D binds to its binding protein in the
receptors to the vitamin D binding protein in the receptors and enters the cells
through the process of a membrane transport mechanism called endocytosis [16]. In
the former, Vitamin D3 undergoes further hydroxylation by CYP27b1 to form 1,25
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dihydroxy vitamin D. This form is biologically active. It is referred to as vitamin D.
It binds to its receptor in the cytoplasm, and then it moves towards the nucleus by
the process of translocation, where it reaches DNA and regulates the process of
transcription [17]. It is evident that sources of vitamin D3 such as sun exposure and
consumption of fats such as butter and cod liver oil contribute to the efficacy of
ATT. Vitamin D has shown a direct bactericidal effect on M. tb antigen in vitro and
indirect bactericidal action in vivo. Vitamin D has immunosuppressive activity, and
dietary vitamin D3 and its metabolites suppress the pulmonary immunopathology
and can have therapeutic effects in TB; therefore, it can be used as adjunctive
therapy to treat TB.

The deficiency of 25 hydroxy cholecalciferol is well observed in TB patients.
This may well be a factor for the activation of latent infection. Long-term TB
therapy has also resulted in vitamin D deficiency. Reports have suggested that
vitamin D Supplementation helps in improving the individual’s innate immunity
against M. tb. Vitamin D supplementation enhances the clinical outcomes in TB
Patients. However, further research is required in this area to provide adequate
evidence [18, 19].

Vitamin D supplementation has been shown to significantly improve sputum
conversion in various studies. It can be given through cholecalciferol or
ergocalciferol.

In a two-arm parallel, double-blind placebo-controlled study in the National
Center for Communicable Diseases, Magnolia, in 2017, stated that a high dose of
vitamin D 3.5 mg (140,000 IU) was administered to the patients with very low
baseline vitamin D status and led to significant sputum conversion within 12 weeks.
In 2006 in Jakarta, a randomized controlled study was carried out by Nursyam et al.
with two groups: one receiving placebo and the other receiving vitamin D. Both
groups received anti-TB antibiotics. The study concluded that 76.7% of the group
who received a placebo and 100% of those who received vitamin D as an adjunctive
therapy had a sputum conversion at 12 weeks. Recently in London, the UK, a large
scale trial was carried out by Martineau et al. studying the impact of vitamin D
supplementation in managing adult TB and concluded the same way that patients
who have been supplemented with vitamin D together with the standard anti-TB
antibiotics showed the sputum conversion earlier than the patients who received a
placebo plus anti-TB drugs [20].

6.1 Vitamin D3 and Phenylbutyrate

Resistance to anti-TB drugs has increased, resulting in the discovery of alternate
chemotherapies. There emerges a new form of therapy called host-directed thera-
pies. Immunomodulation is accomplished using supplements, which are advanta-
geous in various ways. Supplements act to inhibit the growth of M. tb without
affecting the lung and other body parts. Phenylbutyrate (PBA) is a drug that is
indicated for the treatment of diseases involving the urea cycle. It is evident that
vitamin D3 and PBA have a strong synergistic effect; when given as a combination,
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they act on the lung epithelial cells activating the macrophages and leading to the
production of the antimicrobial peptides, mainly cathelicidin, thereby inhibiting the
M. tb growth [2].

The National Institute of Diseases of Chest and Hospital (NIDCH) carried out a
double-blinded randomized controlled trial in Dhaka, Bangladesh. Two hundred
eighty-eight newly diagnosed TB patients with positive sputum culture were
recruited. Patients were allocated to two groups: one group received vitamin D3
(5000 IU) along with anti-TB antibiotics, and the other group received PBA
500 mg twice daily and vitamin D3 (5000 IU). Patients who received vitamin D3
and PBA showed a more significant sputum conversion than the other group. The
study concluded in that way that a host-directed therapy with PBA and vitamin D3
is a valuable strategy that would treat TB without affecting the host [21].

7 Vitamin E

Vitamin E may not be involved in the host defense against M. tb, but observational
studies have shown that deficient vitamin E status increases the risk of contracting
TB. It will be beneficial to supplement alpha-tocopherol to people at a high risk of
contracting TB, i.e., household contacts of known TB patients [22].

8 Other Micronutrients

Selenium and copper play an important role in immunity. Hence their deficiency
may also contribute to the disease progression. Various studies have shown TB
patients lack an appropriate amount of selenium and copper. The copper/zinc ratio
is also an important factor in maintaining adequate immune status. Anemia is also
well observed in patients with TB. Iron supplementation in the baby nursery is
important for infection prevention and proper hemoglobin concentration
maintenance.

9 World Health Organization Approach

All patients with active TB should have their nutritional status evaluated and
receive appropriate diet counseling based on their nutritional status at the time of
diagnosis as well as throughout treatment [23]. The World Health Organization
recommends closely monitoring the various micronutrients statuses in TB patients
and starting supplementation therapy as soon as possible for those who are deficient
in the corresponding nutrient. Pregnant, lactating, and pediatric TB patients must
receive appropriate care. Adequate nutritional counseling through food is also
highly suggested for these patients [24].
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10 Conclusion

Stopping TB requires a government program that functions every day of the year, and
that’s hard in certain parts of the world. And partly it’s because of who tuberculosis affects:
It tends to affect the poor and disenfranchised most.

Tom Frieden

TB is always considered to worsen in malnourished people. Nutritional status is
a significant determinant of medical outcomes in TB (Table 1). Hence appropriate
evaluation of malnourishment and proper steps to address this issue are highly
needed. Dietary supplementation of micronutrients, as well as medical supple-
mentation, may correspond to a new strategy for a quicker recovery in TB patients.
Furthermore, improving the micronutrient levels could be a valuable tool to manage
TB in TB-burdened regions.

Core Messages

• The deficiency of important vitamins is prevalent among TB patients.
• Malnutrition is one of the most important risk factors for TB and its

complications
• The supplementation of special nutrients will enhance the therapeutic

efficacy of anti-TB strategies.

Table 1 Micronutrients and tuberculosis

Micronutrient Deficiency
prevalence

Role in TB

Zinc Yes Zinc deficiency is associated with decreased phagocytosis
and antitubercular activity

Vitamin A Yes Vitamin A supplementation may be useful for pulmonary
TB patients and their contacts and also patients with
TB-HIV co-infection

Vitamin B6 Yes It is strongly advised to utilize pyridoxine supplementation
with isoniazid, especially in individuals at high risk for
neuropathy, such as those with malnutrition, diabetes, or
who smoke

Vitamin C Yes Vitamin C increases the activity of anti-TB drugs and helps
in reducing the time for culture conversion in TB

Vitamin D Yes Supplementation of vitamin D may help improve the
individual’s innate immunity against mycobacterium TB

Vitamin E Yes Deficient vitamin E status is associated with an increased
risk of contracting TB
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18Drug Resistance in Tuberculosis:
Mechanisms, Diagnosis, New
Responses, and the Need
for an Integrated Approach

Damián Pérez-Martínez, Paulina Mejía-Ponce,
Cuauhtémoc Licona-Cassani, Everest de Igartua,
Gustavo Bermúdez, Diana Viveros, and Roberto Zenteno-Cuevas

He who learns but does not think, is lost! He who thinks but does
not learn is in great danger.

Confucius

Summary

Despite the global efforts done in recent decades, tuberculosis (TB)’s impact on
global public health remains substantial. In recent decades, this has been
aggravated due to drug resistance (DR). Administration of the same drugs over
the last 40 years, comorbidities such as HIV and type 2 diabetes mellitus, poor
drug administration, and inadequate follow-up of the patients are some factors
that contribute to the resistance. These aspects have combined so that the
twenty-first century has seen the highest number of DR-TB cases in human
history. The impact of DR-TB is that failure to address it would jeopardize the
Millennium Development Goals for TB promoted by the United Nations
(UN) and the world health organization (WHO). The DR-TB requires an
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integrated approach to reduce its present and future impact. For this reason, two
objectives are considered in this chapter; the first one shows the epidemiological
and molecular aspects related to DR-TB, and the second one describes the efforts
made to develop new drugs and diagnostics. A special emphasis is done on
whole-genome sequencing, as the best example of how technologies as diverse
as molecular biology, epidemiology, and bioinformatics, can be integrated to
solve the DR-TB problem.
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General workflow of whole-genome sequencing (WGS) applied to MTBC strains. M-WGS
workflow is divided into three principal stages: sample processing (left panel); the second stage
(central panel) comprises the process of DNA sequencing; and the last phase includes the
bioinformatic analysis (right panel). All these analyses could be achieved separately or
following a single pre-designed WGS-pipeline. Importantly, parameters and statistical cut-off
must be validated for each step.

*, indicates optional steps; BAL, bronchoalveolar lavage; MGIT, Mycobac-
terium growth indicator tube; CTAB, cetyltrimethylammonium bromide; DST,
drug susceptibility test; SNP, single nucleotide polymorphism; MTBC,
Mycobacterium tuberculosis complex.
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1 Introduction

Tuberculosis (TB) remains a principal source of stress for public health providers. If
current conditions continue, it is expected that by 2030, more than 120 million
people will be infected, and more than 15 million will die from the disease. There
will also be an increase in the occurrence of epidemic outbreaks caused by TB that
is resistant to all known drugs. One of the key factors with the greatest impact on
the current standing of the disease is drug resistance (DR). The increase has been of
such a great magnitude that the world health organization (WHO) has strongly
recommended redoubling efforts to develop new drugs and procedures for accurate
and early diagnosis.

This chapter provides updates on the situation and epidemiological factors
related to DR in TB. It is followed by an overview of molecular mechanisms and
techniques traditionally used to diagnose DR-TB. A second section shows how the
integration of all knowledge related to DR is being used to design new drugs and
diagnostic procedures, with special emphasis on whole-genome sequencing.

The information presented here will help to understand the complexity of the DR
process in TB, how the newly generated knowledge, correctly integrated, helps
create new solutions against TB, and decrease the impact as a health problem.

2 Epidemiological Situation of Tuberculosis
and the Increasing Problem of Drug-Resistance

TB is an infectious disease with great epidemiological importance worldwide. Until
the appearance of COVID-19 pandemic disease, this was the main cause of death
by a single infectious disease. Annually close to ten million cases and 1.4 million
deaths are reported. About 90% of individuals affected are adults, although it also
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affects children. It affects both sexes, even though it has more presence in males
than females. Worldwide, close to 60% of the patients are male adults, 30% female,
and 10% children. The main comorbidity observed is HIV, present in 8.6% of the
population infected with TB, with increasing numbers of type 2 diabetes mellitus
comorbidity [1].

In terms of the distribution of TB, 86% of cases show up in three regions:

i. South-East Asia with 44%, and it includes two of the most affected countries,
China and India;

ii. the second region with more cases is Africa with 24%; and
iii. the last one is the West-Pacific, with 18% of the worldwide TB cases.
iv. the remaining numbers are distributed in the Eastern Mediterranean (8%) and

Americas and Europe (3%) [1].
TB is mainly caused by members of the Mycobacterium tuberculosis complex

(MTBC), a group of acid-fast bacilli bacteria that consists of two human-adapted
species (Mycobacterium tuberculosis (M. tb) and M. africanum) and nine
animal-adapted species (M. bovis, M. caprae, M. microti, M. mungi, M. orygis, M.
pinnipedii, M. suricattae, the ‘dassie’ bacillus, and the ‘chimpanzee’ bacillus) [2,
3]. It is acquired by inhaling mycobacteria expelled into the environment by an
infected person when coughing, speaking, or sneezing. Mostly TB species affect
mainly the lungs given place to the pulmonary TB (PTB), although also can be
developed anywhere in the body, which is called extrapulmonary TB (EPTB) [1].
PTB is the most contagious form of the disease, and it is estimated that a sick
person infects from three to ten people/year [4]. Furthermore, according to WHO,
one in four people in the world is infected with M. tb in a latent mode and will
develop active TB during some stage of their life; mechanisms related to this
activation are not well known; however, a healthy immune system seems to be a
key element [1].

This disease is diagnosed by detecting the causative agent directly (microscopy
and culture) or indirectly (nucleic acid amplification or protein identification, etce-
tera) in fluids or tissues [5]. TB can be fatal if it is not treated promptly and effi-
ciently. WHO recommends the use of four drugs administered for a period of four to
six months: isoniazid, rifampicin, pyrazinamide, and ethambutol. When these drugs
fail, it gives way to DR-TB, and the patient requires the use of the second group of
drugs consisting of ethionamide, cycloserine, capreomycin, kanamycin, amikacin,
ofloxacin, levofloxacin, moxifloxacin, and para-aminosalicylic acid, among others
(Table 1) [6].

Currently, 85% of TB cases are successfully cured. However, several factors can
promote the development of DR. Depending on the degree; it falls into five classes:

• mono-resistant (mono-TB), it is resistant to only one of the first-line drugs;
• poly-resistant (poly-TB), it is resistant to two or more drugs except for isoniazid

and rifampicin;
• multidrug-resistant (MDR-TB), it is simultaneously resistant to isoniazid and

rifampicin;

18 Drug Resistance in Tuberculosis: Mechanisms, ... 335



Table 1 Drugs used against tuberculosis infection

Drug Symbol Gen
involved

Canonical
mutations

Encoding product

First-line drugs

Isoniazid H katG 315 Encodes catalase-peroxidase enzyme, inhibit
synthesis mycolic acid

inhA −15, −8 Encodes enoyl ACP reductase, block
production fatty acids

Rifampicin R rpoB,
rpoA,
rpoC

526, 531 Encodes the b-subunit of RNA polymerase

Ethambutol E embB,
embA,
embC

306 Encodes arabinosyltransferase involved in
mycobacterial cell wall biosynthesis

Pyrazinamide Z pncA −11, 96,
120

Encodes pyrazinaminidase produces
pyracinoic acid, decrease pH

Second-line drugs

Levofloxacin Lfx gyrA 80, 95 Encodes the DNA-gyrase A subunit
Moxifloxacin Mxf gyrB 512 Encodes the DNA-gyrase B subunit
Streptomycin S rpsL 43 Encodes RNAr 12S, related with inhibition of

protein synthesis
gidB 527 N/D
rrS 906 Encodes RNAr 16S, related with inhibition of

protein synthesisAmikacin Am rrS 514, 517,
1401

Para
araminosalicilic
acid (PAS)

Pas thyA 75 N/D
folC 43
ribD 11

Cycloserin Cs alr 10 Encodes for an enzyme related to riboflavin
biosynthesis

ddlA Encodes D-alanine ligase incorporates A to
synthesis peptidoglycans

Ethionamide Eto ethA 397 Encodes a mono-oxygenase enzyme, which
processes the pro-drug

mabA 609 Encodes a 3-ketoacyl reductase, related
synthesis mycolic acids

inhA 21 Encodes an enoyl-ACP reductase, related
synthesis mycolic acid

Rifabutin Rfb rpoB 531 Encodes the b-subunit of RNA polymerase
Linezolid Lz rrl 2061, 2576 Encodes ribosomal RNA 23S

rplC 460 Encodes ribosomal protein 50S L3
Proteonamid Ptn ddn – Encodes deazaflavin-dependent

nitroreductase
Bedaquiline Bdq atpE 63 Encodes for an ATP synthase and modify the

ATP synthesis
Delamanid Dlm fgd1 – Encodes F420-dependent

glucose-6-phosphate dehydrogenase
Probably encodes the biosynthetic protein
F420

fbiC, fbiA,
fbiB
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• pre-extensive resistance (P-XDR-TB), it is a multidrug-resistant strain with
additional resistance to any fluoroquinolone; and

• extensively drug-resistant (XDR-TB), it is a strain with additional resistance to at
least one additional drug such as; Clofazimine, Cycloserin, Amikacin, Ethion-
amide, Rifabutin, among others [7].

According to WHO estimations, in 2018, there were more than ten million new
TB cases, with 4% developing DR-TB. This number increases to 18% in previously
treated cases. Besides, from 500,000 cases with confirmed resistance to rifampicin,
187,000 were confirmed cases of MDR-TB, with treatment effectiveness of 50% [1].

In addition to the fact that, virtually, the same antibiotics have been administered
in a treatment scheme for the past 40 years, several risk factors have been identified
as key contributors for the development of DR-TB, including socio-economic
conditions, previous contact, or cohabitate with someone affected by a DR-TB, the
presence of comorbidities such as HIV, and recently, type 2 diabetes mellitus [8].
Finally, the efficiency of health programs to provide drugs and surveillance to the
TB-affected patients to adequately comply with their treatment is one of the most
important factors that need to be considered. This last point has shown greater
concern due to the dynamics imposed by the recent appearance of COVID-19
(SARS-CoV-2), which is expected to negatively influence the epidemiology of
DR-TB, significantly increasing the number of this type of cases in the coming
years [9].

TB remains the most important infectious disease affecting humankind. For that
reason, in May 2014, WHO created the End of TB Strategy, and one year later, the
Global Plan to Stop TB [10]. The aim is to end the current paradigm of TB and
change the way the fight against the disease has developed by ensuring the medical
care of 29 million people and preventing 45 million from becoming infected. This
global plan is framed in the United Nations (UN)’ Sustainable Development Goals
(SDGs). This plan establishes the goal to end TB as an epidemic disease for 2030
and to reduce the deaths by 90% and the number of new cases per 100,000
inhabitants per year by 80%. To achieve these goals, it has been recognized that it is
essential to increase research and technological development in TB, prioritizing the
generation of new vaccines [11, 12], shorter and more effective treatment schemes
for latent TB, novel mechanisms of drug administration [13], as well as the
development of rapid diagnostic tests, and most specific ones for diagnostic of drug
resistance [1].

3 Molecular Mechanisms Associated with Tuberculosis
Drug Resistance

M. tb is a gram-positive bacillus, with three to five µm in length, without mobility
and slow growth. It is characterized by a species-specific cell wall composed of
abundant peptidoglycans, glycolipids, mycolic acids, carbohydrates, proteins, and
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lipids [14], responsible for various infectious and physiological aspects of the
bacterium [15].

The genome of M. tb H37Rv is * 4.4 million bp with 66% of G + C content,
encoding around 4000 genes with a particularly high amount of proteins related to
lipid metabolic pathways [16]. In-depth comparative and evolutionary analysis of
thousands of genomic sequences has regarded M. tb as monomorphic bacteria, i.e.,
members of a low-sequence variability group of pathogens [17]. MTBC strains are
considered genetically identical because they share 99% nucleotide identity and
have a maximum genetic distance of 2500 single nucleotide polymorphisms
(SNP) [18]. In contrast, related species out of the MTBC, such as M. canettii, share
on average 98% nucleotide identity and differ by tens of thousands of SNPs [19].

The main cause of acquired DR is due to chromosomal mutations, which can
appear as a consequence of stress in bacteria, either due to a high level of reactive
oxygen species (ROSs), the host environment, or due to the inappropriate use of
anti-TB drugs. These mutations are caused by SNPs, which consist of substituting a
nucleotide at specific positions in the DNA [20]. SNPs are, therefore, the main
source of variation in the M. tb genome, followed by insertions and deletions
(INDELS) [21].

MTBC strains cannot undergo horizontal gene transfer, suggesting that the DR
phenotypes rely on acquiring and maintaining beneficial mutations in core genes or
promoter regions [22].

Nevertheless, both SNPs and INDELS can affect the mycobacterial genome,
generating clone diversity that, together with natural selection, will determine
which polymorphisms persist in the population. More than 60 genes have been
related to the development of antibiotic resistance in TB. Table 1 describes the most
associated genes with resistance against drugs, the mechanisms involved, the
mutations considered most important, and molecular diagnostic tools. These
mutations related to resistance usually are transmitted from one generation of bacilli
to another. Consequently, one isolate can develop resistance to multiple drugs by
accumulating individual mutations in various genes, each responsible for resistance
to a specific antibiotic, explaining the occurrence of MDR-TB and XDR-TB. This
information evidences the great complexity of mechanisms participating in DR-TB;
besides, the last years have shown the occurrence of novel mechanisms that can
contribute to the development of DR-TB.

4 Novel Mechanisms Related to Drug-Resistant
Tuberculosis: Efflux Bumps and DNA Repair Systems

Recently, two new mechanisms have been described as having a role in developing
DR-TB; the first involves the efflux pump systems and the second is the DNA repair
system.
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The first mechanism is confirmed by a set of proteins, “efflux pumps,” that gives
place to an “efflux system,” which is responsible for transporting a wide variety of
substrates from the interior to the exterior of the cell [23, 24]. Some of these pumps
can be induced by specific substrates, including antibiotics, so a susceptible bac-
terium can produce an excess of this pump and become resistant [23]. This over-
expression can be induced by acquiring one or several polymorphisms in the
respective promoter or gene, increasing the efficiency for the drug exportation,
decreasing the respective concentration, and inducing resistance to this drug [24].

In general terms, these pumps have been classified, into five categories,
according to the type of energy source they use to perform the expulsion and the
specificity they have for the substrate:

• resistance-nodulation-division (RND);
• major facilitator superfamily (MFS);
• multidrug and toxic compound extrusion (MATE);
• small multidrug resistance (SMR); and
• ATP-binding cassette (ABC) [25, 26].

Specifically, three families have been described in mycobacteria: ABC, MFS, and
RND [27]. ABC transporter proteins are coupled with ATP hydrolysis to transport
substrates. They are the most active transporters in mycobacteria. The 2.5% of the M.
tb genome encodes for ABC efflux pumps, highlighting the importance of this family
of proteins in the biology of mycobacteria. The implications for the decrease of drug
sensitivity have been described for a while [28], and its direct relationship in the
development of MDR-TB has also been demonstrated [29].

The families of pumps MFS and RND are considered secondary active carriers
because they are driven by a protonic-motor force. MFS is a large and diverse
family of carriers; most of the characterized pumps in mycobacteria belong to this
family. An example is the Tap protein (Rv1258c), which in mycobacteria confers
resistance to tetracycline and rifampicin [28], and the P55 pump (Rv1410c), which
confers resistance to aminoglycosides, tetracycline, and rifampicin [30]. The RND
family can promote resistance to an important range of antibiotics in TB. Within
this family, 14 mmpL genes have been described, which code for various efflux
pumps that transport lipids and other molecules. Some of them have been reported
as responsible for “efflux” drugs and promoting resistance and virulence in TB. It
has been shown that exposure of TB to isoniazid causes susceptible isolates to
become highly resistant due to mmpL7 gene overexpression (Rv2942) [31].

The second mechanism related to DR-TB has been identified as the DNA
damage repair system, which also plays a fundamental role in the protection and
genomic diversification of M. tb [32, 33]. In natural infective conditions, the
defense mechanism of the host ROSs and reactive nitrogen intermediates is mostly
produced by macrophages. Consequently, the infecting M. tb faces constant DNA
damage [34], which requires multiple repair mechanisms to ensure its survival and
promote its spread in the population [35, 36].
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The characterization of the genes and mechanisms that participate in the DNA
damage repair system in TB has been an important research issue in recent years
[33, 37–62]. Table 2 shows some examples of how the damage repair system can
generate hyper mutagenic phenotypes that promote or induce the generation of DR
in TB.

Table 2 Genes involved in the DNA damage repair system and their association with drug
resistance in tuberculosis

Gene Function Description

neiL, nei2
and nth

Exonucleases, Nei1 is specific for oxidized
pyrimidines and uracil [37]. Nth removes
damaged nucleotides [16]. The function of
Nei2 is unknown [37]

The joint absence decreases survival and
increases the mutation rate. Not observed in
single gene deletion [37]

mutY and
fpG

A combination of mutY and fpG is crucial
in preventing mutations from C(G) to A(T)
[38]

Elimination of both increases the mutation
rate fourfold [38]

mutT1 Participates in the hydrolysis of
8-oxo-dGTP [39] and di-adenosine
polyphosphates in cleaning the nucleotide
pool [40]

A mutated gene increases the mutation rate
[41]

uvrB Participates in the NER pathway,
recognizing damaged DNA through a
UvrA2-UvrB ternary complex [42], as well
as in the HR pathway in conjunction with
UvrD1 [43]

Mutated gene linked to increased resistance
[44]

dnaE1 Replicative polymerase, its elimination is
lethal for the bacteria [45]

The absence of exonuclease of DnaE1
increases the mutation rate from 2300 to
3700 times [45]

dnaE2 DNA polymerase from trans lesions [46] Its absence sensitizes and eliminates
damage-induced mutagenesis [47].
Together with proteins ImuA and ImuB
generate damage-induced mutagenesis [63]

dinB2 Low fidelity DNA polymerase [48, 49, 64] Has a preference for ribonucleotides,
capable of incorporating oxo-rGTP and
8-oxo-dGMP bases against 8-oxodG [48,
49, 64]

polD1 and
polD2

Low fidelity polymerases [50] They have a preference for the
incorporation of ribonucleotides [50]

ogT O6-alkylguanine DNA alkyltransferase
which reverses the O6-alkylguanine [51]

Mutated gene increases sensitivity to
isoniazid [52]

adA/alkA,
ogT and
unG

Alka synthesizes a 3-methyladenine DNA
glycosylase II with broad recognition of
methylated bases. Ada control adaptive
response to damage [53]. Ung removes
uracil from DNA and participates in
virulence [54–56]

Mutations in these genes have been linked
to resistant strains of the Haarlem lineage
[57, 58]

mutT4,
mutT2
and ogT

MutT2 hydrolyzes dCTP, 5-methylCTP
and 8-oxoGTP. Both participate in the
cleaning of the nucleotide pool [16]

Mutations linked to resistant strains of the
Beijing lineage [33, 59]

(continued)
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M. tb has shown the presence of homologs systems to the traditional DNA repair
systems that have been found in other bacteria. It has been identified as a base
excision repair (BER) or nucleotide excision repair (NER) pathway. In this system,
when the DNA double chain is broken, three major mechanisms participate:

i. homologous recombination pathways (HR);
ii. non-homologous end junction (NHEJ); and
iii. strand alignment (SSA).

The last two are considered the only pathways available during the
pre-replicative stages of the cell [36]. On the other hand, although M. tb lacks the
canonical mismatch repair genes (Miss Match Repair), recently has been found an
alternate pathway mediated by nucS, a putative endonuclease specific for mis-
matches, necessary to avoid mutation and anti-recombination in vivo, with adaptive
regulation that influences the generation of mutations [62].

Although some repair pathways are error-prone such as NHEJ and SSA [36],
this can be increased especially when mutated genes or polymerases with low levels
of fidelity such as dnaE2 [63] and dnB2 [64] participate. In the different M. tb
lineages, the high polymorphic presence in the genes that make up the damage
repair system has also been a focus of interest in recent years [36], and it was
observed that in the Beijing lineage, this system could help explain its high
propensity to rapidity develop DR [33].

5 The Drug-Resistant Tuberculosis Diagnosis

According to WHO, only 55% of diagnosed TB cases worldwide are bacterio-
logically confirmed. Furthermore, 51% of the new cases had a rifampicin sensitivity
test; on the other hand, 40% of the confirmed MDR strains lack a second-line drug
sensitivity test, so it is unknown if any could be further classified as XDR. Besides,
the healing ratio for MDR is close to 50%, decreasing to 15–20% when is an
XDR-TB; these are the major concerns that the TB programs deal against these

Table 2 (continued)

Gene Function Description

recA It catalyzes the exchange of threads in the
HR pathway, thus initiating the
recombination process [60]

Its elimination increases the sensitivity of
M. bovis BCG to metronidazole [61]

nucS Putative mismatch-specific endonuclease,
necessary to prevent mutation and
anti-recombination in vivo [62]

Its inactivation increases the generation of
mutations up to 31 times and the
development of SNPs up to 41 times more.
Their alterations give a greater adaptation
to drugs. Its expression is regulated
adaptively [62]
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aggravated forms of TB. These figures clearly show that the global decrease of TB
requires innovation for the development of new, sensitive, specific, reproducible,
and non-expensive diagnostic tests that allow the identification of DR-TB, with an
emphasis on MDR-TB and XDR-TB cases, and with this information to implement
adequate treatments that improve the probability of cure and limit the transmission
of such highly contagious strains [1].

With nearly 30–40 years of being used, the current diagnostics of DR-TB are
largely outdated. Reference methods are mainly culture-based protocols; while
these techniques are effective, they are time-consuming and require costly infras-
tructure, biosafety level-3 laboratory, and highly trained personnel.

These assays are recognized as obsolete, with limited resolution in the DR-TB
diagnostics, and no longer suitable in the context of the Millennium Development
Goals. Besides, they also present serious limitations if a new dynamic of attention
or early identification of DR-TB cases wants to be incorporated.

6 The Response: Development of New Drugs
and Diagnostic Assays for Drug-Resistant Tuberculosis

6.1 New Drugs Against Tuberculosis

Nowadays, the medical community is facing important challenges in the treatment
of DR-TB. The need for new drugs that could be useful to treat aggravated forms of
resistance in TB is increasingly urgent. To achieve this, it is important to understand
the biology of M. tb and discover and validate new TB targets and their specific
inhibitors. Also important is to formulate novel drug regimens, reduce standard
therapy time, and improve the cost-effectiveness of therapies. Currently, research is
focused on three major biological aspects of M. tb:

i. DNA replication and protein synthesis;
ii. cell wall biosynthesis; and
iii. energy metabolism.

The DNA replication and protein synthesis in M. tb has been well understood
and include an important range of drugs used in the context of several drugs
categories, working at different levels of inhibiting replication, transcription, and
translation of DNA (rifampicin, streptomycin, amikacin, kanamycin, and capre-
omycin). The DNA gyrase is a topoisomerase II, encoded by gyrA and gyrB genes.
It is recognized as an important element in mycobacteria DNA replication and is the
target of fluoroquinolones and the next generation of these drugs. Additional series
of drugs have been in development, considering the replication and protein syn-
thesis. One of these is SPR719/SPR720: SPR719, an aminobenzimidazole that
inhibits the action of DNA gyrB. It is currently in phase I of clinical study [65].
Several experimental compounds bind RNA polymerase in preliminary analysis
phases, such as Na-aroyl-N-aryl-phenylalanine amides [66]. Sutezolid and
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delpazolid are two new drugs derived from oxazolidinone; they are more potent
than linezolid against sensible and MDR-TB [67, 68].

The cell wall of M. tb is a complex three-dimensional structure essential for
pathogenesis and survival. This is confirmed by several types of lipids and mole-
cules such as; mycolic acids (a layer of branched arabinogalactan polysaccharide)
and a coat of peptidoglycans or mycolyl-arabinogalactan-peptidoglycan (mAGP).

Ethambutol, isoniazid, and, recently, delamanid are drugs used to inhibit the
biosynthesis of the cell wall. Besides, a new series of drugs addressed to new
targets, specifically enzymes, whose function is to produce the metabolic precursors
or elements that make up the cell membrane, are on phase II-III clinical trial:
Ramoplanin [69], Enduracidin, [70], SQ109: SQ109 [71], BM212/BM635 [72],
and Pretomanid (PA824) [73], are just some of these new candidates.

According to the energy metabolism, M. tb generates adenosine triphosphate
(ATP) via mainly metabolic pathways, such as substrate-level phosphorylation and
oxidative phosphorylation. An important number of current TB candidate drugs are
targeted against these metabolic pathways. Bedaquiline is the representative drug in
this category; this is a diarylquinoline that blocks ATP synthesis [74] and has been
recently approved by WHO to be used against MDR-TB. Nowadays, second-
generation diarylquinolines, TBAJ-587 and TBAJ-876, are in preclinical develop-
ment [75]. Another candidate, Q203, is an imidazopyridine-based drug that inter-
feres with bacterial ATP production and is in a phase IIa clinical trial [76].

The drugs previously mentioned are just a few examples of the new generation
of drugs in evaluation; today, the number of these new drugs and candidates
increases constantly. The Stop TB Partnership’s Working Group on New TB Drugs
initiative aims to

help coordinate guide, and accelerate the speed of worldwide development of lifesaving
new cures to improve TB therapy.

This significantly impacts the support for the development, evaluation, and
analysis of new drugs and trials. In the present day, more than 30 drugs are eval-
uated in several combinations of treatments and administration conditions in such a
way that more than the same number of clinical trials are in development [77].

Considering all the mentioned above, it is essential to recognize the relevance of
integrating different biological, molecular, medical, and clinical knowledge to solve
the need for new antibiotics against TB. In the coming years, it is expected that
there will be different drugs to contribute to this new fight against TB to accomplish
the SDGs proposed by WHO.
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7 New Approaches for the Molecular Diagnostic
of Drug-Resistant Tuberculosis

In recent years, technological advances such as the polymerase chain reaction
(PCR) have allowed the development of more sensitive tests for diagnosing
DR-TB. These assays are mainly based on DNA amplification and further analysis
(nucleic acid amplification tests, NAATs) and focused on analyzing those
mutations/genes related to the DR phenomenon in TB (Table 3). The main
advantages of these procedures are the highest levels of specificity and safety; they
are fast and allow the identification of specific polymorphisms related to DR.
Unfortunately, these assays require a large investment in infrastructure, equipment,
supplies, and highly trained staff, which prevents many low-income countries from
conducting them, precisely those most affected by the aggravated variants of TB
[5, 78]. Despite these, many molecular tests are widely used as culture-free alter-
natives for detecting M. tb and indexing their most common DR genotypes. Table 3
summarizes the most important examples of these new procedures.

Table 3 Techniques and assays involved in the molecular diagnostic of drug-resistance in
tuberculosis

Assay Technique Gene/drug Sensitivity
(%)

Specificity
(%)

References

INNO-LiPA Rif. TB Line probe assay rpoB/rifampicin 96.9 100 [80]

Genotype MTBDR Line probe assay rpoB/rifampicin,
katG/isoniazid

91–100,
67–100

100, 100 [81, 82]

Genotype
MTBDRplus
VER 1.0 and VER
2.0

Line probe assay rpoB/rifampicin
katG + inhA/
isoniazid

95–98
84–95

99
99

[83, 84]

Genotype
MTBDRs/VER 1.0

Line probe assay girA/fluoroquinolone,
embB/ethambutol

85, 75, 55 99, 99, 78 [79, 85,
86]

Genotype
MTBDRs/VER 2.0

Line probe assay girA + girB/
fluoroquinolone, eiS/
kanamycin

93–100,
83–91, 89–
96

98, 91–
100, 92–98

[87, 88]

Nipro Genoscholar
TB-NTM + MDR

Line probe assay rpoB/rifampicin
katG + inhA/
isoniazid

98
61

97
98.5

[89, 90]

Nipro
Genoscholar INH TB

Line probe assay katG + mabA/
isoniazid

90 100 [91]

AID TB resistance Line probe assay rpoB/rifampicin,
katG + Inha/
isoniazid,
rpsL + rrS/
streptomycin,
girA/fluoroquinolone,
embB/ethambutol

100, 98,
98, 100,
91, 72

– [92]

(continued)
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Table 3 (continued)

Assay Technique Gene/drug Sensitivity
(%)

Specificity
(%)

References

Xpert MTB/RIF Real time PCR
Molecular beacon

rpoB/rifampicin 78–89 98 [106–108]

Abbott
RealTime MTB
RIF/INH resistance

Real time PCR rpoB/rifampicin,
katG + inhA/
isoniazid

87–96, 78–
87

100, 94–
100

[96, 97]

Flurotype MTBDR Real time PCR rpoB/rifampicin,
katG + InhA/
isoniazid

97–98, 91–
98

95–100,
97–100

[98, 99]

VerePLEX
Biosystem

Molecular
chip-based
STMicroelectronics

rpoB/rifampicin,
katG + InhA/
isoniazid

97, 73 100, 100 [100]

MID-DRS assay PCR multiplex and
sequencing

rpoB/rifampicin,
katG +
InhA/isoniazid, pncA/
pyrazinamide

97, 60, 75 98, 100, 98 [101]

Gene drive system PCR-highlighter
probes

rpoB/rifampicin 72 – [102]

Melting curve analysis rpoB/rifampicin
katG + inhA/
isoniazid

90.3
90.2

90.4
93.9

[103]

Multiplex allele-specific polymerase chain
reaction

rpoB/rifampicin
katG + inhA/
isoniazid

98
82

100
100

[104]

Multi-PCR-single-strand conformational
polymorphism analysis

rpoB/rifampicin
katG + inhA/
isoniazid

84
85

92
100

[105]

Real time PCR, sloppy molecular beacon
probes

rpoB/rifampicin 98 99 [93]

Amplification refractory mutation system
PCR

rpoB/rifampicin 86–94 87.2–100 [94, 95]

Loop-mediated isothermal amplification Only TB diagnosis 81–93 92–97 [110]

Whole genome sequencing rpoB, A,
C/rifampicin

98–100 98–100 [112]

katG, inhA…a/
isoniazid

97–100 93–100

embB…b/ethambutol 71–100 15–95

pncA…c/
pyrazinamide

43–100 67–100

rpsL, rrS…d/
streptomycin

57–100 40–100

Second-line drugse –

a oxyR-ahpC, fpbC, Rv1592C, Rv1772, Rv2242, fabD, fabG1, kasA, accD, oxyR, ndh, fadE24, nat, kasA, mabA,
accD6, accD
b embA, embC, embR, iniA, iniB, iniC, Rv3124, manB, PPE49, rmlD, manB
c rpsA, panD
d glidB
e rrs, eis, gidB, tlyA, gyrA, gyrB, ethA, ethR, folC, ribB, dfrA, whiB7, Rrl, rplC, Rv0678, Rv0678
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Among the most recommended tests by WHO are the Line probe assay tests
(LIPA), which diagnose the presence of the M. tb and can help determine the
resistance profile, mainly to rifampicin and isoniazid. Mutations are detected by
binding amplicons (generated by PCR) to probe, targeting the most common
mutations fixed on membrane strips. The final result of the hybridization is
expressed in colored bands on the test strip [79–92].

There are various tests based on real-time PCR (RT-PCR), some of them using
Sloppy Molecular Beacon; they are capable of detecting low concentrations of
bacteria and a greater number of mutations [93], as well as based on endpoint PCR,
such as the amplification refractory mutation system (ARMS), which uses nested
primers and two or more internal primers that detect wild and mutant variants. The
generated PCR product is analyzed by capillary electrophoresis, where the retention
time in the column of the amplified DNA indicates the presence or absence of
mutations and even heteroresistance [94, 95]. An additional set of probes using
methods derivated from RT-PCR are included in Table 3 [93, 96–105].

The GeneXpert MTB/RIF assay was launched in 2010. This diagnostic proce-
dure performs an heminested RT-PCR analysis for the simultaneous diagnosis of
TB and rifampicin resistance directly from the clinical specimens. Specifically, the
assay detects mutations associated with rifampicin resistance by RT-PCR amplifi-
cation of the 81-bp fragment of the rpoB gene. This test has been approved
by WHO and is currently one of the most widely used diagnostic procedures
[106–108].

Recently, loop-mediated isothermal amplification (LAMP) has come out as a
diagnostic test for TB that does not include DR markers. It uses a DNA polymerase
with high chain displacement activity and four primers (two internal and two
external) that recognize six different regions of the target DNA. Due to its cost,
technical ease, infrastructure requirements, and speed (approximately one hour to
the diagnostic), it is highly recommended by the WHO as an alternative to
microscopy tests in developing countries, distant hospitals, or care centers [109,
110]. It is expected that modifications to this assay can identify mutations related to
drug resistance in the incoming years.

Finally, it should be noted that the molecular diagnostic protocols for DR-TB are
diverse and with variations in the specificity and sensitivity according to the
molecular assay and the target used for it, mainly due to the high specificity for the
nucleotide change or specific mutation/polymorphism. Additionally, another set of
variables has been implied in the efficiency of most of the molecular tests; the most
important are: the characteristic of the sputum or culture used, the age of the
individual (children or elderly), the co-occurrence of other morbidities such as
HIV/AIDS and type 2 diabetes mellitus, and the contamination by human factor.
Despite these, the new generation of assays has a better future than the traditional
procedures.
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8 Whole-Genome Sequencing of Mycobacterium
tuberculosis: Towards a Fast and Affordable Diagnostic
of Drug-Resistant Tuberculosis

One of the major drawbacks of the molecular and high-throughput diagnostic
methods for DR-TB is the lack of information on the strain, such as lineage
identification and the high false-negative rate, as they are inherently limited to
detecting a pre-designed subset of mutations. This also represents a huge problem
as emerging antibiotic-resistant strains remain out of the scope. For instance, there
is no rapid molecular test or a targeted amplicon design to detect strains resistant to
many of the second-line drugs, including the drugs such as bedaquiline and dela-
manid–the latest Food and drug administration-approved antibiotics for XDR-TB
treatment [111, 112].

For the last two decades, advances in sequencing technologies have monitored
the entire suite of genes within chromosomes. The whole-genome sequencing
(WGS) in TB has positioned itself as a versatile molecular tool that overcomes most
molecular assays’ limitations for diagnosing TB and pharmacological resistance of
the infecting strain [112]. Their results reveal the existence of SNPs and INDELS
throughout the genome, where the most frequent mutations related to DR are
identified, as well as those of less frequency. It also makes it possible to explore
other important variants such as lineage [113], mutation rate [114], the existence of
compensatory mutations [20], allelic variation and fixation of variants [115],
diversification of strains in the host [116], and analysis of the transmission of the
disease in the population [117], among others advantages.

A general WGS workflow could be divided into three stages (Graphical
Abstract):

i. sample processing, the first stage consists of collecting sputum samples, iso-
lating the bacteria using selective media, and purifying the genomic DNA.
Additional microscopy or molecular tests could be applied during this stage to
verify the presence of M. tb. Importantly, all these first-stage steps must be
performed in a laboratory with BSL-3 facilities;

ii. sequencing, during the second stage, DNA library preparation and sequencing
are carried out. The Illumina platform (paired-end format) has proven effective
in sequencing strains from the M. tb complex due to its high-quality
sequencing and relatively low cost; and

iii. bioinformatic analysis, this stage includes quality control of reads, mapping
reads against a reference genome, and identifying variants, e.g., SNPs,
INDELS, repetitive regions, and mobile elements.

In the last decades, an increasing number of newly developed bioinformatic
pipelines have facilitated and optimized the M. tb-WGS process of analysis.
Overall, most pipelines are effective; however, it is important to identify key dif-
ferences to ensure high-quality and reproducible analysis. Usually, the workflow of
WGS-pipelines includes:
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i. reads validation, that is, the removal of reads other than MTBC sequences
avoiding data contamination;

ii. selection of the reference genome for comparison (M. tb H37Rv,
ancestor-MTBC, pangenome);

iii. selection of the resistance-associated SNP catalogs;
iv. selection of the lineage-associated SNP catalog [118–121];
v. alignment, it is mapping and SNPs-calling processes adjusting their specific

parameters, i.e., coverage, depth, and etcetera;
vi. high-quality SNPs filtration, it includes SNP support, determination of sta-

tistical cut-off and allele frequency, and excluding specific genomic regions,
resistance genes, PE and PPE gene families, repetitive regions, mobile
elements;

vii. selection of the maximum SNPs distance defining a transmission cluster; and
viii. batch processing for multiple samples.

Recently, Schleusener and collaborators compared five MTBC-WGS pipelines,
CASTB, KvarQ, Mykrobe TB Predictor, PhyResSE, and TB Profiler, in terms of
accuracy for lineage typing and antibiotic-resistance predictions [122]. They found
that most of the pipelines provide similar results; however, PhyResSE stood out due
to their high-resolution predictions. In another comparative report, Jajou and col-
laborators reported similar results for transmission cluster identification of five M.
tb-WGS pipelines [123]. While those results indicate a certain level of repro-
ducibility, the scientific community is currently seeking to standardize WGS-
pipelines for a uniform characterization of MTBC strains to minimize noise and
prediction errors that current pipelines present.

The Relational Sequencing Tuberculosis Knowledge base (ReSeqTB) is the
most comprehensive international database of curated genomic information fromM.
tb strains [124]. ReSeqTB database contains antibiotic resistance genotyping
information complemented with phenotyping data, metadata, and clinical outcomes.
The Comprehensive Resistance Prediction for Tuberculosis: An International
Consortium (CRyPTIC) is another worldwide initiative created to achieve
MDR-TB proficient predictions [125]. CRyPTIC is a repository of high-confidence
genetic variants associated with drug resistance and information about minimum
inhibitory concentrations for most anti-TB drugs. On the other hand, in recent
years, the integration of immunodynamics, genomics, epidemiology, and evolu-
tionary biology, also called phylodynamics, has emerged to tackle key TB issues
such as the development of massive detection protocols coupled to strain geno-
typing, transmission characterization, and outbreak mapping [126]. Overall, M. tb-
WGS protocols have proven great potential for high-resolution strain typing pre-
diction, accurate detection of transmission clusters, sequence-based analysis of
virulence and pathogenic factors, efficient vaccine design, evolution analysis, and
most importantly, drug-susceptibility [127]. The more complete genomes of MTBC
are published, the better the mysteries of this organism can be understood.

All these attributes in the WGS place this procedure as the most important tool
for diagnosing and characterizing TB and DR-TB for the coming years. However,
there are two major obstacles that WGS have to be addressed;
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i. one of them has to do with the costs related to the equipment and materials needed
for the analysis. Fortunately, this assay is becoming more popular, so it is expected
that the costs will decrease even more in the next years. Also, this system is not
regulated by any pharmaceutical, as is the case with most diagnostic kits; this
guarantees the maintenance of the low costs levels and total availability for the
development of this assay. This will have remarkable repercussions in low- and
middle-income countries, those more affected by TB and specifically DR-TB; and

ii. the second obstacle is the need for a previous culture of the clinical isolate to
have enough DNA, in sufficient quantity and quality, to perform the sequencing
and subsequent analysis to obtain reliable results. In this regard, recent
advances allow the WGS and further analysis directly from clinical samples,
reducing diagnostic times to only a few days [128]; the impact of this procedure
will be determined in the coming years.
Considering all the mentioned above, the introduction of the WGS in the

dynamic of TB will surely transform the diagnosis of DR-TB and the clinical,
epidemiological scenarios associated, creating an eminently preventive orientation
of these complex cases and development of individualized treatments, decreasing
the impact and negative effects of the DR-TB.

9 Conclusion

There has been a duel between humans and mycobacteria to survive from each
other for a long time. The development of antibiotics has changed the balance for
several decades. However, the increase in TB isolates with resistance has modified
the balance, again placing TB as an infectious disease of difficult management.
Treatment effectiveness in aggravated cases, such as XDR-TB, is 15–20%, with no
treatable cases.

In recent years it has been possible to characterize the multiple and complex
mechanisms used by mycobacteria to adapt to the adverse conditions represented by
the presence of an antibiotic. As described in this chapter, DR-TB is mainly
associated with mutations in specific genes that usually codify for the enzyme and
other mechanisms such as DNA reparation and membrane efflux pumps. This
information contributes to the development of new anti-TB drugs, many of which
are in different levels of clinical trials, so it is expected, in the coming years, to have
a new repertoire of antibiotics used under new treatment schemes, and thus place
the balance in our favor.

It is demonstrated that the current diagnostic systems are inadequate to address
and solve the problem of DR-TB. It is essential to have an early diagnosis of the
drug sensitivity profile. It allows performing interventions that would limit the
development and progression of a resistant infection and avoid the dispersion of
such strain, thus cutting the transmission chain. A new generation of resistance
diagnostic procedures has been developed in response, based on DNA analysis and
identification of mutations and other mechanisms involved in this process.
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Undoubtedly, WGS will have the greatest impact since, in addition to being fast and
inexpensive, identify the mutations present in all genes associated with resistance.

In conclusion, studies that integrate the information generated from such diverse
areas of knowledge as bioinformatics, molecular biology, and epidemiology will
allow developing tools that support the control and potentially eradicate TB as a
global public health problem.

Tuberculosis clearly highlights our selfishness as humanity and evidence, like no other
disease, our economic and social differences. Its eradication will undoubtedly be a great
demonstration of our ability to evolve into a just and egalitarian society.

Damián Pérez-Martínez, Paulina Mejía-Ponce, Cuauhtémoc Licona-Cassani, Everest de
Igartua, Gustavo Bermúdez, Diana Viveros, Roberto Zenteno-Cuevas

Core Messages

• The number of TB-DR cases is increasing each year.
• A new generation of TB diagnostic molecular tools is emerging.
• WGS is a new TB diagnostic method with great potential to become the

future standard.
• More than 30 clinical trials using new anti-TB drugs are in development.
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Himanshu Verma, Shalki Choudhary, and Om Silakari

Science has no idea how much it owns the imagination.

Ralph Emerson

Summary

Since the time of years following World War II, tuberculosis (TB) has become a
treatable disease due to the discovery of antibiotics such as streptomycin. But now,
TB has poised to make a dramatic and deadly comeback again owing to the
emergence of some drug-resistant (DR) strains, including multidrug-resistant
(MDR), extensively drug-resistant (XDR), and totally drug-resistant (TDR)
strains. Health professionals are alarmed that these TB strains are so virulent that
they are called “virtually untreatable” even with the most potent anti-TB drugs
available. Inappropriate TB practice conducted, mainly in developing countries, is
considered the main reason behind DR. These malpractices include inadequate
treatment of TB patients due to incorrect drug combinations, insufficient dose
irregularities, or poor adherence. Consequently, both public and non-public sectors
contribute to DR-TB. The current chapter sheds light on various DR mechanisms
that hinder effective treatment with existing anti-TB drugs. Multiple strategies to
overcome the problem of DR-TB have also been discussed. The chapter provides
recent updates on newly developed drugs, clinical trials in the pipeline, and
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international recommendations tomanage resistance. This information is essential
for developing a more effective therapy that is potent against DR-TB and can
shorten the antibiotic course required for both drug-susceptible TB and DR-TB.

Graphical Abstract

Keywords

Chemotherapy � Clinical trials � Resistance � Tuberculosis

1 Introduction

Tuberculosis (TB) is caused by M. tb, and resistance to anti-TB drugs has severely
threatened its control and management. Seventy years ago, streptomycin was dis-
covered by American biochemists Waksman and coworkers, who suggested this
drug as a chemotherapeutic approach for TB treatment as an alternative to diet,
physical exercise, and fresh air [1]. Soon after the beginning of the chemotherapy
era with streptomycin, it was observed that not all cases of TB were curative with
the emergence of streptomycin-resistant strains of M. tb [2]. Later, first-line drug
therapy, including isoniazid, pyrazinamide, ethambutol, or rifampin, was devel-
oped, which were very active against TB. The success rate of this short-course
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chemotherapeutics became approximately 100% as the drug regimen complied with
both the physician and the patient [3–7]. However, the past 20 years have spotted
the worldwide appearance of multidrug-resistant (MDR) [8, 9], succeeded by
extensively drug-resistant (XDR) [10], and totally drug-resistant (TDR) strains of
TB [11–13]. The emergence of these resistant strains has raised the chance to return
to an era in which drugs remain ineffective [14]. The MDR strain of M. tb is
resistant to two of the most routinely used front-line anti-TB drugs, i.e., rifampicin
and isoniazid. According to World Health Organization (WHO) XDR-TB Task
Force meeting organized in October 2006, XDR strain of M. tb is not only resistant
to first-line anti-TB drugs such as rifampicin and isoniazid but also to fluoro-
quinolones and at a certain extent to one of three injectable second-line anti-TB
drugs including amikacin, kanamycin, and capreomycin [15]. TDR strain ofM. tb is
resistant to all existing first and second-line anti-TB drugs (rifampicin, strepto-
mycin, pyrazinamide, isoniazid, ethambutol, para-aminosalicylic acid, ethionamide,
cycloserine, amikacin, capreomycin, ofloxacin, ciprofloxacin, kanamycin) [13].

As per the WHO global TB report 2019, about 10,000,000 people were infected
with TB in 2018, with 1,500,000 deaths and 484,000 drug resistant-tuberculosis
(DR-TB) cases. The three countries, i.e., the Russian Federation (9%), China
(14%), and India (27%), contribute to the major share of the global burden.
Globally, 18% of previously treated cases and 3.4% of new TB cases had
rifampicin-resistant TB (RR-TB) or MDR-TB, observed among previously treated
patients with the highest proportion, i.e., >50%, in countries of the former Soviet
Union. Throughout 15 years, 128 countries have published representative data
obtained with continual surveillance or surveys about the proportion of MDR-TB
cases. Integrating the data obtained from these surveys, about 6.2% of the average
proportion of MDR-TB cases were observed with XDR-TB [16]. In light of the
above, new therapeutic interventions are promptly needed to address the existing
epidemic of resistant TB.

Anti-TB drug treatment is long, expensive, and toxic, and the percentage of
undesirable outcomes is very high. Drug-susceptible (DS)-TB can be treated with
supervised therapy for � six months in more than 95% of cases. While, the
majority of poor nations have difficulties purchasing second and third-line medi-
cations for MDR-TB treatment, which needs a � 24-month course of supervised
therapy with five to seven less costly, effective, and toxic treatments. XDR-TB and
TDR-TB are generally untreatable in developing countries [17]. Factors responsible
for creating a massive pool of individuals defenseless to DR-TB are increasing
population, poverty, malnutrition, and the contemporary outbreak of acquired
immunodeficiency syndrome (AIDS) [18]. At the molecular level, the resistance to
first-line and second-line anti-TB drug therapy is caused due to a chromosomal
mutation, drug inactivation, induction of efflux pump, target mimicry, or target
modification [19].

Research efforts need to be stimulated to develop entirely new antibiotics that are
least affected by the ongoing resistance mechanisms. Alternatively, adjuvant ther-
apies such as efflux pump inhibitors [20], drug inactivating enzyme inhibitors [21],
etc., with the existing therapies can also be suggested to overcome the problem of
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drug-resistant (DR)-TB. Additionally, other non-traditional approaches, including
repurposing old drugs or targeting resistance mechanisms, need to be further
examined. For the success of these approaches, these DR mechanisms in M. tb need
to be comprehensively studied and well understood. The current chapter provides
mechanistic insight into the resistance mechanism at the molecular level, various
counter-strategies to resolve the resistance problem, and an update on the drugs that
are being developed or under clinical trials for treating DR-TB.

2 Molecular Mechanisms of Resistance in Tuberculosis

Bacteria have adopted several common strategies to acquire resistance to antibiotics
or antibacterial agents. These strategies include target overexpression, modification,
and inactivation via drug-inactivating enzymes and also barrier mechanisms (re-
duced uptake or increased efflux). These molecular mechanisms account for re-
sistance in M. tb towards distinct crucial groups in antimycobacterial drugs, as
summarized in Fig. 1.

2.1 Permeability Associated Resistance

The cell wall of M. tb is highly thick with multiple layers; it consists of layers of
peptidoglycan that is covalently linked via an L-Rha-D-GlcNAC-P as a linker unit
to linear galactofuran. In succession, it is attached to highly branched arabinofuran,
which is further linked to mycolic acids [22]. Peptidoglycan is covalently linked to
arabinogalactan, which due to its hydrophilic nature, acts as an obstacle to the

Fig. 1 Molecular mechanisms are responsible for resistant TB
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penetration of hydrophobic drugs [23]. As arabinogalactan is further attached to the
hydrophobic compound mycolic acid, it acts as an obstacle for the penetration of
hydrophilic drugs [24]. Thus, the cell wall of M. tb acts as a barrier to the per-
meability of both the hydrophilic and hydrophobic drugs. This way, peptidoglycan-
arabinogalactan-mycolic acid complex acts as a barrier and allows M. tb to survive
inside host macrophages (phagocytic cells). For instance, the OmpATb gene
encodes a pore-forming protein that affects both M. tb growth at reduced pH
(known as acid resistance) and its permeability to several water-soluble substances.
This is very challenging to develop an efficient antibiotic to cross the cell wall of
M. tb [25, 26]. M. tb encodes porin-like proteins that expedite the antibiotics import
via an outer layer of the mycobacterial cell wall, thus influencing DR.

2.2 Acquired Resistance by a Genetic Mutation

In 1952, a renowned microbiologist, Renee Dubos, anticipated that bacteria might
develop antibiotic resistance owing to natural selection and random mutations [27].
M. tb favored Dubos’ pre-trial judgment, as M. tb underwent a major evolution
leading to the development of various M. tb-resistant strains. Random genetic
mutation is one of the major causes of DR [19]. Chromosomal mutations show up
at a frequency of 10−6 to 10−8 mycobacterial replications, with a probability of
10−18 to 10−20 of developing DR [28]. Anti-TB drugs that undergo resistance
through this mechanism have been briefly explained below.

M. tb is resistant to most first-line drugs (pyrazinamide, isoniazid, rifampicin, and
ethambutol) and second-line drugs (kanamycin, amikacin, and capreomycin) due to
mutation, either in the drug target itself or activator of pro-drug. Reported mutations
that are accountable for resistance to some anti-TB drugs are mentioned in Table 1.
For instance, isoniazid, a first-line drug, enters the mycobacterial cell by passive
diffusion. Being a pro-drug, it undergoes activation to highly reactive species via the
catalase-peroxidase enzyme (KatG) encoded by the KatG gene. KatG couples the
active species (isonicotinic acyl radical) with nicotinamide adenine dinucleotide
(NADH) to form the isoniazid-NADH complex and subsequently inhibits its target
InhA (enoyl-acyl carrier protein reductase); consequently, the synthesis of cell wall
mycolic acid is inhibited [29]. A single-point mutation is the most frequent cause of
resistance in isoniazid-resistant strains, accounting for 50–95% of isoniazid-resistant
clinical isolates [30]. Table 1 illustrates G315C single point mutation resulted in
amino-acid substitution (Ser ! Thr) in target protein (KatG). One of the clinical
studies reported that Ser315Thr mutation in KatG was highly prevalent among
isoniazid-resistant M. tb clinical isolates in northwestern Russia from 1996 to 2001
[31]. Another mechanism of resistance to isoniazid reported is InhA overexpression
owing to a mutation in the promoter region of fabG1inhA. Additionally, in some
Isoniazid-resistant strains, resistance to isoniazid occurred due to mutation in the
furAKatG promoter region, which is a well-known target required for Isoniazid
activation [32]. Another example of a drug that undergoes resistance through this
mechanism is rifampicin, one of the principal first-line drugs discovered in 1957 by
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Piero Sensi [33]. Rifampicin acts as an antimycobacterial drug by binding to the
b-subunit of RNA polymerase that subsequently interferes with the transcription and
RNA elongation. More than 90% of M. tb strains resistant to rifampicin possessed
genetic alterations within the rifampicin-determining region of the rpoB gene (81 bp
fragment), which encodes b-subunit of RNA polymerase [34]. One of the compu-
tational studies provided in silico evidence to explain the mechanism of rifampicin
resistance among rpoB mutant strains that explained the resistance mechanism
mutation at codon 450 (S450L) and 445 (H445Y) due to mutation in the well-defined
central region of the rpoB gene with 81-base pair [35]. Pyrazinamide, another
well-known first-line drug, possesses antimycobacterial properties by exerting action
on non-specific targets to disrupt the membrane energetic translation process, cyto-
plasmic acidification, or coenzyme A synthesis. The emergence of resistance to
pyrazinamide in M. tb is due to a mutation in rpsA, panD, and pncA gene encoding
proteins that are targeted by pyrazinamide. One such example is a double mutation,
i.e., H21R and I29V, within the non-active site of the panD gene [36]. Pro-drug
pyrazinamide is a chemical analog of nicotinamide that requires an enzyme pyrazi-
namidase to convert pyrazinamide into its active form pyrazinoic acid which
subsequently disrupts bacterial membrane energy. It was confirmed in 1996 that pncA
gene mutation is also associated with pyrazinamide resistance againstM. tb. Studies
revealed a ten-fold decrease in enzymatic activity with mutations in recombinant
pncA. The important residues associated with the normal functioning of pncA are
active site amino acid residues, including Asp8, Ile133, Ala134, and Cys138.
Therefore, the mutation in these residues affects the enzymatic activity of pncA [37].

Novel target decaprenylphosphoryl-b-D-ribose 2ʹepimerase (DprE1) has been
reported to be a potential target to treat MDR-TB and XDR-TB. Benzothiazinone,
especially BTZ043 and pBTZ169, inhibits DprE1 with nanomolar potency. These
covalent inhibitors of DprE1 initiate the reduction of the nitro group to an active
intermediate ‘nitroso’ induced by the transfer of hydride from flavin adenine din-
ucleotide (FADH2), as a consequence of which a semimercaptal adduct is formed
with the thiol group in key residue, i.e., Cys387 of DprE1 [11, 54]. Makarov et al.
reported that the M. tb NTB1 strain (which includes Cys387Ser mutation in DprE1)
is resistant to BTZ043; this mutation resulted in >10,000-fold increase in resistance
to BTZ043 [55].

Novel ubiA mutations encoding 5-phospho-a-D-ribose-1-diphosphate: dec-
aprenyl phosphate 5-phosphoribosyltransferase, one of the enzymes involved in
decaprenylphosphoryl-Darabinose (DPA) pathway for cell wall synthesis, has been
reported to undergo overexpression that subsequently results in elevated DPA
levels available for EmbB and competes with the drug ethambutol. This competitive
binding promotes the resistance to ethambutol [56].
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2.3 Drug Efflux

Proteins bound to membranes as efflux pumps play a major role in the antibiotic-
unrelated metabolism or physiology, for example, transport of toxins, wastes,
nutrients, or signaling molecules through the bacterial cell wall. Their functions in
antibiotic resistance might be subsidiary due to non-specific transportation [38].
These proteins expel antibiotics from the cell and prevent the drug from reaching
the site of action, allowing the M. tb to survive. Efflux pumps can be classified into
five families based on their energy source, structure, and type of substrates. ABC
ATP-binding cassette (ABC) superfamily and major facilitator superfamily
(MFS) are larger and former families among the five families. While other three
belong to smaller families, i.e., the multidrug and toxic compound extrusion
(MATE) family, the resistance-nodulation cell division family (RND), and the
small multidrug resistance (SMR) family [39].

The ABC efflux pump family is a group of transmembrane proteins comprised of
a cytosolic ATP-binding site with a channel structure. ATP hydrolysis enables drug
transportation in the presence of magnesium. Two ABC family efflux pumps,
including Rv1456c-Rv1457c-Rv1458c and Rv2686c-Rv2687c-Rv2688c transport
systems, have been recently identified inM. tb H37Rv. Overexpression of these two
pumps was detected in the presence of first-line anti-TB drugs, which led to H37Rv
resistance to at least one of ethambutol, isoniazid, streptomycin, and rifampicin
[40]. Danilchanka et al. identified the molecular mechanisms of M. tb resistance to
b-lactam antibiotics via Rv0194 efflux pump in M. tb strain [41]. In 2017, Zhang
et al. discovered four efflux proteins (Rv3756c, Rv0191, Rv1667c, and Rv3008)
responsible for binding pyrazinoic acid using M. tb proteome microarray. They
concluded that overexpression of these four genes encoding efflux pump in M. tb
cause low-level resistance to pyrazinamide and pyrazinoic acid but not to other
drugs [42]. Duan et al. recently reported a novel ABC efflux pump, Rv1473,
involved in Mycobacterium intrinsic resistance to macrolides via efflux mechanism
[43]. DrrAB is another example of an ABC efflux pump accountable for resistance
to a wide range of clinically relevant antibiotics, including erythromycin, tetracy-
cline, norfloxacin, ethambutol, chloramphenicol, and streptomycin. This suggested
a possible role of DrrAB that it might play in antibiotic resistance of M. tb [44].

The MFS efflux pump is another largest class of secondary transporters that
facilitate the transfer of target substrate across the cellular membrane of M. tb in
response to the osmotic ion gradient. Some of the efflux pumps that belong to the
MFS family in M. tb are Tap, P55, JefA, EfpA, Rv2994, Rv2477, etc. [45]. A gene
expression study of efflux pump by Gupta et al. reported that under drug stressed
conditions, an open reading frame Rv2459 encoding JefA efflux pump are over-
expressed, leading to an increase in MIC of the two former drugs, ethambutol and
isoniazid, thereby marking the basis of resistance [46]. In the consecutive year, the
same research group performed a microarray analysis of efflux pump genes in
MDR-TB and reported increased activities of Rv2994 and Rv2477 associated with
resistance to fluoroquinolones and streptomycin for the first time [47]. Silva et al.
identified P55, a putative multidrug efflux pump from M. tb responsible for the
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efflux of tetracycline and aminoglycosides, including streptomycin and gentamicin
[48]. Garcia et al. reported that deletion of the Rv1410c gene encoding P55 efflux
pump increased the risk of resistance in the case of TB strain susceptible to
rifampicin and clofazimine [49]. Transcription of the Tap-encoding gene (rv2158c)
is responsible for encoding Tap transporter efflux of several drugs, including
aminoglycosides, spectinomycin, tetracycline, and para-aminosalicylic acid [50].
The gene expression for this transporter is controlled by the WhiB7 (antibiotic-
responsive MDR regulator) [51]. A recent study reported that efflux pump’s like
Tap expression is induced in mycobacterial cells that reside within host granulomas.
This expression contributes to the drug tolerance of M. tb during latent TB infection
(LTBI). Doran et al. [52] reported a putative efflux protein, EfpA, responsible for
resistance to ethambutol and isoniazid encoded by the EfpA gene in the H37Rv
strain of M. tb [52, 53]. Ramon-Garcia et al. used Mycobacterium bovis BCG as a
model organism to assess the contribution of intrinsic antibiotic resistance via Stp
efflux protein encoded by the Rv2333c fromM. tb to spectinomycin and tetracycline
[57]. Some of the other efflux pumps that belong to the MFS family and are
associated with DR are Rv0783, Rv3008, Rv3728, and Rv1634 [58].

Multidrug and toxic compound extrusion (MATE) is one more family of efflux
pump proteins that efflux out drugs employing proton motive force (H+ or Na+) [59].
Among anti-TB drugs, ethambutol is the substrate of MATE1 and MATE2K [60].

RND efflux pumps are proton-dependent pumps that constitute inner and outer
membrane protein and a membrane fusion protein. The mycobacterial small
membrane protein (MmpS) and mycobacterial membrane proteins (MmpL) are two
major efflux pumps of the RND family in M. tb.Mycobacterium smegmatis (M. sm)
strain with MmpL7 overexpression is resistant to ethionamide and isoniazid [61].
Where MmpL5–MmpS5 has diverse antibiotic substrates, its overexpression is a
cause of resistance to bedaquiline and clofazimine [62].

Moreover, SMR belongs to a family of small multidrug resistance proteins (100–
200 amino acids) that form four transmembrane helical structures with amino acids
which bind directly to the hydrophobic regions of macrolide antibiotics and
aminoglycoside [63]. The first identified efflux pump from an SMR family was
Mmr (Rv3065) [64]. It has been reported that strains exposed to high levels of
isoniazid significantly overexpress the Mmr efflux pump [65].

2.4 Target Mimicry

Fluoroquinolones have gained importance to treat TB; however, expression of
MfpA, a member of the pentapeptide repeat family, results in resistance to this class
of antibiotics, especially sparfloxacin and ciprofloxacin [66]. This protein binds to
DNA gyrase by DNA mimicry and further inhibits its activity. It is reported that it
mimics the B-form of DNA due to its similarity based on size, shape, and elec-
trostatic properties with DNA. The mechanism by which M. tb develops resistance
to fluoroquinolones via DNA mimicry has been briefly described below.
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DNA gyrase (Topoisomerase II) comprises two subunits, A and B, responsible
for replication and repair. Among these two, the DNA gyrA subunit has a site for
DNA breakage and reunion, whereas the gyrB site is responsible for hydrolyzing
ATP for an energy generation required for enzyme activity [67]. The MfpA dimer is
highly specific for DNA gyrase; it extends across the entire gyrA and provides an
effective inhibition of gyrase activity. MfpA competes with B-form DNA to reach
the gyrase surface. Since fluoroquinolones bind to only the DNA gyrase-DNA
complex, the binding of MfpA to DNA gyrase averts the complex formation. It
comes out with an explanation of the molecular cause of resistance to fluoro-
quinolones [66].

2.5 Drug Degradation and Modification

Another resistance mechanism by which pathogenic bacteria, includingM. tb, lower
the quality of treatment with antibiotics is to degrade them via drug inactivating
enzymes directly. M. tb with drug inactivating enzymes expression has developed
the ability to modify or degrade different classes of antibiotics, including amino-
glycosides, b-lactams, and macrolides [19, 38]. Among these, b-lactam antibiotics
are one of the best examples that have undergone resistance via enzymatic degra-
dation due to b-lactamases (BlaC) [68].

b-lactam antibiotics have been the classical and most general classes of
antibacterial agents which can be used in treating numerous bacterial infections.
These antibiotics disrupt the cell wall biogenesis to result in cell death by binding to
penicillin-binding proteins (PBPs) and subsequently inhibiting its activity by hin-
dering the assembling of the peptidoglycan network. However, these antibiotics are
ineffective against M. tb owing to the expression of an intrinsic enzyme called BlaC
[69]. These BlaC hydrolyze the b-lactam ring present in these antibiotics by fol-
lowing three major steps:

i. activation of important amino acid Ser70, which further initiates the nucle-
ophilic attack at carbonyl center of the b-lactam ring;

ii. formation of Michaelis complex followed by activation of conserved water by
Glu166 and Lys73; and

iii. hydrolysis of covalently acylated enzyme intermediate [70, 71].

These molecular events lead to the opening of the b-lactam ring and drug inac-
tivation. Another example of such a resistance mechanism includes the acetylation of
isoniazid by arylamine N-acetyltransferase (NAT) [72]. Studies have reported that
with the overexpression of nat gene in M. sm enhanced resistance to isoniazid is
observed [73], while knockout of the same gene resulted in escalating sensitivity to
isoniazid [74]. Inactivation of Isoniazid via NAT involves the following steps:

i. abstraction of a proton by Asp127 from –NH of imidazole ring present in
His110;
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ii. deprotonation of Cys70 by His110;
iii. formation of tetrahedral transition state between acetyl CoA and activated

Cys70;
iv. acetylation of Cys70 and release of CoA; and
v. finally, the Acetyl group transfers at NH of the isoniazid [75].

Kanamycin exerts its anti-TB action on resistant strains by generally interfering
with the bacterial protein synthesis. However, structural modification of kanamycin
due to the enhanced intracellular survival enzyme (Eis) finally results in its resis-
tance. This enzyme inactivates kanamycin by catalyzing the reposition of the acetyl
group from Acetyl-CoA to the free amine group of aminoglycosides in five steps:

i. positioning of an amino group of aminoglycoside by His119 backbone to
perform a nucleophilic attack on CoA thioester;

ii. stabilization of tetrahedral transition state through the hydrogen bonds with
Phe84 and Val85 by the polarization of the thioester carbonyl;

iii. interaction between the C-terminal carboxylate of Phe402 and the amino group
of aminoglycoside through a bridging water molecule; and

iv. protonation of CoA thiolate hydroxyl group of conserved residues, i.e., Tyr126
[76].

Decaprenylphosphoryl-b-D-ribose 2-oxidase (DprE1) is a potential target for the
treatment of DR-TB [77]. One of the classes of DprE1 inhibitors, i.e., fused
pyrido-benzimidazole, especially compound 1 with cyano substitution, is reported
to inhibit M. tb growth with an IC90 value of 0.39 lM [78]. However, a study
conducted by Warrier and coworkers in 2016 reported that S-adenosyl-L-
methionine-dependent methyltransferase (Rv0560c) causes N-methylation of this
pyrido-benzimidazole compound and abolishes its mycobactericidal activity. Some
in vitro studies revealed a two-fold reduction in the activity of compound 1 with the
overexpression of Rv0560c ([79]; Fig. 2).

Fig. 2 Structure of
compound I
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3 Strategies to Modulate Resistance in Tuberculosis

3.1 Structural Modification in Existing Drugs to Address
Mutation-Associated Resistance

Analog designing is often defined as modifying a drug molecule or any other
bioactive component to form a new molecule that reflects the chemical and bio-
logical similarities with the parent compound [80]. This approach has been utilized
to overcome the resistance issue and is briefly discussed below.

Being a pro-drug, isoniazid needs to get bio-transformation-based activation by
the well-known M. tb target KatG. Nearly 70% of isoniazid resistance strains
acquire resistance due to mutation in katG, thus resulting in the inability of KatG to
activate this pro-drug. To overcome this problem, various research teams have
made some efforts to create compounds that can achieve moderate clinical efficacy
similar to isoniazid and prevent much of the current resistance by exceeding the
requirement for getting activated (bypass the activation) via KatG and directly
inhibiting InhA. Some of the reported isoniazid analogs which may bypass KatG
activation and target InhA directly have been mentioned below.

Vosátka et al. [81] synthesized a series of N-alkyl-2-iso-nicotinoyl hydrazine-1-
carboxamides from isoniazid which were later cyclized to N-alkyl-5-(pyridin-4-yl)-
1,3,4-oxadiazole-2-amines. Among all oxadiazole, N-Dodecyl-5-(pyridin-4-yl)-
1,3,4-oxadiazol-2-amine (compound II; Fig. 3) was the most efficacious one with
an ability to inhibit the growth of both susceptible as well as DR-M. tb strains with
MIC values in the range of 4–8 µM. Structural activity relationship (SAR) revealed
that the introduction of shorter alkyls results in the least active or inactive com-
pounds while incorporating a long aliphatic chain enhanced the activity. It targets
InhA and further inhibits the synthesis of mycolic acids to influence the growth of
both DS-TB and DR-TB, including MDR-TB and XDR-TB strains, at the same

Fig. 3 Structure of compound II

Fig. 4 Structure of
compound III
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concentration as that of isoniazid devoid of any cross-resistance to already existing
antimycobacterial drug [81].

Bhoi et al. [82] synthesized a series of novel N′-isonicotinoyl-2-methyl-4-
(pyridin2-yl)-4H-benzo[4,5]thiazolo[3,2-a]pyrimidine-3-carbohydrazide analogs,
which were evaluated against M. tb strain. In vitro results concluded that compound
III (Fig. 4) was the most potent antimycobacterial agent with a MIC value of
6.25 mg/mL. Molecular docking and dynamics studies revealed that this compound
displayed about three hydrophobic interactions and four hydrogen bonding inter-
actions within the active pocket of the InhA enzyme. SAR study revealed that the
analog possessing trifluoromethoxy (–OCF3) group at the eighth position is the
most potent antimycobacterial agent. While the presence of heterocyclic nuclei such
as isoniazid, pyridine, and pyrimido[2,1-b]benzothiazole as pharmacophores sig-
nificantly improved the lipophilic character of the molecule. The analog with
electron-donating and electron-withdrawing group substitutions at the sixth, sev-
enth, and eighth position of pyrimido [2,1-b]benzothiazole fused ring system
facilitated the permeability through the microorganism’s biological membrane, thus
successfully inhibiting the bacterial growth [82].

De et al. [83] reported some isoniazid-cinnamic acid hybrids, among which the
most active compound IV (MIC: 0.3 Mm; Fig. 5) manifested potency twice the
parent drug isoniazid (MIC 0.6 mM) against M. tb H37Rv with low toxicity (IC50

168 mM) towards THP1 cell and the selectivity index (SI) of 560. This
isoniazid-cinnamic acid hybrid was further assessed for the inhibitory activity
against two isoniazid-resistant strains, MYC5165 (M. tb conferring mutation in
InhA) and 1400 (M. tb conferring mutation in katG). The SAR data revealed that for
the R group, the short-chain and electron-donation groups more favored the inhi-
bitory activity than the longer one (Me > Et > i-pentenyl) and electron-
withdrawing groups (Me > CF3 > Et > CF3CH2) [83].

Fig. 5 Structure of compound IV

Fig. 6 Structure of compound V
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Kumar et al. [84] developed a novel 1,2,3-triazole based analog of isoniazid and
assessed the in vitro activity of these compounds against M. tb. Results revealed
these five compounds to be equally potent to that of reference compound isoniazid.
Molecular docking and dynamics simulations results indicated that compound V
retained crucial interactions with key amino acids in both wild-type InhA and
mutant InhA harboring D148G mutation. Compound V (Fig. 6) also exhibited
significant stability in the binding pocket of wild-type InhA and mutant InhA, which
may be considered a positive indication for its potential to be an effective therapy
against isoniazid-resistant strains of M. tb. While in vivo studies further revealed its
safety when evaluated in terms of toxicity profile [84].

The promising new class of anti-TB compounds like BTZ043 and PBTZ169
constitutes a nitroaromatic system as an electron-deficient core, which causes the
inactivation of DprE1 by forming a covalent semimercaptal adduct. However,
Cys387Ser mutation in DprE1 resulted in resistance to these drugs. Some efforts
have been made to overcome this problem by modifying BTZ043. Tiwari et al. [85]
reported 1,3-benzothiazinone azide (compound VI; Fig. 7) as an effective reversible
and non-covalent inhibitor of DprE1 that was found effective against both wild-type
and mutant (harboring Cys387Ser) DprE1. The MIC value of the M. tb H37Rv or
NTB1 (harboring Cys387Ser mutation in DprE1) strains to BTZ-N3 compound was
found to be 0.5 lg/ml [85], with equivalent potency in both wild-type and resistant
strains of M. tb.

3.2 Targeting Efflux Pumps Responsible for Drug Efflux

Over the past few years, there has been a growing interest in searching and
developing efflux pump inhibitors. Efflux pump inhibitors are a potential adjuvant
therapy with existing anti-TB drugs against DR-TB. They have the high potential to
raise the intracellular concentration of anti-TB drugs. This raised intracellular
concentration in blood may improve or restore standard antimycobacterial agents’
activity in resistant strains and reduce the treatment duration. However, some
concern is associated with the efflux pump inhibitors, i.e., toxicity. Since these
agents target both prokaryote and eukaryote transporters, the clinical development
of multiple efflux inhibitors must be carried out by considering toxic complications.

Fig. 7 Structure of
compound VI

374 H. Verma et al.



Ta
b
le

2
So

m
e
of

th
e
dr
ug

s
re
pu

rp
os
ed

as
ef
fl
ux

pu
m
p
in
hi
bi
to
rs

S. N
o.

N
am

e
of

th
e
dr
ug

C
he
m
ic
al

st
ru
ct
ur
e

D
ru
g
ta
rg
et

A
nt
i-
tu
be
rc
ul
os
is
ef
fe
ct
s

1
V
er
ap
am

il
A
B
C

(A
T
P
bi
nd

in
g
ca
ss
et
te
)
fa
m
ily

Ps
tB
,
R
v2

68
6c
-2
68

7c
-2
68

8c
,
D
rr
A
B

M
F
S
(m

ul
ti
fa
ci
lit
at
or

su
pe
rf
am

ily
)

R
v1

63
4,

lf
rA

,
R
v1

25
8c
,
R
v2

84
6c
,

R
v1

87
7

R
N
D

(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
R
v1

14
5,

R
v1

14
6,

R
v0

67
8

SM
R

(s
m
al
l
m
ut
ir
es
is
ta
nc
e)

fa
m
ily

R
v3

06
5
(m

m
r)

(1
)
M
IC

va
lu
e
of

an
ti-
T
B

dr
ug

s
is
re
du

ce
d

(2
)
A
nt
i-
T
B
dr
ug

do
se

is
re
du

ce
d

(3
)
Sy

ne
rg
y
w
ith

an
ti-
T
B

dr
ug

s
ex
is
ts

(4
)
D
ur
at
io
n
of

an
ti-
T
B

dr
ug

s
re
te
nt
io
n
in

M
.
tb

is
el
on

ga
te
d

(5
)
T
re
at
m
en
t
du

ra
tio

n
is

re
du

ce
d

(6
)
G
ro
w
th

an
d
to
le
ra
nc
e
of

M
.

tb
ar
e
in
hi
bi
te
d

2
Pr
ot
on

op
ho

re
(C
C
C
P)

A
B
C

(A
T
P
bi
nd

in
g
ca
ss
et
te
)
fa
m
ily

R
v2

93
6-
R
v2

93
7
(D

rr
A
B
),

R
v2

68
6c
-2
68

7c
-2
68

8c
,
R
v0

93
3(
Ps
tB
)

M
F
S
(m

ul
ti
fa
ci
lit
at
or

su
pe
rf
am

ily
)

R
v2

45
9
(j
ef
A
),
R
v1

41
0c

(P
55

),
lf
rA

,
R
v1

25
8c
,
R
v1

63
4,

R
v1

87
7,

R
v1

41
0c
,

R
v2

84
6c

R
N
D

(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
R
v1

14
6,

R
v0

67
6c
-R
v0

67
7c

(M
m
pS

5-
M
m
pL

5)
,
R
v1

14
5

SM
R

(s
m
al
l
m
ut
ir
es
is
ta
nc
e)

fa
m
ily

R
v3

06
5
(m

m
r)

(1
)
M
IC

va
lu
e
is
re
du

ce
d

(2
)
R
es
is
ta
nc
e
to

an
ti-
T
B

dr
ug

s
is
re
du

ce
d

(3
)
Sy

ne
rg
y
w
ith

an
ti-
T
B

dr
ug

s
ex
is
ts

3
Pr
ot
on

op
ho

re
(D

N
P)

A
B
C

(A
T
P
bi
nd

in
g
ca
ss
et
te
)
fa
m
ily

R
v2

93
6-
R
v2

93
7(
D
rr
A
B
),
R
v0

93
3
(P
st
B
),

R
v2

68
6c
-2
68

7c
-2
68

8c
M
F
S
(m

ul
ti
fa
ci
lit
at
or

su
pe
rf
am

ily
)

lf
rA

,
R
v1

63
4,

R
v1

25
8c

(1
)
M
IC

va
lu
e
of

an
ti-
T
B

dr
ug

s
is
re
du

ce
d

(c
on

tin
ue
d)

19 Resistance in Tuberculosis: Molecular Mechanisms and Modulation 375



Ta
b
le

2
(c
on

tin
ue
d)

S. N
o.

N
am

e
of

th
e
dr
ug

C
he
m
ic
al

st
ru
ct
ur
e

D
ru
g
ta
rg
et

A
nt
i-
tu
be
rc
ul
os
is
ef
fe
ct
s

4
Pr
ot
on

op
ho

re
(V

al
in
om

yc
in
)

M
F
S
(m

ul
ti
fa
ci
lit
at
or

su
pe
rf
am

ily
)

R
v1

41
0c

(P
55

)
(1
)
Se
ns
iti
vi
ty

to
an
ti-
T
B

dr
ug

s
is
en
ha
nc
ed

(2
)
D
ur
at
io
n
of

an
ti-
T
B

dr
ug

s
re
te
nt
io
n
in

M
.
tb

is
el
on

ga
te
d

5
Ph

en
ot
hi
az
in
e

(C
hl
or
pr
om

az
in
e)

R
N
D

(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
R
v1

14
5,

R
v1

14
6

M
F
S
(m

ul
ti
fa
ci
lit
at
or

su
pe
rf
am

ily
)

R
v1

87
7,

R
v2

84
6c

SM
R

(s
m
al
l
m
ut
ir
es
is
ta
nc
e)

fa
m
ily

R
v3

06
5(
m
m
r)

(1
)
It
ca
n
ha
ve

ef
fe
ct
s
on

bo
th

dr
ug

-s
en
si
tiv

e
an
d
dr
ug

-r
es
is
ta
nt

T
B
st
ra
in
s

(2
)
Sy

ne
rg
y
w
ith

an
ti-
T
B

dr
ug

s
ex
is
ts

(3
)
M
.
tb

se
ns
iti
vi
ty

to
an
ti-
T
B

dr
ug

s
is
en
ha
nc
ed

6
Ph

en
ot
hi
az
in
e
(T
hi
or
id
az
in
e)

R
N
D

(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
R
v3

16
0c
-R
v3

16
1c

(1
)
It
ca
n
ha
ve

ef
fe
ct
s
on

bo
th

dr
ug

-s
en
si
tiv

e
an
d
dr
ug

-r
es
is
ta
nt

T
B
st
ra
in
s

7
C
ap
ur
am

yc
in

an
d
an
al
og

s
Ph

os
ph

or
-N

-a
ce
ty
lm

ur
am

yl
-p
en
ta
pe
pt
id
e-

tr
an
sl
oc
as
e
(t
ra
ns
lo
ca
se
)

(1
)
It
ca
n
ha
ve

ef
fe
ct
s
on

bo
th

dr
ug

-s
en
si
tiv

e
an
d
dr
ug

-r
es
is
ta
nt

T
B
st
ra
in
s

(2
)
Sy

ne
rg
y
w
ith

an
ti-
T
B

dr
ug

s
ex
is
ts

(3
)
It
ha
s
be
en

sh
ow

n
to

re
du

ce
ba
ct
er
ia
l
lo
ad

in
m
ou

se
lu
ng

s
(c
on

tin
ue
d)

376 H. Verma et al.



Ta
b
le

2
(c
on

tin
ue
d)

S. N
o.

N
am

e
of

th
e
dr
ug

C
he
m
ic
al

st
ru
ct
ur
e

D
ru
g
ta
rg
et

A
nt
i-
tu
be
rc
ul
os
is
ef
fe
ct
s

8
G
E
Q

co
m
po

un
d

Ph
e-
A
re
-b
-n
ap
th
yl
am

id
e

(M
C
-2
07

11
0,

M
C
-0
25

95
,

M
C
-0
41

24
,
B
U
-0
05

)

R
N
D

(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
R
v2

94
2
(M

m
pL

7)
,
C
m
lA

(c
m
lR
1)
,
Fl
oR

(c
m
lR
2)

(1
)
M
IC

va
lu
e
of

an
ti-
T
B

dr
ug

s
is
re
du

ce
d

(2
)
M
.
tb

gr
ow

th
is
ha
m
pe
re
d

(3
)
It
ca
us
es

re
ve
rs
e
M
.
tb

re
si
st
an
ce

to
an
ti-
T
B

dr
ug

s

9
SI
L
A

42
1

M
dr
-1

(1
)
Sy

ne
rg
y
w
ith

an
ti-
T
B

dr
ug

s
ex
is
ts

(2
)
M
ac
ro
ph

ag
e
ab
ili
ty

to
ki
ll
M
.

tb
is
en
ha
nc
ed

(3
)
It
ca
us
es

re
ve
rs
e
M
.
tb

re
si
st
an
ce

to
an
ti-
T
B

dr
ug

s

10
T
im

co
da
r

A
B
C

(A
T
P
bi
nd

in
g
ca
ss
et
te
)
fa
m
ily

D
rr
A
B
,
Ps
tB
,
R
v2

68
6c
-2
68

7c
-2
68

8c
M
F
S
(m

ul
ti
fa
ci
lit
at
or

su
pe
rf
am

ily
)

If
rA

,
R
v1

63
4,

R
v1

25
8c
,
Pg

p,
M
D
R
-a
ss
oc
ia
te
d
pr
ot
ei
n
(M

R
P)

(1
)
M
.
tb

gr
ow

th
is
ha
m
pe
re
d

(2
)
Sy

ne
rg
y
w
ith

an
ti-
T
B

dr
ug

s
ex
is
ts

(3
)
It
ha
s
be
en

sh
ow

n
to

re
du

ce
ba
ct
er
ia
l
lo
ad

in
th
e
lu
ng

s

19 Resistance in Tuberculosis: Molecular Mechanisms and Modulation 377



Ta
b
le

3
N
at
ur
al

pr
od

uc
t
as

ef
fl
ux

pu
m
p
in
hi
bi
to
rs

S. N
o.

Ph
yt
oc
on

st
itu

en
t

ef
flu

x-
pu

m
p
in
hi
bi
to
rs

C
he
m
ic
al

st
ru
ct
ur
e

D
ru
g
ta
rg
et

H
ow

th
es
e
dr
ug

s
ha
s
go

t
po

te
nt
ia
l
fo
r
th
e

tr
ea
t
of

tu
be
rc
ul
os
is

1
R
es
er
pi
ne

A
B
C

(A
T
P
bi
nd

in
g
ca
ss
et
te
)

fa
m
ily

(1
)
D
rr
A
B
C

en
co
de
d

by
R
v2

93
6-
R
v2

93
7-
R
v2

93
8

(2
)
Ps
tA
-e
nc
od

ed
by

R
v0

93
3

R
N
D
:
(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
M
m
pl
7
en
co
de
d
by

R
v0

67
8,

R
v1

14
5,

R
v1

19
6,

R
v2

94
2

M
F
S:

(m
ul
ti
fa
ci
lit
at
or

fa
m
ily

)
R
v1

41
0c
(P
55

)
SM

R
:
(s
m
al
l
m
ut
ir
es
is
ta
nc
e

fa
m
ily

)
R
v3

06
5(
m
m
r)

(1
)
R
ed
uc
ed

M
IC

va
lu
e
of

an
ti-
tu
be
rc
ul
ar

dr
ug

s
(2
)
T
he

M
IC

re
si
st
an
ce

to
an
ti-
tu
be
rc
ul
ar

dr
ug

s
in
M
tb

fo
r
lo
ng

du
ra
tio

n,
as

th
er
e
is
el
ev
at
io
n
in

its
co
nc
en
tr
at
io
n
in
tr
ac
el
lu
la
rl
y

2
Pi
pe
ri
ne

M
F
S:

(m
ul
ti
fa
ci
lit
at
or

fa
m
ily

)
R
v1

25
8c

(1
)
R
ed
uc
tio

n
in

M
IC

va
lu
e

of
A
nt
itu

be
rc
ul
ar

dr
ug

s
(2
)
C
el
lu
al
r
im

m
un

ity
un

re
gu

la
te
d

3
B
er
be
ri
ne

3.
k1

:-
Ph

en
yl

su
bs
tit
ut
io
n
at

8
po

si
tio

n
3.
k2

:-
4-
ch
lo
ro
be
nz
yl

3.
k3

:-
2,
4-
di
ch
lo
ro
be
nz
yl

3.
k4

:-
4-
fl
uo

ro
be
nz
yl

3.
k5

:-
3ʹ
,3
ʹ-d

im
et
hy

l
al
ly
l

N
or
A
,
R
am

R
R
ev
er
se

th
e
dr
ug

re
si
st
an
ce

(c
on

tin
ue
d)

378 H. Verma et al.



Ta
b
le

3
(c
on

tin
ue
d)

S. N
o.

Ph
yt
oc
on

st
itu

en
t

ef
flu

x-
pu

m
p
in
hi
bi
to
rs

C
he
m
ic
al

st
ru
ct
ur
e

D
ru
g
ta
rg
et

H
ow

th
es
e
dr
ug

s
ha
s
go

t
po

te
nt
ia
l
fo
r
th
e

tr
ea
t
of

tu
be
rc
ul
os
is

4
Q
ue
rc
et
in

SM
R
:
(s
m
al
l
m
ut
ir
es
is
ta
nc
e

fa
m
ily

)
R
v3

06
5(
m
m
r)
,
Is
oc
itr
at
e
L
ya
se

(1
)
M
.
tb

gr
ow

th
is
ha
m
pe
re
d

5
T
et
ra
nd

ri
ne

M
F
S:

(m
ul
ti
fa
ci
lit
at
or

fa
m
ily

)
R
v2

45
9(
je
fA

),R
v3

72
8

SM
R
:
(s
m
al
l
m
ut
ir
es
is
ta
nc
e

fa
m
ily

)
R
v3

06
5(
m
m
r)

(1
)
M
IC

va
lu
e
of

an
ti-
tu
be
rc
ul
ar

dr
ug
’s

is
re
du

ce
d

(2
)
Sy

ne
rg
y
w
ith

an
ti-
tu
be
rc
ul
ar

dr
ug
’s

6
Fa
rn
es
ol

N
ot

de
te
rm

in
ed

(1
)
Sy

ne
rg
y
w
ith

an
ti-
tu
be
rc
ul
ar

dr
ug

’s
(2
)
R
et
en
tio

n
of
A
nt
itu

be
rc
ul
ar

dr
ug

’s
in
tr
ac
el
lu
la
rl
y,

th
us

is
ac
cu
m
ul
at
ed

7
Ph

en
yl
pr
op

an
oi
ds

R
N
D
:
(r
es
is
ta
nc
e
no

du
la
ti
on

di
vi
si
on

)
R
v1

14
5,
R
v1

14
6

M
FS

:R
v1

87
7,
R
v2

84
6c

SM
R
:
(s
m
al
l
m
ut
ir
es
is
ta
nc
e

fa
m
ily

)
R
v3

06
5(
m
m
r)

(1
)
R
ed
uc
ed

M
IC

va
lu
e
of

an
ti-
tu
be
rc
ul
ar

dr
ug

’s
(2
)
A
cc
um

ul
at
io
n
of

an
ti-
tu
be
rc
ul
ar

dr
ug

’s
in
tr
ac
el
lu
la
rl
y

19 Resistance in Tuberculosis: Molecular Mechanisms and Modulation 379



For therapeutic purposes, an efflux inhibitor must display insubstantial toxicity
to the host cells at its therapeutic dose. A way to overcome this problem would be
to use inhibitors that are selective towards efflux pumps absent in human cells.
A drug discovery strategy, i.e., drug repurposing, could help overcome this limi-
tation. Some of the drugs repurposed as efflux pump inhibitors have been men-
tioned in Table 2, and some natural products-based efflux pump inhibitors are
summarized in Table 3.

3.3 Bypassing Drug Inactivating Enzymes

3.3.1 N-acetyltransferase
Isoniazid acetylation via NAT illustrates a major cause of its biotransformation-based
inactivation in human beings. As mentioned above, acetylation considerably mini-
mizes the drug’s therapeutic activity due to underdosing, diminished bioavailability,
and the development of acquired isoniazid resistance. It was assumed that structural
modification of isoniazid with different functional groups might prevent acetylation
while maintaining significant anti-TB action, ameliorate clinical outcomes, and help
overcome isoniazid resistance. Hearn and coworkers reported modified isoniazid as
lipophilic Schiff base N2-cyclohexylidenyl isonicotinic acid hydrazide (compound
VII; Fig. 8) such that the hydrazine moiety provides hindrance to acetylation by
NAT. The Isoniazid Schiff base demonstrated good in vitro activity against M. tb
strains H37Rv and Erdman withMICs of 0.03 mg/L. The Schiff base was found to be
slightly more active in comparison to isoniazid [86].

Shingnapurkar et al. [87] reported NAT-protected Schiff bases as analogs of
pyruvate–isoniazid, as well as their copper complexes as anti-TB agents that might
also block enzymatic acetylation via NAT. These metal complexes with pyruvate–
isoniazid enhanced lipophilicity and improved the uptake of isoniazid and analo-
gous hydrazides to access both susceptible and resistant mycobacteria. Com-
pound VIII (Fig. 9) was the most active complex that improved the therapeutic
activity of isoniazid [87].

O-ester derivatives of plumbagin have been reported to possess good inhibitory
activity compared to plumbagin against both M. sm and M. tb H37Rv, respectively.
Considering the importance of O-esters of plumbagin, Dandawate et al. [88]
reported potent conjugate of isoniazid and plumbagin, which prevented enzymatic
acetylation of isoniazid by NAT. Under low-iron conditions, the anti-TB activity of
plumbagin–isoniazid conjugate (compound IX; Fig. 10) and its b-cyclodextrin
inclusion complex yielded MIC values of 0.5 lg/ml, which is better than isoniazid
(MIC 32 lg/ml), suggesting their significance in countering isoniazid resistance
[88].

A series of 5-substituted-(1,1-dioxo-2,3-dihydro-1H-1k6-benzo[e][1,2]thiazin-
4-ylidene)-thiazolidine-2,4-dione derivatives represents as competitive inhibitors of
recombinant bacterial arylamine NATs. SAR results indicated that R-group sub-
stituted with large hydrophobic (planar aromatic and long-chain aliphatic) on the
sultam-TZD adduct manifested good inhibition due to non-covalent bonding

380 H. Verma et al.



p-stacking and hydrophobic–hydrophobic interactions with key residues within the
binding pocket of NAT. Kinetic analysis of the inhibitors by varying the concen-
trations of isoniazid substrate and inhibitors revealed that the most potent com-
pound (compound X; Fig. 11) displayed 14.41 lM as inhibition constant (Ki) value
[89], while displayed half-maximal inhibitory concentration (IC50) value with
20 ± 1 lM against NAT [89].

3.3.2 Acetyltransferase Eis
The upregulation of M. tb acetyltransferase Eis is majorly responsible for resistance
to the aminoglycoside kanamycin. This enzyme inactivates kanamycin by acety-
lating the amino groups. Willby et al. [90] identified potent isothiazole S,S-dioxide
heterocyclic core containing inhibitors that overlapped within the aminoglycoside
binding site of this enzyme to prevent the acetylation of kanamycin. Isothiazole S,
S-dioxide-based derivative with a p-dimethylphenyl group as R1 substitution and a
diamine separated by three carbons at the R2 position was a highly potent Eis
inhibitor with IC50 value 0.054 ± 0.002 lM (Fig. 12). These inhibitors interacted
with key amino acid residues of Eis via hydrophobic, steric complementarity, and
H-bonding interactions. These inhibitors also conferred potencies in the range of
mid-nanomolar [90].

To combat kanamycin resistance owing to Eis, analogs of pyrrolo[1,5-a]pyrazine
have been developed. These inhibitors contain acetophenone moiety enriched with
p electrons and the fully aromatic pyrrolo[1,5-a]pyrazine that is important for
binding with crucial amino acid residues with aromatic property within the active
binding pocket of Eis via p−p stacking interactions. SAR study revealed that
acetophenone moiety substituted with bigger halogen groups like Cl and Br at the
meta position was generally more suitable. While the substitution of the ace-
tophenone at the para position with a smaller F group was observed to display the
best Eis inhibitory potential (Fig. 13). Among all possible pyrrolo[1,5-a]
pyrazine-based analogs, compound with m-Cl substitution resulted in activity

Fig. 8 Structure of
compound VII

Fig. 9 Structure of compound
VIII
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around three-fold less than the parent compound while conferring thirteen times
better activity than compound with m-Br substitution because Br substituent was
not well supported in the binding pocket of Eis owing to steric hindrance. R2-
substituted acetophenone fits mainly within the hydrophobic environment of Leu63,
Trp36, and Arg37. Hence, the substitution of R2 with a polar hydroxyl group was
unfavorable for binding within the hydrophobic environment of Eis and conse-
quently reduced the Eis inhibitory activity. While the aromaticity of the pyrrolo
[1,5-a]pyrazine core is important for inhibitory activity due to the stacking of the
pyrazine ring between the side chain of Glu401 of Eis and its C-terminal carboxyl
group. The aromatic pyrazine ring demonstrated p−p interactions with the indole
ring of Trp36, which is the main reason for improved inhibitory activity of pyrrolo
[1,5-a]pyrazine-based analogs. This class of inhibitors in combination therapy with
kanamycin may combat kanamycin resistance, especially in MDR and XDR strains
of M. tb; thus, they may act as adjuvant molecules [91].

Sulfonamide-based derivatives (one of them is displayed in Fig. 14) have been
reported to restore kanamycin susceptibility in the kanamycin-resistant strain of
M. tb by efficiently inhibiting the Eis. Sulfonamide derivative with N-methyl and
2-naphthyl substitution manifested a substantial increase in Eis inhibitory activity
(IC50 0.00024 ± 0.00010 lM) to attenuate kanamycin resistance in M. tb K204
(MIC � 1.25 lg/mL). SAR study revealed that removal of N-methyl group is
unfavorable as it is responsible for optimal Van der Waals interaction with key
residue, i.e., Trp36. While electron-donating groups, including naphthalene ring or

Fig. 11 Structure of
compound X

Fig. 10 Structure of com-
pound IX
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a methoxy group, enhanced the p−p interaction between aniline ring and key amino
acid residues Phe84 and Trp36 within the aminoglycosides (AG)-binding site of
Eis. These derivatives can be used as promising kanamycin adjuvants (Fig. 4) [92].

Recently, Eis inhibitors comprising 1,2,4-Triazino[5,6b]indole-3-thioether have
been reported, which can be given as an adjuvant therapy to treat kanamycin-
resistant TB. These 1,2,4-triazino[5,6]indole-3-thioether-based Eis inhibitors con-
stitute a tricyclic core with a long flexible linker, which allows easy access to the
active site of Eis. SAR study revealed that the length of the linker up to a 2-carbon
linker attached to a larger six-membered heterocycle such as piperidinyl ring
occupied the binding pocket more efficiently, which resulted in a two-fold
improvement in Eis inhibitory activity. While methyl group as R1 substituent was
the most favorable among all tested N5-modifications (Fig. 15). The flexible
C3-linker with a piperidinyl group at the end outstretches toward a large opening
within the AG-binding site to gain hydrophobic contact with an aliphatic stem of
Glu401. The compound with the modifications mentioned above conferred IC50K-

anamycin of 0.03 ± 0.005 lM [93].

Garzan et al. [94] identified two new scaffolds as potent Eis inhibitors, i.e.,
4H-fluoro[3,2-b]pyrrole-5-carboxylate and the 3-(1,3-dioxolano)-2-indolinone
through high-throughput screening (HTS). The MIC value of kanamycin
improved to 5 lg/mL when 3-(1,3-dioxolano)-2-indolinone based BlaC inhibitor
with m-fluorophenyl substitution (compound XII; Fig. 16) was given as adjuvant
therapy. The inhibitory activity of m-chloro phenyl substituted 3-(1,3-dioxolano)-
2-indolinone derivative was less than p-fluoro substituted phenyl group derivative,

Fig. 12 SAR for isothiazoleS, S-dioxide based Eis inhibitors

Fig. 13 SAR for pyrrolo[1,5-a]pyrazine based Eis inhibitors
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and it did not sensitize MtbK204 to kanamycin (MICKanamycin 5–10 g/mL). On the
other hand, 4H-furo[3,2-b]pyrrole-5-carboxylate derivative with phenyl substitution
(compound XI; Fig. 17) showed slight inhibition of Eis M. tb in the HTS campaign
by displaying satisfactory Eis-M. tb inhibitory activity with an IC50 value in the
range of 3 ± 1 lM. This derivative combined with kanamycin manifested MIC
values of 5−10 lg/mL against M. tb K204 [94].

3.3.3 b-Lactamases
b-lactam was initially developed for treating infections associated with
gram-positive bacteria by inhibiting transpeptidases involved in peptidoglycan
cross-linking. Previously, penicillins, including ampicillin, amoxicillin, and
cephalosporins, have been reported to be active in vitro against M. tb. However,
membrane-associated BlaC results in their deactivation by breaking the b-lactam
ring and resulting in ring-opening. The single chromosomally encoded b-lactamase,
i.e., BlaC, is a promising target to develop novel inhibitors. Some of the BlaC
inhibitors developed to overcome the resistance associated with the b-lactam class
of anti-TB drugs have been briefly discussed below.

Kurz and coworkers reported a cefoperazone analog as boronic acid transition
state inhibitors that bind to the binding pocket of BlaC to form an adduct of
boronate, which sterically and electronically resemble the highly-energetic inter-
mediate with tetrahedral geometry formed as a resultant of the b-lactam hydrolysis
reaction. The most potent compound (compound XIII; Fig. 18) was found to be
equally potent to that of clavulanate (Ki 0.65 ± 0.05 lM), inhibiting BlaC in a
slow and time-dependent manner [95].

Hazra et al. [96] reported 6-methylidene b-lactam capable of irreversibly in-
hibiting BlaC, i.e., 70 times better than clavulanate. This penem manifested syn-
ergism with meropenem and ampicillin against a growing culture of M. tb by
inhibiting BlaC, transpeptidase, and peptidoglycan cross-linking. b-lactamase acts
on b-lactam by promoting ring-opening and generating a C6 thiolate intermediate
by acting upon the later formed thiazoline ring of the covalently attached inhibitor,
which resembles opened oxazole ring system in clavulanate. The thiolate subse-
quently attacks the C6-C7 ester bond that is conjugated unsaturated bond to form
1,4-thiazepine species. With the formation of cyclized thiazepine at the BlaC active

Fig. 14 SAR for sulfonamide based Eis inhibitors
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site, no more subsequent hydrolysis of b-lactam drugs takes place. The later formed
1,4-thiazepine species interacted covalently with BlaC (Fig. 19). Penem-2 inhibited
not only BlaC but also the L-D- and D-D-transpeptidases and subsequent pepti-
doglycan cross-linking, leading to a weak cell wall arrangement in M. tb. These
designed penems had Ki values of 0.8 and 0.2 lM, respectively, lower than those
observed with clavulanate [96].

Former Carbapenem, such as meropenem, is given in combination with clavu-
lanate (b-lactamase inhibitor). Carbapenems have never been efficient enough to
escape hydrolysis by b-lactamase BlaC. Iannazzo et al. [97] attempted to modify
and generate a new Carbapenem that is superior to meropenem in the context of
both reduced hydrolysis by BlaC and efficiency in terms of in vitro inactivation of
L-D-transpeptidases LdtMt1. They reported modification in two side chains sub-
stitutions on either side of the five-membered rings present in the Carbapenem core
and b-lactam. The SAR studies revealed that the triazole ring present in Car-
bapenem (2a–f) chains mimicked the amide that is present in meropenem (1a) and
Ertapenem (1b). The triazole linker was favorably stable within the active site of
LdtMt1, as indicated by mass spectroscopy. Thus, triazole is well supported for
significant LdtMt1 inhibition. Moreover, it was observed that the carboxylic group
significantly enhanced the solubility of these classes of drugs ([97]; Fig. 20).

Xu et al. [98] identified NXL104 as a novel b-lactamase inhibitor comprising a
nonlactam structural scaffold. As per the reported mechanism, NXL104 inhibits

Fig. 15 SAR for 1,2,4-Triazino[5,6]indole-3-thioether based Eis inhibitors

Fig. 16 Structure of
compound XII

19 Resistance in Tuberculosis: Molecular Mechanisms and Modulation 385



BlaC by initiating deprotonation of key residue Ser70 by Lys73, following which
the nucleophile hydroxyl group present in Ser70 facilitates electrophilic attack at
carbonyl carbon present in NXL104 to form an inactive carbamyl BlaC interme-
diate (Fig. 21). Herein, decarbamylation of this formed intermediate is the
rate-limiting step as it is much slower than carbamylation. The decarbamylation is
mediated by Glu166 and a catalytic water molecule, as a consequence of which
inactivation of BlaC occurs. The observed inhibition efficiency, i.e., k2/K of
NXL104, was reported to be 100-fold lower in comparison to clavulanate (which is
a classical b-lactamase inhibitor) as a resultant of the bulky rings present in
NXL104. Reactivation assay results revealed that BlaC (2 lM) was completely
inactivated when incubated with 5 lM NXL104 for 24 h. On the other hand, BlaC
was inactivated with 5 lM clavulanate only for two hours at room temperature [98].

4 New Drugs Under Development or in Clinical Trials
for the Treatment of Tuberculosis

The research of new anti-TB drug discovery and repurposing has been accelerated
in the past five years with the approval of the Bedaquiline (a new anti-TB drug).
Some of the recently developed classes of drugs that can be used to treat TB are
diarylquinoline, nitroimidazole, oxazolidinone, 1,2-ethylenediamine, benzothiazi-
none, imidazopyridine, 1–4 azaindoles, oxaborole, carbostyril, and iminophenazine.
The development of potent nitroimidazoles and the diarylquinoline class of drugs
provides new hope as an oral pan-TB regimen to handle the DR-TB problem. The

Fig. 17 Structure of
compound XI

Fig. 18 Structure of
compound XIII
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class of drugs, their mechanisms of action, trial phase, and their structure are
mentioned in Table 4. PBTZ169 is now in the early stage of clinical trials, i.e.,
phase 2 for antimycobacterial activity. A new compound, Q203, was assessed in a
phase 1 trial that finished in 2017, while TBA7371 was introduced in phase 1.
SQ109 appears to be active in vitro but is not used with rifampicin, as such a
combination substantially reduces levels of rifampicin. As per the provisional
results of a double-blind placebo-controlled trial in Russia, about 80% of patients
suffering from MDR-TB received SQ109 plus optimized background regimen and
were tested as sputum negative within 24 weeks in comparison to 61% of patients
who received placebo plus regimen. Despite these advances, there are some

Fig. 19 Mechanism of BlaC inhibition by 6-methylidene b-lactam

Fig. 20 Carbapenem before and after modification
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setbacks: for instance, Sutezolid yielded favorable results in the phase 2 trial;
however, phase 1 studies must be repeated due to licensing issues. TBA–354 and
AZD5847 are two further examples of such setbacks, with no substantial potency in
phase 1 investigations that revealed neurotoxicity.

5 Current Therapy Available for Drug-Resistant
Tuberculosis

The taxonomy of anti-TB drugs and combinations is rapidly evolving due to new
clinical trials data and meta-analyses [99, 100]. As per WHO, anti-TB drugs used as
second-line therapy have been categorized as panel 1 (Table 5) for treating
MDR-TB and rifampicin-resistant TB [101]. The treatment for rifampicin-resistant

Fig. 21 Mechanism of BlaC inhibition by NXL104

Table 5 Different categories of second-line anti-TB drugs recommended by WHO for the
treatment of rifampicin-resistant and MDR-TB

Group A
Fluoro
quinolones

Group B
Second-line
injectable
drugs

Group C
Other core
second-line
drugs

Group D
Add-on drugs

D1 D2 D3

Gatifloxacin
Moxifloxacin
Levofloxacin

Kanamycin
Capreomycin
Streptomycin
Amikacin

Ethionamide
or
prothionamide
Linezolid
Cycloserine
or
Terizidone
Clofazimine

High-dose
isoniazid
Ethambutol
Pyrazinamide

Delamanid
Bedaquiline

Para-aminosalicylic
acid
Meropenem
(requires
clavulanate)
Imipenem plus
cilastatin (requires
clavulanate)
Thioacetazone
Amoxicillin plus
clavulanate
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and MDR-TB includes two core drugs, i.e., injectable aminoglycosides and
fluoroquinolones, along with other core drugs, i.e., prothionamide or ethionamide,
terizidone or cycloserine, clofazimine, and linezolid. Under resistance or intoler-
ance conditions, if further drugs are required, then non-core drugs like bedaquiline
or delamanid can be added. However, these two non-core drugs cannot be given in
combination. On the other hand, non-core drugs, such as carbapenems and
para-aminosalicylic acid (PABA) with clavulanate combination are reserved for
patients with XDR-TB having few therapeutic options [102, 103]. Standard drug
regimen preserved for patients with pre-XDR-TB or XDR-TB has been categorized
as panel 2 and mentioned in Table 6 [99].

TDR strain of M. tb is resistant to anti-TB drugs from both the first and
second-line generations. Under such conditions, WHO proposed to explore novel
drugs on high priority in the extreme cases resembling TDR-TB. A clinical study
suggested that XDR-TB patients can be treated with thioridazine (TDZ) as these
patients do not respond to any antibiotic therapy and manifest a poor prognosis.
TDZ potentially cured ten out of 12 XDR-TB patients, while the remaining two
patients were dropped out of the program [104, 105].

6 Conclusion

DR-TB treatment demands steady advancement in developing new anti-TB agents
and repurposing of already existing drugs against resistant strains of M. tb. The
resistance problem can efficiently be managed, and the complete eradication of
resistant strains of TB may become an actuality if there is a persistent effort at both
national and international levels. This can only be achieved by promoting proper
TB management programs, availing sufficient funding for research, and fruitful
collaborations between academia and industry. The development of new drugs or
drug repurposing should ensure that the treatments given to the patient are
affordable, effective, safe, and devoid of the resistance problem. Also, the devel-
oped drugs must shorten the treatment duration. To corroborate the effective
development of this type of therapy, various resistance mechanisms were discussed
at the molecular level, and an update was provided on different strategies to
overcome the resistance problem with anti-TB drugs. The current chapter also
furnished a brief account of drugs currently undergoing clinical trials. Based on the
information provided in this chapter, it can be inferred that molecular methods can
be used in identifying resistance to different anti-TB drugs. Nevertheless, literature
reports also suggest that diversity in the mutation may challenge the molecular
diagnosis of resistance. Therefore, integrated genotypic and phenotypic monitoring
is needed to understand the root cause of resistance in anti-TB drugs. Under-
standing different aspects of resistance mechanisms may help the researchers cater
to better treatment options for DR-TB.

392 H. Verma et al.



Ta
b
le

6
St
an
da
rd
iz
ed

re
gi
m
en

fo
r
pa
tie
nt
s
w
ith

pr
e-
X
D
R
-T
B

or
X
D
R
-T
B

S.
N
o.

R
eg
im

en
co
m
po

si
tio

n
D
ru
g

T
ar
ge
t

A
ct
iv
ity

Im
po

rt
an
t
re
co
m
m
en
da
tio

n

1
T
w
o
co
re

dr
ug

s
L
in
ez
ol
id

23
S
ri
bo

so
m
al

R
N
A

[1
04
]

B
ac
te
ri
ci
da
l

an
d

St
er
ili
si
ng

L
in
ez
ol
id

or
be
da
qu

ili
ne

co
ul
d
be

gi
ve
n
in

pl
ac
e
of

D
el
am

an
id

if
:O

ne
of

th
es
e
dr
ug

s
ha
s
be
en

pr
ev
io
us
ly

us
ed

an
d
su
ff
er
s
w
ith

pr
ob

le
m

of
re
si
st
an
ce

an
d
se
ve
re

to
xi
ci
ty

B
ed
aq
ui
lin

e
A
T
P
sy
nt
ha
se

[1
05
]

B
ed
aq
ui
lin

e
ca
n
po

te
nt
ia
lly

pr
ol
on

g
Q
T

2a
O
ne

co
m
pa
ni
on

(o
ne

of
th
e

fo
llo

w
in
g)

C
lo
fa
zi
m
in
e
(fi
rs
t
ch
oi
ce
)

G
ua
ni
ne

ba
se
s
of

ba
ct
er
ia
l

D
N
A

[1
06
]

St
er
ili
si
ng

T
hi
s
is
re
co
m
m
en
de
d
am

on
g
M
D
R
-T
B

pa
tie
nt
s
w
ho

w
er
e
ne
ve
r
be
en

tr
ea
te
d
w
ith

th
is
dr
ug

be
fo
re

an
d

ne
ith

er
re
sp
on

d
to

co
nv

en
tio

na
l
21
–
24

m
on

th
s
M
D
R

re
gi
m
en
.
Po

te
nt
ia
lly

Q
T
pr
ol
on

gi
ng

dr
ug

C
yc
lo
se
ri
ne

In
hi
bi
t
A
la
ni
n
lig

as
e
an
d

al
an
in
e
ra
ce
m
os
e
[1
07
]

N
o

ba
ct
er
ic
id
al

an
d

st
er
ili
zi
ng

T
o
be

pr
es
cr
ib
ed

to
pa
tie
nt
s
w
ho

w
er
e
no

t
tr
ea
tm

en
t

w
ith

th
is
dr
ug

be
fo
re
,
an
d
w
he
n
cl
of
az
im

in
e
w
as

ad
m
in
is
te
re
d
in

a
pr
ev
io
us

fa
ili
ng

re
gi
m
en

(s
ho

rt
er

9–
12

m
on

th
s
R
R
/M

D
R
-T
B

re
gi
m
en
)

2b
O
ne

co
m
pa

ni
on

dr
ug

(o
ne

of
th
e
fo
llo

w
in
g)

O
ne

ca
rb
ap
en
em

+
am

ox
ic
ill
in

/c
la
vu

la
na
te

Sy
nt
he
si
s
of

th
e
ba
ct
er
ia
l
ce
ll

w
al
l

B
ac
te
ri
ci
da
l

3
op

tio
ns

b-
la
ct
am

as
e
in
hi
bi
to
r

M
er
op

en
em

Im
ip
en
am

/c
ila
st
at
in

E
rt
ap
en
am

D
el
am

an
id

C
el
l
w
al
l
sy
nt
he
si
s
an
d
ce
ll

re
sp
ir
at
io
n
[1
05
]

B
ac
te
ri
ci
da
l

an
d

st
er
ili
zi
ng

E
C
G

m
on

ito
ri
ng

ne
ed
ed

PA
S
(P
ar
a-
am

in
os
al
ic
yc
lic

sc
id
)

H
am

pe
r
fo
la
te

m
et
ab
ol
is
m

vi
a
co
m
pe
tit
iv
e
bi
nd

in
g
w
ith

di
hy

dr
of
ol
at
e
re
du

ct
as
e
[1
08
]

B
ac
te
ri
os
ta
tic

C
ar
ba
pe
na
m
s
an
d
de
la
m
an
id

ar
e
no

t
us
ed

in
lo
w

in
co
m
e
co
un

tr
ie
s

L
in
e
Pr
ob

e
A
ss
ay

to
se
co
nd

lin
e
dr
ug

s
sh
ow

in
g

po
ss
ib
le

su
sc
ep
tib

ili
ty

to
A
m
ik
ac
in

or
m
ox

ifl
ox

ac
in

(c
on

tin
ue
d)

19 Resistance in Tuberculosis: Molecular Mechanisms and Modulation 393



Ta
b
le

6
(c
on

tin
ue
d)

S.
N
o.

R
eg
im

en
co
m
po

si
tio

n
D
ru
g

T
ar
ge
t

A
ct
iv
ity

Im
po

rt
an
t
re
co
m
m
en
da
tio

n

3
T
hr
ee

su
pp

or
tin

g
dr
ug

s

O
ne

FQ
(m

ox
ifl
ox

ac
in
)

T
op

oi
so
m
er
as
e
IV

,
D
N
A

gy
ra
se

an
d
[1
09
]

B
ac
te
ri
ci
da
l

an
d

St
er
ili
zi
ng

B
as
ed

on
th
e
pr
ev
io
us

tr
ea
tm

en
t
hi
st
or
y
of

a
pa
tie
nt

Fo
r
an

in
st
an
ce
:
pr
e-
X
D
R

or
X
D
R
-T
B

pa
tie
nt
s
w
ho

w
er
e
no

t
pr
ev
io
us
ly

tr
ea
te
d
w
ith

a
FQ

Q
T
c
in
te
rv
al

cl
os
e
m
on

ito
ri
ng

ca
n
be

ac
hi
ev
ed

w
ith

be
da
qu

ili
ne

an
d
cl
of
az
im

in
e

O
ne

FQ
O
ne

se
co
nd

lin
e

in
je
ct
ab
le
s

In
hi
bi
t
pr
ot
ei
n
sy
nt
he
si
s
by

af
fe
ct
in
g
th
e
30

S
ri
bo

so
m
al

su
bu

ni
t
[1
10
]

If
le
vo

fl
ox

ac
in

is
us
ed

pr
ev
io
us
ly

If
M
ox

ifl
ox

ac
in

is
us
ed

pe
vi
ou

sl
y

O
ne

FQ
(h
ig
h
do

se
m
ox

ifl
ox

ac
in
)

B
ac
te
ri
ci
da
l

an
d

St
er
ili
zi
ng

R
ec
om

m
en
de
d
in

ca
se

pr
e-
X
D
R

or
X
D
R
-T
B

pa
tie
nt

ha
ve

no
tb

ee
n
pr
ev
io
us
ly

tr
ea
te
d
fo
rT

B
w
ith

a
Se
co
nd

lin
e
in
je
ct
ab
le
s

O
ne

FQ
(h
ig
h
do

se
le
vo

flo
xa
ci
n)

E
no

yl
-a
cy
l
ca
rr
ie
r
pr
ot
ei
n

re
du

ct
as
e
[1
11
]

If
ka
na
m
yc
in

or
ca
pr
eo
m
yc
in

ha
ve

be
en

us
ed

pr
ev
io
us
ly

to
tr
ea
t
T
B

H
ig
h-
do

se
is
on

ia
zi
d

O
ne

se
co
nd

lin
e
in
je
ct
ab
le

(a
m
ik
ac
in
)

B
ac
te
ri
ci
da
l

D
ru
g
is
di
sc
on

tin
ue
d
fr
om

th
e
re
gi
m
en

in
ca
se

of
re
si
st
an
ce

de
ve
lo
pm

en
t
to

al
l
th
e
se
co
nd

lin
e

in
je
ct
ab
le
s

D
os
e:

15
–
20

m
g�k

g−
1

Is
on

az
id

is
di
sc
on

tin
ue
d
w
he
n:

hi
gh

le
ve
lo

fr
es
is
ta
nc
e

is
co
nfi

rm
ed

in
vi
tr
o

H
ig
h-
do

se
is
on

ia
zi
d

B
ac
te
ri
ci
da
l

W
he
n
th
e
L
in
e
pr
ob

e
as
sa
y
de
m
on

st
ra
te
s
do

ub
le

m
ut
at
io
n
in

ka
tG

an
d
in
hA

394 H. Verma et al.



Core Messages

• TB patients require better-scheduled antibiotics as well as supervision.
• Affordable, effective, and safe anti-TB medications may enhance treatment

quality.
• Using current anti-TB medications as adjuvants may save substantial costs

in drug research and development.
• To address latent TB infection, efforts may involve public health systems

and advanced diagnostic tools.
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20Personalized Tuberculosis Care
for Drug-Resistant Tuberculosis

Tjip S. van der Werf and Yvette A. de Reus

…I am launching a new Precision Medicine Initiative… to give
us all access to the personalized information we need to keep
ourselves and our families healthier.

Barack Obama

Summary

Drug-resistant tuberculosis (DR-TB) includes mono-resistant forms of TB and
multidrug-resistant tuberculosis (MDR-TB), defined by loss of susceptibility to
Rifampicin and Isoniazid. MDR-TB is subdivided along a gradient of further
loss of susceptibility, with extensively drug-resistant tuberculosis (XDR-TB)
characterized by resistance to any fluoroquinolones and Linezolid or Bedaqui-
line. Even XDR-TB is far from homogeneous, and neither are patient groups
affected by these different forms of DR-TB, with co-infections and comorbidi-
ties, differences in genetic background, disease severity, nutritional status,
gender, and body composition. Drug exposure relative to minimal inhibitory
concentrations for each regimen drug, including core- and companion drugs,
determines the outcome. Inter- and intra-individual drug exposure are highly
variable; therapeutic drug monitoring (TDM) by measuring drug exposure in
multiple blood samples following drug administration is helpful in fine-tuning
treatment. Apart from TB drugs, patients may benefit from host-directed
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therapies, including therapeutic vaccinations and surgical interventions. TDM is
still under development, but appropriate technologies have been developed to
apply TDM even in low-resource settings.

Graphical Abstract

Keywords

Individualized treatment � Minimal inhibitory concentration � Multi-drug
resistant � Pharmacodynamic modeling � Pharmacokinetic � Precision
medicine � Therapeutic drug monitoring � Tuberculosis

1 Introduction

The standard treatment approach for drug-susceptible tuberculosis (DS-TB), as well
as drug-resistant tuberculosis (DR-TB), has been extensively addressed. In this
chapter, the focus is on the wide range of phenotypes that have one feature in
common; drug resistance. Earlier clinical trials have clearly established the strength
of standardized treatment, based on Rifampicin and Isoniazid for six months, with
the addition of Pyrazinamide and Ethambutol for the first two months for DS-TB
[1]. Loss of susceptibility of Mycobacterium tuberculosis (M. tb) against any of the
companion drugs, and even Isoniazid alone, did not seem to alter the response to

The basic components of diagnosing and treating multidrug-resistant tuberculosis (MDR-TB)
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treatment [2]. Only by adding Rifampicin, in combination with two months of
Pyrazinamide, high cure rates were achieved with a treatment duration of six
months [3]. It has long been thought that loss of susceptibility would be accom-
panied by fitness loss of the organism, which would, in turn, reduce transmission of
these less susceptible strains. The focus of TB control was, therefore, on early
detection of smear-positive (pulmonary) TB and improved treatment outcome by
improving adherence to treatment, primarily by promoting witnessed drug ingestion
[4]. Fitness loss has, however, largely been overestimated, and also compensatory
fitness gain among DR-TB strains has been identified, which in turn explained how
drug resistance could emerge and be transmitted [5, 6]. It has become clear that
even Isoniazid mono-resistance is associated with less favourable outcome than TB
caused by fully susceptible M. tb strains [5].

When Rifampicin resistance emerged unprecedentedly in the 1990s, with the
first report from New York City [6, 7], awareness of a real global threat imposed by
DR-TB emerged [8]. The problem with drug resistance is that for each pattern of
susceptibility to anti-TB drugs, a unique phenotype is established: DR-TB is by
definition heterogeneous in nature. Rifampicin-resistant TB (RR-TB) and TB
resistant to both Isoniazid and Rifampicin, referred to as multidrug-resistant TB
(MDR-TB), may seem homogeneous, but obviously, treatment outcome entirely
depends on the completion of a regimen to which the causative microorganism is
still susceptible. In general, the successful outcome has been reported at around
50% [9–11]. Clearly, with increasing numbers of drugs to which an isolate is no
longer susceptible, the chances to establish an effective drug combination diminish
[12]. This happens with XDR-TB, defined as TB caused by an M. tb resistant to not
only Rifampicin and Isoniazid–making it MDR-TB–but also resistant to one of the
fluoroquinolones, as well as–at least–one other group A drug (Bedaquiline or
Linezolid). Group A drugs are ranked as the most potent second-line drugs in the
treatment of DR-TB (Table 1).1 XDR-TB carries an even worse prognosis, with the
unsuccessful outcome resulting from toxicity of second-line drugs with inherent
poor adherence [13] and a loss of core drugs with a high bactericidal and sterilizing
capacity [12, 14, 15]. A successful treatment schedule consists of a combination of
TB drugs during the intensive phase and a combination that follows during the
continuation phase. During the intensive phase, bactericidal activity is primordial to
bring the bacterial load down as quickly as possible. In the continuation phase, the
selection of drugs is based on its potential to sterilize persister phenotype organisms
to eradicate the residual bacterial load of M. tb, including difficult-to-reach sites like
pulmonary cavities [16, 17] and meningeal [18] and cerebral lesions. Ideally, for
each phenotype of MDR-TB, a randomized comparison would allow for
evidence-based treatment, whereas individualized treatment is at best guided by
expert opinion; see Fig. 1. The tremendous heterogeneity of drug susceptibility
makes it extremely challenging, if not virtually impossible, to design randomized
trials, to address all the different questions for each subset of patients with

1 https://www.who.int/news/item/27-01-2021-who-announces-updated-definitions-of-extensively-
drug-resistant-tuberculosis.
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MDR-TB. With the high success rates of individualized treatment in some affluent
parts of the world [11, 19–21] and a small margin of non-inferiority, such trials
would require large sample sizes for each phenotype of drug resistance. Most drugs
in current use are repurposed antimicrobials. There is a paucity of new anti-TB
drugs; only two products–Delamanid and Bedaquiline–have reached the market in
the last decades, and only a few drugs are expected to be registered in the next few
years [22]. Only one treatment schedule with repurposed drugs has been tested in
three different settings without a parallel control arm [23–25]. Only one randomized
study was conducted with a standard care treatment arm as a comparator [26]. Only
one study evaluating a treatment schedule including one repurposed and two novel
agents was published, but this study lacked a parallel control group for comparison
[27]. Therefore, during the last three decades, the evidence for MDR-TB treatment
has been predominantly based on observational, retrospective data [11, 20]. The
recommendations following these publications typically provide basic rules, with-
out detailed treatment instructions to be followed [28, 29]. Here, we explain further
why individualized treatment is inevitable and necessary for treating MDR-TB, in
its different forms, in different patient populations [30–32]. Individualized treatment
is widely accepted and appreciated, at least in settings where advanced technologies
like molecular testing for mutations in M. tb isolates predicting susceptibility or
resistance and dosing guidance based on measuring drug exposure are available.

Table 1 Grouping of medicines recommended for use in longer MDR-TB regimens according to
the WHO consolidated guidelines on drug-resistant tuberculosis treatment intended to guide the
design of individualized, longer MDR-TB regimens

Group: step Medicine Abbreviation

Group A: include all three medicines Levofloxacin or moxifloxacin Lfx
Mfx

Bedaquiline Bdq

Linezolid Lzd

Group B: add one or both medicines Clofazimine Cfz

Cycloserine OR terizidone Cs
Trd

Group C: add to complete the regimen
and when medicines from Groups A
and B cannot be used

Ethambutol E

Delamanid Dlm

Pyrazinamide Z

Imipenem–cilastatin or
meropenem

Ipm–Cln
Mpm

Amikacin or streptomycin Am
(S)

Ethionamide or prothionamide Eto
Pto

p-aminosalicylic acid PAS
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In this chapter, we first discuss the general rules for the treatment of MDR-TB.
Next, we focus on phenotypic and molecular tests to select drugs to be used as core
drugs and additional drugs as companion agents, both during an intensive phase and
during continuation treatment. Then, we discuss the evidence and the logic of
therapeutic drug monitoring (TDM), i.e., the science of drug exposure measure-
ment, followed by adjustments in drug dosing to optimize treatment, considering
the target drug exposure–related to the minimal inhibitory drug concentration for a
given drug, for a particular M. tb isolate [33]. Next, we discuss treatment of
MDR-TB in patients with co-infections and comorbid conditions; we discuss host-
directed therapies; the potential of immunotherapy, using therapeutic vaccinations;
the role of surgery; and finally, we provide some general ideas to further advance
the field, with a summary and conclusions.

2 Treating Multidrug-Resistant Tuberculosis: Basic Rules
of Engagement and Designing a Regimen

The basic rules to design an appropriate regimen for MDR-TB are the following
(Fig. 2):

• inclusion of highly potent drugs (core drugs) that
– rapidly kill and reduce the bacterial burden; and
– sterilize slowly replicating, persister organisms to prevent relapse;

Fig. 1 A balanced discussion of standardized and individualized treatment for MDR-TB
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• adding companion drugs to prevent sub-populations of resistant mutants from
repopulating;

• drugs to be selected based on susceptibility testing;
• dosing should be adequate, and as drug exposure (i.e., pharmacokinetics) is

highly variable, dosing should be guided by measuring drug exposure to im-
prove effectiveness and to reduce the chance of toxicity; and

• treatment duration should be adequate to sterilize lesions, and no longer than
necessary, to secure adherence and avoid unnecessary toxicity.

2.1 Individual Drugs

2.1.1 Core Drugs
Some of the TB drugs have high bactericidal activity, which is very important at the
onset of treatment to quickly reduce the bacterial burden, and also sterilizing features
that are extremely important to attack the sub-population of organisms with low
metabolic activity and slow replication rate. This phenotype is referred to as the
persister population [34]. Drugs with excellent sterilizing properties reduce the
persister organisms and prevent relapse. Core TB drugs have excellent bactericidal

Fig. 2 Strategy on how to design a regimen for MDR-TB
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and sterilizing properties. Besides core drugs, several companion drugs are needed to
suppress mutant organisms in the bacterial population. For these resistant mutants, it
is important to prevent single drug treatment, as this inevitably results in treatment
failure [35]. In MDR-TB, the critically important core drug Rifampicin is lost by
definition; therefore, a treatment schedule for MDR-TB needs to have at least one,
and preferably two, alternative core drugs (see Table 1, on how to build a regimen).
Fluoroquinolones are critically important in managing MDR-TB [36]; loss of sus-
ceptibility results in a severely reduced chance of favorable outcome, at least with a
combination of repurposed drugs [11, 37]. Although an entirely novel schedule with
Bedaquiline, Pretomanid, and Linezolid provided promising results, resistance is
luring even for XDR-TB [27]. For MDR-TB treatment, the second-line injectables
(notably, the aminoglycosides Amikacin, Kanamycin, and the amino-peptide
Capreomycin) have long been considered core agents [28]. However, it has been
challenged by the analysis of a large observational database, where Kanamycin was
associated with impaired outcomes [11]. Fourth-generation fluoroquinolones and the
novel agent Bedaquiline may be considered core drugs [38], but also Linezolid is a
highly effective bactericidal and sterilizing agent [39, 40].

Bedaquiline has indeed become a cornerstone of treatment for MDR-TB [41–45].
From different parts of the world, Bedaquiline resistance has, however, been reported
[46, 47], sometimes in combination with the emergence of resistance to other TB
drugs [48]. Bedaquiline is lipophilic, with a long secondary half-life; initial loading is
necessary to establish adequate drug exposure in the early phase of treatment [37].

2.1.2 Companion Drugs
High-dose Isoniazid has potential value as a bactericidal agent to quickly reduce the
bacterial load in the initial intensive phase of treatment. This may be especially
helpful if MDR-TB strains are borderline susceptible for Isoniazid [49], e.g., in
most inhA mutations, and also in many of the katG mutations–except for mutations
in codon 315 [41]. Clofazimine has been identified as an important companion drug
with sterilizing capacity [42]. One study showed earlier sputum culture conversion
than the control arm, while shorter treatment with clofazimine resulted in an equally
successful outcome rate compared to standard treatment for MDR-TB [43]. Clo-
fazimine is highly lipophilic; it binds to fat tissue and causes orange skin discol-
oration. In many areas in Asia, fair skin color is preferred, and the transient effect on
skin color has a stigmatizing effect, with subsequently potentially impaired
adherence. We have used this companion drug for a long time now and have not
observed major problems in its use, even among patients from Asian descent.

2.2 Susceptibility Testing

The selection of agents in the (individualized) treatment regimen should prefer-
entially be guided by the susceptibility of the organism and tolerability of the
patient. Susceptibility testing using in vitro culture and susceptibility testing typi-
cally requires several weeks; ideally, not only susceptibility should be assessed,
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defined as a minimal inhibitory concentration (MIC) below the breakpoint, but
rather, a precise MIC, to enable optimal dosing, considering that the effect of any
antimicrobial agent is predicted by drug exposure relative to the susceptibility of the
organism [44]. Breakpoints are drug concentrations for which the vast majority of
wild-type M. tb isolates is still susceptible. There are different breakpoints issued by
different international organizations for Clinical Microbiology, the European
community on antimicrobial susceptibility testing (EUCAST) being the most
commonly followed by clinical microbiologists [45]. Breakpoints for anti-TB drugs
issued by EUCAST have been criticized based on in vitro experiments using a
so-called hollow fiber model for infections; these models imitate the fluctuating
drug concentrations over time as they typically occur in patients following ingestion
of anti-TB medication [50–52]. An inherent limitation with culture-based suscep-
tibility testing results is the loss of detection of important drug-resistant subpopu-
lations [53]. The bacterial population–especially in patients with advanced disease–
is large; within this large bacterial load, naturally occurring mutants result in a
subset of organisms resistant to at least one of the drugs in the treatment regimen
[54]; this phenomenon has also been referred to as hetero-resistance [55].

2.3 Adequate Dosing

Some of the drugs in current use against M. tb are dosed in the low range of the
therapeutic window. An important example is Rifampicin, where costs were an
important concern when it was first introduced in the clinic in the early 1970s [2,
56], and its dosing was set at ten mg/kg body weight [57]. Later studies showed that
Rifampicin was much more effective in eradicating and sterilizing lesions when
administered at 30 mg/kg in a murine infection model [58], a dose that appeared to
be well tolerated in humans with TB [59].

Low drug exposure results in the risk that by chance, 5% of the patient popu-
lation exposed to standard dosing has inadequate drug exposure, allowing for
naturally occurring mutant M. tb with a replication advantage under antimicrobial
pressure that suppresses susceptible organisms, facilitating drug-resistant mutants to
expand and repopulate lesions [60, 61]. Under persisting antimicrobial pressure,
large numbers of drug-resistant organisms thrive and may, in turn, be transmitted in
the population [62]. Adequate dosing to suppress borderline susceptible organisms
is critically important to improve and optimize treatment outcomes [63]. Adequate
dosing of multiple drugs is therefore primordial in designing a treatment schedule.

For most second-line drugs, drug exposure probably correlates better with the
area under the concentration–time curve, AUC0–24 h, than the peak plasma con-
centration, or Cmax. AUC0–24 h is the computed drug exposure measured by drug
blood concentrations following the first 24 h after drug ingestion; see Fig. 3. This
pharmacokinetic (PK) parameter is divided by the susceptibility of the M. tb iso-
late–the MIC–reflecting the pharmacodynamic (PD) parameter, to arrive at the
PK/PD equation: AUC/MIC, for each drug in any given treatment schedule.
AUC/MIC targets have not been established for most second-line TB drugs; for
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Linezolid, a target AUC/MIC >100 has been proposed [64]; for Moxifloxacin, a
target of >53 based on the hollow fiber infection model was computed, and >100,
based on animal studies.2 Because of the potential of variability within the mi-
crobial population, the anticipated time delay before final MIC data become
available, and the time required to fine-tune dosing based on PK measurements, the
preferred design of the initial intensive treatment schedule comprises at least four to
five drugs, including one or two core drugs [29, 35]. Drug resistance and suscep-
tibility of M. tb are entirely genetically driven; mutations are relatively rare events,
but the absolute number of mutants occurring after cell division is considerable in a
large bacterial population. Mutants can be detected using molecular methods that,
unlike phenotypic culture-based assays, can be made readily available. However,
currently, still, amplification using culture is required to harvest sufficient quantities
of bacterial DNA to run the tests. Currently, whole-genome analysis is gradually
replacing older, PCR-based techniques [65]. Selecting drugs based on molecular
assays could be done fairly rapidly, thereby avoiding exposure to unnecessarily
toxic and ineffective agents and optimizing dosing based on PK measurement [66].
In summary, TDM has the potential to detect apparently low and apparently high
drug exposures, which is a tremendous asset to improve effectiveness and reduce
toxicity in patients with MDR-TB [33].

2.4 Treatment Duration

Treatment duration, both for the intensive initial phase as well for the continuation
phase, might at some point also be individualized; this is perhaps the most difficult
aspect of individualized treatment. The default duration of therapy for MDR-TB,
20–24 months, reflects the duration of therapy before the introduction of Rifam-
picin and Pyrazinamide, and by convention, the standard duration of MDR-TB
treatment has been established at 20–24 months [29]. In practice, clinicians appear
to make decisions on treatment duration based on the extent of disease and severity
of lesions (e.g., large cavities, or severe forms of the extrapulmonary disease, e.g.,
meningeal, cerebral, or bone involvement) [16], as well as on tolerability and
adverse effects of medication(s). Shorter duration–nine to eleven months and even
six months–has been shown to yield successful outcomes in a number of studies. In
a cohort study conducted in Bangladesh, a nine-month treatment schedule was
tested, which included an initial phase of four to six months of Prothionamide,
high-dose Isoniazid, Kanamycin, Moxifloxacin, Clofazimine, Pyrazinamide, and
Ethambutol followed by five months of Moxifloxacin, Clofazimine, Pyrazinamide,
and Ethambutol. Of the 206 study participants that received this treatment, 87.9%
(95% confidence interval, 82.7–91.6) were cured without relapse [23].

The ‘Bangladesh’ regimen was later tested in several African countries, again
with generally favorable outcomes [24, 25]. In a multi-center randomized clinical
trial (STREAM), participants with MDR-TB in the experimental arm were treated

2 Mathieu Bolhuis, unpublished data.
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for 40 weeks with high-dose Moxifloxacin, Clofazimine, Ethambutol, and Pyrazi-
namide supplemented by Kanamycin, Isoniazid, and Prothionamide in the first
16 weeks; at the pre-defined time point in week 132, 78.8% of study participants in
the experimental arm had a favorable outcome, compared to 79.8% in the standard
treatment arm; overall effectiveness, as well as adverse effects, were similar in both
arms, but among participants receiving high-dose Moxifloxacin, dose adjustments
were occasionally necessary if rate-corrected QT (QTc) intervals exceeded 500 ms
[26]. Among the fluoroquinolones, exposure to Moxifloxacin relative to MIC is
often too low; increased dosing of Moxifloxacin is more problematic than the
increase in dosing for Levofloxacin [67], which for that reason might be the pre-
ferred fluoroquinolone. Gatifloxacin is probably even better [68], but unfortunately,
this drug is currently not available on the market.

In their guidelines, the world health organization (WHO) has accepted a
‘short-course’ treatment for MDR-TB since 2017, provided that several different
criteria were fulfilled, especially susceptibility to core drugs including fluoro-
quinolones and earlier also, the second-line injectables [69, 70]. Following the
considerations mentioned above, a treatment duration between nine and twelve
months appears justified, provided that:

• sufficient drug exposure (i.e., PK/PD), as well as drug penetration to all diseased
sites, can be safely assumed;

• one or two core drugs with sufficient susceptibility are included in the treatment;
• adverse effects are acceptable; and
• adherence with therapy is optimal.

Fig. 3 Basics of pharmacokinetic (PK) analysis, based on drug concentrations measurement over
time, following ingestion of a (TB) drug; the curve is the result of fitting, using specific PK
software
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The major concern of all treatment schedules mentioned above is drug toxicity.
Linezolid use is predominantly limited by its neurotoxicity and bone marrow
suppression to a lesser extent. In our center, using PK/PD considerations with
AUC/MIC targets and following patients with a process referred to as TDM, we
have used Linezolid for prolonged periods without appreciable toxicity [71, 72],
and we consider this agent as a core anti-TB drug [40].

The use of second-line injectable drugs is perhaps even more challenging. Daily
painful intramuscular injections or risks associated with daily intravenous admin-
istration may be temporary inconveniences, but nephrotoxicity [73], ototoxicity,
and vestibulotoxicity are perhaps even more worrying [74]. In a clinical collection
of MDR-TB strains, MIC for Amikacin was one log-step lower than for Kanamycin
[75], and therefore, among the injectables, Amikacin would be the preferred drug.
In our center, we have meticulously followed patients with audiograms in the past
and tailored dosing of aminoglycoside injectables using PK/PD directed dosing [76]
with excellent clinical outcome, without any appreciable hearing loss [21, 77]. Still,
under the new WHO guideline [70], injectables have only been used sporadically in
our center. Figure 4a–c illustrate effective treatment using individualized treatment
with TDM in extensive disease, with low toxicity despite prolonged use of Line-
zolid and Amikacin, and even without adjunctive (surgical) treatment.

If for some reason or other, no reasonable companion drug schedule can be
constructed, other repurposed drugs might be considered. Ethionamide/Prothion-
amide is problematic because of (intestinal) adverse effects; Cycloserine may affect
mood severely; and para-aminosalicylic acid is problematic by its large volume and
intestinal adverse effects. Drugs to be considered in individualized schedules
though currently not included in the list of WHO include Cotrimoxazole [78, 79]
and carbapenems, e.g., Imipenem-Cilastatin, Meropenem [80], or Ertapenem [81,
82], preferably in combination with a beta-lactamase inhibitor.

Bedaquiline is definitively in the forefront now for all patients with MDR-TB,
although even for this relatively novel agent, drug resistance is emerging [46]; the
question of whether penetration into sanctuary sites like the cerebrospinal fluid is
sufficient or not remains unresolved [83]. Delamanid is still considered an important
companion drug, but its position may change over time [84]. Pretomanid has been
included in the novel BPaL regimen [27, 85]; it has been added as a companion
drug with low toxicity, fair bioavailability, and no major drug–drug interactions
[86].

3 Pharmacokinetic/Pharmacodynamic Modeling:
Therapeutic Drug Monitoring

As mentioned above, an important aspect of treatment individualization and pre-
cision treatment is monitoring drug exposure (PK) and adjusting dosing accord-
ingly, using the principles of TDM [33]; see Fig. 3. The problem with the PK of
drugs is complex but highly relevant [87]: there is a large inter-individual variation
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in drug handling for many of the second-line TB drugs. For drugs like Linezolid
and Moxifloxacin, which are eliminated by liver cytochrome enzymes, genetic
polymorphisms vary across the human population; there are many drug–drug in-
teractions. For drugs with renal elimination, the renal function determines the drug
half-life. Nutritional status may vary, and drug absorption may be variable between
individuals, but also within a patient who may gradually improve clinically gain
weight with subsequent increase of the volume of distribution. Finally, concurrent
food intake may have a considerable effect on drug absorption, both for the first-line
drugs [88] and for various different second-line drugs. To sample venous blood
over time and measure drug concentrations using high-tech equipment, like liquid
chromatography combined with tandem mass spectrometry, followed by compu-
tation of AUC0–24 h for each drug is challenging, even in affluent settings. MIC for
each drug is initially assumed below the EUCAST breakpoint if, based on
molecular testing, a wild-type gene is detected in the M. tb genome. If MIC is very
low, drug dosing can subsequently be further reduced [44, 72]. In clinical practice,
the largest asset is by detecting those individuals with toxic or subtherapeutic drug
exposure, as they run the highest risk of adverse outcomes. These individuals may
even be detected with appropriate TDM technology, using limited sampling com-
bined with dried blood spots that can be sent by ordinary mail under ambient
temperatures to a central-based lab facility, even in less affluent settings [89–91].
Patients’ prioritization for TDM involves factors such as HIV co-infection,
impaired renal clearance, hepatic dysfunction, diabetes mellitus, malnutrition,
critical illness, TB meningitis, TB of the skeleton, drug–drug interactions, and poor
response to TB treatment despite optimized adherence [33].

4 Host Factors: Coinfections and Comorbidities

Susceptibility to TB is driven by genetic susceptibility [92]. Likewise, pharmaco-
genetics is also important to explain inter-individual PK variability. To date, most
studies have addressed first-line drugs, especially acetylator status variations for
Isoniazid drug metabolism, driven by polymorphisms in genes coding for
N-acetyltransferase [93, 94] and CYP polymorphisms driving PK and toxicity of
Rifampicin [95, 96]. Few studies report on the impact of pharmacogenetics of
second-line TB drugs [97]. PK variability is large, even in relatively homogeneous
patient populations. However, many potential drug–drug interactions may influence
exposure to second-line drugs in patients with chronic viral infections such as HIV
and hepatitis B and C, in turn impacting on outcome of co-infected individuals [98].
Obesity is an emerging condition around the world, and it has become increasingly
important among patients with TB and MDR-TB as well. For drugs with hydro-
philic properties and low volumes of distribution, like aminoglycosides and
Ethambutol, dosing should best be calculated on lean body mass [99, 100]. An
important and emerging comorbid condition is diabetes mellitus [101, 102], which
is notorious for changes in PK of first-line TB drugs [103]; few data on second-line
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TB drugs have been published [104]. An association between diabetes and
MDR-TB has also been reported [105]. In summary, we propose awareness of risks
in drug exposure and therefore advise TDM and individualized therapy in patients
with MDR-TB and comorbid conditions and co-infections.

5 Host-Directed Therapies

Statistics on the outcome of TB treatment have conventionally been dichotomized
into favorable or successful and unfavorable or unsuccessful [106]. Although these
outcome criteria have been extremely helpful to compare treatment schedules, these
criteria largely obscure what happens after the successful completion of therapy.
Fibrotic pulmonary sequelae may impair exercise capacity, and persistent cavitary
lesions and bronchiectatic airways may become secondarily infected by Pseu-
domonas and Aspergillus spp. Patients may die prematurely from massive
hemoptysis from aspergillomas and infected bronchiectasis long after they have
been cured for their MDR-TB. Patients surviving TB meningitis may suffer from
neurologic sequela, and patients with TB of the spinal column may experience
spinal cord injury [107]. Indeed, many patients experience limitations in daily life,
as they suffer sequela and impaired quality of life–and even reduced life expectancy
after TB treatment completion [108].

Excessive and transient inflammation may be harmful and treated with
anti-tumor necrosis factor-alpha agents, e.g., Infliximab, or anti-inflammatory
agents such as corticosteroids [109]. In TB meningitis, the impact of concurrent
treatment with Dexamethasone with optimized TB drug treatment though widely
practiced has remained controversial [110]. In pulmonary TB, steroids have been
discouraged, although severe paradoxical inflammation may respond favorably
[111]. In MDR-TB, steroids are even riskier, especially in the early stages of
treatment when paradoxical reactions are most common, and MICs for drugs
chosen in the initial empirical treatment are less certain. Whether certain
co-medications like macrolides might reduce fibrotic changes is currently under
investigation in our center. Non-steroidal anti-inflammatory agents may have added
benefits [112], but many clinicians hesitate to add these agents in standard care.

6 Therapeutic Vaccination

With the emergence of drug resistance, now even for the novel drug Bedaquiline
[46], the daunting prospect of totally DR-TB is looming. With limited treatment
options, the concept of enhancing host immune responses might be advantageous
[113, 114]. Only a few vaccine products currently under investigation have reached
phase III clinical development, and even fewer have been developed as therapeutic
vaccine products [115]. Stimulating the immune system during active disease might
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seem hazardous and even counter-intuitive because some of the host-directed
therapies discussed above try to reduce exaggerated immune responses involved in
paradoxical reactions, excessive and harmful inflammation in TB meningitis and
central nervous system and spinal cord compression. The evidence from clinical
studies with M. vaccae vaccination [116] and Mycobacterium indicus pranii [117]
show no evident harm and some benefit in terms of earlier sputum culture con-
version. One ongoing phase IIa trial is in progress, evaluating the immunogenicity
and safety of RUTI, a novel anti-tuberculosis vaccine product expressing antigens
of an inactivated M. tb strain cultured under stress conditions, thereby aiming at
enhanced immune responses toward an antigenic repertoire associated with M. tb
persisters [118, 119]. Clearly, targeting persister organisms–in essence, addressing
the issue of sterilizing lesions–is critical to curing TB [34], and any attempt to
address this is critically important to achieving a relapse-free cure for MDR-TB.

7 Surgery

For individual patients, individual teams may decide on the potential added value of
surgical resection of tissues damaged beyond repair; such decisions are hardly
evidence-based and typically depend on locally available skills and experience of
surgical teams. Surgery is important in TB of the axial skeleton, and drainage of
large pleural effusions and abscesses associated with TB of bone and lymph nodes
is equally important. The role of resection surgery in pulmonary MDR-TB has
predominantly been addressed in anecdotal case reports and series. A database of
MDR-TB patients comprising over 6000 individual patient records was analyzed to
detect any potential benefit of added surgery [120]. In this large database, partial but
not total pneumonectomy was associated with improved outcomes. Observational
data like these are potentially highly confounded by indication, and selection bias
cannot be ruled out [121]. The position of surgery, therefore, remains adjunctive, as
it may have added value in selected cases [122].

8 Conclusion

With the unprecedented emergence of drug resistance, individualized treatment for
MDR-TB is inevitable and necessary. The down-side is obviously the limited
scientific evidence; each individual group of resistance, and each identifiable group
of patients with unique comorbid conditions, genetic background, nutritional status,
the severity of disease, mix of pulmonary and extrapulmonary disease, and
co-medications, would obscure any potential positive effect if groups of patients are
too small and too heterogeneous to conduct a meaningful randomized trial with a
relevant control regimen. Perhaps the only way to provide evidence for individual
patients to entrust the proposed individualized treatment regimen would be to
randomize individualized against standardized treatment for MDR-TB. The
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evidence would otherwise need to come from the notion that in vitro and molecular
testing of drug susceptibilities, combined with measured drug exposure, provides
the best possible way for successful treatment outcomes. The evidence for the
efficacy of individual drugs is only derived from large retrospective database
analyses. Many questions remain unanswered, but the general principle that even
the worst forms of MDR-TB are potentially curable should set the scene to aim high
and attain high cure rates. New drugs are in the pipeline, like the Linezolid analog,
Sutezolid [123], with lower MIC and potentially lower toxicity that might therefore
be a suitable replacement for Linezolid [124]. Not only survival following treatment
completion and cure, but also reduction of sequela and improved quality and
quantity of life after completion of therapy are important. TDM is critically
important, and it should be included in international guidelines for the management
of MDR-TB. Providing adequate exposure to each of the drugs included in the
regimen is critically important to improve the outcome of individual patients as well
as to reduce the transmission of MDR-TB. During treatment, PK parameters may
change over time, and in certain conditions like pregnancy, these changes may be
dramatic, therefore requiring multiple interventions of TDM [125]. Molecular tests
predicting susceptibility are gradually improving, but their weakness at this point in
time is that they do not (yet) predict MIC reliably, and MIC for each drug in the
regimen is critically important for those drugs that have a relatively narrow ther-
apeutic window. The ambitious targets set by the UNION and the WHO to erad-
icate TB in the next two decades cannot be met without an increased effort to target
MDR-TB; individualized treatment is essential to combat this daunting condition.

Core Messages

• MDR-TB is a daunting novel epidemic that frustrates efforts to defeat TB
any time soon.

• MDR-TB management requires novel molecular diagnostic tools with fast
lab turn-around times.

• MDR-TB treatment requires measures such as TDM to optimize efficacy
and reduce toxicity.

• Host-directed therapies hold promise to further improve outcomes.
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21Important Targets and Inhibitors
of Mycobacterium tuberculosis

Sisir Nandi, Mridula Saxena, and Anil Kumar Saxena

All truths are easy to understand once they are discovered; the
point is to discover them.

Galileo Galilei

Summary

Tuberculosis (TB) is a global health issue. Millions of TB-infected patients
remain undiagnosed, untreated, or improperly treated, leading to recurrence,
re-infection, and resistance. Exploration of disease virulence via target analyses
may provide the design of specific anti-TB therapeutics. Studies and research are
ongoing to investigate different potential target enzymes of Mycobacterium
tuberculosis necessary for its growth and survival. The identification of targets
throws light of hope to design inhibitors that will impede the functioning of the
target enzyme. TB treatment includes two months of an initial course of
isoniazid, rifampin, pyrazinamide, and ethambutol, termed as first-line drugs,
along with four months of additional course on isoniazid and rifampin. The
necessity to continue studies of different targets and inhibitors is based on the
fact of resistance of the drugs to different targets. Multidrug resistance
(MDR-TB) arises due to non-compliance of the treatment in terms of missing
of any one of the above-mentioned dosages thereby causing failure of the
mycobacteria to respond to anti TB drugs and the XDR-TB results from
infection of Mycobacterium avium complex when the patients also suffer from
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infectious HIV. This necessitates the use of second-line drugs, which include
6-fluoroquinolone (6-FQ) followed by amikacin or kanamycin. There is a need
to develop new lead compounds with the least side effects to overcome the
resistance problem to several drugs. Therefore, the knowledge of several drugs is
of utmost importance in designing new inhibitors that fill the treatment gap to
minimize drug resistance.

Graphical Abstract

Keywords

ATP synthase � ClpC1 � Cytidine triphosphate synthetase � Diaminopimelate
epimerase � DNA gyrase � IdeR � LipY � Lysine e-aminotransferase � M. tb �
MraY � NADH dehydrogenase

1 Introduction

Tuberculosis (TB) is an infectious disease due to Mycobacterium tuberculosis (M.
tb) which attacks the lungs and other parts such as the kidney, brain, or spine. It is
spread through respiratory droplets with 0.5–5.0 µm in diameter, floating in the air.
TB-infected patients suffer from high fever, cough, fatigue, chest pain, weakness,
loss of weight, and sweating at night. In 2018, the World Health Organization
(WHO) reported that about ten million people, including about six million men,
three million women, and one million children, contracted TB, and 1.5 million died.
There were 205,000 TB-associated deaths in children, including children

Mycobacterium tuberculosis (M. tb) targets and their potential inhibitors
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co-infected with the human immune deficiency virus (HIV) and TB. TB attacks
immune-compromised patients badly [1].

TB-infected individuals cough or sneeze, and through micro respiratory droplets,
the healthy fellow who comes is in the vicinity of this micro density region of
infected droplets becomes a victim. The contaminated droplets reach the alveolar
sacs and enter alveolar macrophages to assault and multiply. M. tb is recognized as
non-self and therefore undergoes phagocytosis, a process in which the macrophages
encase M. tb and store it in a membrane-bound vesicle, known as a phagosome.
Phagolysosome is, then, formed as the result of attachment between the phago-
somes and the lysosomes to promote reactive oxygen species (ROS) and acid
production that help to eradicate the M. tb [2].

TB is a curable disease treated with a WHO-recommended directly observed
treatment short (DOTS) course comprising of:

• an initial phase, patients are given a two-month supply of a combination of four
antimicrobials, e.g., isoniazid, rifampicin, pyrazinamide, and ethambutol; and

• a continuation phase, patients continue the treatment for four months with the
first-line medicines: isoniazid and rifampicin [3].

Intentional or unintentional missing doses may develop multidrug-resistant tu-
berculosis (MDR-TB), a public health issue [4]. Second-line chemotherapeutics
might help treat MDR-TB, e.g., as 6-fluoroquinolones (6-FQ) and one injectable
medicine, e.g., kanamycin, capreomycin, or amikacin [5]. TB has created an
emergency burden to India, with 79,000 deaths out of 24 million infection cases last
year, followed by China, Indonesia, Pakistan, Nigeria, Bangladesh, and South
Africa [1]. The most dreadful strains include M. tuberculosis, M. tuberculosis
hominis, M. tuberculosis bovis (bovine strain), whereas the less virulent common
strains include M. microti, M. pinnipedii (TB in wild and domesticated animals),
and M. canettii. The non-pathogenic strains are M. africanum and M. smegmatis
[2]. So, these strains have many new targets responsible for the disease virulence.
New tuberculosis targets should be explored for their specific inhibitors to unlock
the emergent trends of disease. Potential M. tb targets, e.g., InhA, ATPase, MmpL3,
DprE1, QcrB, and MenA, along with their inhibitors, have been described recently
[6, 7]. Genetic combinations of InhA and KasA play a role in the mycobacterial cell
wall formation as parts of fatty acid components, which can be inhibited by iso-
niazid, triclosan, pyridomycin, NITD-916, PT70, GSK625, and GSK693. The
MmpL3 is an inner membrane lipid transporter essential for M. tb to become more
resistant, nodulate, and divide. Potential MmpL3 inhibitors are AU1235, THPP1,
SQ109, Rimonabant, and BM212. The DprE1 representing decaprenylphospho-
beta-D-ribofuranose 2-oxidase synthesizes arabinogalactan of the M. tb cell wall.
The DprE1 inhibitors are BTZ043, PBTZ169, TCA1, Ty38c, and CT325. The
mitochondrial enzyme QcrB helps in the electron transport chain (ETC), which can
be inhibited by AX-35 and Q203. Menaquinone (MenA) is also an important
component of the mycobacterial electron transport system. Inhibition of MenA
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enzyme by the potent compound NM4 blocks the production of ATP [6]. Apart
from the targets mentioned above, the more important M. tb targets are discussed in
this chapter.

2 New M. tb Targets and Their Potential Inhibitors

New M. tb targets like ATP synthase, type II NADH dehydrogenase, DNA gyrase,
diaminopimelate epimerase, triacylglycerol lipase (LipY), cytidine triphosphate
synthetase, transcription factor IdeR, lysine e-aminotransferase, ClpC1, and
phospho-MurNAc-pentapeptide translocase (MraY) along with their potential
inhibitors have been considered to develop potential chemotherapy medicines for
MDR and XDR-TB.

2.1 ATP Synthase and Its Potential Inhibitors

ATP synthase is the final component of the electron transport chain that leads to the
production of adenosine triphosphate (ATP), the energy input of the cell needed by
the organisms for their survival. The process occurs via oxidative phosphorylation,
which leads to oxygen production. It has a complex structure consisting of two
components, F0 and F1. The F0 being an integral membrane protein, is
hydrophobic and is responsible for proton motive force generation, while F1, a
hydrophilic component projecting into the cytosol, plays a major role in producing
ATP from ADP and inorganic phosphates [8]. The ATP is generated by protons
passing through the ATPase channel that drives the rotation of the c subunit of F0,
which acts as the rotor, and its movement is the cause of rotation of the gamma
subunit of F1, but both move opposite to each other [9]. The ATP synthesis, thus,
maintains the viability and energy metabolism of mycobacteria. To target inhibition
of ATP synthase, diarylquinolines (DARQs) have been shown as a promising
template for the generation of anti-TB drugs [10].

R207319, R126470, and R207910 could act as promising DARQ compounds.
The most potent is R207910 or TMC207, with a 0.06 µg/ml MIC. The most active
DARQ is TMC207, also known as Bedaquiline [11], a member of naphthalenes
with a quinoline ring [12]. It blocks both the c subunit [13] and the e subunit of
ATP synthase [14], which ultimately hampers ATP production. It bears amine and
alcohol side chains of the central quinoline ring, which contributes to its excellent
antimicrobial activity and also shows its profound inhibitory effect against MDR
and XDR strain of mycobacteria [15, 16]. Bedaquiline is an FDA-approved drug
and is clinically used. The most potent and recently developed ATP synthase
inhibitors have been given in Fig. 1.

An important congeneric DARQs compound, TBAJ-876, having a 3,5-dialkoxy-
4-pyridyl group, has been developed as a very promising drug. It causes a reduction
in the production of ATP by blocking the activity of ATP synthase. The
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characteristics of high clearance rate, low lipophilic nature, shortening of the time
of treatment [17–21], and a good IC50 value of 0.031–0.2 nM [19] enabled the
designing of several analogs of the drugs like TBAJ-5366, 5316, and 5307 [22]
having inhibitory activities of M. tb and M. smegmatis.

Because the existence of a quinoline ring in the compound has better bactericidal
properties, screening of 700 bisquinoline analogs was done, which led to the

Fig. 1 Most potent ATP synthase inhibitors recently developed to combat M. tb

21 Important Targets and Inhibitors of Mycobacterium tuberculosis 433



generation of two compounds, 5,228,485 and 5,220,632, that belong to the class
thiazolidine and cyclohexanedione, respectively [23]. The compounds have MIC of
0.5 and 2.0 lg/ml respectively against M. tb [7] and were formed by substituting
the phenyl moiety with the quinoline group.

Different chloroquinoline compounds were synthesized against M. tb, of which
N-(7-chloro-2-methylquinolin-4-yl)-N-(3-((diethylamino)methyl)-
4-hydroxyphenyl)-2,3-dichlorobenzene sulfonamide showed equivalent activity
against non-replicating bacteria in a hypoxic environment. It was designed by
altering the 2,3 dichlorophenyl group of the parent molecule to inhibit the ATP
synthase enzyme. Its MIC and IC50 values are 3.12 µg/mL and 0.51 ± 0.030 µM
[24]. Its CC50 value of >300 µg/mL shows its non-toxic nature to the Vero cell line.
The mode of binding of this inhibitor toward ATP synthase has been explored by
Singh et al. [25].

Kalia et al. designed many bisquinoline compounds by replacing the phenyl group
with a quinoline moiety of the parent compound, TMC207. Among them,
4-(dimethylamino)-1,1-bis(2- methoxyquinoline-3-yl)-2-phenylbutan-2-ol and 4-
(dimethylamino)-1,1-bis(2- methoxyquinoline-3-yl)-2-(2-naphthyl) phenylbutan-2-ol
lowered intracellular colony forming units (CFUs) of M. tb to about 90% and 91%,
respectively, which shows its potency to be a highly active drug. The respective
ATPase IC50 values of the two compounds are 0.07 and 0.03 lM, and both fit into
the enzyme’s binding pocket as proved by molecular docking studies [26].

Saxena et al. built a model describing the variation in ATP synthase inhibitory
activity in substituted quinolones with respect to the physicochemical parameters in
terms of hydrophobicity, electronic and steric factors. According to the model, called
quantitative structure-activity relationship (QSAR), the major influencing parameters
are the positively contributing molar refractivity while negatively contributing
lipophilicity and Connolly Molecular Area and also in the external data set. It was
also concluded that the racemic compounds might also be used in the analysis by
using the mean values of the computed 3D parameters of the enantiomers. Further,
the observed similar dependence of antitubercular activity in whole M. tb H37Rv on
the same parameters as for ATP synthase inhibition unambiguously proves that the
target enzyme for the antitubercular activity in these molecules is ATP synthase [27].

2.2 Type II NADH Dehydrogenase and Its Potential Inhibitors

Type II NADH dehydrogenase (Ndh-2) is a 50 kDa weight membrane-bound
protein of M. tb whose role is necessary for generating ATP by oxidative phos-
phorylation [28, 29]. Mycobacteria also possess both type I NADH dehydrogenase
and type II NADH dehydrogenases, where unlike the former, the latter is an
indispensable enzyme and thus has emerged to be an essential target. There are two
copies of the enzyme: Ndh And NdhA, whose individual functions remain
unknown, but the enzyme catalyzes the oxidation of NADH to NAD+ combining
with menaquinone reduction as the major path for entry of electrons in the electron
transport chain [30].
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Different phenothiazine derivatives have been explored to find potential Ndh-2
inhibitors (Fig. 2). Among them, chlorpromazine has been found to inhibit the
growth of intracellular M. tb by targeting Ndh-2 [31]. It also boosts the activity of
many drugs against mycobacteria residing intracellularly as it functions mostly
against intracellular bacteria than against extracellular ones [32]. It has CC50 and
MIC90 value of 8 mg/mL and 22 mg/mL, respectively [31].

Several phenothiazine derivatives were designed and synthesized in the hope of
finding a lead molecule with enhanced activity. The compound 10-phenyl-10H-
phenothiazine, having a contrasting form and structural moiety, unlike other
antimycobacterial drugs, showed enhanced activity againstM. tb with greater potency
compared to the parent compound chlorpromazine on account of its excellent MIC90

value of 4 mg/mL and CC50 > 32 mg/mL towards HepG2 cell lines [31].
Trifluoperazine, another member of phenothiazines, damages ATP homeostasis

by effectively targeting the M. tb Ndh-2 enzyme. Additionally, it also inhibits
malonyl coenzyme A-acyl-carrier-protein transacylase responsible for synthesizing
fatty acid. Its major potential is to cause a reduction of bacterial load accumulating
in the macrophage since phenothiazine shows its inhibitory action by assembling in
the macrophage for inhibiting the growth of both replicating as well as dormant
bacteria. The in vitro and ex vivo studies show that it can suppress and inhibit M. tb
JAL2287 and M. tb 1934, two MDR isolates with MIC of 7.5 and 2.5 µg/ml,
respectively, thus proving its efficiency to hinder the growth of MDR-TB [33].

Biological screening of a library of acetamide compounds led to the identifi-
cation of 2-mercapto-quinazolinones, of which 2-(3,4-dihydro-4-oxoquinazolin-
2-ylthio)-N-cyclohexylacetamide and 2-(3,4-dihydro-4-oxoquinazolin-2-ylthio)-
N-benzylacetamide (Fig. 3) have been chosen to inhibit type II NADH dehydro-
genase, the first complex of the electron transport chain. Both the compounds had
good hepatic microsomal stability of 2.3 mL/min/g and 1.8 mL/min/g in mice,
respectively, with average kinetic stability. The compound 2-(3,4-dihydro-
4-oxoquinazolin-2-ylthio)-N-cyclohexylacetamide with potent ligand-lipophilicity
efficiency (LLE) drug-likeness profile has exquisitely good human microsomal
stability, and there was no cytotoxic effect in the HepG2 cell line [34]. Several
group substitutions and modifications have been reported for finding a better lead
with improved activity.

Fig. 2 Potent phenothiazines as Ndh-2 inhibitors
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Clofazimine (CFZ) (Fig. 4), a derivative of riminophenazine [35–37], is another
candidate drug against MDR-TB [38] known to inhibit Ndh-2. Its mechanism of
action is based on a cycle of reduction and oxidation and has the unique ability of
inhibition by generating reactive oxygen species (ROS). The hydrophobic nature of
the drug proves its interaction with NADH-2 dehydrogenase, which is responsible
for its reduction. Its reduced form is further oxidized by O2, leading to ROS
production, killing the mycobacteria. The inability of succinate dehydrogenase, the
second complex of ETC, to reduce CFZ makes Ndh-2 reduction. It is ineffective
against gram-negative bacteria but is sensitive against gram-positive bacteria such
as Staphylococcus, Streptococcus, Enterococcus, and Listeria species and
mycobacteria like M. tb [39].

CBR-1825 and CBR-4032 which are chemically known as 2-(3,4,5,6,7,8-
hexahydro-4-oxoquinazolin-2-ylthio)-N-cyclohexylacetamide) having thioquina-
zoline core and (5-((5- chlorothiophene-3-yl)methylamino)-1-allyl-4,5,6,7-
tetrahydro-1H-indazol-3-yl)(thiomorpholine)methanone possessing tetrahydroinda-
zole scaffold have MIC50 values of 0.43 lM and 6.6 lM, respectively. These
compounds stop the synthesis of ATP by blocking Ndh-2. Both the compounds
show negligible cytotoxicity of less than 0.50 µM towards mammalian cell lines.
Several structural analogs of thioquinazoline have been generated. The fused
cyclohexyl has been replaced by phenyl moiety to produce CBR-5992 which is

Fig. 3 Potent acetamides as Ndh-2 inhibitors

Fig. 4 Clofazimine as Ndh-2
inhibitor
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twice as active as the initial hit CBR-1825 as it has a MIC of 0.67 lM. Further, the
modification was done on the fused phenyl ring by introducing fluoro moiety at the
fifth position to generate CBR3465 having MIC of 0.16 µM. The compound
CBR-1922, chemically known as (5-fluoro-3,4-dihydro-4-oxoquinazolin-2-ylthio)-
N-(4,4-difluorocyclohexyl)acetamide, has been formed by inserting a difluoro
moiety in the acetamidocyclohexyl ring is far more active and potent than the
original compound having MIC of 0.09 lM against M. tb [30] (Fig. 5).

2.3 DNA Gyrase and Its Potential Inhibitors

M. tb DNA gyrase is a type II topoisomerase enzyme that catalyzes an important
reaction in DNA replication [40]. The unfolding of the double-helical strand of
DNA produces strain during replication. The DNA gyrase enzyme plays a major
role in releasing and relieving the strain to aid in replication. It also participates in
introducing negative supercoils in the DNA by hydrolyzing ATP. The structure of
this enzyme comprises two subunits: GyrA and GyrB [41]. The mode of action of
the enzyme is that firstly DNA binds to the enzyme subunit in its active pocket, the
tyrosine residue in GyrA cleaves the DNA, causing a double-stranded break, and
another part of the segment is allowed to pass through the created break, which is
then sealed again. This reaction is favored by ATP hydrolysis that takes place in the
GyrB subunit. Without this enzyme, the topological state of DNA will be hampered
[42].

Fluoroquinolones are a novel group of antibiotics that target DNA gyrase and
inhibit the activity of the enzyme, thereby hampering the process of replication
[43]. Ciprofloxacin, moxifloxacin, gatifloxacin, sparfloxacin, ofloxacin, trova-
floxacin, and Isothiazolinone are some of the fluoroquinolone compounds (Fig. 6)

Fig. 5 More potent Ndh-2 inhibitors
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described here that are effective in killing M. tb by targeting DNA gyrase. It
increases DNA breaks, thus altering the enzymatic activity and killing the
mycobacteria [43].

The SAR and pharmacophore studies on 6-FQ show that a ternary stacking
complex is formed with the mycobacterial DNA gyrase by the aromatic FQ ring and
the N1 substituents where the hydrogen bond is formed between DNA and C-4
carbonyl and C-3 carboxylate group while the C-7 and 6-fluoro substituent along
with carboxylate group interact at the enzyme binding site which makes the
complex stable and responsible for the biological activity of FQs [44, 45]. From the
pharmacophore model developed by Nandi et al., the substituent hydrophobicity at
R7, R8 position, and hydrogen bond acceptance of the substituent at R8 position are
very important for the prediction of DNA gyrase inhibition. Further, tertiary
nitrogen atoms present in the heterocyclic rings at the R7 position are favorable.
They may provide the positive ionization to interact with the negative heads of the
mycobacterial DNA gyrase [46].

Ciprofloxacin belongs to the second-generation fluoroquinolone class of com-
pounds that exert antibacterial action against both gram-positive and gram-negative
bacteria but shows increased efficacies against gram-negative bacteria. The

Fig. 6 Potent antitubercular 6-FQs
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existence of functional groups (cyclopropyl, carboxylic, fluoro, and piperazine-1-yl
at positions 1, 3, 6, and 7, respectively) is an important property for its bactericidal
effect [47]. It generally inhibits the activity of DNA gyrase by binding to it and is
also known to inhibit the cytochrome P450 system of enzymes [43].

Moxifloxacin is a synthesized 8-methoxy fluoroquinolone [48], showing its
bactericidal activity against gram-negative and gram-positive bacteria [43]. It
inhibits the DNA replication process by targeting DNA gyrase. The good anaerobic
property of this drug on account of having a methoxy group at position 8 is an
important property of this fluoroquinolone group of compounds [43]. It also pos-
sesses excellent sterilizing properties and bactericidal activity better than isoniazid
[49]. Studies have demonstrated that a combination of rifampicin and pyrazinamide
with moxifloxacin has better activity than the standard DOTS regimen. Therefore,
this drug is predicted to lower the duration of treatment [50]. Gatifloxacin, like
moxifloxacin, is also an 8-methoxy fluoroquinolone compound that exerts its
anti-bactericidal activity by inhibiting the action of the DNA gyrase enzyme [51]. It
also belongs to a fourth-generation compound similar to moxifloxacin and has
strong sterilizing activity [52–54]. But unlike moxifloxacin, this drug had been
abandoned from the market on account of the high risk of dysglycaemia, which has
been reported after using it [50]. Sparfloxacin is a member of the third-generation
fluoroquinolone family. It acts by blocking the bacterial DNA gyrase enzyme [43].
Despite the activity, it has been withdrawn from the market on account of its side
effects of causing elongation of the QTc cycle [55]. Ofloxacin is also a
second-generation fluoroquinolone like ciprofloxacin. Nalidixic acid is the parent
compound from which it has been derived synthetically [56]. It functions by
hampering DNA gyrase’s catalytic activity, which is implicated in DNA super-
coiling. The third ring of ofloxacin contains a methyl group that adds to the
antibacterial ability of the drug [43].

Trovafloxacin is a newer broad-spectrum drug that also displays increased
antibacterial activity against anaerobes [43] and gram-negative and gram-positive
bacteria. It may also be used in case of resistance to drugs in TB [57]. It acts on
DNA gyrase and blocks the activity, thereby preventing replication. It possesses a
typical bicyclic ring complex at position 7 [43]. It has been reported to cause liver
toxicity and damage, which led to its withdrawal from the market [58].

Isothiazoquinolone is another class of compounds similar to quinolones based on
structure, exhibiting bactericidal effects against bacteria, including those that show
resistance to fluoroquinolones [59, 60]. By substituting the carboxylic acid moiety
in the C-3 ring of fluoroquinolone by isothiazole, being more acidic than carboxylic
acid, it becomes more potent against the enzyme, which interacts by hydrogen
bonding with it and stopping its function [61]. Among the Isothiazoquinolone
library consisting of different compounds, the lead is ACH-702 due to its excellent
protein binding, inhibitory role, and anti-bactericidal effect [62].
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2.4 Diaminopimelate (DAP) Epimerase and Its Potential
Inhibitors

Diaminopimelate epimerase is an enzyme of the racemase family, which catalyzes
the conversion of LL-2,6-diaminoheptanedioate to meso-diaminoheptanedioate. It
is also involved in the synthesis of lysine [63, 64]. These two products, i.e.,
meso-DAP and lysine, participate in synthesizing the cell wall peptidoglycan layer
of M. tb by cross-linking [65]. Both the gram-positive and gram-negative bacteria
possess this enzyme for forming the cell wall, which maintains the shape and
structure of the entire cell. Mammals are devoid of this enzyme [66].

The NRB05197, chemically known as 6,6-di(benzylthio)hexane-1,2,3,4,5-pentaol
(Fig. 7), is a derivative of pentanol and a very active inhibitor that binds strongly with
the target enzyme to stop the synthesis of a peptidoglycan layer. Based on the MABA
assay (Micro Plate Alamar Blue Assay), it has been established that this compound
causes inhibition of growth of M. tb to about 22% at 50 lM and 19.2% at 25 lM
concentration, thus proving its excellent antibacterial ability.

The BTB13883, also known as 2,5-dioxotetrahydro-1H-pyrrol-1-yl laurate
(Fig. 7), is another potent inhibitor of diaminopimelate epimerase, which, like
NRB05197, was also selected on the basis of MABA assay among five compounds.
It inhibits the growth of M. tb by about 13.5% at 25 lM and 17.5% at 50 lM
concentration. Like the other three compounds, these two drugs also possess a good
fitting into the active binding cavity of the enzyme with the free energy of −5.9 to
7.5 kcal/mol and H-bond interactions with the amino acid residues of the target.
Additionally, the non-cytotoxic nature of the drugs toward the Vero cell line and
their significant inhibitory role made these two compounds a promising candidate
for future drug development.

2.5 LipY and Its Potential Inhibitors

LipY represents the mycobacterial Rv3097c-encoded lipase. A triacylglycerol li-
pase (LipY), an enzyme belonging to the lipase family encoded by the lipY gene, is
the unique protein possessing enzymatic property in M. tb [67]. The role of the

Fig. 7 Potent inhibitors of diaminopimelate epimerase
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enzyme is hydrolysis and conversion of triacylglycerol (TAG), the major energy
source of the mycobacteria, to diacylglycerol for the survivability of the dormant
stage bacteria [7]. The expression of LipY lowers the amount of TAG for
mycobacteria’s survival [67] and is found ineffective in aerobic bacteria, which
show its selectiveness and specificity for hypoxic grown mycobacteria only [68].

A library of active compounds (Fig. 8) against recombinant lipase enzyme by an
in vitro, in-house screening of a group of compounds led to the generation of a
new inhibitor (E)-7-chloro-6-fluoro-4-hydroxy-N-(3-phenylpropylidene)quinoline-3-
carboxamide (LipY inh 1) belonging to the acyl-imine class having an IC50 value of
25 µM and CC50 less than 500 µg/mL [68]. Additional screening amalgamates 11
favorable series of compounds having hydrazine group attached to the acyl moiety
with greater activity against LipY. Among the 11 different compounds, four com-
pounds with IC50 values of 7.75 ± 0.21 (LipY inh 2), 9.25 ± 0.17 (LipY inh 3),
8.25 ± 0.43 (LipY inh 4), 9.25 ± 0.21 µM (LipY inh 5) respectively have powerful
inhibition potential against the enzyme, but compound (E)-N′-(3,5-dichloro-
2-hydroxybenzylidene)-7-chloro-6-fluoro-4-hydroxyquinoline-3-carbohydrazide
(LipY inh 6) showed the best LipY inhibitory effects with IC50 value of 5.13 µM
which is five times better result in inhibiting the enzymatic role of lipase as compared
to LipY inh 1 with moderate inhibition potential [68]. According to the Resazurin
Assay [69], these compounds do not show any cytotoxic effect on the Vero cell line,
thus proving that hydrazine moiety worked better than the acyl imine group [68].

2.6 Cytidine Triphosphate Synthetase and Its Potential
Inhibitors

Cytidine triphosphate (CTP) synthetase, an enzyme encoded by the gene pyrG in
M. tb, is responsible for synthesizing pyrimidine, CTP (cytidine triphosphate). It is

Fig. 8 Potent LipY inhibitors
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an ATP-dependent process and causes the conversion of UTP into CTP by utilizing
either ammonia or glutamine as a nitrogenous source [70]. This enzyme has been
selected as the major drug target for causing inhibition of the growth of the
pathogenic bacteria in the body.

Among 594 compounds undergone phenotypic screening, the two compounds-
7947882 (5-methyl-N-(4-nitrophenyl)thiophene-2-carboxamide) and 7,904,688
(3-phenyl-N-[(4-piperidin-1-ylphenyl)carbamothioyl]propanamide) (Fig. 9) [71]
showed increased bactericidal activity against intracellular, replicating, and
non-replicating M. tb [71]. At a concentration lower than 40 lg/ml, both the
compounds did not show any cytotoxicity towards HepG2, A549, Raw, and Huh7
cell lines and produced a MIC value of 0.5 lg/ml [70]. These two inhibitors behave
like prodrugs that cause inhibition of target before its own activation, similar to
isoniazid, pyrazinamide, and ethionamide. The EthA, a FAD containing
monooxygenase, which was earlier well-known for activating ethionamide [72], is
an efficient activator of 7,947,882 and 7,904,688. Their activated form binds to the
enzyme and inhibits it [71].

The requirement for activation of 7,947,882 and 7,904,688 prior to the exhibi-
tion of their inhibitory effect necessitates the identification or synthesis of the drug
that can function independently. The compound 11,426,026 (Fig. 9) has been
derived from 7,947,882, and it is the S-dioxide derivative of 7,947,882. It is more
active and does not require EthA activation. It has a MIC value of 1 µg/ml against
the mycobacterial PyrG enzyme. It showed an IC50 of 0.035 mM against wild-type
M. tb; it competes with ATP upon binding with the active pocket of the enzyme.

Fig. 9 Potent carboxamide compounds of cytidine triphosphate synthetase inhibitors
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Among the library of 117 compounds obtained from GlaxoSmithKline com-
pound set against M. tb [73], three antimycobacterial drugs such as GSK1570606A,
GSK920684A, and GSK735826A (Fig. 10) were found to have good inhibitory
activity with MIC value of 16 µM, 7.6 µM, and 1.4 µM, respectively. The result of
enzyme assays also revealed their inhibition of PyrG as −90.8%, 79.2%, and
74.3%, respectively [74], which was higher than the rest of the other compounds.
These compounds showed limited cytotoxicity to human cell lines [75, 76] and
inhibited PyrG by binding competitively to the ATP binding pocket of the enzyme,
where their phenyl moiety showed pi-stacking interactions with the Arg223 residue
of the target.

Under the collaborative drug discovery research [77–79], the virtual screening of
the database identified very effective inhibitors of mycobacterial CTP synthetase.
Among the four identified compounds such as CDD-815202 (3-iodo-4-methyl-N-
(2-methyl-4-nitrophenyl)benzamide), CDD-934506 (2-((5-(4-methoxyphenyl)-
1,3,4-oxadiazol-2-yl)sulfanyl)-N-(4-nitrophenyl)acetamide), CDD-823953 (N-(2-
benzoyl-4-nitrophenyl)-2-(4-benzylpiperazine-1-yl)acetamide), and CDD-833850
(5-chloro-2-hydroxy-N-(2-methoxy-4-nitrophenyl)benzamide), tested against the
target, PyrG, the CDD-823953 (Fig. 11) was found to be the most effective by
virtue of its 90% inhibition on PyrG at 200 µM concentration level. The MIC50

value of the potent compound is 4.392 µg/ml. The steady-state kinetics study also
demonstrated the compound being not a strong competitive inhibitor of the ATP
binding region of the active compound, thus competing weakly with ATP upon
binding with the target enzyme.

2.7 Transcription Factor IdeR and Its Potential Inhibitors

Iron-dependent regulator (IdeR) is a mycobacterial transcription factor [80] that
belongs to the member of the DtxR (diphtheria toxin repressor) family [81]. The
protein has the property of interacting with both DNA and metal iron [82–84]. The
IdeR-iron complex binds in the specific position of DNA in the promoter region and
controls the transcription rate. For survival in the host’s body, there is an urgent
need to maintain and regulate the level of iron in M. tb, which is required for the
functioning of enzymes and for performing redox reaction as the human serum is

Fig. 10 Potent cytidine triphosphate synthetase inhibitors developed by GlaxoSmithKline
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tuberculostatic [85, 86]. In the absence of iron, IdeR becomes nonfunctional, and
mycobacteria manufacture mycobactin, which acts as iron chelators [87] and binds
with iron from the host proteins (transferrin) and transports it to the cytoplasm via
transporters for its utilization, whereas the presence of iron makes IdeR functional
which stops the synthesis of mycobactin, but activates iron storage protein pro-
duction [80].

Virtual screening and EMSA assay of a series of compounds obtained from NCI
library screening gave evidence of two potent compounds (Fig. 12):

• the compound 2-(3,4-dihydroxybenzyl)thiazolidine-2-carboxylic acid (I-20 or
NSC 281,033) with IC50 values of 2.4 µg/ml, bearing thiazolidine-benzyl group;
and

• benzyl-naphthalenyl with IC50 values of 1 µg/ml bearing compound (I-42 or
NSC 12,453).

Fig. 11 The most efficient mycobacterial CTP synthetase inhibitor

Fig. 12 Potential inhibitors of IdeR
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These compounds interfere with the interaction of IdeR and DNA. The I-33 and
I-34 having a common dihydropyrazolo-diazepine structure, are also considered as
potent on account of an IC50 value of 21.7 µg/ml and 6.1 µg/ml, respectively
towards M. tb inhibition with their negligible cytotoxicity towards HepG2 (human
liver cancer cell line), MDCK (Madine Darby Canine Kidney cell line), THP-1
(human monocytic macrophage cell line), and HEK (Human Embryonic Kidney
cell line) respectively [88].

2.8 Lysine e-aminotransferase (LAT) and Its Potential
Inhibitors

LAT is an important enzyme that helps M. tb persist and resist inside the host body,
and therefore it is the causative agent of latent TB infection in the host [89]. Being a
member of the aminotransferase family, requiring pyridoxal 5′-phosphate as a
cofactor [3], it catalyzes reversible transamination reaction. The end product of the
reaction is piperidine-6-carboxylic acid and glutamate formed after the transfer of
the amino group of lysine to a-ketoglutarate [90]. Therefore, LAT has been con-
sidered a potential M. tb target for drug discovery (Fig. 13).

The LAT inhibitor is 2-(benzo[d]thiazol-2-yl)-3-(4-hydroxyphenyl) acryloni-
trile) that binds to the active site of the enzyme. It has an IC50 value of 10.38 µM.
In search of more potent inhibitors with greater efficacies, attempts were made by
several moderations and changes in the compound at the R position by inserting
phenyl and heterocycles, modifying aromatic ring, and keeping the benzothiazole
derivative unchanged. This led to the synthesis of a set of 22 compounds. Out of

Fig. 13 Potent LAT inhibitors
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those synthesized compounds, eight were found to have greater activity than the
lead one. Amidst it, 5-(5-((E)-2-(benzo[d]thiazol-2-yl)-2-cyanovinyl)furan-2-yl)
benzene-1,3-dioic acid showed the highest inhibition with tenfold lower IC50
1.15 ± 0.27 µM in comparison to the lead molecule. The 2.8-fold bacterial log
reduction also suggested that this compound exhibits a better mode of inhibition
than the first-line drugs like isoniazid (1.2 log fold). Another compound, ((E)-4-(5-
(2-(benzo[d]thiazol-2-yl)-2-cyanovinyl) thiophen-2-yl) isophthalic acid) with IC50

of 2.62 µM has an inert role against active M. tb but shows its effectual activity
against nutrient starving and biofilm-forming mycobacteria. This compound is the
model for discovering new promising lead compounds [91].

The in silico high throughput screening has been carried out to design, syn-
thesize, and evaluate potent LAT inhibitors utilizing structure and ligand-based
approaches. The structure-based drug design screened a compound 4-methoxy-2-
(pyridin-4-yl) thiazole-5-carboxylic acid (Fig. 14), which inhibited LAT with a
good IC50 value of 1.22 ± 0.85 mM. It also has a significant bacterial log reduction
value of 2.8-fold against nutrient-starved bacteria and showed a CC50 value of
24.87 ± 0.09 µM towards HEK 293 cell lines at a 50 µM concentration level
which denotes a limited cytotoxicity level [89].

2.9 ClpC1 and Its Potential Inhibitors

The ClpC1 is a monomeric protein in M. tb comprising 848 amino acids. It belongs
to the family of heat shock proteins (HSP100), having ATPase activity responsible
for ATP hydrolysis. It consists of the N terminal domain and D1 and D2 large and
small domains. The main function is to prevent mycobacterial nucleic acid accu-
mulation followed by complete degradation. It unfolds the protein and transports
those unfolded proteins to the ClpP protease for degradation. The whole process is
driven by ATP hydrolysis and without the requirement of adaptor protein [92, 93].
The ClpC1 inhibitors are lassomycin, cyclomarin A, acyldepsipeptides, and ecu-
micin (Fig. 15).

Lassomycin is a ribosomally synthesized 16-amino acid cyclic peptide, basic in
nature and naturally obtained from an extract of organism Lentzeakentuckyensis

Fig. 14 In silico HTS of Potent LAT inhibitors

446 S. Nandi et al.



Fig. 15 ClpC1 inhibitors

21 Important Targets and Inhibitors of Mycobacterium tuberculosis 447



species. It shows antibacterial activity with a minimum inhibitory concentration of
0.8–3 lg/ml, killing M. tb by targeting ClpC1 ATPase, thereby hampering its
protein degradation function. The poor ability of the compound to penetrate the
mammalian cells contributes to its low cytotoxicity of IC50 value of 350 lg/ml
against human NIH 3T3 and HepG2 cells, and it does not destroy red blood cells.
Unlike other antibiotics, it has an exceptional property of activating the target
enzyme. It functions by stimulating ATPase activity by binding to the target but
dissociating it from the complex ClpP1P2 and eventually lowers the proteolytic
activity of the complex [94].

Cyclomarin A, a natural compound obtained from marine Streptomyces species
[95], is a heptapeptide containing two common and the remaining five unusual
amino acids [96]. It is a cyclic peptide that shows its activity against both growing
and dormant non-replicating M. tb and MDR M. tb by binding to the N terminal
domain of ClpC1 without interfering with the ATP binding domain and increasing
the rate of proteolysis inside the cell [97]. The resistance of the compound lies in
the fact that NTD is mutated, which denotes the importance of this domain. This
antibiotic is ineffective against gram-positive and gram-negative bacteria despite
containing CplC [97].

Acyldepsipeptide (ADEP) is a naturally obtained eight closely related com-
pounds isolated from the fermentation broth of Streptococcus hawaiiensis. It
functions either by preventing the association of ClpP with its regulatory ATPase or
by splitting the previously associated ClpP/Clp-ATPase complexes [98]. The
binding of ADEP to ClpP causes its conversion from a regulated state to an
unregulated form resulting in the degradation of partially or fully unfolded proteins
or polypeptides in the absence of Clp-ATPase [98, 99]. Apart from targeting ClpP,
ADEP combines with ClpP causing atrophy of another bacterial protein, the FtsZ,
which is involved in cell division, thereby preventing the occurrence of the vital
process of division of the cell [100].

Ecumicin is a cyclic peptide composed of 13 amino acids obtained from the
strain MJM5123 of Nonomuraea species. It is highly selective against both the
MDR and XDR strains of M. tb, on which it exerts its antibacterial activity.
Simultaneously, it shows its potency against M. tb, including both replicating as
well as non-replicating bacteria in vitro and in vivo. It effectively inhibits the
growth of the mycobacteria in the lungs of mice. The drug administration into the
mice was done by encapsulating it in the form of micelles on account of its
insoluble nature in water, thus concentrating in the region of the lung tissue as
shown by its detrimental action of killing residing bacteria. Ecumicin targets ClpC1
by binding to the cavity of protein other than the ATPase domain. Studies showed
that ClpC1 has ATPase activity as well as proteolytic activity; the latter is per-
formed in complex with ClpP1/ClpP2. In the presence of the antibiotic, ClpC1
undergoes a conformational change resulting in the upregulation of the ATPase
activity, which, in turn, causes an alteration in the functioning of the ClpC1/
ClpP1/ClpP2 complex by repressing its proteolytic activity [101].
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2.9.1 MraY and Its Potential Inhibitors
MraY translocase, also known as a phospho-MurNAc-pentapeptide translocase, is
an essential, integral membrane protein of M. tb consisting of ten transmembrane
segments, five cytoplasmic domains, and six periplasmic domains, including the N-
and C-terminal ends. It is responsible for catalyzing the first step of peptidoglycan
biosynthesis. The reversible reaction product, undecaprenyl-
pyrophosphoryl-N-acetylmuramoyl-pentapeptide, is the result of the relocation of

Fig. 16 MraY mediated M. tb peptidoglycan synthesis inhibitors
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phospho-MurNAc-pentapeptide from UDP-MurNAc-pentapeptide to undecaprenyl
phosphate [102, 103]. Therefore, to inhibit M. tb peptidoglycan, MraY inhibitors
(Fig. 16) have been explored. The two major drugs, teixobactin and sansanmycin,
were shown to inhibit MraY.

Teixobactin belongs to antimicrobial peptides that contains 11 amino acids. Its
natural source is Eleftheria terrae, from which soil bacteria are isolated using iChip
[104–106]. It does not show any resistance to M. tb H37Rv in action. By adhering
to the two lipid cell wall precursors, peptidoglycan and teichoic acid, it inhibits cell
wall production [104, 107].

Sansanmycin, which is derived from Streptomyces spices [108], interferes with M.
tb activities in terms of cell wall synthesis, cell division, and survival [109, 110].
Some anti-MDR-TB effects are attributable to this antibiotic–an uridyl peptide that
targets the translocase I (MraY) and prevents peptidoglycan formation [111].

3 Conclusion

To tackle the worst situation of antitubercular drug resistance, the 6-FQ along with
kanamycin/capreomycin/amikacin and the newly introduced bedaquiline may be
useful in increasing the success of the tuberculosis treatment. The potential targets
of M. tb, e.g., ATP synthase, type II NADH dehydrogenase, DNA gyrase,
diaminopimelate epimerase, LipY, cytidine triphosphate synthetase, transcription
factor IdeR, lysine e-aminotransferase, ClpC1, and MraY, are of interest for further
design and discovery of novel antitubercular drugs.

Core Messages

• M. tb causes dreadful TB.
• DOTS drug regimen is helpful to treat TB.
• MDR-TB and XDR-TB are complicated to control.
• New M. tb targets may help control MDR and XDR TB.
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Even if we all worked on different sides of the same problem,
there were never problems of interfering in each others subjects,
or about priority.

Jens Christian Skou (The winner of Nobel prize in chemistry for
the discovery of the Na+/K+ -ATPase.)

Summary

Tuberculosis (TB) is an infectious disease that represents an important cause of
worldwide death. Despite the treatments used to combat infections caused by
Mycobacterium tuberculosis (M. tb), the increase of multidrug and extensively
resistant (MDR and XDR) strains hinder TB control. M. tb faces different stress
conditions inside macrophages during the infection process, including increased
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concentrations of metal ions, hypoxia, and the production of reactive oxygen and
nitrogen species (ROS/RNS). The M. tb genome contains 12 open reading
frames encoding putative alkali/alkaline earth metal (CtpE, CtpF, CtpH, and
CtpI) and heavy metal (CtpA, CtpB, CtpC, CtpD, CtpG, CtpJ, and CtpV) P-type
ATPase transporters and one homolog of the potassium transporter KdpB. The
transcriptional response of most of these genes, specially ctpF, is activated by
one or more stress conditions inside macrophages. The inhibition of these
cationic transporters promotes cation efflux imbalance across the mycobacterial
plasma membrane and reduces the virulence and viability of tubercle bacilli.
Therefore, mycobacterial P-type ATPases have the main role in ion regulation,
detoxification, and virulence. These functions have attracted recent interest in
studying these membrane transporters as potential drug targets or attenuation
biomarkers. This chapter describes the structural and functional features of
P-type ATPases of M. tb and their role in viability and virulence.
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1 Introduction

Tuberculosis (TB) is a major global cause of human mortality, posing a challenge
for public health authorities due to increased disease incidence in immunocom-
promised patients and the expansion of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) strains. Despite the progress made by the World Health
Organization (WHO) regarding TB program indicators, such as reduction of TB
cases and deaths, improved TB prevention and patient care, and increased funding,
TB incidence remains approximately ten million new cases annually worldwide [1].
Globally, an estimated 1.7 billion people infected with Mycobacterium tuberculosis

P-type ATPases as targeted therapy for tuberculosis. When M. tb is phagocytosed by alveolar
macrophages, it faces an arsenal of toxic substances and increased metal cations. P-type ATPases
are pumps that support ion homeostasis. Altering the function of these pumps causes metal
poisoning, which leads to decreased survival and attenuation of bacterial virulence. Thereby,
P-type ATPases could be targeted for the design of new compounds and the development of
vaccines
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(M. tb) will develop active disease. TB can affect anyone from any region, yet this
disease frequently affects young adults (about 90%), leading to individual disability
in the economically productive population. While effective treatment regimens have
been developed since 1950, TB eradication challenges persist to date, including the
accessibility of TB patients to early diagnosis and the directly observed treatment
short-course (DOTS) to prevent disease spread. Treatment of MDR and XDR
strains requires using second and third-line drugs that are more expensive and toxic.
Failure to identify drug resistance (DR) may generate suboptimal therapeutic out-
comes, amplify DR, and increase mortality [2, 3].

Taxonomically, mycobacteria belong to the order Actinobacteria and family
Mycobacteriaceae, including only the genus Mycobacterium comprising more than
170 species [4]. Many mycobacteria are prominent pathogens, especially members
of the M. tb complex, such as M. bovis, M. leprae and M. ulcerans. Furthermore,
more than 150 species of environmental mycobacteria, known as nontuberculous
mycobacteria (NTM), display different levels of pathogenicity and virulence [5].

Mycobacteria are strictly aerobic or microaerophilic gram-indeterminate bacteria
[6] that display slow growth rates. Indeed, while the duplication time of Enter-
obacteriaceae is approximately 20 min, it exceeds 15 h in mycobacteria. All my-
cobacterial species can be cultivated, except M. leprae, although most require
complex culture media [5]. Despite some differences among species, the mor-
phology of mycobacteria is usually homogeneous, observed as long and slender
acid-fast rods ranging from one to five µm in length and 0.2–0.6 µm in diameter.
Although coccobacillus forms of mycobacteria are rarely found in pathological
samples, these are commonly observed in laboratory preparations. Mycobacterium
displays pleomorphism characterized by filamentous growth, which is sometimes
branched. In addition, mycobacteria are non-motile and often non-sporogenic,
except for some species [7].

ATPases are a family of transporters widely distributed across all life domains
and divided into four superfamilies P-, F-, V-type, and ATP-binding cassette
(ABC) transporters. ATPases are ubiquitous in biological membranes, transporting
substrates against the concentration gradient using adenosine triphosphate (ATP)
energy sources [8]. ATPases are also involved in cell proliferation, viability, energy
production for metabolic processes, and cell volume control [9]. F- and V-type
ATPases are proton transporters against the electrochemical gradient, whereas ABC
transporters translocate other substrates, such as carbohydrates, amino acids, lipids,
and drugs [10]. Specifically, P-type ATPases are a large group of membrane
transporters of cations and lipids, which are essential to maintain gradients and
convert metabolic energy into electrochemical gradients for cell signaling. P-type
ATPases also mediate metal detoxification and supply metalloenzyme cofactors,
providing an appropriate metal balance for cell survival [11]. Compared to the other
ATPase families, P-types display a distinctive and highly conserved aspartate
(D) residue that is phosphorylated in each catalytic cycle [10, 11]. Overall, P-type
ATPases can be promising anti-TB drug targets given their essential roles in
metabolic processes and stress response.

462 P. Santos et al.



2 Structure, Classification, and Function of P-Type
ATPases

In addition to ion transport (Na+, K+, H+, Ca2+, Mg2+, Cu+, Cd2+, Ag+, Cu2+, Co2+,
Ni2+, Pb2+, and Zn2+), P-type ATPases facilitate the translocation of amino-
phospholipids across biological membranes [11, 12] (Table 1). This type of enzyme
contains three cytoplasmic domains: activator or energy transduction (A),
nucleotide-binding (N), and phosphorylation (P), and two transmembrane domains:
transport (T) and specific support (S) [13] (Fig. 1).

P-type ATPases contain six to ten transmembrane segments (TMS), constituting
a highly conserved structural core shared among archaea, prokaryotes, and
eukaryotes. Although the A and N domains are not structurally homologous to
other proteins, the P domain is homologous to the haloacid dehalogenase-like
hydrolase domain [14].

Each domain of P-type ATPases has determined roles in the catalytic cycle.
The N domain (kinase) initially makes a nucleophilic attack on the ATP (specifi-
cally in the c-phosphate). Then, the conserved D residue of the P domain receives
the phosphoryl group from ATP, generating a high-energy intermediate molecule
(phosphoryl aspartate). During this process, a glutamate (G) residue within the A

Table 1 The main functions, distribution among organisms, specificity, and number of TMH of
the different subfamilies (P1–P5) of P-type ATPases

Subfamilies Organisms Specificity H-TM Function

P1A Prokaryotes K+ 7 Turgor pressure, pH
homeostasis

P1B Prokaryotes and
eukaryotes

Cu+, Ag+, Cd2+, Zn2+,
Pb2+, Co2+, Ni2+, Cu2+

6–8 Detoxification, protein
metalation

P2A Prokaryotes and
eukaryotes

Ca2+, Mn2+, (SERCA) 10 Signaling and Ca2+

homeostasis

P2B Prokaryotes and
eukaryotes

Ca2+, (PMCA) 10

P2C Prokaryotes and
eukaryotes

Na+–K+/H+
–K+ 10 Membrane potential;

acidification

P2D Eukaryotes (fungi
and protozoa)

Na+ 10 Counteract osmotic
shocks and basic pH

P3A Prokaryotes and
eukaryotes (plants,
fungi)

H+ 10 Membrane potential; pH
homeostasis

P3B Prokaryotes Mg+2 10 Mg2+ homeostasis

P4 Eukaryotes Fosfolipids 10–12 Lipid bilayer asymmetry
and vesicle formation

P5 Eukaryotes Unknown 10–12 Mn2+ homeostasis in the
endoplasmic reticulum

Prepared with data from [14–18]
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domain (phosphatase) obtains energy from the phosphoryl aspartate group (P
domain). The cytoplasmic domains are linked through transmembrane regions that
define functional areas for ion transport across the cell membrane (Fig. 1) [14].

P-type ATPases are grouped into subfamilies (P1-P5) according to their ion
specificity and membrane topology (Table 1). Each subfamily is also divided into
subgroups that share the same catalytic mechanism of action and show similar
protein structures. This classification was defined by the phylogenetic comparison
of 159 proteins from different species; the main difference is the affinity for the
transported substrate [11, 15].

P1-type ATPases comprise subclass P1A that includes the KdpB potassium
pump and is involved in osmoregulation and pH homeostasis [19]. Moreover,
subclass P1B catalyzes the translocation of heavy metals (Cu+, Cu2+, Ag+, Zn2+,
Cd2+, Pb2+, Co2+, Fe2+, and Ni2+) for ion detoxification and protein metalation
(Table 1). P1B is classified into seven subclasses based on substrate specificity
defined by invariant motifs located in the last three TMS and cytoplasmic metal-
binding domains, displaying regulatory function [20].

Fig. 1 Structural model
predicted by homology
modeling of M. tb CtpF. The
cytoplasmic domains are
represented:
(N) nucleotide-binding, (P)
phosphorylation, (A) actuator,
and (TMDs) transmembrane
domains. Reproduced with
permission from [13], License
Number 4904220999980
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P2 is the most diverse subfamily of alkali/alkaline earth metals transporting
P-type ATPases. This subfamily is divided into four subclasses:

i. P2A, it includes the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
involved in maintaining the gradient of Ca2+ concentration across the plasma
membrane of certain organelles and cells [21];

ii. P2B, it contains the plasma membrane Ca2+-ATPase (PMCA) transporter,
which restores levels of Ca2+ in response to cellular signaling [11];

iii. P2C, P2C-type transporters comprise Na+/K+, and K+/H+ ATPases maintain
the electrochemical gradient of Na+ and K+ that generate the membrane
potential across the plasma membrane and gastric acid secretion through the
electroneutral exchange of H+ for K+ [22]; and

iv. P2D, P2D-type are eukaryotic Na+ ATPases and play a central role in Na+

tolerance and basic pH (Table 1) [23].
The P3 subfamily is subdivided into subclass P3A, which are H+ ATPases

responsible for maintaining the membrane potential in fungi, bacteria, and plants,
and P3B is involved in Mg2+ transport in prokaryotes [17] (Table 1). In contrast, the
P4-type subfamily comprises ATPases involved in lipid bilayer maintenance and
the formation of transport vesicles for endocytosis and secretion routes (Table 1)
[11].

Regarding eukaryotic P5-type ATPases, the ion specificity was unknown until
experimental evidence suggested that these enzymes are involved in Mn2+ home-
ostasis in the endoplasmic reticulum and might be associated with neurological
disorders [18, 24] (Table 1). In the last decade, we studied ion transport mediated
by P-type ATPases in mycobacteria and their possible role in M. tb attenuation.
Using different approaches (e.g., bioinformatics, molecular biology, and bio-
chemistry), we have studied the ion specificity of distinct P-type ATPases that may
be relevant for the viability of tubercle bacilli.

3 M. tb P-Type ATPases

Twelve P-type ATPases have been identified in the M. tb proteome and are clas-
sified according to their ion specificity. Among these, seven are P1B-type or heavy
metal transporters (CtpA, CtpB, CtpC, CtpD, CtpG, CtpJ, and CtpV); four are
P2-type or alkali/alkaline earth metal transporters (CtpE, CtpF, CtpH, and CtpI);
and one is P1A-type (KdpB) and corresponds to a potassium transporter (Fig. 2) [9,
25–27].

P-type ATPases are essential for M. tb survival by preserving the concentration
of metal ions at the nutrient level for adequate cell function. Excessive cation
accumulation inside mycobacteria is toxic because it replaces essential ions or
functional groups, affecting the conformation of biomolecules and enzyme activities
[28]. The number of P-type ATPases encoded in the M. tb genome (12 P-ATPases)
suggests the importance of these transporters in tubercle bacilli virulence [25].
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A meta-analysis of the transcriptional response of M. tb P-type ATPases in different
conditions, such as hypoxia, oxidative stress, starvation, intoxication by chemical
agents, and in vitro and in vivo infection processes, indicated that these transporters
respond to different stress conditions that mycobacteria face inside macrophages
[29]. Particularly, most mycobacterial P-type ATPase genes (e.g., ctpF, ctpG, ctpC,
ctpH, and ctpV) are overexpressed during infection in human macrophages, sug-
gesting that these pumps play a fundamental role in cell proliferation and even their
inhibition alter the virulence ofM. tb [29]. Thus, the deletion of several heavy metal
P-type ATPase transporters impairs M. tb survival in human macrophages and
animal models [27, 30, 31].

3.1 Heavy Metal P-Type ATPases of M. tb

3.1.1 Cu+ transporters
Copper is an essential micronutrient in bacteria, given the role of this heavy metal in
redox reactions involved in different metabolic processes [32, 33]. Therefore,
copper misregulation can produce oxidative damage and cell death in bacteria [34].
Specifically, high intracellular concentrations of copper induce ROS production via
Fenton reaction, protein denaturation, and displacement of metal cofactors in
iron-sulfur cluster proteins [35].

Particularly, copper concentration increases between one to 24 h post-infection
in phagosomes containing mycobacteria [36]. Therefore, to survive under host-
mediated copper stress, M. tb activates resistance pathways mainly exerted by CtpV

Fig. 2 Representative metal-cation transport of M. tb P-type ATPases. Arrows indicate the
direction of ion transport across the mycobacterial plasma membrane. Potential metalation
substrates by copper-transporting P-type ATPases are shown in beige
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P1B-type ATPase to maintain copper ion homeostasis (Fig. 2) [30]. Previous
studies demonstrated that knock-out of the ctpV gene promotes copper sensitivity in
M. tb and reduces mycobacterial growth rates during early infection in guinea pigs.
Accordingly, ctpV activity has been associated with resistance to copper poisoning
during in vivo infection [30].

Based on in silico predictions, ctpA and ctpB genes are homologous to ctpV in
M. tb so that they may be involved in Cu+ transport and detoxification [25].
Nevertheless, further experimental validation showed that Cu+ transport mediated
by CtpA and CtpB might be involved in physiological functions besides detoxifi-
cation, such as metalation of extra-cytoplasmic cuproenzymes in response to ox-
idative stress conditions [26, 37]. Cuproenzymes, such as multicopper oxidase
(MmcO), superoxide dismutase A (SodA), and cytochrome c oxidase, use copper as
a cofactor [38] and are required for M. tb survival [39, 40].

Therefore, MmcO and SodA could be metalation substrates of CtpA and/or
CtpB [26, 37] (Fig. 2). Overall, these findings suggest that Cu+ efflux via P-type
ATPases is essential in metal detoxification, protein metalation, and response to
oxidative stress in mycobacteria, as proposed in other cellular models [41–44].

3.1.2 Zn2+ Transporters
High levels of Zn2+ can displace iron from sulfhydryl residues of bacterial enzymes
and interrupt manganese absorption, leading to decreased bacterial tolerance to free
radicals, as described in several bacterial models [45]. In response to Zn2+ accu-
mulation [46], M. tb activates efflux mechanisms associated with CtpC P-type
ATPase to prevent Zn2+ intoxication inside the intraphagosomal environment [31].
Although CtpC lacks the conserved residues involved in Zn2+ coordination and the
cytoplasmic N-terminal metal-binding domains (N-MBD), which is ubiquitous in
Cu+/Zn2+ ATPases [27], the role of CtpC in zinc detoxification has not been
discarded.

Upstream ctpC, M. tb encodes a putative metallochaperone (Rv3269) that may
confer zinc specificity to CtpC and be essential for Zn (II) efflux detoxification
in vivo [47]. Therefore, CtpC may constitute the main strategy for M. tb resistance
to zinc toxicity and survival in eukaryotic phagocytes [31].

3.1.3 Mn2+ Transporters
Manganese crucially contributes to the viability and virulence of bacterial patho-
gens [48]. This cation is a cofactor of enzymes involved in response to host ox-
idative stress in M. tb [47]. Mn2+ bioavailability is limited under infection
conditions, probably restricting bacterial pathogen growth and resistance to ROS
[49]. TheM. tb CtpC P-type ATPase has also been associated with Mn2+-efflux and,
mainly, with the assembly of Fe+2/Mn+2 superoxide dismutase A (SodA) [27]
(Fig. 2). Besides regulating intracellular Mn2+ concentration, CtpC -Mn2+ transport
could be used to metalate enzymes involved in redox responses during infection,
constituting a key element in M. tb virulence.
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3.1.4 Fe2+, Co2+, and Ni2+ Transporters
Iron, nickel, and cobalt are crucial for many biological processes due to their redox
properties [50]; however, like other metal transitions, the excess of these elements is
toxic to the cell. For instance, Fe2+ and Ni2+ generate toxic oxygen intermediates
[51, 52], Co2+ inhibits the electron transport chain activity in bacteria and mito-
chondria [53], and Fe2+ causes mismetallation of non-iron metalloproteins [51–53].
The efflux of these metal cations is not completely understood inM. tb [54, 55]. The
distinct roles of mycobacterial CtpJ and CtpD P1B-ATPases in the homeostasis of
Co2+ and Fe2+ were recently reported [55, 56]. Patel et al. propose that Fe2+ efflux
mediated by CtpD is implicated in response to iron dyshomeostasis produced by
redox stress [55], suggesting that CtpD is required for M. tb virulence [57].
Moreover, CtpJ is responsible for maintaining Co2+ and Fe2+ cytoplasmic levels
[55, 56]. These observations demonstrate the versatility of P1B-type
ATPase-mediated transport and highlight a novel and possibly central role of
these proteins in Fe+2 efflux; however, iron homeostasis has been little explored in
M. tb.

3.1.5 Cd2+ Transporters
Cadmium has no specific function in the cell, yet it displays high toxicity and strong
adverse effects in different cell types [58]. Cd2+ can affect the transport chain [53]
and cation homeostasis [59], interact with nucleic acids, and displace cofactor for
proteins making cells susceptible to oxidative stress [60]. M. tb contains a CtpG
P-type ATPase that is located in an operon together with the Cd2+/Pb2+-sensing
regulator CmtR (Rv1994c) and a metallochaperone (Rv1993c) [61], suggesting that
these proteins could be involved in cadmium detoxification [61, 62]. The ATPase
activity mediated by CtpG is activated by Cu2+ in the mycobacterial plasma
membrane [62], and this transporter could be an alternative copper detoxification
mechanism to CtpV [30]. However, experimental evidence shows that CtpG
preferentially transports Cd2+ compared with other divalent cations across the
mycobacterial plasma membrane [62].

3.2 Alkali/Alkaline Earth Cation P-Type ATPases of M. tb

3.2.1 K+ and Na+/K+ Transporters
Na+/K+-ATPases (P2C subclass) maintain the electrochemical gradients of Na+/K+

ions by moving three Na+ ions across the membrane and concurrently importing
two K+ ions through an ATP-dependent process [63]. These gradient concentrations
are important for stabilizing the membrane potential, maintaining osmotic equi-
librium and cell volume, energizing secondary transport processes, and promoting
cellular signal transduction [22]. The increases in intracellular Na+ concentration
are related to inhibition of Na+/K+-ATPase activity in the cell and changes in
intracellular pH due to the Na+/H+ exchange system, as well as altered intracellular
Ca2+ concentrations by the action of the Na+/Ca2+ exchange system. Despite the
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essential roles of Na+/K+-ATPases in cell physiology and signaling responses, these
pumps have not been characterized in M. tb [64].

Similarly, potassium ion homeostasis systems have a critical role in regulating
osmotic pressure, pH, cell shape, and turgor. In M. tb, different systems for K+

homeostasis, such as TrK and Kdp, have been described [65]. In the micromolar
range, the kdp operon, which encodes the potassium pump, KdpFABC, is
responsible for transporting K+ inside cells. This membrane complex is formed by
four subunits, the KdpA, a channel-like subunit from the potassium transporters
superfamily, the KdpB subunit of the superfamily of P-type ATPases, and two
accessory subunits called KdpC and KdpF [19].

KdpB contains the specific functional domains of P-type ATPases in which the
ATP hydrolysis occurs to energize ion transport. However, this subunit does not
contain ion-binding motifs, so K+ ions are actually transported through the KdpA
subunit [66]. The KdpC subunit provides stability to the complex and mediates
ATP hydrolysis of the KdpB subunit and ion transport through the KdpA and KdpF
subunits [19]. M. tb encodes a KdpB subunit homolog (e.g., P9WPU3), which
shares the highest sequence identity (63% identity) with KdpB from E. coli (Uni-
prot: P03960) and shows induced expression at low potassium concentrations in M.
tb [67]. As a complex, the subunits of the KdpFABC system have been associated
with the persistence of M. tb bacilli within the host; furthermore, the expression of
this complex is promoted when other K+ transport systems have been inactivated
[65].

3.2.2 Ca2+ Transporters
Calcium homeostasis is relevant for various cellular processes, such as cell growth,
proliferation, cellular motility, and development [68–70]. In bacteria, different
experimental approaches have demonstrated calcium gradients across the cell
membrane, although the reason for maintaining these gradients is not completely
understood [71]. Calcium homeostasis requires proteins that regulate cytosolic
concentrations, usually calcium transporters or proteins with calcium-binding
domains [68]. In bacteria, passive [72, 73] and active [74] calcium transporters, as
well as proteins with calcium-binding domains (CABDs) [75, 76], have been
reported. One important CABD is the Repeat-in-Toxin (RTX) domain, which
undergoes a structural change to a b-roll upon calcium binding and is associated
with protein translocation across the membrane [68]. An RTX-related family of
proteins is exclusively encoded by nearly 100 genes in mycobacteria, including M.
tb [77]. These proteins have been associated with the capacity of pathogenic
mycobacteria to survive within hostile conditions of the macrophage during
infection [78].

The M. tb genome encodes proteins with CABDs, suggesting the existence of
specialized machinery for calcium handling and regulation of cytosolic calcium
concentration. In this context, the search for proteins that allow calcium import and
export across the membrane in M. tb cells has become relevant. There is growing
evidence that reveals the features of possible calcium active transporters encoded in
theM. tb genome. One of the first attempts to identify potential calcium transporters
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in the M. tb genome was the classification of CtpH, CtpI, CtpE, and CtpF as
P2-type ATPases based on their hydrophobicity profiles and conserved structural
motifs. These M. tb ATPases contain the four-residue motif PEGL associated with
binding to alkali/alkaline-earth metals [79], except for CtpH, which contains a
variation in the last residue (PEGM) that has not been previously described [25].

Experimental evidence generated by our research group showed that CtpH has a
calcium-dependent transport activity, and M. tb cells defective in ctpH accumulate
more calcium than the wild-type strain (unpublished results). Conversely, no evi-
dence confirms the ion specificity of CtpI. Regarding CtpE, it has been charac-
terized as a calcium uptake transporter in M. tb [80]; in this sense, P-type ATPases
involved in cation uptake from the extracellular environment had not been previ-
ously described excepting KdpB. CtpE may be important to maintain calcium
concentrations in low-Ca2+ environments similar to those experienced by bacilli
inside the macrophage [81, 82]. The expression of ctpE as part of a negatively
calcium-regulated operon leads to questioning how M. tb handles high external
calcium concentrations, for example, in the lungs and mucous membranes [70].
One explanation is the use of a Ca2+-ATPase that reestablishes the cytosol calcium
concentration after induced surges of calcium, which is comparable to the function
of SERCA in eukaryotic cells.

CtpF is the closest SERCA homolog in the M. tb genome, sharing 33% of
identity and eight out of ten residues involved in calcium-binding, suggesting a
possible calcium-dependent transport activity. We conducted a study to confirm the
ion of specificity and direction of transport by CtpF, finding an ATP-dependent
calcium transport preferentially towards the outside of the cell [83]. The sequence
identity shared between CtpF and SERCA1a is relevant enough to allow for the use
of cyclopiazonic acid (CPA) as a model for designing drugs targeted to CtpF that
show in vitro antimycobacterial activity [13]. Cyclopiazonic acid is a
well-characterized inhibitor of calcium-binding activity in SERCA1a. In CtpF,
calcium-dependent transport is inhibited by this compound and reduces mycobac-
terial viability; therefore, it may be important for M. tb survival. Moreover, M. tb
cells defective in ctpF accumulate calcium and show impaired viability when
exposed to oxidative and nitrosative stress (see Section “CtpF as a Pivotal Target
for M. tb Viability”) [83]. Overall, CtpF is a promising drug and attenuation target.

4 CtpF as a Pivotal Target for M. tb Viability

4.1 CtpF as a Therapeutic Target

The rapid evolution of M. tb to generate resistance to the currently used anti-TB
drugs underlines an urgent need to develop new compounds to treat sensitive and
resistant TB, as well as identify alternative therapeutic targets [84]. To address this,
different research groups focus on developing new anti-TB drugs by identifying
targets in the M. tb cell membrane. For example, a novel anti-TB drug called
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bedaquiline targets the membrane protein F1F0 ATP synthase and affects proton
pumping across the M. tb membrane; furthermore, this drug was approved for
controlled use in XDR-TB patients [85]. Similarly, N-Geranyl-N′-(2-adamantyl)
ethane-1,2-diamine (SQ-109), a small molecule active currently in phase II clinical
trials, blocks the trehalose monomycolate transporter, MmpL3, responsible for
transporting trehalose monomycolate, an essential precursor in the biosynthesis of
mycobacterial mycolic acids [86, 87]. Potential antimicrobial agents may target
these plasma membrane proteins without having to penetrate the cell membrane
[88]. In the light of this, P-type ATPases are attractive drug targets for designing
new anti-TB compounds; for instance, these proteins are targets for successful
antimicrobial agents, such as the antimalarial artemisinin, which inhibits Ca2+-
ATPase of Plasmodium falciparum (PfATP6) [89, 90].

CtpF (Rv1997) is a P-type Ca2+-ATPase of M. tb associated with response to
oxidative stress [83] and is an important protein that responds under infection
conditions. During phagocytosis, M. tb faces high concentrations of Ca2+, partially
offset by CtpF to maintain normal intracellular concentrations of this metal [91]. In
a previous study, we evidenced that the Ca2+-ATPase activity mediated by CtpF
was inhibited by cyclopiazonic acid, at concentrations similar to those reported for
SERCA and PfATP6 activity in eukaryotes. In addition, cyclopiazonic acid inhibits
mycobacterial growth, suggesting a relationship between Ca2+-ATPase activity of
CtpF and the M. tb viability [13]. A strategy including the 3D homology modeling
of CtpF-M. tb was able to identify the pharmacophoric characteristics of the
CtpF-CPA complex that were selected as a pharmacophoric model for searching
inhibitory compounds of the Ca2+ATPase activity of M. tb. This selected phar-
macophoric model has carried out a pharmacophore-based virtual screening
(PBVS) within the ZINC database that contains 22,723,923 compounds and
identifies candidate molecules as CtpF inhibitors. Docking-based virtual screening
(DBVS) and molecular mechanics/generalized Born surface area (MM/GBSA)
re-scoring of the putative CtpF inhibitors allowed the identification of three com-
pounds (ZINC63908257, ZINC55090623, and ZINC45605493) to be evaluated
in vitro.

These compounds showed a minimum inhibitory concentration (MIC) between
50–100 lg/mL and reduced Ca2+-ATPase activity in M. tb membrane vesicles with
a half-maximal inhibitory concentration (IC50) ranging from 4.1 to 35.8 lM
(Fig. 3a). Particularly, ZINC63908257 (MIC of 50 µg/mL) decreased Ca2+-ATPase
activity of the mycobacterial plasma membrane by 45% (IC50 = 4.4 µM). Pre-
liminary results also showed that ZINC63908257 inhibited the intracellular repli-
cation of M. tb H37Rv in a murine macrophage model of infection on mouse
alveolar macrophages (MH-S), displaying a low cytotoxic effect (Fig. 3b). Thus,
the inhibition of Ca2+-ATPase activity mediated by CtpF could affect the intra-
cellular replication of M. tb.

A detailed analysis of the binding site and mode for the candidate anti-TB
molecule ZINC63908257 shows that it binds to the transmembrane domain of CtpF
in a pocket formed between TMS segments M1-M4 (Fig. 4). Particularly, this
binding mode is similar to that of CPA to SERCA1a. In addition, a region between
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Fig. 3 Activity of compounds targeting CtpF selected by virtual screening: a Effect of compounds
on normalized Ca2+-ATPase activity of M. tb at a concentration of 100 µM. Ca2+-ATPase activity
in the absence of compounds was used as control. b Effect of ZINC63908257 on the intracellular
viability ofM. tb H37Rv strain. CFU/mL ofM. tb H37Rv in the presence of the compound relative
to the control without stimulation on days D1, D3, and D6 after phagocytosis are indicated. The
values represent the mean ± SD (n = 3). Significant differences are marked with asterisks as
**P < 0.001; ****p < 0.0001. Reproduced with permission from [13], License Number
4904220999980

Fig. 4 3D and 2D representations of the binding modes of ZINC63908257 to CtpF. The small
box on the left indicates the mode of CPA binding to CtpF. Residues at 4 Å of the ligand are
shown, and TMDs M1 to M4 are indicated. This compound occupies the calcium access channel,
similar to CPA, and makes short contacts with residues of M1 (Gln63, His66, and Ile69), M2
(Gly102, hydrogen bonding with Gln105 and Glu106), M3 (Thr242, Leu245, and Ala246), and
M4 (Ile289, hydrogen bonding with Pro290, Glu291, Leu293, Pro294). Reproduced with
permission from [13], License Number 4904220999980
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TMS M1, M2, M3, and M4 towards the cytoplasmic portion was identified as a
target site to design potent inhibitors of Ca2+-P-type ATPase mediated by CtpF.
This combined strategy suggested that M. tb P-type ATPases, such as CtpF, are key
molecular targets for designing new anti-TB compounds.

4.2 CtpF as a Target for M. tb Attenuation

The transcriptional profile of M. tb under different stress conditions, which simulate
the adverse conditions faced by tubercle bacilli in phagosomes [29], shows that
ctpF is the most responsive P-type ATPase to several stress conditions. This is
especially observed under the presence of ROS/RNS and hypoxia [29], suggesting
that CtpF is involved in strategies used byM. tb to face the hostile conditions inside
phagosomes during infection processes.

These findings led us to focus our efforts on constructing a defective mutant of
the ctpF gene in M. tb (M. tb DctpF) by homologous recombination [92]. Func-
tional analyses on the M. tb DctpF strain showed that CtpF contributes to Ca2+

detoxification in environments with high concentrations of this metal by preventing
calcium accumulation in the mycobacterial cytosol (Fig. 5) [83].

The ctpF gene is among 50 genes controlled by the global latency regulon
(DosR) involved in tubercle bacillus adaptation to the anaerobic environment inside
macrophages, entry to latency, and conservation of redox balance [93, 94]. For this
reason, we assessed the relationship between the transcriptional response of ctpF
and redox stress by evaluating the susceptibility of M. tb wild type (WT) and M. tb
DctpF strains against oxidizing agents, such as hydrogen peroxide (H2O2) and
sodium nitroprusside (SNP). M. tb DctpF was hypersensitive to H2O2 and SNP,
suggesting a link between calcium transport and the mechanisms used by M. tb to
neutralize ROS/RNS. Calcium is an intracellular messenger in bacteria that induces
diverse mechanisms, including defense against oxidative stress (Fig. 6) [68–70].

Fig. 5 Calcium accumulation in M. tb cells. The amount of calcium accumulated was internally
normalized against the amount of calcium measured in the dry mass pellet from the WT strain. The
data shown are representative of three independent experiments. Unpaired two-tailed t-test,
****P < 0.0001. Reproduced with permission from [83], License number 4903930171288
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The increased intracellular Ca2+ concentration in mycobacteria in the phagosomal
environment must be transitory to avoid bacterial toxicity; thus, the efflux function
of CtpF is essential to maintain the ionic homeostasis of Ca2+ [83].

The activation of ctpF in response to redox stress (i.e., a condition faced by
tubercle bacilli in the phagosomal environment) suggests that this transporter could
play an important role in the course of infection processes. Accordingly, we
evaluated the effect of ctpF deletion in M. tb virulence. Preliminary results show
that ctpF is required for M. tb growth in MH-S cells; however, the mutant strain
preserves the immunogenic capacity. In addition, mice infected with the M. tb
DctpF strain showed a higher survival rate than animals infected with M. tb WT
strain in a lung TB model in BALB/c mice.1 Therefore, mutations that affect
nutrient uptake and detoxification systems can also affect the virulence and per-
sistence of M. tb during infection processes. Overall, these findings demonstrate
interesting targets for attenuation and provide a starting point for the rational design
of live attenuated strains with vaccine potential.

5 Conclusion

The capacity to face changes in the environmental cation concentration is funda-
mental for mycobacterial viability; thence, the variety of P-type ATPase trans-
porters in the M. tb genome suggests that these ATPases are essential for
mycobacterial survival. M. tb must overcome multiple environments, such as the
host cell’s cytosol, early endosomes, phagolysosomes, early granuloma, and

Fig. 6 Response of M. tb WT and M. tb DctpF to oxidative and nitrosative stress. Bacteria were
grown in 7H9-OAD media supplemented with varying concentrations of H2O2 and SNP. OD600

cultures in the absence of oxidant agents are considered 100%. Values represent the IC50. Data are
mean ± SEM from three independent experiments. Unpaired two-tailed t-test, ****P < 0.0001.
Reproduced with permission from [83], License number 4903930171288

1 Unpublished results.
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necrotic/caseous granuloma, leading tubercle bacilli to acquire several defense
mechanisms to succeed as an intracellular pathogen. Furthermore, M. tb has many
P-type ATPases that contribute to the detoxification of heavy metal ions, such as
Cd2+, Co2+, Cu2+, Zn2+, among others, which provide tubercle bacilli an evolu-
tionary advantage over host immune cells that naturally increase cation concen-
trations to prevent the proliferation of invading pathogens. In particular, M. tb CtpF
Ca2+ transporter is a P-type ATPase that faces and responds to the most stressful
conditions, representing a biomarker of special interest as a virulence factor or drug
target, as demonstrated through different experimental approaches.

Core Messages

• P-type ATPases are essential for M. tb survival by preserving the metal
balance required for proper cell function.

• The relation between P-type ATPases’ activity and mycobacterial survival
points to these proteins as new anti-TB targets.

• CtpF is essential during infectious processes since its deletion leads to
attenuation of the virulence in M. tb.
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23The Challenges of Antitubercular Drug
Discovery

João Lucas Bruno Prates, Guilherme Felipe dos Santos Fernandes,
Cristhian N. Rodríguez-Silva, and Jean Leandro dos Santos

The biggest disease today is not leprosy or tuberculosis, but
rather the feeling of being unwanted.

Mother Teresa

Summary

Although extensive efforts have been undertaken to eradicate tuberculosis (TB),
it remains one of the deadliest infections. The rising number of drug-resistant
strains contributing to high mortality rates has become a global concern,
highlighting the need for suitable treatments to eliminate such strains. However,
the limitations of current therapies are long treatment duration, adverse side
effects, interactions with other drugs, toxicity, and poor efficacy against latent
strains. Thus, the search for safe and effective anti-TB drugs is urgent. This
chapter addresses the advances and challenges in drug discovery for treating TB
by focusing on the recently approved drugs and the most promising candidates
that can contribute to current therapies.
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1 Introduction

Even after centuries, tuberculosis (TB) remains one of the deadliest infectious
diseases inflicting humankind. The latest reports published by the World Health
Organization (WHO) showed that TB was the main cause of death due to infections
and even more lethal than HIV infection. In 2018, around ten million new cases of
TB were reported, with 1.2 million deaths of non-HIV co-infected patients and up
to 251,000 deaths of HIV co-infected patients.

The main infectious agent responsible for TB is the Mycobacterium tuberculosis
(M. tb). The emergence of resistant strains has lighted up concerns to the treatment
of multidrug-resistant (MDR)-TB and extensively drug-resistant (XDR)-TB.
According to a WHO report of 2018, the number of MDR-TB-infected patients
reached up to 484,000, with an estimated number of deaths of 284,000 [1].

Antitubercular drug discovery: challenges

484 J. L. B. Prates et al.



In general, the most common treatment for newly diagnosed pulmonary TB
(PTB) includes a combination of isoniazid (INH), rifampin (RIF), ethambutol
(EMB), and pyrazinamide (PZA) for two months, followed by four months of
maintenance therapy using RIF and INH. However, for MDR-TB strains, the
treatment regimen is long-term and more complex, mainly because of the lack of
new therapeutic options [2].

Limitations of the current therapy include long treatment duration, high rates of
treatment discontinuation, drug-drug interactions, high toxicity, and adverse effects
induced by drugs (Fig. 1). Moreover, concerns about the lack of drugs for treating
latent TB infection (LTBI), which can be detected in one-third of the worldwide
population, show the immediate necessity for discovering new, safe, and effective
drugs [3, 4].

A few advances in TB treatment were made by the end of 2012. One of the most
significant improvements was developing a short-course directly observed treat-
ment (DOTS) approach, which represents a patient-centered treatment strategy.
This strategy increased treatment adherence and reduced treatment failure, mainly
in developing countries [5]. In 2012, bedaquiline was approved by FDA to treat
MDR-TB infection after a gap of 50 years since the discovery of rifampin in 1965
[6, 7]. Since then, efforts involving international partnerships focusing on the dis-
covery of anti-TB drugs active against resistant strains have been intensified.

This chapter presents the advances and challenges in drug discovery for anti-TB
agents by focusing on the recently approved drugs and the most promising drug
candidates that can contribute to existing therapies.

2 Approved Drugs

Drug designing is a multidisciplinary process that requires multiple preclinical and
clinical evaluations to guarantee the safety and effectiveness of a new drug. Some
studies have estimated that the cost to develop a new drug could reach up to US$
1.2 billion after spending around ten years of launching a new drug candidate in the

Fig. 1 Some challenges of antitubercular drug discovery
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market [8]. To optimize the drug development process to treat critical and urgent
medical issues such as MDR-TB infections, regulatory agencies have established
successful approaches for making such drugs available as soon as possible. Among
these strategies, fast-track and accelerated approval procedures have been estab-
lished to launch new anti-TB drugs in the market. Fast-track approval aims to
contribute to drug development by expediting the assessment of new drugs from
public interests against life-threatening diseases. The condition, named accelerated
approval, aims to allow allows certain drugs to be administered under serious unmet
medical conditions based on some accurate endpoints that guarantee their effec-
tiveness. In the past years, using these approaches, some drugs have been approved
for MDR-TB treatment, including bedaquiline, delamanid, pretomanid, and line-
zolid (Fig. 2). This section will discuss the drug discovery and clinical aspects of
these drugs.

2.1 Bedaquiline

Bedaquiline, also known as TCM207, was developed by Johnson & Johnson by
performing high-throughput screening (HTS) of a library containing more than
70,000 compounds. The high mortality rates caused by MDR-TB infection moti-
vated the search for new drugs that could become an alternative to treating resistant
infections [9].

After HTS, compounds belonging to the class of diarylquinolines showed
promising activity against sensitive, mono-resistant strains, and clinical isolates.
These drugs showed a distinct mode of action compared to those used in first- and
second-line treatments [2, 9].

To comprehend the mechanism of action of bedaquiline, studies were performed
using drug-resistant (DR) mutant strains of M. tb and M. smegmatis. Data from
these studies demonstrated that TCM207 could inhibit the proton pump of ATP
synthase. Specifically, the compound binds to the glutamic acid residue (Glu61) in
the C subunit of the enzyme, interrupting the synthesis of adenosine 5-triphosphate
(ATP). A study on the bedaquiline-induced M. tb resistance mechanism revealed
changes at positions 63 and 66. In position 63, alanine was replaced by proline,
while methionine was substituted by a leucine residue in position 66, found in atpE
of subunit C, which prevents bedaquiline from accessing the Glu61 residue in the
ATP synthase subunit cavity [6, 10].

Fig. 2 Chemical structures of antitubercular approved drugs
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TMC207 exhibited in vitro inhibitory activity with minimum inhibitory con-
centration (MIC) ranging from 0.002 to 0.06 µg/mL in pharmacodynamic studies
against sensitive and resistant strains. In addition, TMC207 could inhibit dormant
mycobacteria, acting through sterilizing effects with activity superior to that of
rifampicin. Preclinical studies on efficacy using infected mice revealed that beda-
quiline could eliminate M. tb from primary and secondary granulomas within six
weeks of therapy. Monotherapy assays showed promising activity, even superior to
the standard regimen using first-line drugs. Among the different combination
therapies (RIF, INH, EMB, PZA, Bedaquiline), the combination of PZA and
Bedaquiline was the most potent [9].

Phase I trials aiming to determine the preliminary pharmacokinetic profile in
healthy patients using both single and multiple doses of bedaquiline revealed that
the maximum plasma concentration was reached after five hours of administering a
single dose (at a dosage of 10 mg, the plasma concentration was 0.07 µg/mL and at
700 mg it was 0.9 µg/mL). The half-life in humans was 173 h, allowing for its
intermittent use [9].

The clinical trial subjects developed mild to moderate side effects after beda-
quiline administration; the most common symptoms were nausea, dizziness, and
body pain. However, more serious effects related to long QT syndrome were also
observed. In a study that enrolled 1293 patients undergoing treatment with beda-
quiline, 44 of them had to discontinue the treatment because they developed long
QT syndrome, while eight others developed more serious cardiac complications that
led to discontinuation. In 2017, WHO warned about bedaquiline risks after ten
patients died during a phase II trial [7].

Despite these side effects, due to lack of better therapeutic options, bedaquiline
was approved by the Food and Drug Administration (FDA) in 2012 to treat
MDR-TB and XDR-TB [7, 11].

2.2 Pretomanid and Delamanid

Among the nitroimidazole derivative, both delamanid (Deltyba®; Otsuka Pharma-
ceutical) and pretomanid (TB Alliance) were approved by regulatory agencies to
treat MDR-TB in 2014 and 2019, respectively. This heterocycle class has been used
to treat infectious diseases, including TB. Pretomanid was the first nitroimidazole
approved to treat TB. Both pretomanid and delamanid were active against M. tb in
active or latent stages [12]. For pretomanid, a potent activity was found with MIC
values ranging from 0.015 to 0.5 µM against resistant strains [13]. Nevertheless,
this drug is distinguished from other anti-TB (first and second line) drugs by its
activity against non-replicating mycobacteria [14]. Likewise, delamanid exhibited
potent anti-M.tb effects with MIC values against resistant strains found at con-
centrations of 0.006 to 0.024 µg/mL. Furthermore, both drugs have been consid-
ered not harmful to humans since they have no genotoxicity, mutagenicity, or
carcinogenicity [15].
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These nitroimidazole drugs act through combined effects against genes
responsible for respiratory chain and cell wall synthesis. The latter is thought to
result from the bioreductive activation of the nitroimidazole subunit by the enzyme
deazaflavin-dependent nitroreductase (Ddn) from M. tb [12, 16, 17]. Depletion of
ketoymycolates and buildup of hydroxymycolates are the mechanisms by which
this group of chemicals affects the biosynthesis of mycolic acid. In addition, these
bicyclic compounds also act in non-replicating forms of M. tb. Recently, a new
mechanism has been identified by which this class of compounds can act. Meta-
bolomics studies have shown that pretomanid may induce the accumulation of the
toxic compound methylglyoxal by interfering in the pentose phosphate pathway
[18].

2.3 Linezolid

Drug repurposing is a well-established approach that allows discovering new
medical uses for known therapeutic drugs. Drug repurposing has several advantages
over traditional approaches for identifying new drugs, including low research risks,
reduced development costs, and relatively less time required for commercialization.
All these advantages allow fast approval of drugs for critical diseases such as
MDR-TB infection. Therefore, the oxazolidinone derivative linezolid is widely
used as an antimicrobial agent to treat infectious diseases caused by gram-positive
microorganisms. Linezolid was included in group A by WHO to treat MDR-TB and
XDR-TB infections. Several studies have demonstrated the efficacy of linezolid
against resistant Mycobacterium strains. The use of linezolid in combination with
other first and second-line anti-TB drugs has resulted in high recovery rates, low
treatment failure, and high sputum culture conversion in 24 months; however, these
desirable endpoints are counterbalanced by the adverse effects caused by the drug,
including low red blood cell count, nerve damage, nausea, and vomiting. Some
authors suggested that these adverse effects are prone to augment the rate of
treatment discontinuation [19].

3 Drug Candidates in Clinical Trials

Although an increasing number of resistant strains have challenged conventional
TB treatment options, the search for new anti-TB drugs has increased since
bedaquiline was approved in 2012, bringing in a better long-term perspective.
Among the several drug candidates being evaluated in human trials, some of the
promising candidates include oxazolidinone, 1,2-ethylene diamine, imidazopy-
ridine, oxaborole, riminophenazine derivatives, and DprE1 inhibitors spanning
multiple chemical classes (Fig. 3; Table 1).
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3.1 Oxazolidinone Derivatives

To overcome toxicity caused by linezolid, novel oxazolidinone derivatives such as
posizolid (AZD5847), sutezolid, delpazolid, and contezolid were designed and
evaluated for treating MDR-TB infection. Despite the superior anti-TB effect of
posizolid compared to linezolid, a phase I trial revealed its limited efficacy and
serious adverse effects, including neurotoxicity, and hepatic and hematological
disorders, leading to the discontinuation of the trial [7, 20].

Oxazolidinone derivatives inhibit protein synthesis by binding to the 23S ribo-
some. This distinct mode of action of novel anti-TB drugs is interesting because it
reduces cross-resistance to existing drugs. Sutezolid, a thiomorpholine analog of
linezolid, exhibits superior activity and less toxicity than its parental drug linezolid
[21]. Infected mice treated with sutezolid have demonstrated a reduction in
symptoms by one month compared to linezolid treatment. A phase I trial showed

Fig. 3 Chemical structures of antitubercular drugs in clinical trials

Table 1 Drug candidates in clinical trials

Phase 1 Phase 2 Phase 3

BTZ043 Telacebec (Q203) OPC-167832

TBI166 Macozinone (PBTZ169) Clofazimine

Posazolid (AZD5847) GSK656

SQ109

Sutezolid

Delpazolid (LCB01-0371)

Contezolid (MRX-I)

TBA7371
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that sutezolid did not cause neuropathy or abnormal hematological findings after
healthy volunteers were treated with the drug for 28 days at a dosage of 600 mg
twice daily, suggesting a superior safety profile compared to linezolid [21].

Delpazolid, also known as LCB01–0371, is another oxazolidinone derivative that
exhibits similar efficacy against MDR-TB and XDR-TB as linezolid and can also act
against linezolid-resistant strains [22]. Phase I clinical trials have shown that del-
pazolid is well-tolerated after administering multiple doses (1200 mg, twice daily)
for 21 days in healthy male volunteers without inducing hematological toxicity [23].

Preclinical studies on contezolid, also known as MRX-I, revealed that this
oxazolidinone derivative is active against MDR-TB clinical isolates, and its efficacy
is comparable to that of linezolid. Infected mice treated with contezolid exhibited a
reduction in mycobacterial load in the lungs compared to control [24]. In humans,
the drug candidate exhibited a low safety and toxicity profile compared to linezolid
[25].

Phase II trials are being conducted to evaluate the effectiveness of sutezolid,
delpazolid, and contezolid against MDR-TB infection.

3.2 1,2-Ethylene Diamine

Another anti-TB drug candidate SQ109, whose 1,2-ethylene diamine subunit is
similar to ethambutol, inhibits cell wall synthesis by interacting with the my-
cobacterial membrane protein large 3 (Mmpl3). This protein is a lipid transporter
that binds to trehalose monomycolate and phosphatidylethanolamine across the
membrane for cell wall synthesis [26, 27]. Preclinical studies have shown that
SQ109 is active against MDR-TB, XDR-TB, and other mycobacteria such as M.
bovis, BCG, and M. fortuitum. SQ109 also exhibited bactericidal action by acting
synergistically with first- and second-line anti-TB drugs. Infected mice showed
reduced levels of colony-forming unit (CFU) in the lungs after SQ109 treatment.
Combining bedaquiline and pyrazinamide cured the infected animals in a reduced
treatment duration of three to six months. In humans, phase I trials demonstrated the
safety of SQ109 without causing serious adverse effects [28]. Unexpectedly, the
results of a phase II trial of SQ109 did not meet the required remission criteria, and
the study was discontinued [29].

3.3 Imidazopyridine

Telacebec (Q203), an imidazopyridine derivative, is an anti-TB drug candidate that
exhibited a novel mechanism of action by hampering cellular energy production by
inhibiting the mycobacterial cytochrome bc1 complex [30].

The antimycobacterial effect of the DR-H37RV strains provided an astonishing
MIC value of 0.0027 µM, while that against MDR-TB and XDR-TB strains pro-
duced values of < 0.00043 µM. Infected mice treated with Q203 (dose, 10 mg/kg)
showed > 99.9% reduction in CFU values in the lungs after four weeks of
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treatment. These experiments confirmed the data obtained from in vitro studies
against M. tb H37Rv, MDR-TB, and XDR-TB clinical isolates. Moreover, using
mice, Q203 has demonstrated an appropriate pharmacokinetic profile and safety in
acute toxicity models [31, 32].

All these promising preclinical results motivated further studies in humans. The
safety profile of this drug in a phase I trial1 led to the commencement of phase II of
the clinical trial. To characterize the proof-of-concept for Telacebec, a randomized,
prospective, open-label trial was performed that enrolled 61 patients.2 These
patients received the drug for 14 days at doses ranging from 100 to 300 mg alone or
combined with first-line drugs. Telacebec was effective in RIF and INH-susceptible
PTB, exhibiting tolerable adverse effects [33].

3.4 Oxaborole

From discovering oxaborole in 1808, boron-containing compounds have been
neglected because of concerns about possible toxic effects. However, special fea-
tures such as water solubility and the ability to perform reversible covalent inter-
actions elicited an interest in its use in drug design [34]. The drug candidate (S)-3-
(aminomethyl)-4-chloro-7-(2-hydroxyethoxy)benzo[c] [1, 2] oxaborol-1(3H)-ole,
also known as GSK656, inhibits the enzyme leucyl-tRNA synthetase in M. tb,
leading to a reduction in protein synthesis. This compound exhibited a remarkable
in vitro effect against MTB H37Rv strains with a MIC value of 0.08 mM and IC50
value of 0.2 mM, demonstrating high selectivity for synthetase. Boron promotes
adduct formation on the terminal nucleotide of tRNA, causing its inhibition. Pre-
clinical assays using infected mice revealed that at 10 mg/kg concentration of the
drug, the reduction in CFU of lungs was around 2.1 log10. These values were similar
to that of linezolid used at 100 mg/kg. In animals, the compound was well-tolerated
and exhibited an appropriate pharmacokinetic profile after oral administration [35].
Phase I study has shown that GSK656 did not induce serious adverse effects, being
well-tolerated after both single and multiple doses in humans [36].

3.5 Decaprenylphosphoryl-b-D-Ribose-20-Epimerase (DprE1)
Inhibitors

An important step during the synthesis of the mycobacterial cell wall is the
conversion of decaprenyl-phosphoryl-b-D-ribose to decaprenylphosphoryl-b-D-ara-
binose performed by the flavoenzyme decaprenylphosphoryl-b-D-ribose-
20-epimerase, also known as DprE1. This heterodimeric enzyme is constituted by
two distinct proteins, DprE1 and DprE2. They act on the biosynthesis of
decaprenylphosphoryl-b-D-arabinose and are located in the periplasmic space.

1 ClinicalTrials.gov number, NCT02858973.
2 ClinicalTrials.gov number, NCT03563599.
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Several inhibitors exhibiting chemical structural diversity have been described in the
literature. The inhibitors that progressed to clinical evaluation are BTZ043,
PBTZ169, OPC167832, and TBA7371.

The compound BTZ043 is a potent benzothiazinone derivative with a MIC value
of 0.001 µg/mL against M. tb H37Rv [37]. Several studies have described that
BTZ043 forms a covalent bond with an amino acid residue Cys387 present in the
active site of DprE1. The benzothiazinone derivative was also active against
MDR-TB and XDR-TB, presenting an additive effect when combined with other
anti-TB drugs [38]. However, their low solubility has interfered with the pharma-
cokinetic profile, reducing the activity when studied on acute and chronic infected
murine models [39].

To solve this issue, researchers have explored the structure-activity relationship
of benzothiazinone derivatives, which enabled the discovery of the compound
PBTZ169 and further named macozinone. Although the activity of macozinone
(MIC: 0.062 µg/mL) was inferior to that of BRTZ043, the drug candidate had a
pronounced effect against MDR-TB with MIC values ranging from 0.116 to
0.232 µg/mL [40]. In addition, this compound was more stable with a high affinity
toward DprE1, maybe because of the presence of cyclohexyl that can prevent the
bioconversion performed by nitroreductase. In combination with other anti-TB
drugs, an additive effect was observed, except for bedaquiline, with which com-
bination became synergic. Preclinical assays on infected mice administered with
macozinone in combination with pyrazinamide and bedaquiline showed better anti-
M. tb effects than the first-line treatment (INH, RIF, and PZA) [39]. A phase I trial
demonstrated an appropriate pharmacokinetic profile (linear PK), good tolerability,
and safety. The compound is currently under phase II trial [41].

Using phenotypic screening to optimize carbostyril derivatives led to the dis-
covery of the DprE1 inhibitor named OPC-167832. This 3, 4-dihydrocarbostyril
derivative demonstrated astonishing MIC values ranging from 0.00024 to
0.002 µg/mL against M. tb, exhibiting bactericidal effect on growing and intra-
cellular bacilli. During treatment of chronically infected mice, the same amount of
bactericidal effect of the drug was observed at a dose of 0.625 mg/kg of body
weight. The combined treatment using bedaquiline, linezolid, or moxifloxacin
reduced mycobacterial burden at levels superior to standard treatment. The com-
pound is being investigated in trials [42].

The 1, 4-azaindole derivative named TBA7371 was described as a noncovalent
inhibitor of DprE1 with a promising effect against M. tb H37Rv and resistant
clinical isolates (MDR-TB and XDR-TB). Preclinical studies demonstrated the
effect against infected rodents without any serious adverse effects. Phase I trials
have described visual disturbance as one of the main reported adverse effects. In
addition, the pharmacokinetic study showed its impact on food intake. The drug
candidate is under evaluation in phase II3 [43].

3 ClinicalTrials.gov, Identifier: NCT04176250.
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3.6 Riminophenazine

Considering the emergence of MDR-TB and XDR-TB, one of the fast ways to find
out newly available drugs is using a drug repurposing approach. Thus, researchers
have found that clofazimine, a riminophenazine derivative used to treat M. leprae
infections, is active against the resistant clinical isolates of M. tb. Therefore, it was
included in the list of second-line drugs (group 5) to treat MDR-TB and XDR-TB
without first-line therapeutic options. The mode of action is not completely com-
prehended, but adverse effects and undesirable physicochemical properties (i.e.,
high lipophilicity) promote its accumulation in fat tissues and prolong its half-life.
Therefore, several analogs were synthesized and evaluated to improve these
properties, which led to the discovery of TBI-166. Interestingly, for this rim-
inophenazine derivative, the MIC value against MDR-TB and XDR-TB were in the
range of 0.027–0.095 µg/mL, which suggested its superior activity over clofaz-
imine [44]. Preliminary studies suggested that the mode of action of TBI-166 could
be related to ion transport and cell respiration. Moreover, in vivo experiments using
infected BALB/c and C3HeB/FeJNju mice revealed that regimens containing
TBI-166 alone or in combination with other drugs (bedaquiline; pyrazinamide;
bedaquiline + linezolid; bedaquiline + linezolid + pretomanid; and
bedaquiline + pretomanid) for four to eight weeks are more potent than that of the
control treatment (INH + RIF + PZA). After eight weeks of treatment in the groups
using TBI-166, the lung log CFU counts of bacilli were undetectable, as in the
group (TBI-166 + bedaquiline + linezolid) showed maximum activity for both the
lines of mice [45]. Phase I trial on TBI-166 was approved by the China Food and
Drug Administration (ChiCTR1800018780) [46].

4 Future Challenges

Ambitious plans to eradicate TB worldwide proposed by ‘Stop TB Partnership’
until 2030 are still far from concretize, mainly because of the inferior investments in
TB research compared to those recommended by the agency [47]. Despite that,
several compounds at the stage of discovery and lead optimization have been
described in high numbers in past years, showing new fruitful research in this field
[20, 48].

Future challenges are the development of:

• new regimens active against resistant strains;
• regimens shorter than the current treatment;
• active drugs against LTBI effective on all patients, including those co-infected

with HIV; and
• new therapies focusing on the host targets (host-directed therapy) that increase

the immune response against the M. tb
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The long duration and adverse effects of the current therapy are responsible for
relapse and failure in the treatment of resistant cases. Therefore, new regimens
aiming to reduce the treatment period are desirable for MDR-TB. In 2016, WHO
recommended a shorter and standardized regimen (nine to 12 months) for the
treatment of pulmonary MDR-TB. It consisted of four to six months of high doses
of isoniazid (10 mg/kg, up to the maximum 600 mg daily), ethambutol, pyrazi-
namide, moxifloxacin, ethionamide or prothionamide, clofazimine, and an in-
jectable aminoglycoside (kanamycin or amikacin), followed by five months of
continuation using pyrazinamide, ethambutol, moxifloxacin and clofazimine [49].
A similar protocol named Bangladesh regimen successfully reduced the MDR-TB
treatment long duration to nine months. The main difference between the two
protocols is the replacement of moxifloxacin in the WHO protocol by gatifloxacin
in the Bangladesh regimen [50].

Within the new drugs, approved alternative regimens containing bedaquiline
(trial NCT02409290), pretomanid, and linezolid (NiX-TB trial, NCT02333799)
have contributed to improving efficacy and reducing treatment duration.

The WHO has estimated that around one-third of the worldwide population has
LTBI. Alternatives to the high doses of isoniazid for nine months or more should be
researched urgently. Some studies suggested that the combination of rifapentine and
INH given for three months exhibits similar efficacy to that of INH individually,
administered for nine months [51].

Another perspective in TB treatment is based on host-direct therapy. The
strengthening of immune systems allows greater infection control by reducing
treatment duration, preventing relapse, and controlling inappropriate immune re-
sponses due to the presence of bacilli. Among the strategies used, it is notorious for
highlighting the inflammatory processes control in the lungs that prevent tissue
damage. Moreover, improvement in host immunity is associated with eliminating
bacilli at the early stages of infection without any complications. The importance of
strengthening immunity is notorious mainly in patients co-infected with HIV,
whose hampering of immune response increases mortality [52].

5 Conclusion

The emergence of MDR-TB and XDR-TB has brought new challenges for
humankind worldwide. After a gap of 50 years without a new drug, the bedaquiline
approval in 2012 opened new perspectives to finding new therapeutic options. The
bio-psycho-social issues, including the stigma of the disease, the presence of
co-infections, and social-economical-environmental difficulties in accessing the
treatment, are still the same issues to overcome concomitantly. The past few years
were fruitful in anti-TB drug discovery because of novel drugs (and drug candidates
in clinical trials) exhibiting distinct modes of action against resistant and latent
forms. The association of new drugs has shortened the treatment period and
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diminished adverse effects. Despite these challenges, the scenario for anti-TB drug
discovery has undergone a profound transformation in the past few years, bringing
bright future perspectives to mitigate the disease.

Core Messages

• The chapter discusses the main challenges for TB elimination, including
barriers to the current treatment.

• The chapter provides a state-of-art on antitubercular drug discovery
involving different medicinal chemistry approaches.

• The chapter reviews advances in anti-TB drug discovery, highlighting the
current stage of each drug candidate.

• The chapter includes the main results of drug candidates in clinical trials,
highlighting some perspectives for investigating the field.
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The biggest disease today is not leprosy or tuberculosis, but
rather the feeling of being unwanted.

Mother Teresa

Summary

Decaprenylphosphoryl-b-D-ribose 2′-epimerase 1(DprE1) is a new and compe-
tent target that could be exploited for drug discovery to tackle the problem of
drug-resistant tuberculosis (TB). It is a flavoprotein that essentially contributes to
mycobacterial cell wall biosynthesis. The enzyme is involved in the synthesis of
Araf molecules, which are the building blocks in the synthesis of lipoarabino-
mannans and arabinogalactans. Benzothiazinones were the first molecules to be
reported as DprE1 inhibitors. Since then, a number of new and novel compounds
have been reported as DprE1 inhibitors. These inhibitors exhibit either covalent
or non-covalent binding to the enzyme. Four DprE1 inhibitors, namely
BTZ-043, Macozinone, OPC-167832, and TBA-7371, are currently in clinical
trials. This chapter attempts to discuss DprE1 as a potential druggable target and
its inhibitors for the discovery of anti-TB agents.
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1 Introduction

Target identification serves as the commencing step of any drug discovery program.
Medicinal chemists worldwide have been actively involved in unraveling novel
tuberculosis (TB) targets and their promising inhibitors. Such a target should
possess three essential characteristics:

(i) significance for the growth and persistence of bacteria;
(ii) selectivity for the bacteria over the host; and
(iii) drug approachability, i.e., the absence of structural barriers in the bacteria

which would block the approach of the drug to the target.

Numerous first-line and second-line anti-TB drugs (Fig. 1) have been used
clinically to treat TB for a long time, but the real fact is that the exact targets for
many of them have not yet been recognized [1]. There are several targets identified
to date for the inhibition of the active, replicating, and dormant forms of TB.
Figure 2 depicts various targets and some promising TB inhibitors [2]. To date, a
number of novel techniques, strategies, and programs have been undertaken as part
of the TB drug discovery process. The overall picture is such that new drug dis-
covery for the management of TB has become a daunting task for the researchers as
the biggest culprit is Mycobacterium tuberculosis (M. tb) bacterium itself which
exists in replicating as well as in dormant forms [3–5].

It is needed that novel anti-TB agents, either individually or in combination,
have a shorter duration of treatment and manage drug resistance (DR) cases
effectively with minimum or no toxicity. Recently, the decaprenylphosphoryl-b-D-
ribose 2′-epimerase 1 (DprE1) enzyme possessing all the desirable requirements has
emerged as a prospective novel target for the discovery of new anti-TB drugs [6].
DprE1, a flavoprotein present in the periplasm of the M. tb cell wall, is indis-
pensable for cell wall synthesis. The significance of DprE1 as a potential druggable
target for the discovery of anti-TB agents has been thoroughly discussed in the
following sections of this chapter.

2 Special Features of the Enzyme Decaprenylphosphoryl-b-
D-Ribose 2′-Epimerase 1 Which Make It a Target

To combat DR in mycobacterial strains, it is an urgent need to develop a drug that
would be able to decrease the duration of treatment and kill the mycobacteria both
in replicating and dormant forms completely. This is possible only when a valid
target, which is essential for the growth of bacteria and its survival, is identified for
the drug. Though many targets have been recognized and validated and a number of
new anti-TB agents with potential anti-TB activity, the biggest threat of DR-TB still
keeps on challenging the medicinal chemists’ fraternity [2].
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Fig. 1 Chemical structures of first (1–4) and second (5–19)-line anti-TB drugs
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DprE1 has evolved as a new competent target that could be exploited for anti-TB
drug discovery to tackle the problem of DR. It was postulated a few decades ago
that blocking the biosynthetic process of mycobacterial cell wall would be the best
way to win the battle against TB. DprE1 is a vital enzyme in the M. tb cell wall
synthesis. In fact, inhibition of DprE1 causes cessation of generation of DPA
required for the formation of Araf residues. Reduced levels of Araf residues hamper
the supply of these essential building blocks of the mycobacterial cell wall, i.e., AG
and LAM, which subsequently affect the biosynthesis of the M. tb cell wall. Thus, it
clearly demonstrates that inhibiting DprE1 could hamper the growth as well as the
survival of M. tb. Moreover, DprE1 is an ideal target as it is present only in
mycobacteria and not in humans, which certainly underlines its importance as an
anti-TB drug target for designing, developing, and discovering novel anti-TB
agents. These special features of the DprE1 enzyme significantly make it a valuable
drug target that could be utilized effectively for the discovery of novel anti-TB
agents with enhanced biological potential and minimum toxicity [1, 7, 8].

2.1 Location and Role

Considering its function to provide overall strength to the cell and protect it from
virulence and pathogenicity, the cell wall is the most important component of a

Fig. 2 Diagrammatic representation of M. tb cell demonstrating various possible targets within
the cell structure [2]. Reprinted with permission from [2] Copyright© 2018 American Chemical
Society
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bacterial cell [9]. Therefore, cell wall biosynthesis has been considered the most
promising target for most drugs, including antibiotics. Biosynthesis of the cell wall
in M. tb consists of a number of processes that are ideal drug targets for discovering
anti-TB drugs [10]. Several anti-TB agents, such as isoniazid (1) and ethambutol (3)
of the first-line category, along with other second-line agents, actually interfere in
the cell wall biosynthesis during different stages (Fig. 1) [11, 12]. With this strategy
in mind to block the biosynthesis of the cell wall, various novel anti-TB targets, as
shown in Fig. 2, have been recognized, which could be exploited further to develop
novel anti-TB drugs.

The composition of the M. tb cell wall is quite complex as it is built of two
unique complexes known as peptidoglycan-arabinogalactan-mycolic acid
(PAM) complex or mAGP complex (mycolyl-arabinogalactan–peptidoglycan) and
lipoarabinomannan (LAM) [13]. PAM complex is mainly composed of three layers:

(i) a highly impermeable lining of mycolic acid;
(ii) arabinogalactan polysaccharide (AG); and
(iii) peptidoglycan (PG), posing from outer side to inner side of the cell.

PG is covalently bound to AG through a phosphodiester linkage that gets
attached to the mycolic acid, forming the PAM complex [14]. The second element,
LAM, is a non-covalently bound lipopolysaccharide comprising D-arabinofuranose
(Araf) and mannopyranosyl residues. Both the components (PAM and LAM) are a
prerequisite to maintaining cell wall integrity and impart a crucial role in the M. tb
virulence and pathogenesis [12, 15, 16].

Synthesis of Araf residues, essential building blocks of AG and LAM, is a
crucial biosynthetic step. Biosynthesis of AG and LAM involves the addition of
Araf residues to the galactan and mannan domains, respectively, catalyzed by a
specific enzyme known as arabinosyltransferase. The arabinosyltransferase enzyme
uses the sugar decaprenylphosphoryl-b-D-arabinose (DPA) generated by the
epimerization of decaprenylphosphoryl-b-D-ribose (DPR). DPA is the only source
for the Araf residues in M. tb. Without DPA, it is difficult for the bacteria to survive
in latent as well as virulent forms as the cell wall synthesis would be ceased
completely [12, 15, 17].

A heterodimeric enzyme, i.e., DprE, consists of two enzymes–DprE1 and
DprE2–the key proteins involved in the biosynthesis of DPA. DprE1 is a
FAD-dependent enzyme that converts DPR to decaprenylphosphoryl-2-keto-b-D-
erythro-pentofuranose (DPX) by oxidation, and DPX is then further reduced to
DPA in the presence of decaprenylphosphoryl-D-2-keto-erythro-pentose reductase
(DprE2). DprE1 is required for the growth and survival of M. tb. Hence, blockade
of DPA synthesis by inhibition of the DprE1 enzyme would be a key strategy to
stop the biosynthesis of the M. tb cell wall [6, 18].
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2.2 Mechanism of Action

Biosynthesis of DPA involves oxidation of DPR to DPX in the first step and
reduction of DPX to DPA in the second step (Fig. 3). Oxidation of DPR is cat-
alyzed by a flavoenzyme, DprE1, using flavin adenine dinucleotide (FAD) as an
oxidant which gets reduced to FADH2. Now, to start a new cycle of oxidation of
DPR, FADH2 has to be re-oxidized to its oxidizing form, i.e., FAD. Despite being
an oxidase enzyme, DprE1 showed comparatively low reactivity with oxygen.
Actually, DprE1 uses a natural membrane-embedded electron acceptor, menaqui-
none, present in M. tb to re-oxidize FADH2 to FAD. In the second step, the
reduction of intermediate DPX to DPA is catalyzed by DprE2 in the presence of
cofactor NADH. Considering the above fact, DprE1 could be considered an oxi-
doreductase enzyme rather than a true oxidase. Therefore, the DprE1, DprE2, or
DprE1-DprE2 complex could be exploited as potential TB targets to design and
develop small molecule therapeutics [10, 19, 20].

2.3 Crystal Structure

The discovery of the crystal structure of DprE1 shed more light on the identification
of the active sites of the enzyme and the possible mechanism of action of its
inhibitors which proved beneficial for the medicinal chemists to design and develop
novel anti-TB drugs with improved clinical potential. There have been several
reports wherein crystal structures of DprE1 from M. smegmatis and M. tb
co-crystallized with or without covalent/non-covalent inhibitors [7]. Neres et al.
[19] and Batt et al. [20] were the first groups to report the crystal structure of the
DprE1 enzyme in the year 2012. Thereafter, approximately 35 crystal structures of
DprE1 have been reported to date, which are available in the protein data bank
(PDB).1 Piton et al. [7] and Chikhale et al. [2] have enlisted 23 of the available
structures of DprE1 systematically according to their date of release, PDB IDs,
resolution, and source of Mycobacterium species [2, 7]. A summary of the re-
maining structures of DprE1 from 2018 onwards has been presented in Table 1.

The crystal structure of DprE1 contains several active sites for binding inhibi-
tors. The enzyme DprE1 (PDB code 4P8L; Fig. 4) consists of two active binding

1 https://www.rcsb.org/search?request=%7B%22query%22%3A%7B%22type%22%3A%22group
%22%2C%22nodes%22%3A%5B%7B%22type%22%3A%22group%22%2C%22nodes%22%
3A%5B%7B%22type%22%3A%22group%22%2C%22nodes%22%3A%5B%7B%22type%22%
3A%22terminal%22%2C%22service%22%3A%22full_text%22%2C%22parameters%22%3A%
7B%22value%22%3A%22dpre1%22%7D%7D%5D%2C%22logical_operator%22%3A%22and
%22%7D%5D%2C%22logical_operator%22%3A%22and%22%2C%22label%22%3A%22full_
text%22%7D%5D%2C%22logical_operator%22%3A%22and%22%7D%2C%22return_type%
22%3A%22entry%22%2C%22request_options%22%3A%7B%22pager%22%3A%7B%22start%
22%3A0%2C%22rows%22%3A25%7D%2C%22scoring_strategy%22%3A%22combined%22%
2C%22sort%22%3A%5B%7B%22sort_by%22%3A%22score%22%2C%22direction%22%3A%
22desc%22%7D%5D%7D%2C%22request_info%22%3A%7B%22query_id%22%3A%
22cdfdc2c113a57e3c8e2b8beba4d0b327%22%7D%7D.
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domains, similar to the other oxidoreductases such as vanillyl alcohol oxidase.
These two active binding domains include:

(i) a FAD-binding domain with residues 7–196, 413–461; and
(ii) a substrate-binding domain with residues 197–412 (Fig. 4).

The cofactor FAD is located deep inside the FAD-binding domain of the
enzyme, with the isoalloxazine ring of FAD lying at the interface of the
substrate-binding domain. Two disordered loops are present above the
substrate-binding domain, confirmed by the electron density map obtained in all of
the crystal structures of DprE1 [7]. Interestingly, these two loops, disordered loop I
with amino acid residues 269–303 and disordered loop II with amino acid residues
316–330, might be interacting with the cell membrane, with certain proteins

Fig. 3 Epimerization of 2′-OH group (highlighted in red color) of DPR by DprE1 and DprE2 to
generate DPA [2]. Reprinted with permission from Ref. [2] Copyright© 2018 American Chemical
Society
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Table 1 Crystal structures of DprE1 in PDB along with their year of release, resolution, inhibitor,
and mechanism of inhibition

S.
No

Year
(release
date)

PDB
ID

Co-crystal ligand Resolution
(Å)

Mycobacterium
species

1 2018 5OEL

N

S HN

O
S

H
NO

O

O Me

(20)

2.20 Mycobacterium
tuberculosis
CDC1551

2 2018 5OEP

N

S HN

O
S

H
NO

O

O Me

F

(21)

2.35 Mycobacterium
tuberculosis H37Rv

3 2018 6G83

N

S

O

HN
O

F3C

N
N

S
O

O

(22)

2.40 Mycobacterium
tuberculosis
CDC1551

4 2018 6HF0

O N

Me

Me

O
F3C

N
OO

(23)

2.38 Mycobacterium
tuberculosis

5 2018 6HF3

N

S N
N

O
F3C

NH
HO

(24)

2.20 Mycobacterium
tuberculosis

6 2018 6HEZ

N

S N

O
F3C

HN
OH

O

O
Me

(25)

2.30 Mycobacterium
tuberculosis

(continued)
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Table 1 (continued)

S.
No

Year
(release
date)

PDB
ID

Co-crystal ligand Resolution
(Å)

Mycobacterium
species

7 2018 6HFW

N

S N

O
F3C

HN
OH

(26)

2.47 Mycobacterium
tuberculosis H37Rv

8 2018 6HFV

N

S N

O
F3C

HN
OH

(27)

2.05 Mycobacterium
tuberculosis H37Rv

9 2018 5OEQ
N

N

S H
N

O S

H
NO

N

N

(28)

2.25 Mycobacterium
tuberculosis H37Rv

Prepared with data from Refs. [6, 21–23]

Fig. 4 Structure of DprE1 (PDB code 4P8L). A deep blue color represents the FAD-binding
domain, whereas light blue color depicts the substrate-binding domain. Substrate-binding pocket is
highlighted on the lime green surface. Orange and hot pink depict the two disordered loops [7].
Reprinted with permission from Ref. [7] Copyright © 2017 Elsevier
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involved in the biosynthesis of DPA, a substrate for DprE1 or with DPR [20]. These
two disordered loops actually keep the substrate-binding domain wide open,
facilitating the accommodation of the substrate in the domain. Thus, these loops
could be considered as the entrance gate for the substrate approaching the
substrate-binding domain [7]. Recent developments of various DprE1 inhibitors
have been discussed in the following sections of this chapter.

3 Insight into DprE1 Inhibitors

Previously in the year 2018, we have published from our lab an extensive review on
DprE1 and its inhibitors as an anti-TB target [2]. Some important developments in
discovering DprE1 inhibitors as potential anti-TB drugs have been discussed here.

The discovery of the co-crystal structure of DprE1 bound to benzothiazinone
(BTZ) offered an important insight into the mechanistic view of DprE1 inhibitors
that helped develop newer anti-TB agents. DprE1 inhibitors can be categorized or
differentiated based on their binding interactions, viz. covalent or non-covalent
binding to the enzyme. Here, DprE1 inhibitors are classified as covalent and
non-covalent binding and miscellaneous inhibitors.

3.1 Covalent Binding Inhibitors

3.1.1 Benzothiazinones as the Leading Inhibitors of DprE1
Benzothiazinones (BTZs) evolved as a new class of anti-TB agents in 2009. They
offered hope for the design and development of newer and effective drug candidates
for the treatment of DR-TB [24]. BTZ scaffold demonstrated sub-micro molar MIC
value against M. tb. BTZs have been proved to inhibit the DprE1 enzyme cova-
lently. In a successful attempt to improvise the pharmacological properties of BTZs,
their piperazine-containing analogs (PBTZ) were synthesized.

In the biological systems, the nitro functional group gets reduced primarily to the
corresponding nitroso group, then to the hydroxylamine, and finally to the amine
[25]. It is hypothesized that benzothiazinone-nitrosoarene derivatives bind with
Cys387 residue of the enzyme via interaction with the thiol group of the residue,
thereby forming a covalent adduct and, thus, behaving suicide inhibitors [26]. Later
in 2013, Tiwari et al. [27] proposed another plausible mechanism behind the for-
mation of the nitroso derivative. They proposed that the redox reaction responsible
for converting the nitro into the nitroso derivative is facilitated by the thiol group of
cysteine residue present in the enzyme. It was also hypothesized that this conver-
sion does not require FADH2 as the catalyst. Further, the cine addition of thiolate
would initiate the redox reaction that generates the nitroso derivative.

For the first time, BTZs were reported as nitro benzothiazinones, the active
molecules that could inhibit DprE1 from Mollmann lab, Germany; Makarov lab,
Moscow; and Cole lab at the Global Health Institute, Ecole Polytechnique,
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Switzerland [16, 28]. BTZ043 (29) was found to be the most potent compound,
exhibiting antimycobacterial activity with a minimum inhibitory concentration
(MIC) value of 1 ng/mL, whereas MIC values for Isoniazid and ethambutol
(EMB) were found in the range of 0.02–0.2 mg/mL and 1–5 mg/mL respectively.
In order to determine the site of action of BTZ, radiolabeled studies were per-
formed. These results demonstrated that BTZ targeted the biosynthesis of ara-
binogalactan, which in turn is an important component in the covalent linking of
mycolic acid and peptidoglycan layer, thus inhibiting the biosynthesis of the M. tb
cell wall.

Gao et al. [29] attempted to establish the structure-activity relationship (SAR) of
BTZs. In order to do so, they prepared a series of N-alkyl and heterocycle sub-
stituted BTZ compounds. These derivatives showed potent inhibition against the M.
tb strains. It was noted that increasing the bulk or substituting bulky groups in the
BTZ motif amplified the inhibitory activity. Also, the trifluoro substituent played a
pivotal role in deciding the activity of the piperazine or piperidine analogs. Some
compounds with spiro-piperidine moiety exhibited activity comparable to that of
BTZ043. This indicated that the presence of sulfur in the azaspiro ring increased the
activity. These compounds also demonstrated good bioavailability. Further, an
attempt was made to substitute the oxygen of the BTZ043 carbonyl group with a
sulfur atom, generating SKLB-TB1001 (30). Compound (30) showed promising
in vitro activity and good ADMET properties, and it was found to be efficient in
treating acute infection in a mouse model. Its MIC value was found to be
0.02 lg/ml. Subsequent work resulted in the design and synthesis of substituted
2-piperazine-benzothiazinone (PBTZ) (31) derivatives with enhanced lipophilicity
[30]. SAR studies for this series indicated that the presence of hydrophilic groups
such as secondary or tertiary amines, alcohols, etc., on the N-4 piperazine ring led
to compounds with diminished or complete loss of activity.

NO2

F3C
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O
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O

O
CH3
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NO2
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NO2
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O
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N
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Benzothiazinones BTZ043 (29) and PBTZ0169 (31) were explored substantially
due to their imposing DprE1 inhibition. To enhance the activity and pharmacoki-
netic parameters, Peng et al. [31] synthesized 1,3-benzothiazin-4-one derivatives
with 4-carbonylpiperazine (32). MIC value of this most active compound was
found to be 0.0131 lM.

BTZ-SO (33) and BTZ-SO2 (34) were prepared to study the effect of oxidation
of sulfur on the biological activity of BTZ [32]. BTZ-SO was found to produce
impressive antimycobacterial activity, whereas BTZ-SO2 failed to exhibit anti-TB
activity.

3.1.2 Benzothiazole Containing DprE1 Inhibitors
Langde el at. [33] discovered some new molecules containing benzothiazole,
possessing antimycobacterial activity by high throughput screening of database
from AstraZeneca Pharmaceuticals drug library, containing more than 100,000
compounds. Initial searching gave benzothiazole N-oxide as the lead molecule
(8-BTO) (35). The most potent compound was found to possess a MIC value of
1 lg/mL. It was further taken up to optimize and develop a new series of deriva-
tives. Benzothiazole oxide and benzothiazole were found to show good potency,
but this potency came along with the side effect of mutagenicity. It was noted that
substitution of the nitro group rendered the compound inactive. Furthermore, the
authors tried to sterically hinder the nitro group so as to prevent the generation of
reactive intermediate derivatives responsible for mutagenic properties. The IC50

value for 8-BTO (35) was found to be 0.026 lM.
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3.1.3 Triazole Scaffold Containing DprE1 Inhibitors
Stanley et al. [34] performed a cell-based HTS assay and reported various novel
inhibitors. In this study, screening of the literature reported 20,000 antibacterial
agents against M. tb. Additionally, a dataset of 341,808 compounds was also
screened against M. tb using a 7H12 medium. 1-(4-(tert.Butyl)benzyl)-3-nitro-1H-
1,2,4-triazole (36) came out as an initial hit showing an IC90 value of 0.5 lM. It
was observed that compounds having nitro groups showed good activity, whereas
compounds devoid of the nitro group exhibited reduced activity. Also, compounds
with nitro substitution were bound covalently with the enzyme. These observations
suggest the importance of the nitro group, which in turn gets reduced to some
reactive species to provide interaction to the target.

Karabanovich et al. [35] prepared various 3,5-dinitrophenyl-1,2,4-triazole con-
taining compounds exhibiting magnificent and selective antimycobacterial activity.
Among the 23 compounds, it was found that S-substituted 4-alkyl-5-
(3,5-dinitrophenyl)-4H-1,2,4-triazole-3-thiols (37) and their 3-nitro-5-(tri-
fluoromethyl)phenyl (38) analogs exhibited the highest in vitro activity against M.
tb H37Rv.

Ali et al. [36] synthesized seventeen novel 1,2,3-triazole derivatives (39) using
‘click chemistry’ methodology and evaluated them in vitro for their inhibitory
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activity against M. tb H37Rv strain. Among the synthesized derivatives, six com-
pounds were found to have significant activity with MIC values ranging from 3.12
to 0.78 µM with nil or negligible cytotoxicity against mouse bone marrow-derived
macrophages. These six compounds possessed MIC values lesser than 6.25 µg/ mL
along with a high affinity for the active site of DprE1.

3.1.4 Quinoxalines as DprE1 Inhibitors
Magnet et al. [37], while performing an experiment of screening a collection of
kinase inhibitors containing 12,000 compounds against M. tb, reported the
quinoxaline scaffold active against M. tb. Three compounds were obtained as initial
hits having activity lesser than 10 lM. During the studies, it was observed that
these compounds were non-mutagenic and non-toxic. All three hits contained
quinoxaline as a basic scaffold (40) and were reported as specific inhibitors of
DprE1. The mechanism of action or binding mode of these molecules is essentially
the same as BTZs.

3.1.5 Nitrobenzamide-Based DprE1 Inhibitors
Nitrobenzamide derivatives depict another example of the application of high
throughput screening (HTS) in drug discovery. Christophe et al. [38] performed
screening of a collection of 56,984 molecules for checking drug-likeness by
applying Lipinski’s rule of five, and then the short-listed molecules were screened
for their anti-TB activity at a single dose concentration. Four hundred eighty-six
molecules from the selected molecules were checked using the serial dilution
method. About 8% of these molecules showed MIC value comparable to isoniazid.
Cluster analysis indicated that 69 compounds had a similar structure as isoniazid,
and out of these, 24 compounds had benzamide as the common structural feature
(41). These derivatives were further exploited to produce a series of compounds
with improved activity [39]. SAR study was also undertaken to optimize the
benzamide derivatives. It was noted that nitro groups at positions 3 and 5 were
essential for the potency of the compounds as reduction of nitro to the corre-
sponding hydroxylamine derivatives with no activity. An enhancement in the
activity profile was observed when the amide nitrogen was substituted with ben-
zyloxy or phenoxymethyl moieties. Cyclic benzamides demonstrated MIC values
as low as 80 nM, but they lacked potency during the intracellular assay. Compound
(42) was screened for antimycobacterial activity on replicating as well as
non-replicating strains. Unfortunately, the results demonstrated that it was effective

N

N
NO2

R3

R2

R1

(40)

Comp. R1 R2 R3 MIC (μM) 

40a -CH3 Phenyl Br 3.1 

40b CH3 Phenyl CF3 0.75 

40c Phenyl CH3 CF3 6.25 
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only in the replicating cultures and was inactive against the non-replicating strains.
These results concluded that compound (42) demonstrated activity by interacting
with the Cys387 residue of the DprE1.

Furthermore, two more benzamide derivatives, CT325 (43) and CT319 (44),
were synthesized by taking BTZ structure into consideration, which was found to
bind to the active site of the DprE1 enzyme [18]. Both of them showed good
inhibitory activity with specificity towards DprE1. It was seen that compound (43)
interacted covalently with the enzyme acting as an irreversible inhibitor, whereas
compound (44) formed a non-covalent bond with the enzyme.

3.2 Non-covalent Inhibitors

3.2.1 Benzothiazinone Containing DprE1 Inhibitors
Earlier, benzothiazinones were known to interact only covalently with the enzyme.
But the scenario changed when Makarov et al. [40] tried to replace the nitro group
of the BTZ with a pyrrole ring. These efforts resulted in the discovery of active
pyrrole-BTZ compounds (45 and 46) having a MIC value of 0.16 lg/mL. The IC50

values were as low as < 8 lM with appreciable ADMET and in vivopharmacoki-
netic parameters. Unfortunately, they failed to impress the animal models.
Molecular docking studies revealed that pyrrole-BTZs bind to the same cavity of
DprE1 as BTZ, with pyrrole rings located close to Cys387 residue. Surprisingly,
any covalent interaction with the enzyme was absent, indicating that Pyr-BTZ
compounds act as non-covalent inhibitors.

O2N

R2

N
O

O

R1

(41)

O2N

NO2

N
H

O
O

OCH3

(42)

F3C

NO

N
H

O CH3

CT325 (43)

F3C

NO2

N
H

O CH3

CT319 (44)

514 M. R. Yadav et al.



3.2.2 Benzothiazole Based DprE1 Inhibitors
Benzothiazoles have been considered a boon for designing and developing DprE1
inhibitors. Wang et al. [41] performed cell-based phenotype screening and reported
a small molecule TCA1 (47) as a DprE1 inhibitor. The Discovery of TCA1 (47)
was serendipitous, as it was obtained during the screening of a collection of 70,000
molecules for their inhibitory activity against replicating and non-replicating M. tb
strains. Compound (47) showed promising activity both in vitro and in vivo. Ini-
tially, it was observed that the compound (47) exhibited antimycobacterial action by
downregulation of persistent genes and cell wall inhibition via interfering with
mycolic acid synthesis. The discovery of TCA1 (47) offered a pathway for further
developing DprE1 inhibitors by serving as a template molecule. Liu et al. [21]
performed synthesis, molecular docking, and pharmacological evaluation along
with SAR studies to optimize the benzothiazoles as DprE1 inhibitors. Three posi-
tions were modified, i.e., thiophene moiety, benzothiazole core, and carbamate
group. It was observed that these structural changes were indeed beneficial for
inhibitory activity, but they also caused CYP2C9 inhibition. Subsequently, to
develop DprE1 inhibitors with no CYC2C9 inhibition, the authors carried out
further studies using compound TCA007 (48) as a template molecule.

In another study conducted by Chikhale et al. [42], a series of benzothiazolyl
pyrimidine carboxamides was reported. This series provided information that
compounds having para-substituents on the phenyl ring of the compound demon-
strate favorable activity though the unsubstituted compound (49) offered the best
results in terms of MIC value of 0.08 and MBC of 7.7 lM.
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Fauzia et al. [43] reported anti-TB activity of benzothiazole and 1,2,3-triazole
based bis-heterocycles against M. tb. Three compounds (50–52) showed good
activity among the series. Furthermore, a molecular docking study was conducted
to investigate the binding interactions between the compounds and DprE1. It was
found that compound (51) possessed potent inhibitory properties owing to hydro-
gen bonding and hydrophobic interactions. It was seen that compound (51) inter-
acted with Tyr60, Gly117, Ala375, Ser378, Asn385, Lys418, and Trp437 residues
via H-bond.

3.2.3 Imidazopyridine Based DprE1 Inhibitors
Gawad et al. [44] reported 6-(4-nitrophenoxy)-2-substituted-1H-imidazo[4,5-b]
pyridine derivatives to explore the potential of 1H-imidazo[4,5-b]pyridine nucleus.
In this study, the nitro group was intentionally substituted at the sixth position
because of its proven binding with Cys387 residue of the DprE1 enzyme. Some of
the derivatives have shown good anti-TB activity. The most potent compounds
were found to have MIC values ranging from 0.5 to 0.8 lM. Interestingly, docking
studies of these compounds yielded excellent docking scores. Binding interactions
shown by these compounds were similar to that of the lead molecule TCA1 (47).
Earlier it was reported that the nitro group got reduced and interacted with Cys387,
but no such interaction was seen here. Information obtained from the docking
studies and the in vitro studies indicated that further structural modifications could
help develop better compounds as DprE1 inhibitors.
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3.2.4 Quinoxalines as DprE1 Inhibitors
Neres et al. [45] performed phenotype screening of a collection of 266 compounds
against M. tb. This resulted in the discovery of novel quinoxaline derivatives with
promising bactericidal activity. The lead compound (54) was highly effective
against M. tb, having an IC50 value of 6.1 lM. SAR studies disclosed that the
absence of the 6-trifluoromethyl group rendered the compounds inactive, and its
presence at the para-position of the C3 benzyl amine moiety affected the DprE1
inhibition significantly. Substituents like methoxyl and halogens on the phenyl ring
of the benzylamino group yielded compounds with moderate activity. All the
derivatives were active against both replicating and non-replicating strains of M. tb.

3.2.5 Thiadiazole Containing Inhibitors
Batt et al. [46] simultaneously utilized phenotype screening and target-based drug
design strategy to report a series of novel DprE1 inhibitors. This study was per-
formed using a library of 177 compounds with known M. tb inhibitory activity.
These compounds were then tested for their enzymatic assay for DprE1 selectivity.
Compound (55) was found to be the most potent derivative with an IC50 value of
0.054 lM, and it demonstrated the greatest binding affinity (Kd of 0.25 lM) for the
enzyme.

3.2.6 Azaindoles as DprE1 Inhibitors
Earlier various imidazopyridine-based compounds were reported as antimycobac-
terials, but these possessed very mild activity [44, 47, 48]. The imidazopyridine
scaffold (56) was morphed into 1,4-azaindoles (57 and 58) to explore and enhance
the activity. Shirude et al. [49, 50] attempted to improve 1,4-azaindoles wherein
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they synthesized 23 compounds. The authors claimed that this novel class of
inhibitors exhibited cellular activity via non-covalent inhibition of DprE1. The most
potent derivatives exhibited MIC in the range of 0.39–0.78 lM. These derivatives
were found to be better than the already reported DprE1 inhibitors. Yet they
exhibited a couple of pitfalls, like inhibiting the PDE6 protein complex, which
plays an essential role in the proper functioning of the human eyes and has shown
not-so-good pharmacokinetic properties. In continuation, to optimize the lead (58),
Shirude et al. [51] further reported other 27 compounds to overcome the pitfalls of
the earlier compounds. These newer derivatives offered an optimal pharmacokinetic
profile. Moreover, these were devoid of any inhibition of PDE6. Further, SAR was
developed for the azaindole series (Fig. 5). It was noted that three essential struc-
tural features were necessary for the activity. The core 1,4-azaindole with a sub-
stituent on the sixth position was the minimum requirement for the activity. The
amide chain was a requirement for optimal potency and binding affinity. It also
influenced the physicochemical parameters. Small substituents were necessary for
cellular potency. The hydrophobic pocket of the enzyme gets filled with an aro-
matic core at the N-1 position during its binding with the enzyme; thus, this
aromatic core was found to be one of the requirements. One of the most potent
compounds, TBA-7371 (60), from the azaindole series is under clinical trials.

3.2.7 Benzimidazole as DprE1 Inhibitors
Manjunatha et al. [52] used a scaffold morphing approach to modify the already
known DprE1 inhibitors. They undertook azaindole TBA7371 (60) core as the
template molecule and performed scaffold morphing to report benzimidazole
derivatives (61 and 62). They demonstrated potent DprE1 inhibition with improved
aqueous solubility and increased plasma function.

The benzimidazole derivative (61) and TBA7371 (60) were docked with the M.
tb DprE1 enzyme (PDB ID 4KW5 binding site). One of the plausible binding
modes for compound (61) from unconstrained docking is shown in Fig. 6a. It was
seen that carbonyl oxygen was involved in H-bonding with Ser228, whereas amidic
NH was bound with FAD carbonyl oxygen. The benzimidazole core generated CH
−p contacts with Trp230 and Tyr314 residues. The molecule was also found to
have hydrophobic interactions with various amino acid residues. The binding mode
of the overlaid azaindoles showed a similar binding mode for the amide group
(Fig. 6b).
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Fig. 5 SAR and SPR of 1,4-azaindoles. Adapted with permission from Ref. [51]

Fig. 6 a Binding mode of compound 61 in the DprE1 active site. b Docked poses of 60 (magenta)
and 61 (green). Reprinted with permission from Ref. [52] Copyright© 2019 American Chemical
Society
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3.2.8 Pyrazolopyridine Based DprE1 Inhibitors
Panda et al. [53] performed a whole-cell screening assay against M. tb strains and
reported a new series of pyrazolopyridones as the active scaffold against M. tb. In
order to determine the selectivity of the compounds over DprE1, an overexpression
assay was performed wherein gene Rv3790 was overexpressed for MIC study.
These compounds showed higher MIC values than the earlier reported compounds.
These derivatives were found to be interacting non-covalently with DprE1 and were
effective against both replicating and non-replicating strains. The IC50 value for
compound (63) was reported to be 0.04 lM.

3.2.9 Aminoquinolone Scaffold Containing DprE1 Inhibitors
Naik et al. [54] reported 4-aminoquinoline piperidine amides as novel DprE1
inhibitors based on the whole-cell assay. AstraZeneca corporate collections of
approximately 320,000 compounds were screened to yield a compound as the lead
molecule (64). It was found to be reasonably active against DprE1. Based on the
lead molecule (64), various other 4-aminoquinoline piperidine amides were pre-
pared and evaluated for pharmacological activity. Various studies, such as mass
spectrometry and enzyme kinetic studies, concluded that these derivatives exhibited
non-covalent and reversible inhibition of the enzyme. Analogs were found to
possess excellent cidal properties in vitro against both replicating and
non-replicating M. tb strains.
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3.2.10 Hydantoins as DprE1 Inhibitors
A target-based HTS study conducted by GlaxoSmithKline (GSK) led to the
emergence and identification of a novel hydantoin-based hit motif as a DprE1
inhibitor. This report offered a totally different scaffold from the other known
DprE1 inhibitors. In 2018, Rogacki et al. [55] explored the report results and
optimized the hits while developing a SAR for the series. Compound (65) was taken
as the starting point for hit-to-lead optimization as it had exhibited good DprE1
enzyme inhibitory activity (pIC50 = 7.0). Additionally, it was characterized by
good solubility, lack of cytotoxicity, and acceptable lipophilicity.

The authors carried out SAR studies to explore and optimize the hit (65) and
divided the structure into five sub-structures, i.e., acetyl linker, substituents at C-5
of the hydantoin ring, phenyl ring at C-5, hydantoin ring substituents on the
nitrogen (N-3) of the hydantoin ring, and the hydantoin moiety itself. The acetyl
linker was seen as a potential liability because aromatic ketones are reactive groups,
which may lead to enhanced metabolic instability of the compound. An attempt was
made to modulate the linker by altering its length, removal of carbonyl group, or its
substitution with known bioisosteric groups. It was observed that while most of the
modulations resulted in the loss of activity, consistent low toxicity for the com-
pounds throughout the series was worth noticing. Both methylations of the
methylene group and bioisosteric replacement of the carbonyl moiety resulted in
activity loss. These observations proved the importance of acetyl linker in the hit
molecule (65).

C-5 of hydantoin had two substituents. The carbonitrile moiety has been known
to react with cysteine and/or serine residues, leading to possible off-target covalent
binding. Exploring this position indicated that the nitrile group was unnecessary for
activity and could be exchanged for more active derivatives. Alteration of the
methyl substituent resulted in either reduced or loss of activity. These results
suggested that this part of the scaffold has a limited scope of modification. Modi-
fications around position one by placing substituents on the nitrogen or exchanging
it with carbon led to a decrease in enzymatic activity. Further, N-1 acyl substitution
was tried, but the resulting derivatives lacked biological activity. This data sug-
gested the importance of unsubstituted N1-nitrogen atoms for binding to the
enzyme. All the changes made at N-3 resulted in activity loss, indicating a lack of
scope for modification at this position.
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The authors acknowledged the possibility of hydantoin scaffold giving some
undesired effects like inhibition of hERG potassium channels, the fatal hydantoin
syndrome, and cardiovascular risks. This served as the liability for further devel-
opment, so the authors planned to replace the hydantoin core. Structurally similar
rings such as succinimide, imidazolidin-2-one, imidazole, and pyrazole were con-
sidered as alternatives to the hydantoin core since they differ in aspect of one or
more hydrogen bond donors/acceptors while at the same time they have the same
geometry as the hydantoin motif. Unfortunately, none of the core replacements
served the purpose as these derivatives were found to be inactive. These results
indicated the importance of hydantoin core. The authors suggested that the
hydantoin core could also interact with the protein. It was also reported that the lead
compound (65) exhibited reversible binding to the enzyme.

Recently, in 2020, Balabon et al. [56] expanded the exploration of SAR for the
hydantoin family through 80 new compounds. Based on the results of their earlier
studies, they tried to optimize the phenyl ring wherein they replaced cyano with
different substituents. But the results were disappointing for most of the sub-
stituents. The only notable exceptions were the methyl ester and the fused bicyclic
analog. The most potent compounds were (66 and 67), having tetrazole and sul-
phonamide moieties as the substituents on the phenyl ring.

In vivo studies for the two most potent compounds (66 and 67) were carried out,
and the efficacy of these derivatives was examined in a C57BL/6 J mouse model.
No sign of adverse reaction was observed in any of the animals. The bioavailability
of compound (67) was lower, and it exhibited significant blood exposure with a
Cmax value of 6380 ng/mL and an AUC value of 31,400 h * ng/mL. Also, it
depicted the greatest reduction of Log10 CFUs (0.5). Although the value is lesser
than that of moxifloxacin, it still indicates the capability of hydantoin derivatives to
reach the lungs of the animals after oral administration. These results indicated that
this chemical family displays no appreciable cytotoxicity or cardiotoxicity (hERG),
an appropriate physiological profile, and satisfactory metabolic stability. Although
the results are encouraging, these compounds need further research to improve
in vivo efficacy.
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3.3 Miscellaneous Inhibitors

Wisely et al. [57] conducted virtual screening of a dataset consisting of 4.1 million
compounds against the enzyme DrpE1. For the screening purpose, the co-crystal
structure of DprE1 CT319 (PDB ID:4FDO) was taken. Initially, 500 hits were
identified, out of which 41 compounds were isolated based on the structural
diversity, binding affinity, and binding conformation. Compounds (68 and 69) were
obtained as the most potent compounds. Molecular docking studies depicted that –
NH of the amide group formed H-bond with adjacent Tyr 60 via the hydroxyl group
and with the phenylalanine 320 residue through the carbonyl group. Leu317 formed
a hydrogen bond with the amide of the carbonyl group. The planar orientation of
the inhibitor allowed it to fit well into the active cavity.

A series consisting of some novel 11a-substituted bile acid derivatives along
with N-alkyl and N-acyl derivatives of C-11 amino bile acid esters were reported as
anti-TB agents by Vandana et al. [58]. Among the reported series, four compounds
(70–73) showed significant activity against theM. tb H37Ra strain. Docking studies
revealed that the docking scores for these compounds varied from −9.951 to
−4.995, while the reference compound showed a docking score of −7.953. It was
found that compound (71) was stabilized via various interactions such as van der
Waals and electrostatic interactions with amino acids. Interestingly a prominent pi–
pi interaction was seen between the triazole ring of compound (71) and the imi-
dazole ring in His132 residue. Additionally, some H-bonding is also observed
within the active site. The authors also predicted ADME properties of these active
compounds (Table 2) using in silicotechniques. These compounds demonstrated
acceptable oral bioavailability along with low susceptibility towards acid
hydrolysis.
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Table 2 ADME (in silico) prediction data

Comp Mol
Wt

% Human oral
absorption

Caco-2 cell
permeability

MDCK cell
permeability

70 655.87 75.74 110.36 45.68

71 621.77 72.10 150.47 63.86

72 706.87 51.46 60.23 29.82

73 714.93 64.83 151.99 64.56

Adapted with permission from Ref. [58] Copyright© 2015 Elsevier

24 Exploring Decaprenylphosphoryl-b-D-Ribose … 523



Jebiti et al. [59] performed molecular docking studies for some acyl thiourea
derivatives against the DprE1 enzyme (PDB id: 4FDO). The results revealed that
these thiourea derivatives interacted with the enzyme in a similar fashion as the
co-crystallized ligand. The docking score for the most active compound (74) was
−8.13, while the score was −6.77 for the co-crystallized ligand.

Shaikh et al. [60] reported novel triazole-based benzothiazinone derivatives as
anti-TB agents. They carried out docking of the most potent compounds (75 and
76) to examine the binding interactions with the enzyme. The results from docking
studies depicted that these derivatives interacted with the active site via van der
Waals and electrostatic interactions. The benzothiazinone moiety and m-chloro
group of the phenyl ring participated in van der Waals interactions, whereas the
triazole ring was involved in interaction with Lys 418, Cys 317, and Ile386 resi-
dues. Additionally, H-bonding interactions facilitated steric and electrostatic
interactions by anchoring the 3D-position of the compound within the active site.
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Moreover, the stability of the compound (76) in the active site is facilitated by pi-pi
stacking interactions.

Chitre et al. [61] synthesized novel agents by hybridizing pyrazine and thiazo-
lidine derivatives (77). These derivatives exhibited MIC values in the micro molar
range. Molecular docking studies were reported for the novel hybrid molecule (77).
The result showed that N-(4-oxo-2 substituted thiazolidin-3yl)pyrazine-2-
carbohydrazide derivative fitted well in the active site and was located near the
native ligand having a similar orientation. Their docking scores were in the range of
−7.83 to −6.00 (native ligand: −7.953). These compounds fitted well in the active
site via bonded and non-bonded interactions. They were found to be involved in
electrostatic as well as van der Waals interactions with the amino acid residues.
Thiazolidinone ring was found to be interacting with Lys418, Gly117, and Pro116
residues, whereas 3-ethoxy-4-hydroxyphenyl ring was involved in binding with
Leu363 and Asp389 residues. The compound was further stabilized by pi-pi
stacking between pyrazine ring and His132 residue.

Bhalerao et al. [62] performed the docking study of some thiazole-based com-
pounds (PDB code:4FDO). The docking study revealed that the compounds fitted
snugly into the active site by acquiring a similar orientation as the native ligand.
The docking score for the test compounds ranged between −7.31 and −6.00, and it
was −7.95 for the active compound. The highest docking score was −7.84 for the
compound (78).
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Yagao et al. [63] performed virtual screening of 6.2 million small molecules
against DprE1 (PDB ID: 4FDO) using ICM 3.8.2 modeling software. Based on
whether the compounds are occupying the binding pocket, many compounds were
excluded. Further, the next filter used was Lipinski’s rule of five for drug-likeness.
Based on these two filters, 63 compounds came out of the whole database. Further,
molecular docking was carried out that resulted in the finding of the compound
(79). Docking studies illustrated that the ligand-binding pocket of the enzyme is in a
zig-zag shape, and the compounds also bind in a zig-zag manner in this cavity by
indulging in hydrophobic interactions with the amino acid residues.

Kasa et al. [64] reported the interaction studies of M. tb protein DprE1 (PDB ID:
4P8C) with various triazole-based pyrrole-pyrimidine analogs (80) by performing
molecular docking. The compound (80a) came out with the highest Mol Dock score
of −157.926 and was demonstrated to interact via hydrogen bonding and pi-lone
pair interactions with the enzyme. It was noted that the results from in silico studies
of the active compounds supported the activity data, indicating the importance of
the triazole ring for exhibiting anti-TB activity.
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Yalcin et al. [65] performed molecular docking to evaluate the potential of
fluoro-substituted chalcone derivatives (81–83) as DprE1 inhibitors. They synthe-
sized fluoro and non-fluoro chalcone derivatives and evaluated their anti-
proliferative and anti-TB activity. The crystal structure used for the study was
PDB ID: 4P8H. The synthesized chalcone derivatives had both cis and trans iso-
mers. Among the synthesized compounds, (82g) was found to have the best binding
affinity and inhibitory constant of −8.3 kcal/mol and 0.812 mM, respectively. The
binding features of the compound (82g) are shown in Fig. 7. It can be seen that
hydroxyl groups present in the structure form hydrogen bonds with the residues in
the active site. The other phenyl moiety is involved in p-r interaction with the Trp
230 residue.

Fig. 7 Molecular docking results for 82 g. a Analysis with Chimera. b Analysis with Autodock
Tools. Reprinted with permission from Ref. [65] Copyright© 2018 Elsevier
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Docking results of these test compounds revealed that compound (82g) gener-
ated superior binding properties than the (81g) molecule. This may indicate that
trans-configuration could be crucial for enhancing the binding properties of the
molecules. However, no such relation was found on the other pair of isomers.

Recently in 2020, Kumar et al. [66] used a hybrid approach to synthesize some
novel pyrazole-quinoline chalcones and pyrazole-coumarin chalcones and evalu-
ated their anti-TB activity. Docking these compounds with the DprE1 enzyme
demonstrated that the active compounds showed good binding to the target, having
docking scores from −7.047 to −9.353 kcal/mol. Based on the molecular docking
results, the authors proposed that the anti-TB activity of these could be due to
inhibition of the DprE1 enzyme. The MIC value for the most potent compound (84)
was observed to be 3.125 lg/ml.

GlaxoSmithKline (GSK) conducted an HTS campaign to identify potential
DprE1 inhibitors. This campaign led to the emergence of a novel series of 2-
((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)-N-phenylpropanamides. Surpris-
ingly, the structure of this series is unrelated to the already known inhibitors.
Compound (85) represents the initial HTS hit that demonstrated DprE1 inhibition
with a pIC50 value of 7.2. Whitehurst et al. [67] extracted some compound analogs
(85) using similarity-based clusters of HTS hit. Further, these analogs and
sub-structures of GSK compound collection were analyzed to gain early SAR
information. For defining SAR, compound (85) was divided into three main
components: the central alanine linker, left-hand side aminobenzodioxane, and
right-side C-terminal alanine. SAR studies revealed that the compound (85) showed
the maximum activity. Some derivatives were indeed found with equal activity.
However, further research is required to assess the risk associated with the com-
pound (85) and develop this new structure into a viable lead.
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Hariguchi et al. [68] applied a phenotypic screening method to identify and
optimize compounds with anti-TB activity containing carbostyril as the core.
Carbostyril core has been chosen because it has been reported to have good
ADMET properties and has been used in numerous drugs as the core moiety. As a
result of these efforts, OPC-167832 (86) came into the lime light, which has potent
in vitro and in vivo activities. Subsequently, the authors mapped DprE1 inhibition
as the mode of action. They also reported preclinical data, including in vivoefficacy
of the regimens composed of this compound.

3.4 Covalent vs. Non-covalent Binding Inhibitors

In the above three subsections, it is observed that anti-TB activity can be achieved
by blocking DprE1 both covalently and non-covalently. To date, researchers have
reported both covalent and non-covalent inhibitors with high potency and minimum
toxicity. So, an obvious question arises, which type of inhibition is better. To
answer this, we must understand the difference in their mechanism of action.
Covalent inhibitors work by binding to the Cys387 residue of the enzyme. The
binding is irreversible; thus, the inhibitors act as suicide substrates. Some reports
also revealed that mutation in the Cys387 residue might develop resistance towards
covalent inhibitors [69].

On the other hand, non-covalent inhibitors bind reversibly to the enzyme,
leading to inefficient inhibition or development of resistance by incrementing the
bacterial load [70]. However, compounds from both categories have found a place
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in clinical trials. So, we consider the future of both the types of inhibitors, covalent
and non-covalent, as bright in the direction of our search for new anti-TB drugs.

4 Patented DprE1 Inhibitors

During the last decade, many compounds have been patented as DprE1 inhibitors.
The very first patent on DprE1 inhibitor was obtained on the benzothiazinone
derivative BTZ043 (29) [71]. Subsequently, many patent applications were filed for
various benzothiazinones such as PBTZ169 (31), BTZ-SO (33), and compounds
(87a and 87b) [72–74]. Recently patent applications for the two benzothiazinone
derivatives (88, 89) have been filed [75, 76], claiming almost equal potency to
PBTZ169 (31) but with a lower cLogP value. Compounds (88, 89) exhibited MIC
values of 0.005 lM and 0.022 lM respectively. Another benzothiazinone deriva-
tive (90) yielded a MIC value lower than 0.000063 lg/ml against resistant M. tb
strains [77].

A carbostyril derivative, OPC-167832 (86), has also been patented as a DprE1
inhibitor. The claims mentioned in the application illustrate that the compound is
specifically active against mycobacteria and is orally active with no gastrointestinal
disturbances [78]. Benzothiazole derivative, TCA1 (47), and the azaindole
derivative, TBA-7371 (60), have also been patented as DprE1 inhibitors [79, 80].
TBA-7371 (60) has been mentioned as pathogen-specific for M. tb and M. smeg-
matis. Recently, another azaindole amide derivative (91) has been reported under
publication [81]. Compound (91) showed a MIC value of 0.1953 lg/ml against M.
tb. Another invention claimed arylamide-substituted thiophenimide (92) esters as
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DprE1 inhibitors. The compound (92) exhibited excellent in vivo activity with
Log10CFU = 4.42 [82]. Another invention reported nitrofuran derivatives (93) as
DprE1 inhibitors with a MIC value of 1 lM [83]. Yet another patented compound
(94) has been claimed to have excellent activity against M. tb with a MIC value less
than 0.0625 lM [84].

5 DprE1 Inhibitors in Clinical Trials

The discovery of benzothiazinones has marked the onward journey of DprE1
inhibitors in our quest for discovering novel anti-TB agents [24]. Two benzoth-
iazinone derivatives, BTZ043 (29) and PBTZ-169 (31), are currently in phase 1
clinical trial. Macozinone (MCZ, PBTZ-169) (31), a piperazino benzothiazinone
derivative, is obtained as a result of optimization of benzothiazinone lead molecule
BTZ043 (29). PBTZ-169 (31) was found to have many merits over the lead
BTZ-043, amongst which better pharmacodynamics, easier method of synthesis,
and absence of chiral centers in its structure are some of them. The drug has
additive effects with other anti-TB agents, both marketed and underdeveloped,
while showing harmonious effects with bedaquiline (17) and clofazimine (95) in the
preclinical stage [85]. Currently, it is in the second phase in Russia, whereas in
Europe, it is in phase 1 [86, 87]. Another agent, TBA-7371 (60), is in phase 2
clinical trials [88]. TBA-7371, along with sutezolid (96), entered phase 1 clinical
trials. It is developed by AstraZeneca in collaboration with TB Alliance. It is
believed that TBA-7371 (60) does have the potential to be used for the treatment of
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resistant cases of TB because it is devoid of any pre-existing resistance or
cross-resistance with other drugs [89, 90]. OPC-167832 (86) is also reported to be
in phase 1 clinical trials [68].

6 Microbial Resistance and DprE1 Inhibitors

The main issue with the already existing anti-TB drugs is the development of
microbial resistance. First-line agents like isoniazid, pyrazinamide, etc., are vul-
nerable to the development of resistance. A decade ago, when BTZs came into the
light, they attracted researchers worldwide due to the new target and the
sub-micromolar MIC values they exhibited. Since then, continuous research has
been going on DprE1 inhibitors. But it is important to evaluate whether this target is
also vulnerable to resistance and, if yes, to what extent. To meet this particular
requirement, Foo et al. [69] reported DprE1-mediated BTZ’s resistance in M. tb.
Results of the study revealed that the C387 residue of the enzyme served as the site
of mutation, leading to the development of resistance towards BTZ. Additionally, it
was proved that five mutations on the C387 residue were responsible for developing
resistance. These mutations were caused by substituting different amino acids such
as glycine, alanine, arginine, serine, and threonine. It was also observed that
mutations with C387T, C387A, and C387S had a greater impact than C387N and
C387G. The authors also claimed that the decreased potency of covalent inhibitors
results from a mutation at C387 residue. While mutations at Ty38C residue resulted
in resistance towards non-covalent inhibitors.

Warrier et al. [91] also studied the development of microbial resistance by
overexpressing some genes, i.e., rv0560c, rv0558, and rv0559c. The authors
claimed that rv0560c is a gene responsible for S-adenosyl-L-methionine-dependent
methyltransferase, an enzyme that methylates the inhibitors and reduces their
activity.
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7 Conclusion

Since its discovery in 2009, DprE1 has been perceived as the best druggable target
to combat TB [2, 92].The discovery of BTZ043 served as the starting point for
researching novel covalent DprE1 inhibitors. The revelation of the mechanism of
action of BTZ as covalent inhibitors was a breakthrough in the field of DprE1
inhibitors. Since then, continuous research has been carried out by researchers
worldwide. Both covalent and non-covalent inhibitors have been looked out as
potential anti-TB agents. Two such candidates, i.e., Macozinone and TBA-7371,
are already in clinical trials. We keep our fingers crossed and hope to emerge some
novel DprE1 inhibitors as efficient anti-TB agents.

Mother Teresa once said, “The biggest disease today is not leprosy or tuber-
culosis, but rather the feeling of being unwanted.” At present, the world needs new
and effective drugs for eradicating an infectious disease like TB as it is the need of
the hour to prevent and address TB patients’ sufferings, a suffering due to inef-
fective treatment due to development of drug resistance, poor drug compliance by
the patients, the cost of treatment, and the feeling of unwanted by the society.

Core Messages

• DprE1 has evolved as a new competent target that could be exploited for
anti-TB drug discovery.

• Covalent and non-covalent inhibitors have been looked out as potential
anti-TB agents.

• Four DprE1 inhibitors, namely BTZ-043, Macozinone, OPC-167832, and
TBA-7371, are currently in clinical trials.
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Nothing in life is to be feared, it is only to be understood. Now is
the time to understand more, so that we may fear less.
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Summary

Mycobacterium tuberculosis (M. tb) is responsible for the infectious illness
tuberculosis (TB), which has a very high mortality rate of around 1.5 million
people worldwide annually. The rise of antibiotic resistance, primarily due to M.
tb strain mutation, is the biggest concern of the day. The M. tb energetics that
involve both substrate and oxidative phosphorylations are essential for the
survival of the bacilli during extreme conditions. The combination of
dehydrogenases and oxidases constitutes the electron transport chain (ETC).
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In this chapter, we have expounded on the significance of different enzymes
involved in energy pathways. Further, the machinery involved in oxidative
phosphorylation as a therapeutic target has been explored. The major classes of
inhibitors targeting oxidative phosphorylation are also discussed.

Graphical Abstract

Keywords

Dehydrogenase � Mycobacterium tuberculosis � Oxidative phosphorylation �
Tuberculosis

Various enzymes involved in the oxidative and substrate-level oxidation in M. tb.
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1 Introduction

Mycobacterium tuberculosis (M. tb) and related species are causative organisms for
tuberculosis (TB), an infectious disease. The global tuberculosis report 2019,
released by the World Health Organisation (WHO), declared ten million new cases
in the year of 2018 across the globe with approximately 1.2 million and
0.25 million deaths of patients without and with human immune-deficiency virus
(HIV) co-infection, respectively. The burden of the disease is most in Southeast
Asia (44%), followed by Africa (24%) and West Pacific (18%). Further, only a
small number of cases are reported in America, Europe, and the Mediterranean
region. M. tb primarily affects the lungs but may also affect bones, intestine, and
central nervous system. It may be latent TB infection (LTBI), i.e., the subject might
not have an active infection but is at the risk of getting sick in case of a weakened
immune system [1]. Pulmonary TB (PTB) has typical symptoms, including cough
lasting for more than three weeks, chest pain, sputum with blood, weakness, weight
loss, sweating at night, chills and fever. It was postulated that the domestication of
the cattle was the primary cause for the development of human-specific M. tb from
its precursor Mycobacterium bovis (M. bovis) [2]. However, single nucleotide
polymorphisms (SNPs) analysis showed that M. tb and M. bovis originated inde-
pendently at the same time and with the same precursor, i.e.,Mycobacterium canetti
(M. canetti) [3, 4]. Robert Koch concluded that TB, a bacterial disease, was caused
due to tubercle bacillus [5]. An experiment on the rabbit showed that not just the
bacterium but the conditions like malnutrition and improper sanitation together
were also responsible for the spread of the disease [6].

Schatz and Waksman discovered Streptomycin in the 1940s, the first anti-TB
antibiotic. A combination of five antimicrobial drugs that includes Isoniazid, Strep-
tomycin, Ethambutol, Pyrazinamide, and Rifampicin is available as the primary line
of drug therapy. A directly observed treatment short-course (DOTS) strategy has been
suggested by WHO for the control of TB. However, multidrug-resistant (MDR) cases
have shown Isoniazid and Rifampicin resistance resulting in failure of DOTS [7]. The
availability of the second line of anti-TB drugs provides a glimpse of hope. The
second-line drugs include fluoroquinolones, injectable Amikacin, Kanamycin,
Capreomycin, Cycloserine, Carbapenems, Para-amino salicylic acid, and Amoxi-
cillin. But, these drugs have higher toxicity and lower efficacy, as compared to
first-line drugs [8]. Further, patients with MDR- and extensive drug resistance
(XDR)-TB require substantial use of the second-line drugs and also extended treat-
ment regimens. Although, the availability of treatment makes it a curable disease,
but TB is yet to be eliminated [9]. Bacillus Calmette-Guerin (BCG) vaccine com-
prises of an attenuated virulent strain of M. bovis. It was developed by Calmette and
Guerin in the 1920s. The vaccine is recommended for neonates soon after birth and
protects children from M. tb infection, including TB meningitis. However, the pro-
tection seems to be limited for 10–20 years of age. There is an increase in the
population of patients from young and adult age groups after the protection period is
over. Thus, the search for the vaccine should involve the development of a new
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booster vaccine that reinforces the falling BCG-induced immunity [10]. The geriatric
population is more prone to TB due to malnutrition, physiological changes leading to
attenuated microbial clearance, chronic diseases, fall in cell-mediated immunity, etc.
The symptoms are atypical, often shadowed by age-related diseases, and diagnosis is
often overlooked [11].

TB-HIV co-infection is a syndemic that magnifies the burden of TB and has a
substantial contribution toward the mortality figures. BCG vaccination should not be
given to people with symptomatic HIV illness, including children, according to the
WHO. The risk associated with the incidence of disease due to immunization
increases with the degree of immunosuppression. When a patient with LTBI acquires
HIV, progression of TB is accelerated, and its relapse is a common phenomenon in
such patients [12, 13]. Hence, a better understanding of the pathophysiology and
etiology of the disease is important for the development of future therapeutics.

2 Energy Pathways in Mycobacterium Tuberculosis

M. tb is an obligate aerobe and enters the lungs through aerosolized droplets from
the contaminated person. It resides in the macrophages, alveolar epithelial type II
pneumocytes, dendritic cells (DCs), and neutrophils [14]. M. tb primarily grows in
pneumocytes in the initial stage and enters DCs, which act as antigen-presenting
cells. It is proposed that infected cell recruits antigen-specific T lymphocytes and
phagocytes [15, 16]. T lymphocytes produce an immunological response, which
leads to a slowdown of bacterial multiplication and controls the infection. However,
TB is a chronic infection and, in later stages, leads to granuloma lesions devel-
opment. The granular lesion consists of cellular necrotic debris surrounded by
phagocytes and lymphocytes [17]. The cellular debris contains M. tb, which is
internalized into phagocytic cells [18].

Substrate level and oxidative phosphorylations are the two primary pathways
that govern the energy requirement of M. tb. The substrate level phosphorylation
employs decomposition of high energy level substrates and formation of adenosine
triphosphate (ATP) simultaneously without any electron transfer. The process is
less efficient but is critical for the survival of the organism [19]. Oxidative phos-
phorylation is a significant process for energy production in M. tb. During the
infection cycle, the bacilli obtain reductive energy as electrons from carbohydrates
and fatty acids, which are harvested from central metabolic pathways using
nicotinamide adenine dinucleotide hydrogen (reduced) (NADH)/nicotinamide
adenine dinucleotide (NAD+) and/or flavin adenine dinucleotide (reduced)
(FADH2)/flavin adenine dinucleotide (FAD) redox pairs [20, 21]. The electrons
enter into the electron transport chain (ETC) through the reduction of menaquinone.
There are several dehydrogenase enzymes that feed electrons into the ETC. NAD+,
which is a primary electron sink, gets converted into NADH through NADH
dehydrogenase [22]. The other primary dehydrogenases, i.e., succinate dehydro-
genase, proline dehydrogenase, and L-lactate cytochrome c oxidoreductase, directly
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pump electrons into the ETC. Subsequently, the quinones are re-oxidized by ter-
minal oxidase, either cytochrome bc1-aa3 or cytochrome bd complex that is
responsible for the electron transfer to oxygen (Fig. 1).

It is estimated that about one-third of the world’s population has LTBI. During
this state, bacteria survive in the body but do not cause any infection as well as
damage. The survival of M. tb in the latent phase is due to the metabolic rewiring of
its system to ensure carbon and energy supply using alternate sources and metabolic
pathways [23]. The non-replicating bacterial state during dormancy faces low
oxygen supply, as observed in autopsy samples of patients in knock-out and
genomic studies. This results in the use of host-derived fatty acid through gluco-
neogenesis [24]. The other survival approaches allow the use of alternative electron
acceptors, such as nitrite, in the absence of oxygen. The following section deals
with the various enzymes and their role in energy production.

3 Enzymes Involved in Oxidative Phosphorylation

3.1 Type-I NADH Dehydrogenase

In the mycobacterial respiratory chain, primary NADH dehydrogenases play a
critical function. Type-I NADH dehydrogenase (complex I, NDH-1), a membrane-

Fig. 1 Schematic representation of major enzymes in the ETC of M. tb. Electrons received from
NADH are fuelled to the ETC using NDH-2 (PDB id. 5WED), resulting in the reduction of
menaquinone (MK) to menaquinol (MKH2). Menaquinone is the only carrier of electrons across
the ETC inM. tb. SDH (PDB id. 6LUM) and also helps in increasing the MKH2 pool. The electron
is transferred from the MK pool to the terminal oxidases such as cytochrome bc1 complex. The
cytochrome bc1 complex forms a super complex with cytochrome aa3-terminal oxidase (PDB id.
6ADQ), which transfers the electrons to oxygen. Cytochrome bd oxidase (PDB id. 6RKO) also
catalyzes the reduction of oxygen to water; it accepts the electrons directly from the menaquinone
pool. The protons are pumped across the membrane leading to a PMF, which fuels the ATP
production via F0-F1 ATP synthase. The ATP synthase consists of two parts: hydrophobic integral
membrane region F0 (PDB id. 4V1F) and hydrophilic region F1 (6FOC)
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bound NADH dehydrogenase complex, utilizes menaquinone as an electron
acceptor to convert NADH to NAD+. It is composed of NDH-1, which contains 14
subunits (NuoA-NuoN, Rv3145-Rv3158) [25]. Although NDH-1 dehydrogenase is
non-essential forM. tb survival, evidence shows reduced virulence in the Nuo gene-
silenced mycobacterial species. It is a proton pump-based dehydrogenase that
generates proton motive force (PMF) by pumping protons from the cytoplasm into
the periplasmic site. NuoG and other subunits of the dehydrogenase are anti-
apoptotic factors that could be used in vaccine development [26].

3.2 Type-II NADH Dehydrogenase

NADH regeneration is an important process for the survival of all life forms. The
quinone oxidoreductases and dehydrogenases are the respiratory enzymes that
perform the NADH regeneration at the cellular level in the ETC [27]. Type-II
NADH: quinone reductase (NDH-2), which is also referred to as NADH dehy-
drogenase-2, is responsible for the oxidation of NADH and reduction of quinones.
NADH is a key feature of the respiratory chain of human pathogens such as M. tb,
Staphylococcus aureus, and Plasmodium falciparum but is absent in animals [28].
Due to the absence of NDH-2 in higher animals, it is an appropriate therapeutic
drug target for the design of inhibitors. The enzyme is peripherally connected to the
inner surface of the cytoplasmic membrane and is responsible for respiratory
chain-linked NADH turnover involved in the synthesis of ATP and the maintenance
of [NADH]/[NAD+] balance [29]. NDH-2 is not a proton pump and contributes to
membrane potential. Whereas NDH-1, a proton pump, is responsible for proton
gradient [30].

The M. tb gene encodes two copies of NDH-2 proteins, i.e., Ndh and NdhA.
Biochemical analysis revealed that NDH-2 is majorly involved in the oxidation of
NADH in M. tb [31]. NDH-2 mediated NADH oxidation leads to greater metabolic
flux and higher flow of carbon into bioenergetics pathways leading to increased
ATP production with lower energetic efficacy of the ETC [32]. NDH-2 (EC
1.6.99.3) is a 45–60 kDa single-polypeptide that belongs to the two-dinucleotide
binding domains flavoproteins superfamily. For the binding of dinucleotides, the
enzyme possesses two structurally identical domains and adopts a Rossmann fold.
The domain located near the N-terminal contains two GXGXXG motifs, of which
one binds with FAD, and the other interacts with NADH. NAD-2 is also a
monotopic protein since it has a membrane interaction domain near the C-terminus
[33].

Two catalytic mechanisms, i.e., ternary complex and two-site ping-pong kinet-
ics, are proposed for the NDH-2 and depend on the concentration of reactants and
products present along with the enzyme dissociation complex [28]. In the
ping-pong mechanism, the substrate binds, reacts, and dissociates either on the
same (one site) or different binding sites (two-site) in a sequential manner. The two
substrates are found to be co-bound in this mechanism. Further, NAD+ and the
reduced FADH2 form a charge-transfer complex which is dissociated by the
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quinone [34]. On the contrary, both substrates are bonded together, and the products
are released simultaneously in the traditional ternary complex mechanism. There is
also another atypical ternary complex formation mechanism proposed in which
NADH binds to the enzyme and reacts to form NAD+. The quinone binds and
reacts with the enzyme-product complex in the presence of NAD+ in a ternary
complex, which is followed by its reduction within the complex (Fig. 2).

The reaction follows a ternary-type mechanism during enzyme turnover with
NADH and quinone, in which NAD+ binds strongly to the reduced flavin following
NADH oxidation and only dissociates on the oxidation of flavin by quinone. On the
other hand, the slow enzyme turnover with NADH and quinone follows a
ping-pong kinetics pattern. Since NAD+ does not bind strongly to the reduced flavin
and dissociates rapidly; hence, quinone is more likely to react with free FADH2

[28].

Fig. 2 Catalytic mechanism of NDH-2 enzyme. The binding sites for menaquinol (MKH2)/me-
naquinones(MK) (green) and binding sites for nucleotide (blue): a Ping-pong mechanism—NADH
and MK bind with the enzyme in a sequential manner, and they are never attached to the enzyme
simultaneously; b Classical ternary mechanism—nucleotide and MK binds with the enzyme to
form a ternary complex. Upon the completion of the reaction, the complex dissociates; c Atypical
ternary mechanism—nucleotide binds and reacts with the enzyme but does not dissociate, then
MK binds and reacts with the ternary complex and forms an enzyme-product complex
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3.3 Succinate Dehydrogenase

Succinate dehydrogenase (SDH), also referred to as succinate/menaquinone oxi-
doreductase (complex II), catalyzes the conversion of succinate to fumarate through
oxidation in the cytoplasm, and simultaneously menaquinone is reduced to mena-
quinol in the cell membrane. Under anaerobic conditions, fumarate reductase per-
forms the opposite process, with fumarate serving as a terminal electron acceptor.
SDH is a key component of the tricarboxylic acid (TCA) cycle, acting as a direct
link between ETC and TCA cycle [35]. Mycobacterial species have two genes for
SDH, i.e., SDH1 and SDH2, which are encoded by sdh1 (Rv0247c-Rv0249c) and
sdh2 (Rv3316-Rv3319) genes, respectively. SDH1 acts during aerobic respiration
when nutrients are abundantly present, while SDH2 takes over during hypoxic
conditions and in nutrient scarcity. The deletion of SDH1 resulted in impaired
respiratory rate through the ETC and reduced cell viability; hence, it is vital for
survival and growth [36]. SDH1 of M. tb has high sequence similarity with SDH of
other species. It is encoded by a group of four genes, i.e., sdh A-D. The genes sdh A
and sdh B encode the cytoplasmic component of the enzyme involved in the
conversion of succinate to fumarate (sdh A), and electrons are transitioned via three
iron-sulfur centers (sdh B) to the transmembrane subunits. Further, the
trans-membranous subunits are encoded by sdh C and sdh D, which catalyze the
electron transfer to menaquinone (Fig. 3) [11].

Mutation studies were performed on SDH1 and SDH2 to understand the role of
these isoforms under hypoxic adaptations. The results showed that the survival of

Fig. 3 Crystal structure of
SDH-2 enzyme of
Mycobacterium species
representing the subunits
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SDH1 mutants was impaired in the stationary phase, whereas no effect was
observed in the survival of SDH2 mutants. Furthermore, depletion of SDH1
resulted in higher levels of menaquinol and a faster rate of respiration, suggesting
that SDH1 is a regulator of respiration [37]. The role of SDH1 as the catalytic center
during aerobic conditions was demonstrated using stable isotope labeling and mass
spectrometry. M. tb cells use the reverse citric acid cycle to store and release
succinate into the culture medium under hypoxic circumstances [38, 39]. SDH
activity is essential for metabolic adaptation to hypoxia, membrane poten-
tial maintenance, and ATP production. Despite the significant role of the SDH
enzyme, there has been a reluctance to develop its inhibitor due to the availability of
its mammalian counterpart and isotypes [40].

3.4 Cytochrome bc1-aa3 Super Complex

A PMF over a proton-impermeable membrane aids in energy conservation during
aerobic respiration. The membrane-bound components of ETC are asymmetrically
distributed across the membrane to accomplish net cytoplasmic proton consumption
and proton release outside the cell [41]. In a mechanism associated with proton
translocation across the membrane, the cytochrome bc1 transfers an electron from
menaquinol to the cytochrome c oxidase.

In M. tb, the two terminal oxidases, i.e., cytochrome bc1 and aa3-type cyto-
chrome c oxidase supercomplex and cytochrome bd oxidase, catalyze the conver-
sion of oxygen to water by four-electron reduction [42]. The pathway involving
cytochrome bc1-aa3 supercomplex is most energetically favored in Mycobacterium
species and acts as a principal respiratory pathway under aerobic conditions. The
cytochrome c pathway, which consists of a menaquinol-cytochrome c oxidoreduc-
tase called cytochrome bc1 (complex III) and an aa3-type cytochrome c oxidase
(complex IV), is found in all Mycobacterium species [43]. The complex III and IV
are encoded by qcrCAB and ctaBCDE operons, respectively, and both belong to the
heme-copper respiratory oxidase family [44].

The bc1 complex is made up of redox groups that include a 2Fe-2S center on
Rieske protein (QcrA), as well as a heme from cytochrome c1 (QcrC) and two b-
type hemes (low and high potential) on a single polypeptide chain (QcrB). The
transfer of every two electrons from quinol to cytochrome c results in the release of
four protons from cytochrome bc1 into the periplasmic space of the membrane [42].
The cytochrome c oxidase is considered essential, while the attempts to delete
qcrCAB remained unsuccessful, indicating its importance for the survival of
Mycobacterium [45]. The 2Fe-2S center of the complex has three transmembrane
helices and characteristic motifs, i.e., CSHLGC and CPCH, similar to Rieske
iron-sulfur proteins [46]. An electron is transferred directly from menaquinol to
oxygen without the need for a separate cytochrome c electron shuttle. The ETC is a
significant source of intracellular reactive oxidative species (ROS) that can cause
cellular damage, which in turn is protected by the ROS scavenger superoxide
dismutase (SOD) [47].
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Two heme-binding motifs for c-type cytochromes are found in the QcrC subunit,
CVSCH, and CASCH, indicating a covalent di-heme structure. The genome of
Mycobacterium does not contain a gene for either a membrane-bound or soluble
cytochrome c. To enable electron transfer and operate as a supercomplex, the bc1
complex interacts directly with aa3-type cytochrome c oxidase [48]. The ctaE gene
of aa3-type cytochrome c oxidase occurs just upstream of the qcrCAB operon,
while the other genes are scattered across the chromosome. The aa3-type cyto-
chrome c oxidase consists of four subunits: CtaB (cytochrome c oxidase assembly
factor), CtaC (cytochrome c oxidase, subunit II containing CuA), CtaD (cytochrome
c oxidase subunit I containing heme a, heme a3 and CuB), and CtaE (subunit III).
The CtaD and CtaC are the catalytic subunits. The principal electron acceptors from
the bc1 complex are CuA and heme, whereas the a3-CuB unit is an oxygen-reducing
element. There is also evidence of subunits CtaI and CtaJ inM. smegmatis [44]. The
subunit arrangements of the cytochrome bc1-aa3 supercomplex have been explained
in Fig. 4.

Fig. 4 a structure of mycobacterial cytochrome bc1-aa3 supercomplex: complex-IV(C-IV)
(green), complex -III (C-III) (yellow), Prokaryotic respiratory supercomplex association factor
(PRSAF) (cyan), LpqE (orange), and SOD (violet) (PDB id. 6ADQ); b linear representation of
bc1-aa3 supercomplex along with their subunit compositions
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The thioredoxin, CcsX, is essential for the insertion of the heme group into
membrane-bound heme-containing proteins. M. tb with deleted CcsX displayed
deficient heme insertion in the QcrC, leading to remarkable growth defect. How-
ever, the mutation still allows the growth and multiplication of M. tb, suggesting
that the inactivation of the cytochrome c branch may be viable. It was also found
that, in the absence of the CcsX gene, M. tb showed upregulation of cytochrome bd
oxidase. The upregulated enzyme performed the function of an alternate terminal
oxidase during the dysregulation of the cytochrome c branch [49].

3.5 Cytochrome bd

Cytochrome bd is a quinol: O2 oxidoreductase enzyme involved in the ETC of
prokaryotes and is absent in eukaryotic mitochondria. It is an oxygen reductase or
terminal oxidase present at the end of the ETC and involved in the reduction of O2

to water. CydA and CydB are the two membranous subunit proteins that form
cytochrome bd [50]. The crystal structure, as well as the biochemistry of M. tb
cytochrome bd, is still not available. The phylogenetic analysis also indicated that
M. tb has two subunits in the cytochrome bd enzyme similar to other bacteria [51].
However, a recent elucidation of crystal structure for Geobacillus thermodenitrifi-
cans displayed that both the subunits of cytochrome bd have a nine helical
trans-membranous structure. Hence, in light of the recent evidence, it could be
hypothesized that M. tb cytochrome bd might have a similar structure [52]. Further,
the subunit CydA has a quinol binding site along with three heme groups. It reduces
the oxygen and releases the proton from the quinol substrate in the periplasmic
space. This PMF is responsible for the transportation of the proton to the cytoplasm
to produce water molecules [53].

M. tb and M. smegmatis do not require cytochrome bd to grow in typical aerobic
circumstances [54, 55]. The cydAB gene is responsible for coding the two subunits of
the enzyme [54]. Further, the cydAB-knocked out M. tb strain displayed no effect on
its growth during acute infection in the mice model. However, the chronic phase of
the infection displayed attenuated growth of the mutated bacterial strain [56]. Under
stressed conditions, such as hypoxia and nitric oxide exposure, the upregulation in
the expression of cydAB genes has been reported in various in vitro studies on M. tb
[56–60]. Impairment of the action of another terminal oxidase cytochrome bcc/aa3
due to hydrogen peroxide stress also induces expression of the cytochrome bd [48].
These studies suggest that the cytochrome bd comes in action under stressed con-
ditions as well as under non-functional cytochrome bcc/aa3, and this may be due to its
affinity towards oxygen and quinol peroxidase type enzymatic activity.

A study on the Mycobacterium marinum, using a fluorescence-based reporter
designed to investigate the expression of the cytochrome bd, evaluated the effect of
various antibiotics. The probe identified that the expression of cytochrome bd was
significantly higher in mice as well as in zebrafish models in comparison to that
in vitroculture. Further, inhibitors of oxidative phosphorylation induce higher
expression of the cydA gene than other anti-mycobacterial agents [60]. In another
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genetic study on M. smegmatis, attenuation of subunit b of cytochrome bcc due to
qcrB gene knock-out resulted in the upregulation of expression of cydAB operon.
Interestingly, the growth of the mutant strain did not differ much from that of the
control strain [45]. This indicated that in case of inhibition of cytochrome bcc,
cytochrome bd takes its functional role. Telacebec, an imidazopyridine compound
and inhibitor of the cytochrome bd, was evaluated in the clinical trials. The
genetically altered strain M. tb bd-KO, a cytochrome bd knock-out strain, displayed
complete elimination of M. tb on treatment with Telacebec, indicating absolute
inhibition of respiratory chain [61, 62]. Further, the co-treatment of Aurachin D, a
cytochrome bd inhibitor, along with Telacebec, showed the complete killing of the
M. tb and M. smegmatis strains [62]. The in vitro treatment of M. tb with NDH-2
inhibitors viz. Chlorpromazine and Clofazimine led to the higher expression of
cydAB genes hence, increased production of cytochrome bd [61, 62]. In another
study on M. smegmatis, simultaneous administration of Clofazimine and inactiva-
tion of cydA gene increased the bactericidal activity. In contrast, treatment with
only Chlorpromazine on the same mutant strain of M. smegmatis showed no
improvement in the activity [63].

Bedaquiline, an ATP synthase inhibitor, is presently used in the treatment of
MDR- and XDR-TB. It interacts with its target leading to depletion of the M. tb
ATP pool [64]. The treatment of M. tb and M. smegmatis with the drug increased
the expression of cypAB genes [65]. However, the killing efficiency of the drug on a
mutant strain M. tb cydA-KO was found in the initial phase of treatment only [55].
In the case of M. smegmatis with deleted cydA gene, similar efficacy was observed
[54]. On the contrary, Moosa et al. reported no enhancement in the killing action of
Bedaquiline on cydA- or cydAB-deleted M. tb strains [66].

The administration of Amoxicillin and clavulanic acid combination showed an
interesting role of the cytochrome bd [67]. Inhibition of M. tb cell wall synthesis
during the treatment resulted in increased NADH/NAD+ ratio, which might be due to
cytochrome bd. The ratio NADH/NAD+ was altered due to disruption of the cell wall
[68]. Knock-out of alanine dehydrogenase and cytochrome bd resulted in the increase
in the effect of Chlorpromazine, an NDH-2 inhibitor, on mutated M. tb [69, 70].

3.6 ATP Synthase

ATP synthase is a critical enzyme in the energy metabolism of all living cells and is
also vital for the optimal growth of M. tb. ATP is synthesized via oxidative and
substrate-level phosphorylation using membrane-bound F1-F0 ATP synthase. It
utilizes the energy stored as the transmembrane electrochemical potential gradient
of a coupling ion for ATP production [71]. As an ATPase, it hydrolyses ATP and
transports protons from the cytoplasm to the extracellular space in the presence of
high intracellular ATP concentrations and low PMF [72]. Under energetically
unfavorable circumstances, some bacteria can employ ATPase to maintain PMF,
whereas, in others, this function is prevented. In M. tb, there is pronounced sup-
pression in ATP hydrolysis activity under normal conditions [32].
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The ATP synthase ofM. tb consists of two functional domains, i.e., a membrane-
embedded F0 unit and an external hydrophilic F1 domain with subunit compositions
of a1b2c10-15 and a3b3cde, respectively. The b and d subunits of F0 and F1 domains,
respectively, are fused, and the size of the b-subunit in the stator stalk is shorter in
M. tb as compared to other bacteria. The c-ring is composed of more than ten
monomer units (Fig. 5a) [64].

The rotation of the c-ring is triggered by the passage of ions (mainly protons) via
the F0 subunit, which is associated with the rotation of the c and e-subunit.
The ATP production is driven by the rotation of the c subunit within the a3b3
hexamer of the F1 domain (Fig. 5b). Although, the structure and rotary catalytic

Fig. 5 a Subunit composition of mycobacterial ATP synthase; b crystal structure a3b3 hexamer.
a-subunit (orange) and b-subunit (turquoise) (PDB id. 6FOC); c crystal structure of e-subunit.
N-terminal is represented in blue and C-terminal (orange) (PDB id. 5YIO); d crystal subunit of
c-subunit (PDB id. 5ZWL); e crystal structure of mycobacterial ATP synthase c-ring (PDB id.
4V1F)
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mechanism of ATP synthase are conserved across all the life forms. However, ATP
synthesis is exceptionally challenging in pathogenic bacteria, as they have to deal
with limited oxygen and nutrient supply.M. tb may survive for years in human cells
and require acclimatization in the energy metabolism to give enough ATP and build
a PMF that allows it to survive in the host [73]. A PMF of −110 mV is needed for
the ATP synthase to generate ATP, which is equally contributed by the membrane
potential and the pH in M. tb. In contrast, a PMF of around −220 mV is required in
other bacteria. Hence, the low PMF requirement represents an adaptation of M. tb
cells towards deficiency of nutrient and electron acceptor availability [74].

Mycobacterial ATP synthase can reversibly be separated into F1 and F0 parts.
The a3b3 hexamer is considered the catalytic core. In both E. coli and human
mitochondria, the sequences of a and b, which include the nucleotide-binding sites,
are conserved. The a subunit ofM. tb shares 55% and 52% sequence similarity with
the human mitochondrion and E. coli, respectively. The b-subunit shows 61% and
59% sequence similarity with the corresponding organisms. The functional motifs
present in F1-ATPases are the P-loop for nucleotide-binding (G171-T178). Argi-
nine fingers are involved in the stabilization of ATP hydrolysis transition state
(R376). Further, the acidic residue (E183) acts as a nucleophile for the ATP
hydrolysis reaction, while the sequence DISLEED (D403-D409) is responsible for
torque transmission is conserved in M. tb [75].

Several mechanisms contribute to the suppression of ATP hydrolysis, including
subunit inhibition, Mg-ADP binding to the catalytic site, and binding of inhibitory
protein subunit f [76]. The ADP produced at the active site gets entrapped in the
nucleotide-binding site and does not dissociate from the enzyme. This inhibition
can be relieved by PMF, which moves the c subunit away from its position and
allows ATP binding to the non-catalytic site located mainly in a-subunit [71].

The e-subunit is the major regulator of the ATP synthase complex. It has a
C-terminal helical domain and an N-terminal b-barrel domain (Fig. 5c). The helical
domain of the C-terminal can adopt a hairpin state or an extended configuration.
The two conformation states are reversible and are a crucial element for the reg-
ulation of ATP hydrolysis. The extended conformation suppresses the ATP
hydrolase activity, and the hairpin conformation favors its hydrolysis [77]. The
cellular energy status facilitates the transition between the two conformations as
ATP favors the hairpin state.

The c-subunit of the F0 domain is the proton-translocating unit of ATP synthase.
It is an intrinsic membrane protein assembled in an oligomeric ring consisting of
two transmembrane helices, i.e., the N-terminal helix is at the center of the oli-
gomeric ring, whereas the C-terminal helix is on the periphery (Fig. 5e). Protein
from the periplasmic side of the membrane can bind to an acidic amino acid residue
in the membrane-spanning region of the carboxylate side chain of the C-terminal
helix. This allows rotation of the c-ring of the hydrophobic core of the membrane,
resulting in the release of the protons in the cytoplasm [77]. The polymorphic
amino acids present in the membrane-spanning part of the c-subunit act as a
probable drug-binding pocket. The presence of bulkier amino acids in human mi-
tochondrial ATP synthase imposes steric hindrance on drug binding [77]. The

554 A. Ganeshpurkar et al.



c-ring of c-subunit of the F1 domain is responsible for the connection of the F0
rotary motor to the nucleotide-binding site present in the a3b3 hexamer. The
c-subunit contains an extended coil composed of helical regions of N and
C-terminal, which penetrates into the a3b3 hexamer’s cavity (Fig. 5d). It also has a
globular mixed sheet/helical domain near the c-ring. M. tb c-subunit shows a 25%
sequence similarity with human mitochondrion homolog [77].

The non-rotating parts of F0 and F1, i.e., a subunit and an a3b3 hexamer,
respectively, must be tightly attached by stator stalk in order to avoid unnecessary
rotation of the ATP synthase complex during catalysis. The stator stalk is a hy-
drophilic structure that sits on the ATP synthase complex’s periphery. It consists of
d subunit, located above a3b3 hexamer, fused with one of the subunits that have
C-terminal of the dimeric b subunit. The C-terminal and N-terminal of b-subunit
and d subunit, respectively, are linked together by a 110 amino acids long linker.
This fusion might improve power transmission inside the ATP synthase complex by
stiffening the stator stalk. The existence of two forms of b-subunit improves mutual
contact between the two subunits [78].

4 Enzymes Involved in Substrate-Level Phosphorylation

4.1 Fructose-1, 6-bisphosphate Aldolase

Fructose-1,6-bisphosphate aldolase class II (FBA-tb, E.C. 4.1.2.13) is a metal-
loenzyme produced by M. tb that plays a crucial role in glycolysis as well as
gluconeogenesis [79, 80]. It is responsible for the production of glyceraldehyde
3-phosphate (G3P) in glycolysis and fructose 1, 6-bisphosphate (FBP) for gluco-
neogenesis. It catalyzes the formation of FBP from dihydroxyacetone phosphate
(DHAP) and G3P through aldol condensation, which is reversible in nature [81]. It
is observed that the class I FBA is expressed in M. tb during aerated aerobic
conditions. However, hypoxia results in the expression of only FBA-tb, whether the
carbon source is glucose or fatty acid [79, 82, 83]. Class II FBA is not expressed in
humans, and thus it makes it an excellent anti-TB target with better selectivity [84].

FBA-tb is a homo-tetramer that consists of 334 amino acid residues and a
molecular weight of 144 kDa [85]. The fda gene with an open frame of 1035 base
pairs encodes FBA-tb protein. The enzyme was found in the cell membrane, cell
wall, and cytoplasm in an immunoblot investigation employing polyclonal
anti-FBA-tb antibodies. Further, it demonstrated that it moved across the com-
partments inside the bacilli cell [86]. The enzyme has (ba)8-barrel fold, which is
observed in various class II aldolases [87]. It consists of two zinc and one sodium
ions in each monomer. The zinc ion present on the active site is bound with two
amino acid residues, i.e., His334 and His436, along with a water molecule. A 310-
helix is observed between b2 strand and a3 helix and an additional a2a helix
between a2 helix and b2 strand. In M. tb, for FBA-tb, four a helices are present in
addition to the a0 helix, which blocks the entrance of the barrel. Two additional
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a8b and a8c helices are also present near the arm formed by a8 and a8a [88]. The
two adjacent monomers in the tetramer assembly interact with each other through
hydrogen bonds, hydrophobic packing, and salt bridges [89]. The total interaction
surface area among dimer of dimers interface of FBA-tb is about 1220 Å2. The two
dimers form a tetramer displayed interactions through residues beginning from
Tyr281 present on a8a helix to Asp302 located beyond a8b helix. The key inter-
actions between the two dimers are Phe292 and Tyr295 (hydrophobic interaction),
Leu299 and Val301 (hydrophobic interaction), Tyr295 and Arg285 (hydrogen
bonding), Arg285 and Tyr281 (hydrogen bonding), Arg285 and Asp302 (hydrogen
bonding), and Lys300 and Asp302 (hydrogen bonding).

Dihydroxyacetone phosphate (DHAP), which is the substrate of the FBA-tb, has
sp3 hybridized C1 carbon with a tetrahedral geometry that undergoes a planer
configuration between C1 and C2 carbon bond upon binding with the enzyme.
Further, the hydroxyl group and enolate oxygen present on the first and second
carbon of the DHAP form a coordinate bond with the zinc present on the active site.
The C2 carbon DHAP also forms a hydrogen bond with the Gly253 amide back-
bone. While G3P, the other substrate, displays interaction with the enzyme. The
hydrogens of the phosphate group interact with Ser53 and Arg314 through
hydrogen bonding. The C3 hydroxyl group of FBP product shows interaction with
catalytic zinc ion along with C2 ketone and C4 hydroxyl group.

4.2 Pyruvate Kinase

The enzyme M. tb pyruvate kinase (PK) is involved in the production of pyruvate
from phosphoenolpyruvate (PEP) along with the production of ATP. It is the final
step of glycolysis. It controls and regulates the TCA cycle as the pyruvate formed is
the starting material [90]. It also acts as a crucial source of starting material for the
process of gluconeogenesis in many organisms. PK shows allosteric activation from
adenosine monophosphate and glucose 6-phosphate. The absence of the PK results
in the inability to exploit other fermentable carbon sources such as glycerol for
energy in M. bovis [91]. However, the introduction of the pykA gene in M. bovis
obtained from M. tb H27Rv results in the utilization of glycerol as a carbon source
[92]. In a mice model, it was observed that gluconeogenesis was essential for the
survival of M. tb mediated by pyruvate carboxylase and phosphoenolpyruvate
carboxykinase. It was established that M. tb is unable to draw a glycolytic substrate
from the host organism [24].

The gene pykA (Rv1617) having 1419 bp is responsible for encoding the
pyruvate kinase. The deletion of the gene resulted in inhibition of M. tb growth in
the presence of fermentable as well as non-fermentable carbon substrates. Further,
growth inhibition was also observed in fatty acid-containing media, indicating pykA
deletion has a detrimental effect on gluconeogenesis. The absence of M. tb PK
results in allosteric inhibition of isocitrate dehydrogenase due to the accumulation
of the PEP, citrate, and aconitate [93].
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4.3 Nitrate Reductase

Various bacteria can substitute nitrate as a final electron acceptor for molecular
oxygen to sustain the proton motive gradient for ATP production. M. tb has
metabolic machinery involved in the reduction of nitrate as a nitrate reductase
enzyme. The activity of the enzyme is quite low in the aerobic condition whereas,
in the hypoxic condition, the cellular M. tb nitrate reductase activity is substantially
increased [94]. The deletion of gene narGHJI in M. bovis blocked nitrate reductase
activity, and the mice infected with such mutant had no presentation of TB after
200 days [95]. This indicated that nitrate reduction served as an alternate pathway
for energy production under stressed conditions. The nitrate reductase of M. tb
displayed similarity with that of E. coli because it was inhibited by tungstate as well
as azide. This established that it was a membrane-bound molybdenum-containing
complex consisting of four subunits [96]. Nar-G, -H, -J, and -I are the four subunits,
of which Nar-J is responsible for enzyme assembly. Nar-G has a catalytic site,
which consists of 1232 amino acid residues. The Nar-G mutant strain of M. bovis
displayed lower virulence and pulmonary damage in various mice models [97]. Due
to the similarity with other nitrate reductases, it might have [4Fe-4S] cluster and
molybdopterin guanine dinucleotide (Mo-bis). The increase of nitrate reductase
activity in hypoxic conditions helps in cell survival, but does not support its growth
and multiplication. Further, it helps the cell for redox balancing besides providing
energy during the non-replicating phase [98].

4.4 Nitrite Reductase

The nitrate serves as an electron acceptor in M. tb and is converted to nitrite by the
NarGHJI enzyme during the dormant phase [98]. The nitrite reductase NirBD
converts nitrite to ammonia through reduction. In the absence of other nitrogen
sources, M. tb uses nitrites, indicating its assimilatory role. The addition of
asparagine to the growth media of M. tb decreased the nitrite reduction, thus
indicating the utilization of asparagine as a nitrogen source over nitrite. This might
be because of the requirement of six electrons for the reduction of nitrite, which is
quite expensive, and hence, asparagine is a preferred nitrogen source. In hypoxic
conditions, the viability of the NirBD mutant M. tb strain is reduced in the mac-
rophage cell culture system than in the wild-type strain. This might be responsible
for maintaining the NADH/NAD+ balance during dormancy in hypoxic conditions.
Another role of NirBd is to neutralize nitrite and nitric oxide and convert them into
ammonia under aerobic conditions. However, during the hypoxic condition, it is
exported outside the cell. The reduction of the nitrite yields ammonia, which
reduces the acidity of the phagosome environment and helps in the survival ofM. tb
[99]. Further, the secreted ammonia may cease the fusion of the lysosome with the
phagosome. Hence, NirBD is one of the essential enzymes responsible for virulence
during the dormant phase. NirD is the subunit of the NirBD complex, which has a
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double b-sandwich fold with no Fe–S cluster for electron transfer. It has cysteine
residue present on the surface and may be responsible for interaction with NirB
subunit [100].

5 Major Classes of Inhibitors Targeting Mycobacterium
Tuberculosis Energetics

Various enzymes of oxidative phosphorylation are responsible for driving PMF
across the membrane leading to ATP generation (Fig. 6). The inhibition of these
enzymes leads to bacteriostatic as well as bactericidal actions on M. tb.

Clofazimine (CFZ) is chemically a riminophenazine derivative, which has
shown anti-M. tb effect in various studies [101, 102]. It was initially used as an
anti-leprotic drug. WHO has also recommended it in multibacillary disease in
combination with other drugs [103]. It was suggested that Clofazimine, a redox
compound, undergoes reduction as well as oxidation in M. tb, and this might be due
to its conjugation in the respiratory chain [101]. Further, M. tb with catalase defi-
ciency increased the activity of Clofazimine due to its ability to generate reactive
oxidation species (ROS). Another study also supplemented that Clofazimine
increased ROS production in M. smegmatis, leading to cell death [104]. The ROS
production was mediated by NDH-2-reduced Clofazimine. The mice model showed
complete elimination of M. tb on treatment with Clofazimine in five months [104,
105]. The drug is currently used as the second-line therapy for the treatment for TB.

Thioridazine has been a neuroleptic drug in use for over 60 years and has fewer
side effects than other phenothiazines. The in vitro study on M. tb and its
drug-resistant strains indicated that Thioridazine was effective with a minimum
inhibitory concentration (MIC) range of 4–32 µg/ml [106, 107]. It was observed
that the administration of Thioridazine reduced the resistance of the first-line drugs
[108]. Thioridazine acts through various targets, including oxidoreductase, NDH-2,
efflux protein, and fatty acid metabolism [69, 109, 110]. NDH-2 is indispensable for
the growth of M. tb and is involved in anaerobic respiration [74, 111].

Telacebec, targeting the respiratory cytochrome bc1 complex, is an imidazopy-
ridine derivative. It showed potent anti-M. tb activity with MIC of 2.7 and 0.28 nM
in broth culture medium and in the macrophage, respectively [112]. It has 90%

Fig. 6 Various classes of compounds that target mycobacterial energetics
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bioavailability with a half-life of 23.4 h and low systemic clearance (4.03 ml
min−1 kg−1). It displayed two- to three-fold higher pulmonary concentration in
comparison to the serum, along with the distribution volume of about 5.21 L/kg of
body weight. The drug produced a significant reduction in M. tb load after four
weeks of treatment in mice with a decrease in the number of pulmonary granulo-
mas. Further, co-administration with isoniazid showed a reduction in the size of
granulomas. The intracellular ATP levels were also reduced significantly due to
cytochrome bc1 inhibition. The phase I trial has established the safety and its
pharmacokinetic profile. Currently, a phase II clinical trial on pulmonary TB
patients is underway to evaluate the bactericidal activity of Telacebec [112].

Bedaquiline (BDQ) is a diarylquinoline derivative that is approved to target
energy metabolism [113]. It acts as an ATP synthase inhibitor, and the co-crystal of
bedaquiline bound to ATP synthase showed that it binds with a membrane-
embedded rotor (c-ring) found on the F0 subunit [64]. Bedaquiline is highly
selective towards M. tb and acts on both active as well as dormant cells [114]. It has
a half-life of five hours along with a triphasic elimination, but the terminal half-life
is quite long (173 h in humans). It is oxidized by CYP3A4 to produce an active
N-desmethyl metabolite. In a pre-clinical study to determine the early bactericidal
activity, it was observed that there was an absence of bactericidal activity during the
initial two to four days because the depletion of the ATP pool required three to four
days. The clinical trial also showed efficacy of BDQ over placebo. The clinical
study established the safety and tolerance for Bedaquiline at 400 mg daily dose.
However, in a study on MDR-TB patients, a higher death rate was observed for the
treatment group than that of placebo. Some strains of M. tb and M. smegmatis
produced mutation and resistance for Bedaquiline. Gene atpE responsible for
encoding subunit c of ATP synthase displayed mutation at 28th and 63rd positions,
i.e., E28P and A63V, which prevented Bedaquiline binding [115, 116].

Pyrazinamide is a pyrazine derivative, which was discovered as an anti-TB drug
through serendipity. It is a first-line drug and reduces the therapy duration from
12 months to six months [117]. It acts by targeting the post-translation process,
energy production as well as pantothenate coenzyme [118]. Initially, the pro-drug is
converted to pyrazinoic acid by the action of the pyrazinamidase enzyme present in
the granuloma [119]. The pyrazinoic acid diffuses inside the cell as a neutral
molecule if the pH of the granuloma environment is acidic. The unionized acid
molecule transports and releases the protons inside the cell, increasing the proton
concentration. This hampers the proton gradient and potential in the cell that
adversely affects PMF and ATP generation [118]. Trans-translational modifications
due to the addition of tmRNA on toxic and damaged proteins help its recognition
and clearance by proteinase, especially under stress conditions, and support the
survival of M. tb from damaged proteins, but pyrazinoic acid inhibits the process.
Further, it also inhibits aspartate decarboxylase leading to inhibition of synthesis of
pantothenate and coenzyme A (Fig. 7).
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6 Conclusion

M. tb is a pathogenic bacterium and causes TB with a very high mortality rate.
Unlike many bacteria that rely only on substrate-level phosphorylation for survival,
M. tb relies on oxidative phosphorylation. During normal aerobic conditions, the
breakdown of the carbon substrate releases the energy in the form of NADH, which
is then funneled through the ETC to generate ATP. Electrons are transferred to the
menaquinone pools of the cell directly from NADH by several dehydrogenases

Fig. 7 Structure of anti-mycobacterial compounds
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found in M. tb, including NDH-2 and SDH. Further, the presence of two-terminal
oxidase complex oxidases process menaquinone, resulting in the pumping of the
protons outside the cell. Cytochrome bcc/aa3 is the primary terminal oxidase, which
functions in normal aerobic conditions. The periplasmic protons create PMF that
results in the generation of ATP through ATP synthase. Another terminal oxidase, i.
e., cytochrome bd, comes into action under extreme hypoxic conditions; however,
that is less efficient to conserve energy.

The activated macrophages limit the availability of nutrients to restrict intra-
cellular replication of M. tb. The adaptation of M. tb to host immunity entails the
substitution of fatty acids for sugars as a carbon and energy source. The pro-
totrophic bacteria use cholesterol and fatty acids as a source of carbon for their
energy requirements and sustain their central metabolism via gluconeogenic con-
version of lipid and amino acid-derived intermediates via gluconeogenic enzymes
like PK and FBA-tb. Activated macrophages also release nitrate, which is antimi-
crobial and is reduced by M. tb to nitrite by multi-subunit nitrate reductase,
NarGHJI. The enzyme also helps in nullifying the reactive nitrogen in a hypoxic
environment. Further, the nitrite reductase converts the generated nitrite to
ammonia, reduces the acidic environment of phagosomes of the host macrophagic
cells, and helps in its survival. Since the past decade, numerous components of
these pathways have been discovered as druggable molecular targets.
Small-molecule-based oxidative phosphorylation inhibitors have been found to be
effective against DR-TB. A number of drugs have shown their potential to treat M.
tb infection in pre-clinical and clinical trials.

Core Messages

• Oxidative phosphorylation is an essential energy-efficient pathway for
normal physiological processes and growth of M. tb.

• M. tb possesses the two-terminal oxidase cytochrome bcc-aa3 and Cyto-
chrome bd.

• Cytochrome bc1-aa3 and bd complexes are favored under aerobic and
hypoxic conditions, respectively, for ATP production.

• Substrate level phosphorylation plays a vital role in M. tb survival in the
dormant state inside the macrophages.

• The identification of various targets from ETC has acquired significance in
anti-TB drug research.
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Twenty years from now you will be more disappointed by the
things that you didn’t do than by the ones you did do.

Mark Twain

Summary

Mycobacterium is a genus that includes several pathogenic species. Species
causing tuberculosis (TB) and leprosy are well-known, whereas species
responsible for causing diseases other than TB and leprosy remain largely
neglected. The latter coming under non-tuberculous mycobacteria (NTM) can
cause high morbidity and mortality due to their drug resistance mechanisms
against many antibiotics. An alarming rise in NTM diseases has been evident in
several reports. Meanwhile, the population of vulnerable people, i.e., patients
with diabetes, cancer, immunocompromised conditions, AIDS, chronic obstruc-
tive pulmonary disease, etc., is also rising. Yet, NTM is a neglected health issue
in most healthcare systems. Additional challenges are the pathophysiological
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and microbiological similarity of NTM diseases with TB and the absence of
well-developed diagnostics for NTM diseases. Hence, we urgently need efficient
diagnostic and therapeutic options to manage NTM diseases.

Graphical Abstract

Keywords

Antibiotic � Drug resistance � Infectious disease � Mycobacterium �
Non-tuberculous mycobacteria � Neglected disease � NTM

1 Introduction

The genus Mycobacterium is an extremely diverse class that includes over 200
bacterial species, characterized by the mycolic acid-rich, thick cell wall, branched
filamentous growth, and high guanine and cytosine content. Approximately 95% of
Mycobacteria are true saprophytes, ubiquitously present in many niches such as soil,
water, and air in the free-living state. Only a few species are known to be pathogenic
to humans and animals; they can be a strict or opportunistic pathogen, having the
ability to cause pulmonary or extrapulmonary diseases [1, 2]. Tuberculosis (TB) and
leprosy have affected humankind for centuries, as described in different ancient texts
and scriptures. Additionally, DNA sequences belonging to the Mycobacterium
tuberculosis (M. tb) complex (MTBC) isolated from fossils of ancient humans date
back to 3000 years, giving scientific evidence to this assumption that our battle with

Non-tuberculosis mycobacterium (NTM): emerging threat and challenges
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these mycobacterial pathogens is not new. However, the association of these
mycobacterial pathogens with two notable diseases, i.e., TB and leprosy, was only
established in the nineteenth century [2–4]. Non-tuberculous mycobacteria
(NTM) are mycobacterial pathogens associated with diseases other than TB and
leprosy [1].

From the historical perspective, the first description of NTM can be traced back
to the nineteenth century–almost when Mtb was discovered. However, the burden
of NTM diseases was not well-documented, their clinical impact was considered
negligible, and they got neglected due to the broader prevalence of TB and leprosy.
Indeed, almost all major diagnostic and therapeutic development was made for TB
and leprosy [2, 3, 5], which is while the clinical relevance of NTM pathogens has
dramatically increased after the acquired immunodeficiency syndrome (AIDS)
epidemic, as reflected in the increased incidence of pulmonary diseases due to
Mycobacterium avium complex (MAC) and others. This awareness of the comorbid
situation of AIDS and NTM disease led to some significant development in the new
diagnostics and therapeutics for NTM. Keeping in mind that the NTM-related
morbidity and mortality are especially high in immunodeficient people, but also
they are rising in immunocompetent patients, and given that besides people with
AIDS, the number of people with diabetes, chronic obstructive pulmonary diseases
(COPD), and cystic fibrosis (CF), who are vulnerable to NTM infections, too,
is increasing, there is a need for more focused studies of NTM as emerging
pathogens [6].

Diagnostics and therapeutics options for mycobacterial diseases are mainly
limited to TB and leprosy, with very few efficient therapeutics options are available
for infections due to NTM. This often leads to misdiagnosis of NTM infections. It
usually bears symptomatic similarity with TB, and lack of potent sterilizing ther-
apeutic options makes the infections often untreatable, leading to high morbidity
and mortality [7–9].

2 Classification of Mycobacteria

There are three broad categories of the mycobacterial pathogens [2, 5, 10, 11]:

1. MTBC includes mycobacterial species associated with TB: M.tuberculosis, M.
bovis, M. africanum, M. microti, and M. canetti;

2. NTM includes all other pathogenic mycobacteria that cause diseases other than
TB and leprosy. They have been further classified into four different groups
based on their cultural characteristics, such as pigmentation and growth rate (as
suggested by Runyon) [11];
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3. M. leprae and M. lepromatosis are two species responsible for causing leprosy;
they are strictly parasitic and have undergone extreme genome reduction during
evolution and lost their essential genes required to grow independently under
laboratory conditions.

NTM, in turn, includes two major subgroups:

1. slowly-growing mycobacteria (SGM) species take more than one week to
produce visible colonies on solid media; they belong to Runyon class I, II, and
III based on their pigmentation pattern:

• photochromogenic or Runyon I SGM species produce pigment upon the
exposure of light: M. kansasii, M. marinum, M. simiae, M. asiaticum;

• scotochromogenic or Runyon II species are SGMs whose pigmentation does
not depend on the presence or absence of light: M. szulgai, M. xenopi, M.
lentiflavum;

• nonchromogenic slow growers or Runyon III species do not produce any
pigmentation, or their pigmentation is almost negligible; they take more than
one week to make a visible colony on solid media: M. avium, M. intracel-
lulare, M. haemophilum, M. celatum, M. bronderi, M. shimoide; and

2. rapidly-growing mycobacteria (RGM) or Runyon IV species show no pig-
mentation or negligible pigmentation that produce visible colony on solid media
in less than one week: M. abscessus, M. chelonae, M. fortuitum, M. peregrinum,
M. mucogenum, etc. (Table 1).

3 Disease Burden

In the absence of any obligatory guidelines related to reporting NTM infections in
most healthcare systems worldwide, the burden of these infections cannot be
accurately estimated [10]. Recently, several reports suggest a rise in clinical cases
of NTM infections [3–10, 12–14].

In the last two decades, a significant rise in the prevalence of pulmonary NTM
diseases was seen as evident from the study by Marass et al., indicating a surge of
prevalence rate from 9.1 to 14.1 NTM cases per one lakh population per year in
North America between 1997 and 2003 [15]. Similarly, there was a rise in the

Table 1 Characteristic differences of slow growing mycobacteria and rapid growing
mycobacteria

Characteristic Slow growers Fast growers

Doubling time >12 h <6 h

Visible colony on agar
plates

More than a week Less than 7 days

Pigmentation of colony Can be pigmented or
non-pigmented

Non-pigmented or negligible
pigment
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prevalence of pulmonary NTM disease in the elderly population aged over 60 years
from 19.6 cases per 100,000 population in a year during 1994–1996 to 26.7 cases
per 100,000 population in a year during 2004–2006 [16]. There have been reports
of a similar increase in prevalence from other geographical areas, as summarized in
Table 2.

However, most of these reports are based mainly on a specific geographical area
[8, 9, 12–14]. A bird’s eye view of the literature reveals differential clinical rele-
vance of different NTM species varying greatly with the patient’s geographical area,
comorbid conditions, and age [14]. Several studies indicate MAC as the most
prevalent NTM. MAC causes pulmonary diseases, particularly in AIDS and COPD
patients [9, 12]. A global survey led by “Nontuberculous Mycobacteria Network
European Trials Group” (NTM-NET) showed the wider prevalence of SGM species
in sputum samples around the world. Around *84% of NTM isolates were SGM,
and the rest 16% isolates were RGM species. Overall, MAC was the most prevalent
species (47% of total isolates), and almost half of NTM infections are caused by
MAC species. After MAC, other prevalent SGM species were M. gordonae, M.
xenopi, and M. kansasii. However, M. gordonae is considered a non-pathogenic,
true-environmental mycobacterium most often isolated in sputum samples. Table 3
summarizes the outcome of the global survey by NTM-NET, showing
continent-wise variation in the prevalence of different NTM species [19].

Most NTM diseases are associated with environmental exposure to pathogens
rather than person-to-person transmission; their prevalence, thus, depends greatly
on geographical conditions [5, 6]. However, M. abscessus has shown
person-to-person transmission among patients with cystic fibrosis (CF). This is
especially scary as M. abscessus is considered a nightmare of the healthcare system
due to its intrinsic resistance to most approved drugs [14, 21].

Together the literature hints about an alarming rise in the occurrence and
prevalence of NTM diseases in relation to various hazard factors such as im-
munosuppression, age, ethnicity, and history of other pulmonary diseases.

Table 2 Increasing prevalence of pulmonary NTM diseases across the different geographical
conditions/population

Population Earlier prevalence Increased prevalence References

Prevalence/100,000
population

During
year

Prevalence/100,000
population

During
year

Canada 9.1 1997 14.1 2003 [15]

United
States

19.6 1994–
1996

26.7 2004–
2006

[16]

Australia 5.5 1999 10.2 2005 [17]

Asia 1.3 2000 7.9 2008 [17, 18]

Taiwan 2.7 2000 10.2 2008 [18]

Europe 0.9 1995 2.9 2006 [19, 20]
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4 Present Guidelines Regarding NTM Diseases

In 2007, the first official guidelines regarding diagnosis, treatment, and prevention
of NTM diseases were jointly published by the American Thoracic Society
(ATS) and the Infectious Diseases Society of America (IDSA) [1]. Afterward, the
British Thoracic Society (BTS) also published its guidelines for NTM diseases in
2017, based mainly on ATS/IDSA guidelines [3, 22].

4.1 Diagnosis of NTM Infections

As per ATS/IDSA guidelines [1], diagnostic criteria of pulmonary NTM disease
are:

• chest X-ray that shows cavitation as a sign of necrosis or abscess. If no cavitation
is seen in the chest X-ray, chest high-resolution computed tomography (HRCT)
is indicated;

• the presence of acid-fast bacilli (AFB) in three or more sputum specimen
analyses; and

• exclusion of TB and other diseases.

All clinical, microbiological, and radiographic criteria are equally important and
must be met to diagnose pulmonary NTM infection. Multifocal bronchiectasis and
multiple small nodules in HRCT scans and opacities, nodulation, and cavitation in
chest X-ray are characteristic features of NTM lung diseases due to infection with
MAC, M. kansasii, and M. abscessus. However, little is known about the patho-
logical features of other respiratory NTM infections, so the diagnostic criteria
outlined above cannot be applied to all pulmonary NTM diseases. Therefore,
species-level identification by high-performance liquid chromatography (HPLC) is
recommended for NTM diseases caused by RGM species such as M. abscessus, M.
fortuitum, and M. chelonae, along with routine susceptibility testing for amikacin,
tobramycin, doxycycline, fluoroquinolones, sulphonamides, cefoxitin, imipenem,
linezolid and clarithromycin [1, 3, 22].

4.2 Therapeutics for NTM Infections

4.2.1 Pulmonary NTM Diseases
The ATS/IDSA and BTS guidelines for managing pulmonary NTM diseases rec-
ommend a combination of macrolides with anti-TB drugs like isoniazid, rifampicin,
ethambutol, and injectable drugs, e.g., amikacin or streptomycin, until
culture-negative on therapy after one year. The common NTM species associated
with pulmonary infections are MAC, M. kansasii, M. malmoense, M. xenopi, M.
abscessus, M. fortuitum, and M. chelonae. Therapeutic recommendations depend
on NTM pathogen and type of diseases [1, 3, 22].
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4.2.2 MAC
It is the most common species frequently isolated from patients with pulmonary
NTM diseases [3, 12]. Before initiating the treatment regimen, susceptibility testing
of isolates for amikacin and clarithromycin should be considered as well as the
severity of the disease and the patient’s tolerance of therapeutic indications [1, 22].
If a patient fails to respond to the macrolide treatment regimen and MAC reappears
after culture conversion, susceptibility testing for a broader panel of macrolides is
recommended.

Therapeutic recommendations for clarithromycin-sensitive MAC isolates
include rifampin and ethambutol along with clarithromycin or azithromycin daily or
intermittently three times a week. The regimen should be given until one-year
sputum negative on therapy [1, 22]. On the other hand, an intermittent treatment
regimen should not be used for someone who has severe MAC pulmonary diseases
or a history of treatment failure. Furthermore, macrolide monotherapy or a dual
therapy regimen containing macrolides and quinolones should not be used for MAC
pulmonary diseases [1, 22].

4.2.3 M. kansasii
The treatment regimen for pulmonary NTM diseases caused by M. kansasii
infection contains a daily dose of isoniazid, rifampin, ethambutol, or a macrolide
(azithromycin or clarithromycin) up to one year from culture-negative on therapy
[1]. However, the susceptibility of isolates for rifampin should be tested before
initiating the regimen, and resistant strains should be tested for a broader panel of
antibiotics to guide the most suitable therapeutic recommendation [1, 3, 22]. The
treatment regimen for resistant strains must include a combination of three drugs
based on susceptibility isolates [1, 22].

4.2.4 M. abscessus
In the case of M. abscessus pulmonary disease, no treatment regimen has any
proven or predictable efficacy. A multidrug treatment regimen containing clar-
ithromycin may relieve symptoms and somewhat reduce the severity of the disease.
Still, surgical resection of affected parts in case of localized disease and multidrug
therapy containing clarithromycin offer the best chances for cure [1, 3].

4.2.5 M. malmoense
The treatment regimen contains a daily oral dose of rifampin, ethambutol, and
azithromycin or clarithromycin [1, 3, 10].

4.2.6 M. xenopi
A four-drug treatment regimen containing rifampin, ethambutol, and a macrolide
(azithromycin or clarithromycin) along with isoniazid or a fluoroquinolone
(ciprofloxacin or moxifloxacin) [1, 22] is recommended.
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4.3 Treatment for Extrapulmonary NTM Disease

Several studies indicate that 20–30% of NTM diseases are extrapulmonary, in-
cluding skin and soft tissue, lymphadenitis, musculoskeletal, and disseminated
disease [3, 23–26].

4.3.1 Skin and Soft Tissues Disease
In most cases, these diseases are associated with surgical or cosmetic procedures
and traumatic injuries [3, 24]. M. fortuitum is the most common RGM species
associated with skin and soft tissue infections resulting from traumatic injuries and
invasive surgical procedures. Thankfully, M. fortuitum is susceptible to a broader
range of antibiotics. The treatment regimen for M. fortuitum infections should
include at least two drugs for four to six months depending on the severity of the
disease; however, a monotherapeutic regimen containing tetracyclines is also effi-
cient to treat those infections by M. fortuitum [1, 22, 25].

In the case of infections by M. ulcerans (Buruli ulcer), surgery is the ultimate
cure for the disease. However, an eight-week therapeutic regimen containing
rifampin and a quinolone or a macrolide was promising for treating Buruli ulcers.
Mild, localized cutaneous diseases caused by M. marinum can be treated with a
combination of clarithromycin, rifampin, or ethambutol for one to two months after
lesions resolve. However, surgical resection is necessary for deep tissue infections
[1, 22, 26].

4.3.2 Lymphadenitis
NTM infections of the lymph node are commonly caused by MAC. However, M.
lentiflavum is an emerging etiological agent causing lymph node infections [3, 27–
29]. The therapeutic regimen is similar to other NTM diseases, containing a mac-
rolide or fluoroquinolone. Still, surgical intervention is more effective and curative
in most cases, even without antibiotics [1, 28, 29].

4.3.3 Disseminated Infection
Earlier, this type of infection by MAC was common among patients with end-stage
HIV infection. Fortunately, a sharp decline in disseminated NTM diseases has been
seen after introducing a HAART-based treatment regimen among AIDS patients;
however, some disseminated infection cases still occur, mainly associated with the
intravascular catheter and implants [3, 30, 31].

5 Therapeutic Options for NTM Diseases

Treatment regimens approved for NTM infections are discussed below, with their
minimum inhibitory concentrations (MIC) in Table 4.
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5.1 Macrolides

They are the first choice to treat most NTM infections [1, 3, 22]. Macrolides are a
potent inhibitor of bacterial protein synthesis by preventing bacterial peptidyl
transferase activity by reversible binding at the p site of the 50s subunit of the
bacterial ribosome [38]. Azithromycin (250–500 mg/day) and clarithromycin (500–
1000 mg/day) are two very potent drugs belonging to macrolides that are recom-
mended for the treatment of several NTM diseases in combination with other drugs
or as a part of monotherapeutic regimen [1, 22].

5.2 Aminoglycosides

Aminoglycosides inhibit bacterial protein biosynthesis by disturbing bacterial
peptide elongation after binding at the 30s subunit of the ribosome [10]. Amino-
glycosides are naturally derived compounds containing an amino-modified gly-
coside residue in their structure [39]. Streptomycin was the first aminoglycoside
antibiotic and first anti-TB agent. Injectable aminoglycosides such as amikacin and
streptomycin are recommended for use in combination with other drugs to treat
NTM diseases [1, 3, 10, 22, 39].

5.3 Fluoroquinolones

Fluoroquinolones are a group of broad-spectrum antibacterial compounds that
inhibit bacterial DNA replication by inhibiting DNA gyrase, type II topoisomerase,
or topoisomerase IV activity, leading to double-strand or single-strand breaks in the
genome and therefore, causing cell death [40]. ATS/IDSA and BTS guidelines
recommend fluoroquinolone (oral moxifloxacin 400 mg/daily) combined with other
drugs like amikacin, rifampin, and ethambutol for treatment of severe to mild cases
of macrolides-resistant as well as susceptible cases of NTM diseases [1, 3, 10, 22].

5.4 Anti-TB Drugs

Pathological and microbiological features of many pulmonary and extrapulmonary
NTM diseases share similarities with TB, and anti-TB drugs are also effective
against NTM infections. The treatment regimen containing first-line anti-TB agents,
e.g., rifampin, ethambutol, isoniazid, macrolides, and aminoglycosides, is recom-
mended in ATS/IDSA and BTS guidelines for the management of NTM diseases
[1, 3, 10, 22].
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5.5 Surgical Intervention

In case of localized infection or infections which not respond to any treatment
regimen (especially in case of M. abscessus), surgical resection of the affected part
or organ along with a multidrug therapeutic regimen containing azithromycin or
clarithromycin is recommended. Similarly, in Buruli ulcers caused by M. ulcerans
and localized cutaneous disease caused by M. marinum, especially in deep tissues,
surgical intervention along with a multidrug therapeutic regimen is required for the
ultimate cure of disease [1, 22].

5.6 New Drugs Against NTM

The following section lists newly approved drugs that are active against Mtb and
possess anti-NTM activity.

5.6.1 Delamanid
It is a new anti-TB drug that got approval for the treatment of MDR-TB in 2012. It
is a nitroimidazole that inhibits mycobacterial cell wall biosynthesis. It is moder-
ately active against certain slow-growing NTMs, giving some promise towards the
utilization of delamanid to manage certain NTM infections [33]. However, in a few
other studies, delamanid has demonstrated high MIC value against all other NTM
species except M. kansasii [41, 42].

5.6.2 Pretomanid
It is a pro-drug with a bicyclic nitroimidazole scaffold, which exerts anti-TB activity
by inhibiting mycolic acid biosynthesis and generating reactive nitrogen species
(RNS) [43, 44]. Pro-drug pretomanid gets activated by the deazaflavin-dependent
nitroreductase (Ddn) enzyme present in Mtb and some NTM species such as M.
kansasii. However, pretomanid is ineffective against other NTM pathogens such as
M. avium, M. chelonae, M. fortuitum, etc. They lack the Ddn enzyme required to
activate pretomanid [34, 42–45].

5.6.3 Bedaquiline
It is a new class of oral anti-TB drug that belongs to the diarylquinolines class. Its
target is the mycobacterial ATP synthesis pathway [34, 41]. Bedaquiline has highly
promising in vitro activity with a potent MIC against most NTM species. In
summary, it is effective against M. abscessus, M. avium complex, M. kansasii, and
macrolide-resistant NTM strains, which suggests the potentiality of bedaquiline for
being used in the clinical management of NTM diseases. It, however, lacks bac-
tericidal activity against M. abscessus and MAC [1, 3, 10, 34, 41].
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5.7 Other Anti-mycobacterial at the Preclinical Stage

Several other compounds having anti-mycobacterial activity are summarized in
Table 5.

5.7.1 Repurposed Drugs
The following section lists repurposed drugs that are active against NTM.

5.7.2 Clofazimine
It belongs to the riminophenazine class and is a well-known anti-leprotic agent.
Clofazimine has been recently repurposed to treat patients with multidrug-resistant
(MDR)-TB and extensively drug-resistant (XDR)-TB, but several reports also
suggest the potentiality of clofazimine to manage NTM diseases [3, 10, 34, 58]. The
efficacy of clofazimine has been studied in an observational cohort study in pedi-
atric and adult CF patients with pulmonary or extrapulmonary NTM infections and
non-CF patients having pulmonary or extrapulmonary NTM diseases. In this study,
clofazimine was well tolerated, effective upon oral administration, and appeared
safe [58]. Clofazimine demonstrates very potent anti-mycobacterial activity against
M. kansasii and MAC. Several studies have also reported promising clinical effi-
cacy of clofazimine in treating pulmonary disease caused by MAC [59, 60]. Clo-
fazimine can be utilized as an alternative therapeutic intervention for managing
MAC infections in patients who are intolerant or non-responsive to regular therapy.
The efficacy of clofazimine againstM. kansasii does not change with the addition of
the reserpine, an efflux pump inhibitor.

Clofazimine demonstrates very potent activity against SGM, and it synergizes
with amikacin, clarithromycin, and tigecycline in vitro [3, 10, 34]. In an experi-
mental study, clofazimine was able to prevent the regrowth of M. abscessus, which
had been previously exposed to amikacin and clarithromycin. Clinical use of clo-
fazimine is increasing to treat pulmonary NTM disease caused by M. abscessus.
Outcomes from a recent study on 42 patients with pulmonary NTM infection of M.
abscessus have shown promising treatment results with a clofazimine-containing
regimen on microbiological, radiological, and clinical parameters. In this study,
clofazimine was moderately successful [3, 61]. However, further research is
required for clinical efficacy, tolerability, and possible adverse effects of long-term
clofazimine-containing regimens. Clofazimine, along with two or three additional
oral antibiotics, plus daily oral macrolide and inhaled amikacin, is recommended by
the European Cystic Fibrosis Society and U.S. Cystic Fibrosis Foundation for
pulmonary M. abscessus disease among CF patients [3, 10].

Clofazimine is also helpful in shortening the treatment duration of Buruli ulcers
when combined with a more potent drug. For example, high-dose rifamycins with
clofazimine have better effectiveness in treating Buruli ulcers than a regimen
containing rifamycin with macrolides (azithromycin or clarithromycin). Combined
rifamycin and clofazimine regimen prevented the relapse of Buruli ulcer despite a
shorter treatment regimen than rifamycin with macrolides [1, 3, 10, 58–63].
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5.7.3 Linezolid
It is a broad-spectrum antibiotic that can treat infectious diseases caused by
gram-positive bacteria resistant to other antibacterials. Linezolid belongs to the
oxazolidinone class and acts by inhibiting bacterial protein synthesis. Linezolid has
shown excellent activity against a panel of RGM and SGM species, including
clinical and reference strains of M. fortuitum, M. abscessus, M. chelonae, M. avium
complex, M. simiae, etc. [64, 65].

5.7.4 Tedizolid
It is a second-generation oxazolidinone, approved by the US Food and Drug
Administration (USFDA) in 2014 to treat acute bacterial skin infections. It showed
better activity against most NTM strains in comparison to linezolid. It has a sig-
nificantly low MIC than linezolid against M. fortuitum, M. abscessus, and M.
chelonae [35].

5.7.5 SPR719/720
It is a novel benzimidazole developed by Spero Therapeutics, Inc. USA to treat
DR-TB and other bacterial diseases. It is currently in phase II clinical trials to treat
NTM diseases. It inhibits bacterial gyrase B and topoisomerase IV (GyrB/ParE). It
exhibits very potent MIC 0.03–5.48 µg/mL against both drug-susceptible and
MDR-Mtb and MIC 0.1–2 µg/mL against different NTM strains, including MAC,
M. abscessus, and M. kansasii [36].

5.7.6 Omadacycline
It is a recently approved broad-spectrum tetracycline used to treat community-
acquired pneumonia and bacterial soft tissue and skin infections [3, 10]. It has shown
promising activity in managing lower respiratory tract infections associated with M.
abscessus and other NTM infections. A recent study showed clinical improvement of
pulmonary NTM infection with a treatment regimen containing omadacycline
combined with amikacin and aztreonam. Omadacycline is formulated for oral dosing.
It offers a better pharmacokinetic profile than tigecycline. It maintains a high and
stable concentration in plasma, epithelial lining fluid, and lung alveoli [37, 66–68].

5.7.7 Tigecycline
It belongs to glycylcyclines, a derivative of the tetracycline class. Tigecycline is
used to treat complicated soft tissue and skin infections but not complicated
intra-abdominal and diabetic foot infections [3]. It shows reliable in vitro activity
against M. abscessus, M. fortuitum, and M. chelonae, but it is not effective against
M. avium complex, M. marinum, and M. kansasii. The tigecycline-containing
treatment regimen for M. abscessus could improve the condition in both radio-
logical and clinical terms. However, the unacceptable cultural conversion rate, low
patient tolerance, and lack of oral formulation are significant drawbacks. Before
initiating the tigecycline-containing treatment regimen, a careful patient evaluation
is required, along with monitoring adverse drug reactions [69–71].

586 M. N. Ahmad et al.



5.7.8 b-lactams
An interest in b-lactam antibiotics has reignited after discovering that b-lactamase of
Mtb and M. abscessus can be inhibited by clavulanic acid and avibactam [3, 72].
Combinations of ceftazidime and ceftaroline or ceftazidime and imipenem have
exhibited very potent in vitro activity against M. abscessus. These combinations
inhibited M. abscessus growth at submicromolar concentration and also showed
bactericidal kinetics. These dual b-lactam combinations are effective in THP-1 in-
fection models of M. abscessus [73]. In other studies, b-lactam antibiotics appeared
effective in monotherapy and showed powerful synergy with rifampin and clar-
ithromycin to treat Buruli ulcers caused by M. ulcerans. The activity was further
improved when b-lactamase inhibitor (clavulanic acid) was included. These lines
suggest the potentiality of amoxicillin/clavulanate for treating Buruli ulcers as a single
drug treatment regimen or in combination with clarithromycin and rifampin [74].

5.7.9 Mefloquine
Mefloquine is a derivative of 4-quinolinemethanol generally used for prophylactic
and therapeutic purposes against parasitic infections, especially for Plasmodium
falciparum. However, different studies have shown that mefloquine has good
in vitro efficacy against different clarithromycin susceptible and resistant strains of
MAC (MIC 16 µg/ml). Similar efficacy of mefloquine is also reflected in the
murine disease model of MAC infections [10, 75].

Interestingly, mefloquine has bactericidal activity against both clarithromycin
susceptible and resistant strains, and it synergizes with moxifloxacin and ethamb-
utol against MAC [75]. The combination of these three drugs (40 mg/kg dose of
mefloquine, 100 mg/kg moxifloxacin, and ethambutol at 100 mg/kg) has shown
approximately one log10 CFU reduction in one week and more than 2 log10 CFU
reduction of clarithromycin resistant-MAC in liver and spleen in the murine disease
model of MAC infection [75]. Mefloquine is a racemic mixture of four different
stereoisomers of a-2-piperidinyl-2,8-bis(trifluoromethyl)-4-quinolinemethanol,
among those four isomers, (+)-Erythro-Mefloquine has shown a significantly
greater reduction of MAC in liver and spleen of C57BL/6bg+/bg+ mice as com-
pared with control [76].

5.7.10 Thioridazine
Thioridazine is an antipsychotic drug and exhibits anti-mycobacterial activity via
inhibiting the electron transport chain in Mtb [10, 77]. It showed very excellent
in vitro efficacy against MAC (MIC 25 µg/ml), the same activity reflected in the
hollow-fibre system (HFS) lung disease model of MAC (HFS-MAC). In this dis-
ease model, thioridazine, in combination with moxifloxacin, has shown very rapid
killing of MAC (> 5 log10 reductions of CFU/mL in seven days) [77, 78].

5.7.11 Disulfiram
It is a de-addiction medicine used to manage chronic alcoholism [3]. A study from
our lab has indicated disulfiram has very potent in vitro activity against RGM NTM
pathogen; its activity was better than b-lactam antibiotics (Table 6). Disulfiram
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demonstrated concentration and time-dependent bactericidal activity, as evident by
its time-kill kinetic against M. fortuitum and M. abscessus. It showed synergistic
interaction with fluoroquinolones (moxifloxacin, ciprofloxacin), aminoglycoside
(amikacin), b-lactam (meropenem), oxazolidinone (linezolid), and glycopeptide
antibiotics (vancomycin and teicoplanin) against M. fortuitum and M. abscessus. In
the J774 macrophage cell line, disulfiram showed better intracellular killing activity
against M. fortuitum and M. abscessus than amikacin (*1.8 log10 CFU reduction
by disulfiram, * 1 log10 CFU reduction by amikacin in comparison with untreated
cells). We have further tested in vivo efficacy of disulfiram in the murine disease
model of M. fortuitum and found a significant reduction (*1.4 log10 CFU) of the
bacterial load in kidneys of animals treated with a 50 mg/kg dose of disulfiram in
comparison with animal treated with placebo [79, 80].

5.7.12 Sildenafil
It is used to treat erectile dysfunction by inhibiting phosphodiesterase V, which
influences the nitric oxide (NO)-cyclic guanosine monophosphate (cGMP) path-
way. Pulmonary NTM diseases correlate with lower NO levels and reduced ciliary
beat frequency (CBF) in respiratory epithelial cells. NO donors are known to
increase mucociliary activity. Patients with pulmonary NTM disease treated with
sildenafil exhibit increased ciliary beat frequency. Pulmonary NTM diseases are
chronic diseases and most often life-long. Hence, a medication that can relieve
symptoms of diseases by altering CBF, sputum production, etc., can be used for
palliative care of patients suffering from non-curable NTM diseases. A clinical trial
(NCT01853540) on sildenafil by the National Institute of Allergy and Infectious
Diseases (NIAID), USA, aimed at this goal. Sildenafil could relieve patients'
symptoms, as assessed using the St. George’s Respiratory Questionnaire (SGRQ),
and enhance CBF; however, these changes were not significant in reducing the
clinical severity of disease [81].

Table 6 MIC of disulfiram against rapid-growing NTM along with MIC of standard drugs

Drug MIC (µg/ml)

M. fortuitum ATCC
6841

M. chelonae ATCC
35752

M. abscessus ATCC
19977

Disulfiram 32 32 32

Amikacin 2 2 16

Ceftazidime >64 >64 >64

Ceftriaxone >64 >64 >64

Meropenem 32 32 >64

Levofloxacin 0.03 0.12 2

588 M. N. Ahmad et al.



5.8 Alternative Approaches for the Treatment of NTM
Infections

5.8.1 Antimicrobial Peptides (AMPs)
AMPs include a diverse range of small peptide molecules that possess antibacterial
properties against many microbial pathogens, including viruses, bacteria, fungi, and
protozoans. AMPs are commonly found in nature, i.e., they can be isolated from
almost all living species through the process of bioprospecting, as these AMPs are
an integral part of the innate defense system of most living creatures. There is a
huge diversity among different AMPs. Every living organism has to cope with a
range of different enemies (pathogens), so AMPs from different species vary in
length, peptide sequence, and spectrum of activity. Due to such a large hetero-
geneity among different AMPs, a well-established understanding of the mechanism
of actions and a possible common target of these AMP is lacking [10]. Some may
agree that they interfere with cell membranes of pathogens, which may contribute
to cell death; these AMPs can also act intracellularly by interfering in the normal
functioning of crucial biomolecules, i.e., DNA, RNA, or proteins. Besides that,
some AMPs also possess immunomodulatory properties. For these reasons, AMPs
are also referred to as host defense peptides. These versatilities increase the
effectiveness of AMPs, but above all, it allows them to avoid possible microbial
resistance. Other benefits of AMPs over antibiotics are their equipotent activity
against metabolically active and inactive pathogens.

Certain AMPs have been identified as active against mycobacteria, either by
direct killing or immunomodulation. Most notable is the human peptide cathelicidin
LL-37, which exerts an immunomodulatory effect on the vitamin D signaling
pathway and induces autophagy and phagosome maturation of macrophages
infected with mycobacteria. Some studies have shown that mycobacterial infections
upregulate the development of cathelicidin and certain defensins such as human
neutrophil peptides (HNP) and b-defensins. Several studies have indicated the
potential bactericidal or bacteriostatic effect of certain AMPs against M. avium, M.
abscessus, M. chelonae, M. marinum, M. massiliense, and M. kansasii. As we are
seeing a growing number of scientific literature on discovering various AMPs
active against NTM pathogens, we are optimistic about the therapeutic utilization of
these small peptides in the battle against mycobacterial diseases. Some promising
AMPs active against NTMs are summarized in Table 7.

5.8.2 Bacteriophages
The rise of DR bacteria has alarmed the scientific community to look towards some
non-conventional approaches, such as using bacteriophages to deal with infections
caused by NTMs [10]. The use of bacteriophage has many possible benefits as an
alternative to antimicrobial drugs and working with them in synergy. Bacterio-
phages do not infiltrate cells other than bacterial targets, producing no damage to
host cells and no possible detrimental consequences on the patient. Bacteriophages
can be administered at very low dosages as they multiply within the pathogenic
bacterial host [10, 94]. Moreover, they act more quickly than antibacterial drugs,
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and their antibacterial activity is independent of the metabolic state of the bac-
terium. However, eukaryotic cell membranes are nearly impermeable for bacte-
riophages; thus, assisted delivery of bacteriophages inside the intracellular space of
infected cells is required in the case of NTM pathogens that reside within host cells.
Encapsulation of TM4 mycobacteriophage in a giant liposomal body has been
successfully used to deliver phages inside the THP-1 monocytic cells infected with
Mycobacterium [95]. Subsequent studies have shown the in vitro and in vivo
efficacy of TM4 mycobacteriophage against Mtb and M. avium; it substantially
reduces the bacterial burden [96]. Out of more than 4200 known mycobacterio-
phages, this TM4 is just a single representation of bacteriophage as
anti-mycobacterial agents. Further studies on mycobacteriophages against various
NTM pathogens are needed to elaborate our understanding of these phages and help
us rationally use a specific mycobacteriophage to treat infection caused by a par-
ticular NTM pathogen [10, 94–97].

Table 7 Some potential antimicrobial peptides (AMPs) showing activity against NTMs

AMPs Origin NTM spectrum Activity
exhibited in

References

LL-37 Human cathelicidin M. avium Macrophage [82]

Lacticin
3147

Lactococcus lactis M. avium
M. kansasii

Axenic [83]

Nisin Lactococcus lactis M.
paratuberculosis

Axenic [84]

Nisin A, S,
T, and V

Lactococcus lactis M. kansasii
M. avium

Axenic [85]

Ecumicin Actinomycetes
extracts

M. avium
M. kansasii
M. chelonae
M. abscessus
M. marinum

Axenic [86]

Lassomycin Actinomycetes
extracts

M. avium Axenic [87]

NDBP-5.5 Scorpion (Hadrurus
gertschi)

M. abscessus Anexic,
macrophagic
and in vivo

[88]

Polydim-I Wasp (Polybia
dimorpha)

M. abscessus Anexic,
macrophagic
and in vivo

[89]

Polybia-MPII Wasp’s Mastoparans
(Pseudopolybia
vespiceps)

M. abscessus
sp. massiliense

Axenic and
Macrophagic

[90]

Mcdef Manila clams
(Ruditapes
philippinarum)

M. fortuitum Axenic [91]

LFcin17-30
and variants

Bovine lactoferricin M. avium Axenic and
macrophagic

[92, 93]
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5.8.3 Host Directed Therapeutics
The charm of antibiotics as “magic bullets” has faded after the emergence of DR,
mainly due to antibiotic-induced selection pressure and a very high evolution rate of
pathogens, which eventually enables pathogens to modify those crucial targets on
which antibiotics act and to develop DR. We are seeing growing interest in the host
factors, which are essential for the survival or replication of pathogens inside the
host. Fortunately, by targeting certain important host factors that are crucial for a
pathogen to establish infection and cause disease, we can prevent the growth of
pathogens and control the progression of the disease without inducing DR.
Meanwhile, these host-directed approaches can also enhance the effectiveness of
regular antibiotics [98].

The importance of interferon-gamma (IFN-c) produced from T-cells is well
known for controlling infections caused by mycobacterial pathogens. Several
reports have shown the efficacy of immunomodulation in controlling mycobacterial
infection in murine disease models [10].

Studies on immunocompetent Balb/c mice and CD-4 depleted immunocom-
promised SCID mice show that administration of exogenously produced recom-
binant IL-12 has stimulated the production of IFN-c and protected mice against
infections of M. avium. While injection of DNA sequences containing the gene for
the synthesis of IL-18 resulted in substantial reduction of bacterial CFU in lungs
and persistent IFN-c production up to eight weeks in a murine infection model of
M. avium complex using Balb/c mice [99, 100].

Another study has shown the synergistic effect of etanercept (an approved tumor
necrosis factor-alpha (TNF-a) inhibitor drug) with regular anti-TB agents. The
combination of etanercept with anti-TB drugs resulted in a higher reduction in
bacterial burden in animals than when the drug was used alone in the lungs of mice
infected with Mtb [101].

However, the negative implication of TNF-a inhibitors in subjects with chronic
inflammatory disease has also been reported in numerous studies. A higher risk of
TB reactivation and worsening NTM disease are serious concerns associated with
the administration of TNF-a inhibitor drugs. These risk factors limit their clinical
utilization to manage mycobacterial diseases [10, 98–102].

5.8.4 Ion Chelators
Iron and other critical ions are necessary at different stages of the bacterial life
cycle. Hence, they play an important role in bacterial metabolism for the effective
development of infections. Likewise, mycobacteria also need iron and other metal
ions. They have developed very sophisticated techniques such as expressing
high-affinity siderophores, including mycobactins and carboxymycobactins, to
withdraw iron from the host cells [103]. These siderophores effectively obtain iron
from transferrin and lactoferrin, two very important iron-binding proteins of host
cells; Mtb can also use heme proteins as their source of iron [104].

The necessity of iron is not only limited to co-factors of various crucial enzymes
involved in bacterial metabolisms. Iron is also crucial to the virulency of
mycobacterial pathogens. The prevention of phagosome maturation in macrophage
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cells infected with M. avium depends on the iron capturing ability of the bacteria
[105]. The importance of iron in M. smegmatis ability to form a biofilm and a
substantial reduction in the growth of M. avium inside the macrophages and in vivo
conditions upon addition of iron chelators have also been reported in the literature.
In another study, the addition of rhodamine residues over 3-hydroxy-4-pyridinone,
a well-known iron-chelating moiety, has enhanced its anti-mycobacterial activity,
possibly by increasing the concentration of ion-chelators inside the phagosome and
reducing the intracellular availability of iron required by mycobacterial pathogens
to prevent phagosome maturation. Synergistic interaction of ion chelators with
ethambutol has been reported to reduce the growth of M. avium inside the mac-
rophage [10, 106].

5.8.5 Natural Oils
Six natural oils (cinnamon oil, oregano oil, carvacrol, trans-cinnamaldehyde,
2,5-dihydroxybenzaldehyde, and 2-hydroxy-5-methoxybenzaldehyde) have shown
potential activity in the inhibition of M. avium subspecies paratuberculosis [107].
These six natural oils act via leakage of phosphate ions in the extracellular environ-
ment in a concentration- and time-dependent manner, which may be possibly asso-
ciated with disruption of the bacterial cell membrane [108]. These natural oils are
major essential oils obtained from the Labiatae family.They are generally regarded as
safe (GRAS) and are allowed for cooking purposes, and several reports indicate the
various medicinal properties of these oils. Among these, carvacrol has shown potent
in vitro activity against a range of NTM pathogens, including M. fortuitum, M.
abscessus, M. chelonae, and M. mucogenicum, etc. (MIC 64 µg/mL against most of
NTM). The vapor of carvacrol seems more potent (MIC 16 µg/ml) than its liquid.
Carvacrol can also inhibit biofilm formation by NTM species [10, 107, 108].

5.8.6 Nitric Oxide
Inhalation of NO for the treatment of pulmonary M. abscessus disease seems
promising. Exposure of 250 ppm NO alone for ten hours using NO exposure
chamber has shown a five to six log reduction of clinical isolates of M. abscessus
and reference strain ATCC 19977. The combination of clofazimine synergized with
NO exposure caused an additional one log10 reduction of M. abscessus [109, 110].

6 Clinical Trials

In addition to the above-listed molecules, several other molecules and repurposed
drugs are under investigation in clinical trials to treat NTM infections. A compiled
list of those trials on NTM diseases can be retrieved from clinicaltrials.gov.
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7 Conclusion

Infectious diseases pose a continuous threat to humanity, where the emergence of DR
has outcompeted the rate of newdrug development. DR infections cause a substantially
heavy burden on the healthcare system worldwide. Previously, NTMwere considered
non-pathogenic, but now they are emerging as severe pathogens. There are still no
specific, definite treatments forNTMinfections. Guidelines related to themanagement
of NTM diseases mainly recommend a combination of two or more drugs:

• a first-line anti-tubercular drug, e.g., rifampin with/without ethambutol and
clarithromycin for the infections with SGM species; and

• a quinolone (moxifloxacin) and a macrolide (clarithromycin) for diseases caused
by RGM species.

The re-emergence of difficult-to-control NTM pathogens (M. chimaera and M.
abscessus) serves as a wake-up call to take these mycobacterial pathogens more
seriously. In addition, we are concerned about M. abscessus, which causes highly
difficult-to-treat infections–an abiding nightmare of the healthcare system.

For the reasons mentioned above, it is critically important to provide a correct
and fast diagnosis of NTM pathogens since treatment varies considerably
depending on the species. In addition, certain NTMs, especially RGM, need to be
identified at the subspecies level, for which antimicrobial susceptibility testing is
indicated to choose the best possible chemotherapy. Despite these uncertainties,
recent information also gives the scope of encouragement. Nebulized amikacin has
demonstrated strong efficacy in clinical trials and could be a major boom in the care
of NTM patients. Novel medicines of tremendous promise have also been created in
recent decades, but the lack of clinical safety and efficacy data restricts us from
including them in the existing recommendations. The drug pipeline is also under-
going a shift, with new drugs exhibiting potent anti-NTM activity. Our under-
standing of epidemiology is growing, and the proper utilization of modern
molecular biology tools such as whole-genome sequencing will give us a clearer
picture of the transmission of these pathogens.

Core Messages

• NTM diseases remain highly neglected in most health care systems.
• NTM diseases cause a high degree of morbidity and mortality.
• NTM diseases are, due to pathophysiological and microbiological simi-

larities with tuberculosis, largely misdiagnosed.
• NTM species possess intrinsic resistance mechanisms against different

antibiotics, making their treatment challenging.
• The rise of NTM infections in vulnerable people is alarming.
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27Challenges for Contact Tracing
and Tuberculosis Preventive Therapy
Scale-up

Anete Trajman

An ounce of prevention is worth a pound of cure.

Benjamin Franklin

Summary

Tuberculosis preventive therapy (TPT) is a key strategy to eliminate tuberculosis
(TB) by 2050. However, less than one-fifth of those needing TPT complete it
because of the many losses through the complex tuberculosis infection
(TBI) cascade of care. The largest and higher-risk populations targeted for
TPT are people living with HIV and contacts of patients with pulmonary TB.
New tests to detect TBI and shorter and better-tolerated treatment regimens to
treat TBI have been incorporated by several countries in recent years, but the
public health impact of these advances is poor, as many other barriers are still
pending. This chapter reviews the progress and bottlenecks for scaling up TPT to
contacts worldwide. The perspective for new tests, treatments, and innovative
approaches is also discussed.
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1 Introduction

One-fourth of the planet’s population has tuberculosis infection (TBI) [2], and they
constitute a major reservoir for new tuberculosis (TB) cases. Therefore, tuberculosis
preventive therapy (TPT) is a key strategy to eliminate TB [3]. TPT effectively
reduces by 90% the risk of progression to TB in people with TBI [4]. The main
targeted populations for TPT are people living with HIV (PLHIV) and close con-
tacts of patients with microbiologically confirmed pulmonary tuberculosis (PTB,
index patients). In the United Nations High-Level Meeting held in 2018, repre-
sentatives of more than 100 countries committed to provide, by 2022, 30 million
TPT to PLHIV (six million), children under five years of age (four million), and
other close contacts of index patients (20 million) [5]. However, poor progress has
been made in TPT scale-up since 2018, especially among the latter [6]. The reasons
for this include the complex TBI cascade of care [7] as well as patients’ and health
providers’ fear of adverse events [8]. Additionally, TBI diagnosis has several
limitations [9], and above all, most people with diagnosed TBI will never have the
disease. Currently, no tests are available to detect the risk of progression to disease.
This chapter will review the challenges and solutions for TBI management and TPT
scale-up, particularly among contacts of index patients, and technological innova-
tions underway to move forward towards a world free of TB.

2 Identification of the Targeted Population
for Tuberculosis Preventive Therapy

Although the large population with TBI is the main source of new TB cases, most
will never progress to active TB [10]. There are no biomarkers of risk of pro-
gression available for clinical purposes. Therefore, clinical and epidemiological
markers are used to select the targeted population with TBI for TPT. Those include
immunosuppression from any cause (HIV infection and use of immune modula-
tors,1 steroids, and chemotherapy) and those with recent TBI, i.e., those with a
recent tuberculin skin test (TST) conversion or contacts of index patients with a
positive TBI test (in whom recent infection is not sure but is likely) [11]. Other
highly exposed populations, such as immigrants (refugees or others) and people
living in prisons, also constitute large populations with a high risk of progression to
the disease.

1 These agents are increasingly prescribed for several autoimmune disorders.
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The largest world population targeted for TPT are index case contacts of all ages.
Active TB is found in 1.4% and TBI in 28% of contacts in high-income countries,
while in low- and medium-income countries (LMIC), 2.1% have active disease, and
51% have TBI [12]. Thus, contact tracing has high yields of identification of TB in
all its stages. Moreover, the absolute risk of progression to active TB in contacts is
higher than in patients using immune modulators or transplanted patients [13].
Therefore, contacts constitute a large population with a high risk of progression to
active TB when infected, which constitutes a high priority both from the individual
(clinical) and from the populational (public health) perspective.

Because TBI is an asymptomatic condition, healthcare workers should actively
look for TBI in contacts of index patients. The first step is to identify all households
and other close contacts adequately. To this end, a careful history should be taken in
a private and quiet space, and all contacts spending more than one hour per day for
five days in the same room or one night per week in the same house of the index
case (close contacts) in the previous three months should be identified, besides
those living in the same house (household contacts). Efforts should be made to
avoid stigma and breaches of confidentiality during this interview. Subsequent
encounters with the index case should constitute new opportunities to identify more
close contacts, as index patients gain confidence in the health team and have further
time to recall her/his recent history.

3 Diagnosis of Tuberculosis Infection

Persons with a high probability of TBI and a high risk of progression to active
disease should be tested and treated when positive. The main targeted populations
for testing are thus PLHIV and contacts of index patients, although other exposed
and immunosuppressed patients are also candidates. There is no standard gold test
for TBI. The main currently available tests are TST and interferon-gamma release
assays (IGRA).

TST has been used to diagnose TBI for more than a century. TST has good
sensitivity and reasonable specificity in immunocompetent individuals. However,
false-negative results may be observed in pregnant women, undernourished and
immunosuppressed patients, and patients with acute infectious diseases or vacci-
nation [14–16]. Conversely, patients with other mycobacterial diseases or with
repeated or recent BCG vaccination may present false-positive results [17]. In
addition, patients need to come back for reading, which results in more losses in the
cascade of care. TST and IGRA do not distinguish recent from remote TBI and are
not good markers of risk of disease. Finally, trained personnel are needed, and there
has been a shortage of tuberculin in recent years. The main advantage of TST is its
wide availability, as laboratory facilities are not necessary [9]. TST conversion is an
excellent marker of recent TBI.
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IGRA has been incorporated in many countries to overcome the TST limitations.
IGRA uses ESAT-6 and CFP-10 antigens, specific to Mycobacterium tuberculosis
(M. tb). However, despite the higher specificity of currently available IGRA tests
[18], indeterminate results have been reported, and lower sensitivity in immuno-
suppressed patients remains an issue. The newer generation Quantiferon®-
Gold-Plus (Qiagen, USA) was developed to increase sensitivity in PLHV, but
studies show overlapping pooled sensitivity compared to the previous generation
Quantiferon®-Gold-in-Tube [19]. Spontaneous conversions and reversions have
been reported; thus, conversion of IGRA tests is not reliable proof of recent
infection [20]. IGRA or TST are equally recommended by the World Health
Organization (WHO) [11].

New skin tests using recombinant tuberculin based on the same antigens as
IGRA have been developed and produced in high-burden countries [14–16]. They
potentially have the same accuracy as IGRA, with the advantage of not depending
on laboratory infrastructure. These tests are currently not commercially available in
most countries.

The main drawback of all TBI tests is the same: most patients with a positive test
will never progress to active TB [21, 22]. There is no evidence that IGRA is
superior to TST or vice versa in predicting progression to active disease [23]. In
other words, we need to treat a high number of patients with a positive TBI test to
prevent one case of active TB, and this number decreases over time as the risk is
higher in the first 24 months after infection. This reflects that TBI tests detect
immunity to M. tb, not necessarily infection. New tests to detect viable and active
M. tb, i.e., incipient TB, are being explored. Incipient TB carries a much higher risk
of progression to disease. Currently, no markers of risk of progression are available.
At least eight transcriptional signature tests distinguish TBI from incipient TB or
progressors from non-progressors, but to date, no such test has attained the ideal
75% sensitivity and specificity [24] set by the WHO. The same drawback as those
for TBI tests exists: the ability to predict progression to disease is low and reduces
with time, although the number necessary to treat to prevent one case is half that
with TBI tests [25].

Until accurate biomarkers of progression become available, testing for TBI is
advisable in the targeted populations mentioned above, as the risk of progression to
active TB is substantially higher in those with a positive test (either IGRA or TST)
[13] and the benefit of TPT has been shown to be substantially higher for those with
a positive test [26, 27]. However, the risk among young children (< five years of
age) contacts and PLHIV is so high that the WHO recommends that these popu-
lations, in high-TB burden countries, treat TBI regardless of TBI tests [11]. These
recommendations should be reserved for settings where tests may represent a
bottleneck to TPT scale-up. Testing to select candidates for TPT will avoid
overtreatment and unnecessary exposure to adverse events.
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4 Exclusion of Active Tuberculosis

Once TBI is detected, active TB should be ruled out before TPT prescription. This
includes symptom screening, medical evaluation, and chest radiograph (CXR) [11].
Screening for cough of any duration, fever, night sweats, and weight loss has an
80% sensitivity for active TB in PLHIV not using antiretroviral therapy, corre-
sponding to 98% and 90% negative predictive values in a 5% and 20% prevalence
population, respectively [28]. However, in PLHIV using antiretroviral therapy, the
sensitivity of symptoms screening drops substantially to 51%, leading to very low
negative predictive values [29]. Adding CXR to symptom screening increases
sensitivity to 85% [29]. Because adding CXR may be unaffordable in poor-resource
countries and increase losses in the cascade of care, with a modest gain in the
post-test probability of active TB [30], WHO recommends that CXR should not be
a barrier to TPT [11].

However, for contacts, mainly for those over five years of age—the largest
targeted population for TPT—CXR before offering TPT is mandatory [11]. CXR
will detect patients with subclinical TB, i.e., with radiological signs of active dis-
ease despite the absence of symptoms [31]. Although TPT may cure subclinical
disease, it may also induce acquired resistance to anti-TB drugs in a small subset of
patients [32, 33]. Despite the low risk of developing resistance with TPT [34, 35],
CXR will further decrease this risk by ruling out subclinical TB.

In order to reduce the costs and delays of conventional CXR, computer-aided
diagnostic tools coupled with portable CXR devices—developed to increase and
speed active TB detection [36]—could be tested in different scenarios for ruling out
active TB in the context of contact investigation [37]. Finally, efforts are underway
to evaluate highly sensitive blood-based signature tests that would rule out active
TB with confidence without needing CXR or other images [38–40].

5 Tuberculosis Preventive Therapy Regimen Options

For over 60 years, isoniazid for six or nine months has been the standard TPT
regimen. Isoniazid reduces the risk of progression to active disease by 90% [4].
However, drug-induced liver injury—which can be fatal [41]—is a major concern
and has reduced the acceptance of TPT both for providers and for patients. Thus,
despite the high individual benefit of TPT, little public health benefit has been
observed [6].

Rifamycin-based shorter regimens have been tested in the last decade. They are
more acceptable (less minor intolerance) and safer (less severe adverse events) and
have better completion rates. Also, they are non-inferior to nine months of isoniazid
in terms of efficacy [32, 33, 42, 43]. These regimens include four months of
rifampin (4R) daily [33, 42], three months of rifampin and isoniazid (3RH) daily
[44], 12 weekly supervised doses of isoniazid and rifapentine (3HP) [32, 43], or one
month of daily doses of isoniazid and rifapentine (1HP) [45]. All four have been
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added to the list of regimens recommended by the WHO [11]. The selection of the
best regimen depends on what patients, healthcare providers, and policymakers
prefer.

The USA Centers for Disease Control and Prevention (CDC), for example,
recommends the use of any rifamycin regimen: 3HP, 3RH, or 4R [46]. Although
self-administered treatment with 3HP has similar rates of success to supervised
treatment in North-American patients, adherence is low in LMIC countries, and this
regimen may be less acceptable in these settings [47], as supervision increases the
costs of TPT substantially. Yet, 3HP has been considered cost-effective both in
high-income countries (HIC) and LMIC [48, 49], and rifapentine is being subsided
by multilateral agreements to LMIC. The 1HP regimen has been shown to be safe
and non-inferior to 9H in PLHIV > 12 years old. 1HP should not be used with
Nevirapine, and its safety and efficacy in PLHIV using other antiretroviral drugs
and in children are not established.

On the other hand, network meta-analyses show 4R—a drug used for more than
half a century—is the safest regimen [50, 51]. However, no evidence exists
regarding the head-to-head comparison of rifamycin-based regimens. 4R is also
cost-effective in HIC and LMIC [52] and is readily available worldwide, provided
by Ministries of Health, as it is part of the treatment for active TB. Another
advantage of rifampicin is its syrup child-friendly formulation. Because safety is a
major priority for preventive treatments, and rifampin is largely available, 4R could
be preferred by clinicians and health policymakers. Finally, RH is easily available
from Global Drug Facility in all high-burden countries as it is used for active TB
treatment during the maintenance phase (four last months).

Studies are underway to evaluate new child-friendly water-dispersible formu-
lations of 3HP (NCT03730181), regimens compatible with dolutegravir
(NCT04272242), and other high-dose rifampicin shorter duration (two months)
regimens (NCT03988933). Current regimens, doses, and main side effects are
shown in Table 1.

TPT does not induce significant acquired drug resistance [34, 35]. There is no
consensus regarding the treatment of contacts of index patients with known
drug-resistant TB. 4R can be safely prescribed for contacts of isoniazid
mono-resistant TB patients as long as multidrug-resistant (MDR) TB is ruled out.
Conversely, isoniazid can be safely prescribed to contacts of patients with rifam-
picin mono-resistant TB. For contacts of MDR patients, the WHO recommends
close follow-up [11], while a joint guideline published by the American CDC and
medical societies recommends a six to 12 months later-generation fluoroquinolone
regimen alone or with a second drug, according to the drug susceptibility profile of
the index-caseM. tb isolate. Pyrazinamide should not be the second drug because of
toxicity and frequent discontinuation [54].

In summary, safer and shorter regimens have been widely available as an
alternative for isoniazid preventive therapy in the last decade. Their use should be
encouraged for contacts and other high-risk populations with TBI.
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6 Public Health Approach

Losses in the cascade of care of contacts have been quantified in several studies,
summarized in a systematic review in 2017 [7]. The reasons for these losses,
however, are poorly understood. Fear of severe adverse events and of drug resistance
induction by healthcare providers, treatment intolerance with poor adherence, fear of
stigma from index cases, shortage of tuberculin, unavailability of trained personnel
to apply and read TST, costs of IGRA and of CXR, unavailability of radiologic
services, delay for CXR diagnosis, have all been claimed to hamper the scale-up of
TPT. Reasons may vary from setting to setting and even from clinic to clinic.

Several interventions to reduce the losses in the TBI cascade of care were
reported, with varying effectiveness [55]. The most effective interventions were
incentives, healthcare worker education, home visits, and digital solutions.

Based on these premises, a large international operational trial was carried out to
understand the barriers and propose solutions to the specific barriers in each clinic
[56]. Barriers were identified through questionnaires and interviews with key

Table 1 Current options for TPT, doses, and main adverse events

Regimen Dosage Adverse events

Isoniazid alone
for six to nine
months

Adults, 5 mg/kg; children,
10 mg/kg (maximum, 300 mg)

Drug-induced liver injury, nausea,
vomiting, abdominal pain, rash,
peripheral neuropathy, dizziness,
drowsiness, and seizure

Rifampicin alone
for four months

Adults, 10 mg/kg; children,
10 mg/kg (maximum if < 45 kg,
450 mg; maximum if � 45 kg,
600 mg)

Influenza-like syndrome, rash,
drug-induced liver injury,
anorexia, nausea, abdominal pain,
neutropenia, thrombocytopenia,
and renal reactions (e.g., acute
tubular necrosis and interstitial
nephritis)

Isoniazid plus
rifampicin for
three months

As above As above

Weekly
rifapentine plus
isoniazid for three
months

Adults and children: rifapentine,
15–30 mg/kg (maximum,
900 mg); isoniazid, 15 mg/kg
(maximum, 900 mg)

Hypersensitivity reactions,
petechial rash, drug-induced liver
injury, anorexia, nausea,
abdominal pain, and hypotensive
reactions

Daily rifapentine
plus isoniazid for
one month

Adults and adolescents (>
12 years old): 300 mg daily for a
weight of < 35 kg, 450 mg daily
for a weight of 35–45 kg, and
600 mg for a weight of > 45 kg)
plus isoniazid at a dose of 300 mg
daily

Nausea, vomiting, drug-associated
fever, anemia, neutropenia,
elevated liver enzyme levels,
peripheral neuropathy

Reproduced from [53]
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players (index patients, contacts, and healthcare providers). Results of this phase
were presented to the staff and managers and tailored implemented solutions.
Solutions varied widely, including in-service training, educational materials to
healthcare workers and patients, incentives to present to the clinics, meetings in
churches, and the extension of opening hours of the clinics. This approach effec-
tively increased the number of contacts starting TPT per 100 index cases in the
intervention clinics in LMIC. The effect was also sustainable and cost-effective2 and
should be encouraged by national tuberculosis programs. Cost-effectiveness mod-
eling has shown that the investment in scale-up of TBI treatment is outweighed
mainly by savings from fewer active TB treatments in LMIC [53].

7 Conclusion

Contacts of index patients with TBI constitute the largest high-risk population for
progression to active TB, thus a priority population for TPT. They should be
actively found using any of the currently available tests and encouraged to complete
a TPT course after exclusion of active TB. IGRA and TST have high sensitivity and
specificity for diagnosing TBI, although their ability to predict progression is low.
Active disease should be ruled out by symptoms screening and CXR where
available. Rifamycin-based TPT regimens are safe and effective and increase
completion rates, but shorter regimens are not sufficient to scale-up TPT, as this is
the final step of a long cascade. Scale-up TPT for contacts of index patients is
feasible but requires political will and a pragmatic approach. All steps of the
cascade of care need to be locally analyzed, and specific solutions to overcome
identified barriers should be implemented. Contact investigation and their appro-
priate management need urgent attention to attain the United Nations’ goals.

Core Messages

• TPT is a key strategy to eliminate TB.
• Contacts of index patients are the largest population with a high risk of

progression to active TB when infected, thus a priority for TPT.
• IGRA and TST accurately detect TB infection in contacts and predict

benefits from TPT compared to those with a negative test.
• Clinical and radiological exclusion of active TB is recommended in con-

tacts over five years of age without HIV infection.
• Rifamycin-based regimens are shorter, safer, and better tolerated and

completed than isoniazid, with non-inferior efficacy.

2 Oxlade et al., Lancet Public Health, in press; Bastos et al., Int J Tuberc Lung Dis, in press.

27 Challenges for Contact Tracing and Tuberculosis Preventive … 609



References

1. Fox GJ, Nguyen TA, Coleman M, Trajman A, Velen K, Marais BJ (2021) Implementing
tuberculosis preventive treatment in high-prevalence settings. Int J Infect Dis 113:S13–S15.
https://doi.org/10.1016/j.ijid.2021.02.094

2. Houben RMGJ, Dodd PJ (2016) The global burden of latent tuberculosis infection: a
re-estimation using mathematical modelling. PLoS Med 13:e1002152. https://doi.org/10.
1371/journal.pmed.1002152

3. Dye C, Glaziou P, Floyd K, Raviglione M (2013) Prospects for tuberculosis elimination.
Annu Rev Public Health 34:271–286. https://doi.org/10.1146/annurev-publhealth-031912-
114431

4. Smieja MJ, Marchetti CA, Cook DJ, Smaill FM (2000) Isoniazid for preventing tuberculosis
in non-HIV infected persons. Cochrane Database Syst Rev CD001363. http://doi.org/10.1002/
14651858.CD001363

5. United Nations (2018) Political declaration of the UN General Assembly high-level meeting.
Resolution A/RES/73/

6. WHO (2021) Global tuberculosis report 2021. World Health Organization, Geneva,
Switzerland. Licence: CC BY-NC-SA 3.0 IGO

7. Alsdurf H, Hill PC, Matteelli A, Getahun H, Menzies D (2016) The cascade of care in
diagnosis and treatment of latent tuberculosis infection: a systematic review and
meta-analysis. Lancet Infect Dis. https://doi.org/10.1016/S1473-3099(16)30216-X

8. Sumartojo E (1993) When tuberculosis treatment fails. A social behavioral account of patient
adherence. Am Rev Respir Dis 147:1311–1320. https://doi.org/10.1164/ajrccm/147.5.1311

9. Trajman A, Steffen RE, Menzies D (2013) Interferon-gamma release assays versus tuberculin
skin testing for the diagnosis of latent tuberculosis infection: an overview of the evidence.
Pulm Med 2013:601737. https://doi.org/10.1155/2013/601737

10. Getahun H, Matteelli A, Chaisson RE, Raviglione M (2015) Latent Mycobacterium
tuberculosis infection. N Engl J Med 372:2127–2135. https://doi.org/10.1056/NEJMra
1405427

11. World Health Organization (2020) WHO consolidated guidelines on tuberculosis. Module 1,
Prevention: tuberculosis preventive treatment

12. Fox GJ, Barry SE, Britton WJ, Marks GB (2013) Contact investigation for tuberculosis: a
systematic review and meta-analysis. Eur Respir J 41:140–156. https://doi.org/10.1183/
09031936.00070812

13. Campbell JR, Winters N, Menzies D (2020) Absolute risk of tuberculosis among untreated
populations with a positive tuberculin skin test or interferon-gamma release assay result:
systematic review and meta-analysis. BMJ 368. https://doi.org/10.1136/bmj.m549

14. Abubakar I, Jackson C, Rangaka MX (2017) C-Tb: a latent tuberculosis skin test for the 21st
century? Lancet Respir Med 5:236–237. https://doi.org/10.1016/S2213-2600(17)30012-7

15. Zellweger JP, Sotgiu G, Corradi M, Durando P (2020) The diagnosis of latent tuberculosis
infection (LTBI): currently available tests, future developments, and perspectives to eliminate
tuberculosis (TB). Med Lav 111:170–183. http://doi.org/10.23749/mdl.v111i3.9983

16. Nikitina IY, Karpina NL, Kasimceva OV, Gergert VY, Ergeshov A, Lyadova IV (2019)
Comparative performance of QuantiFERON-TB Gold versus skin test with tuberculosis
recombinant allergen (Diaskintest) among patients with suspected pulmonary tuberculosis in
Russia. Int J Infect Dis 86:18–24. https://doi.org/10.1016/j.ijid.2019.06.014

17. Menzies D (1999) Interpretation of repeated tuberculin tests. Boosting, conversion, and
reversion. Am J Respir Crit Care Med 159:15–21. https://doi.org/10.1164/ajrccm.159.1.
9801120

18. Zwerling A, van den Hof S, Scholten J, Cobelens F, Menzies D, Pai M (2011)
Interferon-gamma release assays for tuberculosis screening of healthcare workers: a
systematic review. Thorax. https://doi.org/10.1136/thx.2010.143180

610 A. Trajman

http://dx.doi.org/10.1016/j.ijid.2021.02.094
http://dx.doi.org/10.1371/journal.pmed.1002152
http://dx.doi.org/10.1371/journal.pmed.1002152
http://dx.doi.org/10.1146/annurev-publhealth-031912-114431
http://dx.doi.org/10.1146/annurev-publhealth-031912-114431
http://doi.org/10.1002/14651858.CD001363
http://doi.org/10.1002/14651858.CD001363
http://dx.doi.org/10.1016/S1473-3099(16)30216-X
http://dx.doi.org/10.1164/ajrccm/147.5.1311
http://dx.doi.org/10.1155/2013/601737
http://dx.doi.org/10.1056/NEJMra1405427
http://dx.doi.org/10.1056/NEJMra1405427
http://dx.doi.org/10.1183/09031936.00070812
http://dx.doi.org/10.1183/09031936.00070812
http://dx.doi.org/10.1136/bmj.m549
http://dx.doi.org/10.1016/S2213-2600(17)30012-7
http://doi.org/10.23749/mdl.v111i3.9983
http://dx.doi.org/10.1016/j.ijid.2019.06.014
http://dx.doi.org/10.1164/ajrccm.159.1.9801120
http://dx.doi.org/10.1164/ajrccm.159.1.9801120
http://dx.doi.org/10.1136/thx.2010.143180


19. Sotgiu G, Saderi L, Petruccioli E, Aliberti S, Piana A, Petrone L, Goletti D (2019)
QuantiFERON TB Gold Plus for the diagnosis of tuberculosis: a systematic review and
meta-analysis. J Infect 79:444–453. https://doi.org/10.1016/j.jinf.2019.08.018

20. Pai M, O’Brien R (2007) Serial testing for tuberculosis: can we make sense of T cell assay
conversions and reversions? PLoS Med 4:e208. https://doi.org/10.1371/journal.pmed.
0040208

21. Mandalakas AM, Detjen AK, Hesseling AC, Benedetti A, Menzies D (2011)
Interferon-gamma release assays and childhood tuberculosis: systematic review and
meta-analysis. Int J Tuberc Lung Dis 15:1018–1032. https://doi.org/10.5588/ijtld.10.0631

22. Diel R, Loddenkemper R, Nienhaus A (2012) Predictive value of interferon-c release assays
and tuberculin skin testing for progression from latent TB infection to disease state: a
meta-analysis. Chest 142:63–75. https://doi.org/10.1378/chest.11-3157

23. Auguste P, Madan J, Tsertsvadze A, Court R, McCarthy N, Sutcliffe P, Taylor-Phillips S,
Pink J, Clarke A (2019) Identifying latent tuberculosis in high-risk populations: systematic
review and meta-analysis of test accuracy. Int J Tuberc Lung Dis 23:1178–1190. https://doi.
org/10.5588/ijtld.18.0743

24. Gupta RK, Turner CT, Venturini C, Esmail H, Rangaka MX, Copas A, Lipman M,
Abubakar I, Noursadeghi M (2020) Concise whole blood transcriptional signatures for
incipient tuberculosis: a systematic review and patient-level pooled meta-analysis. Lancet
Respir Med 8:395–406. https://doi.org/10.1016/S2213-2600(19)30282-6

25. Esmail H, Cobelens F, Goletti D (2020) Transcriptional biomarkers for predicting
development of TB: progress and clinical considerations. Eur Respir J. https://doi.org/10.
1183/13993003.01957-2019

26. Akolo C, Adetifa I, Shepperd S, Volmink J (2010) Treatment of latent tuberculosis infection
in HIV infected persons. Cochrane Database Syst Rev CD000171. http://doi.org/10.1002/
14651858.CD000171.pub3

27. Samandari T, Agizew TB, Nyirenda S, Tedla Z, Sibanda T, Shang N, Mosimaneotsile B,
Motsamai OI, Bozeman L, Davis MK, Talbot EA, Moeti TL, Moffat HJ, Kilmarx PH,
Castro KG, Wells CD (2011) 6-month versus 36-month isoniazid preventive treatment for
tuberculosis in adults with HIV infection in Botswana: a randomised, double-blind,
placebo-controlled trial. The Lancet 377:1588–1598. https://doi.org/10.1016/S0140-6736
(11)60204-3

28. Getahun H, Kittikraisak W, Heilig CM, Corbett EL, Ayles H, Cain KP, Grant AD,
Churchyard GJ, Kimerling M, Shah S, Lawn SD, Wood R, Maartens G, Granich R, Date AA,
Varma JK (2011) Development of a standardized screening rule for tuberculosis in people
living with HIV in resource-constrained settings: individual participant data meta-analysis of
observational studies. PLoS Med 8:e1000391. https://doi.org/10.1371/journal.pmed.1000391

29. Hamada Y, Lujan J, Schenkel K, Ford N, Getahun H (2018) Sensitivity and specificity of
WHO’s recommended four-symptom screening rule for tuberculosis in people living with
HIV: a systematic review and meta-analysis. Lancet HIV 5:e515–e523. https://doi.org/10.
1016/S2352-3018(18)30137-1

30. Hanrahan C, Dowdy D (2018) Chest X-ray for tuberculosis preventive therapy: use caution.
Lancet HIV 5:e478–e479. https://doi.org/10.1016/S2352-3018(18)30213-3

31. Drain PK, Bajema KL, Dowdy D, Dheda K, Naidoo K, Schumacher SG, Ma S, Meermeier E,
Lewinsohn DM, Sherman DR (2018) Incipient and subclinical tuberculosis: a clinical review
of early stages and progression of infection. Clin Microbiol Rev 31. https://doi.org/10.1128/
CMR.00021-18

32. Sterling TR, Villarino ME, Borisov AS, Shang N, Gordin F, Bliven-Sizemore E, Hackman J,
Hamilton CD, Menzies D, Kerrigan A, Weis SE, Weiner M, Wing D, Conde MB,
Bozeman L, Horsburgh CR Jr, Chaisson RE, TB Trials Consortium PREVENT TB Study
Team (2011) Three months of rifapentine and isoniazid for latent tuberculosis infection.
N Engl J Med 365:2155–2166. https://doi.org/10.1056/NEJMoa1104875

27 Challenges for Contact Tracing and Tuberculosis Preventive … 611

http://dx.doi.org/10.1016/j.jinf.2019.08.018
http://dx.doi.org/10.1371/journal.pmed.0040208
http://dx.doi.org/10.1371/journal.pmed.0040208
http://dx.doi.org/10.5588/ijtld.10.0631
http://dx.doi.org/10.1378/chest.11-3157
http://dx.doi.org/10.5588/ijtld.18.0743
http://dx.doi.org/10.5588/ijtld.18.0743
http://dx.doi.org/10.1016/S2213-2600(19)30282-6
http://dx.doi.org/10.1183/13993003.01957-2019
http://dx.doi.org/10.1183/13993003.01957-2019
http://doi.org/10.1002/14651858.CD000171.pub3
http://doi.org/10.1002/14651858.CD000171.pub3
http://dx.doi.org/10.1016/S0140-6736(11)60204-3
http://dx.doi.org/10.1016/S0140-6736(11)60204-3
http://dx.doi.org/10.1371/journal.pmed.1000391
http://dx.doi.org/10.1016/S2352-3018(18)30137-1
http://dx.doi.org/10.1016/S2352-3018(18)30137-1
http://dx.doi.org/10.1016/S2352-3018(18)30213-3
http://dx.doi.org/10.1128/CMR.00021-18
http://dx.doi.org/10.1128/CMR.00021-18
https://doi.org/10.1056/NEJMoa1104875


33. Menzies D, Adjobimey M, Ruslami R, Trajman A, Sow O, Kim H, Obeng Baah J, Marks GB,
Long R, Hoeppner V, Elwood K, Al-Jahdali H, Gninafon M, Apriani L, Koesoemadinata RC,
Kritski A, Rolla V, Bah B, Camara A, Boakye I, Cook VJ, Goldberg H, Valiquette C,
Hornby K, Dion M-J, Li P-Z, Hill PC, Schwartzman K, Benedetti A (2018) Four months of
rifampin or nine months of isoniazid for latent tuberculosis in adults. N Engl J Med 379:440–
453. https://doi.org/10.1056/NEJMoa1714283

34. Balcells ME, Thomas SL, Godfrey-Faussett P, Grant AD (2006) Isoniazid preventive therapy
and risk for resistant tuberculosis. Emerging Infect Dis 12:744–751. https://doi.org/10.3201/
eid1205.050681

35. den Boon S, Matteelli A, Getahun H (2016) Rifampicin resistance after treatment for latent
tuberculous infection: a systematic review and meta-analysis. Int J Tuberc Lung Dis 20:1065–
1071. https://doi.org/10.5588/ijtld.15.0908

36. Khan FA, Pande T, Tessema B, Song R, Benedetti A, Pai M, Lönnroth K, Denkinger CM
(2017) Computer-aided reading of tuberculosis chest radiography: moving the research
agenda forward to inform policy. Eur Respir J 50. https://doi.org/10.1183/13993003.00953-
2017

37. WHO Technical Consultation on latent TB infection management: research in support of
scale-up

38. Trajman A, Cordeiro-Santos M, Brito de Souza A, Esmail A, Lipman M, Santin M,
Noguera-Julian A, Dheda K (2019) A novel blood-based triage test, ImmiPrint®-TB, to rule
out active tuberculosis: a prospective multicentre study. Int J Tuberc Lung Dis S577

39. Warsinske HC, Rao AM, Moreira FMF, Santos PCP, Liu AB, Scott M, Malherbe ST,
Ronacher K, Walzl G, Winter J, Sweeney TE, Croda J, Andrews JR, Khatri P (2018)
Assessment of validity of a blood-based 3-gene signature score for progression and diagnosis
of tuberculosis, disease severity, and treatment response. JAMA Netw Open 1:e183779.
https://doi.org/10.1001/jamanetworkopen.2018.3779

40. Chegou NN, Sutherland JS, Malherbe S, Crampin AC, Corstjens PLAM, Geluk A,
Mayanja-Kizza H, Loxton AG, van der Spuy G, Stanley K, Kotzé LA, van der Vyver M,
Rosenkrands I, Kidd M, van Helden PD, Dockrell HM, Ottenhoff THM, Kaufmann SHE,
Walzl G, AE-TBC Consortium (2016) Diagnostic performance of a seven-marker serum
protein biosignature for the diagnosis of active TB disease in African primary healthcare clinic
attendees with signs and symptoms suggestive of TB. Thorax 71:785–794. https://doi.org/10.
1136/thoraxjnl-2015-207999

41. Kabbara WK, Sarkis AT, Saroufim PG (2016) Acute and fatal isoniazid-induced hepatotox-
icity: a case report and review of the literature. Case Rep Infect Dis 2016:3617408. https://doi.
org/10.1155/2016/3617408

42. Diallo T, Adjobimey M, Ruslami R, Trajman A, Sow O, Obeng Baah J, Marks GB, Long R,
Elwood K, Zielinski D, Gninafon M, Wulandari DA, Apriani L, Valiquette C, Fregonese F,
Hornby K, Li P-Z, Hill PC, Schwartzman K, Benedetti A, Menzies D (2018) Safety and side
effects of rifampin versus isoniazid in children. N Engl J Med 379:454–463. https://doi.org/
10.1056/NEJMoa1714284

43. Martinson NA, Barnes GL, Moulton LH, Msandiwa R, Hausler H, Ram M, McIntyre JA,
Gray GE, Chaisson RE (2011) New regimens to prevent tuberculosis in adults with HIV
infection. N Engl J Med 365:11–20. https://doi.org/10.1056/NEJMoa1005136

44. Ena J, Valls V (2005) Short-course therapy with rifampin plus isoniazid, compared with
standard therapy with isoniazid, for latent tuberculosis infection: a meta-analysis. Clin Infect
Dis 40:670–676. https://doi.org/10.1086/427802

45. Swindells S, Ramchandani R, Gupta A, Benson CA, Leon-Cruz J, Mwelase N, Jean
Juste MA, Lama JR, Valencia J, Omoz-Oarhe A, Supparatpinyo K, Masheto G, Mohapi L, da
Silva Escada RO, Mawlana S, Banda P, Severe P, Hakim J, Kanyama C, Langat D, Moran L,
Andersen J, Fletcher CV, Nuermberger E, Chaisson RE, BRIEF TB/A5279 Study Team
(2019) One month of rifapentine plus isoniazid to prevent HIV-related tuberculosis. N Engl J
Med 380:1001–1011. https://doi.org/10.1056/NEJMoa1806808

612 A. Trajman

http://dx.doi.org/10.1056/NEJMoa1714283
http://dx.doi.org/10.3201/eid1205.050681
http://dx.doi.org/10.3201/eid1205.050681
http://dx.doi.org/10.5588/ijtld.15.0908
http://dx.doi.org/10.1183/13993003.00953-2017
http://dx.doi.org/10.1183/13993003.00953-2017
http://dx.doi.org/10.1001/jamanetworkopen.2018.3779
https://doi.org/10.1136/thoraxjnl-2015-207999
https://doi.org/10.1136/thoraxjnl-2015-207999
http://dx.doi.org/10.1155/2016/3617408
http://dx.doi.org/10.1155/2016/3617408
http://dx.doi.org/10.1056/NEJMoa1714284
http://dx.doi.org/10.1056/NEJMoa1714284
http://dx.doi.org/10.1056/NEJMoa1005136
http://dx.doi.org/10.1086/427802
https://doi.org/10.1056/NEJMoa1806808


46. Sterling TR (2020) Guidelines for the treatment of latent tuberculosis infection: recommen-
dations from the National Tuberculosis Controllers Association and CDC. MMWR Recomm
Rep 69. http://doi.org/10.15585/mmwr.rr6901a1

47. Belknap R, Holland D, Feng P-J, Millet J-P, Caylà JA, Martinson NA, Wright A, Chen MP,
Moro RN, Scott NA, Arevalo B, Miró JM, Villarino ME, Weiner M, Borisov AS, TB Trials
Consortium iAdhere Study Team (2017) Self-administered versus directly observed
once-weekly isoniazid and rifapentine treatment of latent tuberculosis infection: a randomized
trial. Ann Intern Med 167:689–697. https://doi.org/10.7326/M17-1150

48. Denholm JT, McBryde ES, Eisen D, Street A, Matchett E, Chen C, Shultz TR, Biggs B,
Leder K (2017) SIRCLE: a randomised controlled cost comparison of self-administered
short-course isoniazid and rifapentine for cost-effective latent tuberculosis eradication. Intern
Med J 47:1433–1436. https://doi.org/10.1111/imj.13601

49. Johnson KT, Churchyard GJ, Sohn H, Dowdy DW (2018) Cost-effectiveness of preventive
therapy for tuberculosis with isoniazid and rifapentine versus isoniazid alone in high-burden
settings. Clin Infect Dis 67:1072–1078. https://doi.org/10.1093/cid/ciy230

50. Stagg HR, Zenner D, Harris RJ, Muñoz L, Lipman MC, Abubakar I (2014) Treatment of
latent tuberculosis infection: a network meta-analysis. Ann Intern Med 161:419–428. https://
doi.org/10.7326/M14-1019

51. Zenner D, Beer N, Harris RJ, Lipman MC, Stagg HR, van der Werf MJ (2017) Treatment of
latent tuberculosis infection: an updated network meta-analysis. Ann Intern Med 167:248–
255. https://doi.org/10.7326/M17-0609

52. Bastos ML, Campbell JR, Oxlade O, Adjobimey M, Trajman A, Ruslami R, Kim HJ,
Baah JO, Toelle BG, Long R, Hoeppner V, Elwood K, Al-Jahdali H, Apriani L, Benedetti A,
Schwartzman K, Menzies D (2020) Health system costs of treating latent tuberculosis
infection with four months of rifampin versus nine months of isoniazid in different settings.
Ann Intern Med 173:169–178. https://doi.org/10.7326/M19-3741

53. WHO (2020) Target product profiles for tuberculosis preventive treatment. World Health
Organization, Geneva, Switzerland. Licence: CC BY-NC-SA 3.0 IGO

54. Nahid P, Mase SR, Migliori GB, Sotgiu G, Bothamley GH, Brozek JL, Cattamanchi A,
Cegielski JP, Chen L, Daley CL, Dalton TL, Duarte R, Fregonese F, Horsburgh CR, Ahmad
Khan F, Kheir F, Lan Z, Lardizabal A, Lauzardo M, Mangan JM, Marks SM, McKenna L,
Menzies D, Mitnick CD, Nilsen DM, Parvez F, Peloquin CA, Raftery A, Schaaf HS,
Shah NS, Starke JR, Wilson JW, Wortham JM, Chorba T, Seaworth B (2019) Treatment of
drug-resistant tuberculosis. An official ATS/CDC/ERS/IDSA clinical practice guideline. Am J
Respir Crit Care Med 200:e93–e142. https://doi.org/10.1164/rccm.201909-1874ST

55. Barss L, Moayedi-Nia S, Campbell JR, Oxlade O, Menzies D (2020) Interventions to reduce
losses in the cascade of care for latent tuberculosis: a systematic review and meta-analysis.
Int J Tuberc Lung Dis 24:100–109. https://doi.org/10.5588/ijtld.19.0185

56. Oxlade O, Trajman A, Benedetti A, Adjobimey M, Cook VJ, Fisher D, Fox GJ, Fregonese F,
Hadisoemarto P, Hill PC, Johnston J, Long R, Obeng J, Ruslami R, Valiquette C, Menzies D
(2019) Enhancing the public health impact of latent tuberculosis infection diagnosis and
treatment (ACT4): protocol for a cluster randomised trial. BMJ Open 9:e025831. https://doi.
org/10.1136/bmjopen-2018-025831

27 Challenges for Contact Tracing and Tuberculosis Preventive … 613

http://doi.org/10.15585/mmwr.rr6901a1
https://doi.org/10.7326/M17-1150
http://dx.doi.org/10.1111/imj.13601
http://dx.doi.org/10.1093/cid/ciy230
http://dx.doi.org/10.7326/M14-1019
http://dx.doi.org/10.7326/M14-1019
http://dx.doi.org/10.7326/M17-0609
http://dx.doi.org/10.7326/M19-3741
http://dx.doi.org/10.1164/rccm.201909-1874ST
http://dx.doi.org/10.5588/ijtld.19.0185
http://dx.doi.org/10.1136/bmjopen-2018-025831
http://dx.doi.org/10.1136/bmjopen-2018-025831


Anete Trajman is a Brazilian medical doctor and a full pro-
fessor of Internal Medicine at the Federal University of Rio de
Janeiro, RJ, Brazil, and is a leading expert on latent tuberculosis
infection (LTBI) in her country. She completed medical school,
M.Sc., and Ph.D. at this same university. After a ten-year stay in
Paris and Oxford, she returned to Brazil, where she was a pro-
fessor and vice-dean of the Medical School at Gama Filho
University in Rio de Janeiro. Due to a long-standing collaboration
with the McGill International Tuberculosis Centre, she has been a
visiting professor at McGill University, Montreal, Canada, for
over ten years. She has acted as a Brazilian NTP Advisory Board
member as an LTBI specialist. She was the president of the Rio
de Janeiro Students’ TB Scientific League for a decade. She has
served as a TB Section Officer for the Union for five years.

614 A. Trajman



28Exploring Problematizations
Underlying Tuberculosis Control
Strategies: A Cross-Country Analysis
of India and Kenya

G. K. Mini, Sapna Mishra, Jinbert Lordson, and Malu Mohan

Stopping TB requires a government program that functions
every day of the year, and that’s hard in certain parts of the
world. And partly it’s because of who tuberculosis affects: it
tends to affect the poor and disenfranchised most.

Thomas. R. Frieden

Summary

This chapter explores the evolution of tuberculosis (TB) control strategies of two
lower-middle-income economies—India and Kenya—which are counted among
the leading thirty countries with the high-TB burden. We have also examined
how the ‘problem of TB’ is characterized within the national policy documents
of these nations using a specific approach to policy analysis, namely ‘What’s the
Problem Represented to Be’ (WPR). The results of our analysis indicate that the
underlying problematization of TB control in the global initiatives appeared to
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be largely techno-managerial in the beginning with a focus on health system
strengthening, ensuring early case detection and cure. While a paradigm shift
could be observed with the changing discourse around health propelled by the
Commission of Social Determinants of Health (CSDH) report, the same was not
reflected in the context of TB control. This could be because TB control was
predominantly being problematized within a disease-centered paradigm instead
of a health promotion one. Both nations have been committed to achieving the
SDG goal of ending the TB epidemic by 2030. However, the strategies of both
nations continue to rely heavily on biomedical approaches over initiatives
focused on the social determinants of TB. High poverty level, under-nutrition,
and inequalities persisting in both settings mandate a paradigmatic shift in
problematization and approach, with a TB control strategy that is primarily
driven by action on structural determinants influencing health with the
techno-managerial solutions assuming only a supplementary role.

Graphical Abstract

Problematizations underlying tuberculosis control strategies in India and Kenya

616 G. K. Mini et al.



Keywords

Biomedical � Problematization � Problem representation � Social determinants �
Techno-managerial � Tuberculosis control

1 Introduction

Tuberculosis (TB) was declared a global emergency in 1993. Close to three decades
later, it is steadily stationed among the leading ten causes of death and the major
cause of deaths resulting from a sole infectious agent worldwide. According to the
Global Tuberculosis Report (2019), in 2018, about 10 million people were affected,
and the disease killed 1.2 million people. A series of interventions and initiatives
have been undertaken over the past three decades by nations worldwide, under the
aegis of international organizations and multilateral agencies, to tackle this age-old
human scourge [1].

The declaration of TB as a global emergency had already catalyzed a coordi-
nated surge in the disease control initiatives in many nations, propelled by the
WHO-recommended cost-effective strategy called directly observed treatment,
short-course (DOTS). However, the rising surge of the pandemic in the late 1990s
triggered another series of global initiatives towards TB control. In 1998, the
Stop TB initiative was launched. This was followed by the momentous Amsterdam
Declaration to Stop TB (2001) that exhorted action from governmental delegations
of 20 countries with the highest disease burden. The Stop TB initiative thus grew
into an international partnership spearheading coordinated actions towards TB
control. The vision of this partnership was to eliminate the disease as a public health
concern. It had as its mission the resolve to safeguard that every patient has access
to diagnosis, treatment, and cure, to stop disease transmission, to reduce unfair
social and economic implications of the disease, and to develop new preventive,
diagnostic, and therapeutic measures for elimination. The first Global Plan to
Stop TB (2001–2005) focused on expanding DOTS coverage, adapting strategies to
address the challenge of drug-resistant (DR) co-epidemic of TB and HIV-TB,
strengthening the global partnership against TB and developing tools including new
diagnostics, drugs, and vaccines. This period also witnessed an improvement in
political commitment in the form of participation of country partners from both
resource-poor and high-income settings in international initiatives, a core pillar of
the DOTS strategy [2].

In 2005, the World Health Assembly passed a resolution towards “sustainable
financing towards TB control and prevention,” in which a commitment was made to
strengthen the activities to achieve TB-related targets in Millennium Development
Goals (MDGs) [3]. Following this, the WHO Stop TB strategy (2006–2015) was
developed in 2006 to build on and enhance the TB-related MDGs and the Stop TB
Partnership targets. This new strategy acknowledged that the rates of progress until
2005 were deficient in realizing the disease-related targets set under MDGs. The
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Stop TB strategy focused on expanding and strengthening DOTS and addressing
TB-HIV co-epidemic, other comorbidities, DR-TB, and the necessities of patient
contacts and the disadvantaged and vulnerable social sections. Additionally, it also
emphasized strengthening health systems, involving providers, empowering indi-
viduals and communities, and boosting research. The Stop TB strategy and the
agreement of a resolution addressing multi and extensively drug-resistant forms
have been instrumental in achieving the MDG target “to halt and begin to reverse
the incidence of tuberculosis by 2015” [4].

The World Health Assembly, in 2014, proposed an “End TB strategy” for the
prevention, care, and control of the disease in the post-MDG world. The strategy,
which envisioned a disease-free world free of the epidemic, has three major com-
ponents [5]:

1. unified, client-centered care and preventive measures;
2. emphatic policies and systems; and
3. enhanced research and innovations.

Though the Stop TB strategy had also incorporated addressing the needs of
deprived and vulnerable communities and empowering patients and communities
among its focus areas, the End TB strategy had a more pronounced equity focus. It
identified as its focus areas such as enhancing access through universal health
coverage policy, social and financial protection, and action on poverty along with
other determinants of health [5].

The actions and initiatives over the past three decades have managed to bring
about commendable progress in TB control. There has been an overall reduction of
over 30% in the global incidence of TB and an average yearly decline of 1.6%
between 2000 and 2018. However, the overall burden of the disease in absolute
numbers remains very high, and there is considerable skepticism about the chances
of meeting the Sustainable Development Goals (SDGs). The cumulative reduction
in the global incidence of the disease between 2015 and 2018 was only 6.3%. This
did not look promising in the context of the goal of 20% reduction by 2020 set by
the End TB Strategy. The total reduction in TB-related deaths between 2000 and
2018 is about 43%. However, between 2015 and 2018, the global reduction in
deaths has been about 11%, which is considerably shorter than the proposed
milestone of 35% by 2020. This apparent slowdown encountered in our journey
towards the realization of a TB-free world is a matter of grave concern, one which
merits a nuanced analysis of the strategies adopted so far [1].

2 Challenges of Tuberculosis Control

Despite the commendable progress over the years, the situation of global TB
control indicates a few major challenges which need to be explored and resolved as
we gear forward to realize the dream of a TB-free world.
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2.1 The Problem of ‘Missing’ Cases

Many TB cases are estimated to go ‘missing’ every year. Missing cases can be
defined as the difference between the estimated number of people affected by TB in
a year and the number notified to national TB programs [6]. The proportion of
missed cases has remained almost steady during the past eight years, and every year
about three million people with active TB stay undiagnosed. In 2018, among the ten
million who were estimated to be suffering from the disease, about three million
went undiagnosed [1]. Thus, many TB cases do not receive the care they need and
deserve every year. The barriers faced in accessing services, especially for those
who belong to hard-to-reach vulnerable populations such as migrants, refugees,
children, and people living with HIV, constitute a major reason for under-reporting
and consequently “missing” cases. In addition to death due to TB, many of these
patients continue to infect others and, in the event of getting improper or incomplete
treatment, could develop DR [7].

2.2 Drug-Resistant Tuberculosis

DR has become one of the most perplexing and tenacious challenges in the history
of global TB control, threatening to reverse all the hard-earned achievements over
the past decades. It is estimated that about 3.4% of new and 18% of already treated
cases in 2018 had multidrug-resistant (MDR)/Rifampicin-resistant TB. The three
countries which are largely bearing the brunt of MDR-TB and accounting for
almost 50% of the total burden of cases are India (27%), China (14%), and Russian
Federation (9%) [1]. In 2018, an average proportion of MDR-TB cases with
XDR-TB was estimated to be 6.2% [1].

The treatment success rate of MDR-TB does not appear to be very encouraging,
as recent data highlighted it to be 56% [1]. Chaotic treatment protocols leading to
DR and amplification of DR patterns through repeated courses of DOTS continue to
be a major driving force in several settings which grapple with limited resources for
appropriate diagnosis or treatment of drug-resistant forms. In addition to which,
there are risks of community and hospital-based transmission, especially in crow-
ded facilities [8]. DR forms of TB are also much more expensive and difficult to
treat, with the treatment protocol burdening both patients and health systems [9].

2.3 Gender Disparities

Gender disparities related to TB pose another major challenge. Worldwide, men are
found to have a greater likelihood than women to contract and die from TB.
However, it is still the leading infectious disease that kills women globally. Women
are also more likely to be caregivers, which places them at a higher risk of exposure
to caregiving situations. Due to inequalities in power and economic situations,
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people of different genders are affected differently by TB in terms of varying levels
of stigma and other barriers to access. Gender impacts levels of stigma and
intensifies the risk of infection and severity of disease in many settings [10].

3 Inequalities in Tuberculosis Distribution

The disease picked out and killed a few Princes and it carried off more than one bejewelled,
tender-hearted courtesan; but it slaughtered the poor by the million.

Dormandy

The earliest evidence of TB dates back to 8000 BCE. The disease has appeared
in history in various contexts and forms, medical treatises and records, military and
government records, political and social writings, and literature as a major reason
for misery, poverty, and death. During the eighteenth and nineteenth centuries, the
TB epidemic is known to have wreaked havoc in Europe, causing countless deaths,
particularly among the deprived social sections. Poverty, overcrowding, and
undernutrition, the classic triad, which predisposed the working poor of Europe to
the disease during the industrial revolution, continues to tip the burden of disease
disproportionately to the poor and vulnerable sections of the society till this date.
These disparities were also reflected in the fact that wealthy patients could afford to
travel to better climates and sought treatment in mountain sanatoria, while the poor
had to continue suffering in the dark, poorly ventilated rooms and die of the disease
[11].

In recent years, one of the key factors that appears to shift the discourse of TB
control strategies among the international community has been the inequitable
distribution of the disease across the world. Geographically, the greatest number of
TB cases are reported from Southeast Asia (44%), Africa (24%), and the Western
Pacific (18%). Eight countries of the world have accounted for about two-thirds of
the global cases, and about 87% of all the cases have been accounted for by the 30
countries with a high-TB burden [1]. The assembling of cases among specific
sections of the society, including the poor, the hungry, the ethnic minorities, the
refugees, and the migrants, among many other vulnerable groups, has brought the
role of social determinants of TB to stark focus. One of the reasons for this shift has
been the growing international consciousness regarding social determinants of
health and discussions regarding “the circumstances in which we grow, live, work,
and age,” which give rise to unequal, unfair distributions of population health. The
global initiatives based on DOTS have evolved over time and expanded their scope
to address the needs of vulnerable sections, universal health coverage, social and
financial protection, and determinants of health. However, the larger focus of these
initiatives appears to be case detection, treatment, cure, accurate reporting, and
HIV/TB co-epidemic. Thus, the primary focus of global TB control initiatives
appears to have been “disease control” as opposed to “health promotion.” The way
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these initiatives have been interpreted and adapted to national contexts, especially
by resource-poor settings which are heavily dependent on technical and financial
assistance from international sources, is also critical.

4 Conceptualization of the ‘Tuberculosis Problem’

The challenges posed in the path to a TB-free world mandate a nuanced exami-
nation of the strategies through which TB control has been carried out. These
strategies and initiatives could have conceptualized the TB control in a particular
way, and in order to understand that particular conceptualization, we have used the
‘What’s the Problem Represented to Be’ approach (WPR), introduced by Carol
Bacchi. WPR is an approach to policy analysis that challenges the traditional view
that policies are responses to problems that operate outside the policy process. It
questions the assumption that these problems are waiting to be exposed and
resolved. On the contrary, it attempts to critically examine how policies produce
‘problems’ as a peculiar kind of problems, which she labels as ‘problematizations,’
with important political implications. She argues that governing takes place through
these problematizations. A ‘WPR’ analysis aims to discern how the ‘problem’ is
represented within them and scrutinizes this problem representation through a series
of six questions [12]:

1. What’s the ‘problem representation’ in the policy proposal/document?
2. What assumptions underlie this problem representation?
3. How did this problem representation come about?
4. What is left unaddressed in this problem representation or what are the silences?
5. What are the consequences of this problem representation?
6. How and where is a representation created, circulated, and justified? If it has

been challenged, how has it been challenged or questioned? (if it has not been
challenged, then could it be challenged or questioned)

Through the WPR approach, we have attempted to explore the underlying
problematization of TB control through various policy documents of two geo-
graphically distant settings relevant to the global TB story—India and Kenya. Both
are lower-middle-income economies included in the list of high-TB burden coun-
tries (Figs. 1 and 2). Both have been striving hard for decades to control TB, have
been actively engaged with the global initiatives to tackle the problem, managed to
reduce their TB burden considerably, and now face similar challenges in the way
forward. However, there are a few differences. For instance, compared to India,
Kenya has made significant strides to reach the targets of the End TB strategy.
Hence, Kenya is also globally recognized as a pathfinder for TB control.
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5 Tuberculosis Control in India

5.1 Tuberculosis in India: An Overview

India bears the highest disease burden globally, and its tryst with TB is over a
hundred years old. In addition to killing an estimated 480,000 Indians every year, it

Fig. 1 Trend of estimated TB incidence per 100,000 population: World, India, and Kenya

Fig. 2 Estimated deaths due to TB among HIV negative people (per 100,000 population): India
and Kenya
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is associated with significant socioeconomic burdens, including social stigmatiza-
tion and impoverishment. The union government of independent India recognized
the significance of TB control and in 1949 established a separate TB division within
the Directorate General of Health Services of the Ministry of Health. The estab-
lishment of the TB Research Centre (1956), National TB Institute (1959), and pilot
testing of the National Tuberculosis Control Programme (NTCP) in 1962 were
major steps towards the goal of TB control [13].

Revised National Tuberculosis Control Program (RNTCP), which was renamed
in 2020 as National Tuberculosis Elimination Programme (NTEP), was piloted in
1993 in five states with a population of 2.4 million. This declaration of TB as a
global emergency by the WHO, the global acknowledgment of the HIV/AIDS
epidemic, and the rise in drug resistance in India had also pushed the need for a new
initiative towards TB control. After piloting, RNTCP was launched as a national
program in 1997, intended to be scaled up in a phased manner [13, 14].

5.2 The Problematization of Tuberculosis Control: India
(1997–2020)

In this section, we have critically examined the problematization of TB control and
examined its evolution over time in four phases:

Phase I: 1997–2005
Phase II: 2006–2011
Phase III: 2012–2017
Phase IV: 2017 onwards

The major activities carried out during each phase have been thematically
analyzed and summarized in Table 1. The major activities carried out to control TB
between 2000 and 2018 are highlighted in Fig. 3.

5.2.1 Phase I: 1997–2005

Problem Representation
The evolution of TB control in India has been primarily need-based, relating to
“problems of a technical, operational and managerial nature that arose over a period
of time” (13).

The themes based on activities in the first phase of RNTCP reveal its focus on
expansion with nationwide coverage and effective implementation through detailed
planning and financial decentralization. The other major focus areas during this
phase included integration of RNTCP into the health system, ensuring access to
quality-assured diagnosis, formulation of a standardized treatment protocol,
ensuring high treatment success rate, facilitated uninterrupted drug availability, the
institution of a standardized reporting system, and supervision, monitoring, and
feedback. The concern of TB-HIV co-epidemic was given due importance, and
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there were efforts to institute collaborative activities between RNTCP and the
National AIDS Control Organization (NACO) at various levels. There were also
efforts to effectively integrate with other sectors like non-governmental organiza-
tions (NGOs), medical colleges, private practitioners, other government depart-
ments, and the corporate sector. From the program’s focus areas in its first phase,
RNTCP appears to have problematized the TB control initiative in India almost
entirely within the biomedical paradigm advanced through a narrowly defined
health system approach [15–19].

The actions under each of these initiatives are focused on maximally integrating
all sectors to ensure that the program expands in coverage and there is greater
access to diagnostic and treatment services to people residing all over the country.
The links between TB, undernutrition, and poverty, the disproportionately greater
burden and consequences of the disease on vulnerable sections, and the social
burden of the disease (stigma, compromised child care, and lost school days of
children of parents who suffer from TB) which women and children predominantly
bear, remain part of the background and the activities continue to constitute a
curative program. The stigma associated with the disease, which is particularly
intensified in the case of HIV/AIDS patients with TB, is directed to be addressed as
part of Joint IEC campaigns of NACO and RNTCP. Except this, even the IEC
campaigns during this phase were predominantly devoted to establishing RNTCP
and DOTS as the ultimate resolutions [15–19].

Fig. 3 Trends in TB incidence and major programmatic initiatives in India since 2000
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What Could Be the Possible Underlying Assumptions?
The activities imply that a well-implemented, nationwide program almost entirely
focused on diagnosis, treatment, and cure is the right approach to effective TB
control. Although DR has been identified as a concern, the problematization around
it reflects the assumption that initiating a more refined program targeting DR and
expanding it would be sufficient to address the concern.

What Could Be the Possible Silences?
Although mention of the larger social and economic determinants underlying the
disease forms a part of the introduction of the documents, these aspects are almost
completely neglected subsequently. The issue of DR has been identified in the
documents, and the very first annual report (2001) stated forthrightly that.

drug-resistant tuberculosis is a symptom of poor programme performance. [15]

However, despite this acknowledgment, there has not been any systematic
inquiry into or discussion about the potential determinants of rising DR. The most
significant policy silence during this phase, however, is with regard to primary
healthcare and its significant role in TB prevention and control.

5.2.2 Phase II: 2006–2011

Problem Representation
RNTCP had achieved nationwide coverage in 2006, and the program’s second
phase was initiated. The same year, WHO initiated the Stop TB strategy with the
aim of reducing the global burden by 2015. This was in accordance with the MDGs
and the Second Global Plan to end TB (2006–2015). Beyond the focus on
high-quality expansion and enhancement of the program, including the rolling out
of DOTS-PLUS targeting drug resistance, there was a clear thrust on coordinated
activities between NACO and RNTCP to address the TB-HIV synergy. Imple-
menting quality improvement processes in the RNTCP Laboratory Network was
also given focus [4].

The Stop TB strategy had emphasized the needs of the poor and vulnerable
populations, due to which, for the first time, the higher exposure to the disease
among residents of urban slums, the disadvantages faced by vulnerable sections like
the tribal population and the gender-based inequities in access and utilization of TB
care were emphasized in the national documents (4). This is reflected in the actions
only as greater efforts to engage with these sections through advocacy communi-
cation and social mobilization (ACSM) campaign. The global initiative calls for a
concerted effort to involve care providers, which has been echoed in the activities as
an expansion of the public–private mix. One of the strategies proposed in the
Stop TB initiative includes health system strengthening, which has been addressed
under RNTCP as refinements in the health system to facilitate the execution and
consolidation of the program [20–25].
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What Could Be the Possible Underlying Assumptions?
The problematization of DR in this phase once again reiterates the
techno-managerial assumptions underlying it. The approach to addressing the needs
of vulnerable populations reflect the assumption that they can overcome their
vulnerabilities by advocacy, providing them with accurate information about the
disease and available services, and through social mobilization instead of tangible
measures to address the life circumstances that predispose them to a higher risk of
disease.

What Could Be the Possible Silences?
One major aspect neglected in the problematization of TB control in the first two
phases is the two-way relationship between TB and malnutrition. Evidence suggests
that poor nutritional status is a major risk factor for treatment failures and mortality
among TB patients, including those with DR-TB [26, 27]. Critics have pointed out
that considering the difference between the prevalence of undernutrition (15%) and
HIV (0.2%), a much higher proportion of TB incidence could be attributed to
undernutrition [28]. However, there have been no efforts towards a nationwide
state-led program. Health system strengthening was one of the core strategies of the
Stop TB strategy. Considering the prominent role of basic health determinants in
the causation and transmission of TB, this presented an excellent opportunity to
enhance the state funding to the country’s public health sector and strengthen
primary healthcare. However, the problematization of this component in India was
limited to strengthening diagnostic and curative services.

5.2.3 Phase III: 2012–2017

Problem Representation
The strategic vision document (2012–2017) for a TB-free India stated:

universal access to quality TB diagnosis and treatment for all TB patients in the community

as its central theme. The strategy involved maintaining the program’s successes
until then, finding unreached cases, and treating them effectively to avert the
development of MDR-TB. The primary proposed action in this vision statement
included early and enhanced detection through intensive case-finding efforts,
especially among vulnerable social sections, by extending services to the maxi-
mum, including those accessing the private sector. The vision document identifies
that to ensure treatment completion and prevent MDR-TB, all diagnosed TB cases
must have access to patient-friendly, newer diagnostic modalities for accurate
diagnosis and high-quality treatment. The strategies proposed entail “active case
finding,” which acknowledges the disproportionately heavy burden among specific
sections of the society [25].

The highlights of this phase were the nationwide scale-up of programmatic
management of DR-TB, the intensified TB-HIV package, and a major focus on
social media, mass media, and print media campaigns. Other efforts included the
development of composite indicators for effective program monitoring, the
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implementation of web-enabled patient management, an online notification system
(NIKSHAY), Project Axshya, and a civil society-based initiative focusing on the
ACSM campaign [29–34].

What Could Be the Possible Underlying Assumptions?
The vision document and the activities during the phase reiterated the problem
representation of TB control followed during the previous phases as a predomi-
nantly treatment-oriented program. The very theme of universal access to diagnosis
and treatment implies that such access will naturally lead to the control of the
disease. However, the vision only commits to universal access to care in the event
of the disease. It does not commit to universal access to a TB-free existence. Such a
commitment will need action on the primary determinants of the disease and pri-
mary healthcare rather than a purely curative approach based on aggressive
case-finding and cure. As part of an initial appraisal of the program, the vision
document identifies weak or delayed treatment-seeking behavior, the predominant
use of the private sector in health as the first point of contact, low sensitivity
diagnostic tools, and poor accountability in case notification and registration as the
major challenges [29–34]. This reiterates the assumption that the challenges in TB
control are related to the underutilization or underperformance of health systems.

What Could Be the Possible Silences?
The findings from the fourth round of the National Family Health Survey (2015–
2016) indicate that the disease distribution was disproportionately high among the
poor and illiterate and those belonging to historically disadvantaged social groups
such as the other backward castes [35]. Another analysis using the data from
NFHS-4 indicates that a range of risk factors associated with living conditions, e.g.,
smoking, cooking fuel used, lack of separate kitchen, type of floor, roofing and wall
material, number of persons sharing a room and toilet, and potable water, was found
to be strongly associated with the TB prevalence [36]. However, during this phase,
the proposed and undertaken activities reiterate the techno-managerial
problematization.

5.2.4 Phase IV (2017 Onwards)

Problem Representation
India, in 2017, renamed RNTCP as National Tuberculosis Elimination Programme
and set the lofty goal of elimination of TB by 2025. In addition to reducing TB
incidence, prevalence, and mortality, the program also set the achievement of
completely avoiding catastrophic costs for affected families due to TB as one of its
impact indicators. Thus, greater social and financial protection for those affected is
integral to the program [34].

According to the National Strategic Plan for Tuberculosis Elimination (2017–
2025) draft vision document, the program has been built on four strategic pillars of
“Detect–Treat–Prevent–Build” (DTPB). This is a more intensified approach com-
pared to its predecessors in the first two components of detecting and treating, the
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proposed activities being scaling up of free, high sensitivity diagnostic tests and
algorithms, encouragement of universal testing, systematic screening of high-risk
populations, provision of free TB care to all patients, adequate patients support
systems to prevent the loss of patients to care, universal daily drug regimen and
speedy scale-up of short-course regimens for DR-TB types and use of drug sus-
ceptibility testing. The third component of “prevent” involves a new and compre-
hensive approach on fundamental determinants of the disease, and the proposed
strategies include scaling up of airborne infection control measures, treatment of
latent infection among contacts of cases, and addressing social determinants of TB
among vulnerable communities. The final component of “build” focuses on
building facilitating policies, institutions, and human resources with heightened
capacities, which has always been a priority for RNTCP [34].

The activities in the fourth phase until 2020 included efforts for active case
finding among social groups which are vulnerable not only clinically but also
socially and occupationally. The activities also included patient-friendly adherence
monitoring, social welfare schemes initiated for people affected with TB, and a
direct benefit transfer (DBT) mechanism for the transfer of money and other
incentives to patients. TB Survivors to TB Champions’ is developed as a key
strategy in engaging with TB-affected people, and capacity building for TB sur-
vivors has been initiated in this regard. Expansion of drug susceptibility testing
laboratories and supporting them to achieve the esteemed accreditation from the
National Accreditation Board for Testing and Calibration Laboratories (NABL)
have been pursued. Expansion of new treatment regimens (daily regimen) and
drugs (Bedaquiline Conditional Access Programme) has been undertaken [37–39].

Although TB notification rates are higher for men, the social and economic
burden of the disease is experienced differently by women and transgender people.
Despite the lower incidence, the number of TB-affected women in India represents
a huge burden, while the incidence of the disease among transgender people is not
known. Several studies have suggested that gender differences and inequalities play
a significant role in the epidemiology of the disease (higher risk among pregnant
and postpartum women), exposure, risk, and vulnerability to the disease (roles of
social norms, indoor air pollution, and undernutrition), health-seeking behaviors,
and treatment adherence [40]. Gender is an aspect axis of vulnerability that has not
been adequately represented in the problem representation of TB control. In a
promising move, a National Framework for Gender-Responsive approach to TB
was released in 2019, which proposes to provide equitable and rights-based services
for women, men, and transgender persons by implementing a gender-specific
programmatic approach and to organize, empower, and engage persons of these
three gender groups in the response at the health system and community levels
within the DTPB framework.

What Could Be the Possible Underlying Assumptions?
The activities proposed by the strategic vision and undertaken so far reflect a
commitment to the global End TB strategy, focusing on social and financial
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protection. However, based on the activities undertaken so far, the program’s
overall focus remains on the disease, the patients, and its cure and control.

What Could Be the Possible Silences?
In addition to the persistent silences, the latest vision statement and activities have
been silent about the practical approaches to achieving the “prevent” component.
Introducing the “prevent” component in the DTPB framework is indeed promising,
but there is no clear roadmap for prevention. The only exception to this was the
release of the National Framework for Gender-Responsive approach to TB.

6 Tuberculosis Control in Kenya

6.1 Tuberculosis in Kenya: An Overview

Like India, Kenya also has a long history of TB control closely linked to its
trajectory of leprosy control. The National Leprosy and Tuberculosis Program
(NLTP) was introduced by the Government of Kenya in 1980, which combined the
TB control activities undertaken since 1956 with the leprosy control measures
initiated in the early seventies. The health sector reform in 1983, which entailed
decentralization of provision of health services to the district level, further affected
TB control. Decentralization was accompanied by rigorous training and orientation
of district-level personnel. Kenya developed the finalized version of its national
DOTS strategy in 1991. In 1993, short-course chemotherapy was introduced to
reach all districts by 1997. The first National Health strategic plan was developed
for 1999–2004, marked by major health sector reforms focusing on decentralization
and an essential health package, and NLTP retained its central focus in these
reforms. In 2005, Kenya started HIV testing and counseling of all TB patients as the
HIV epidemic contributed to the TB epidemic [41]. NLTP had its first strategic plan
(2006–2010) in line with the second National Health Strategic plan (2006–2010). In
2007, the program was elevated to a separate division in the health ministry in the
preventive and promotive department as the Division of Leprosy, Tuberculosis and
Lung Disease (DLTLD) [42]. Several strategic plans were adopted as well as
prepared by the DTLD with the help of WHO and other donor agencies to control
TB, such as second strategic plan for the period 2011–2015, stop TB partnership
strategy plan for the period 2014–2018, and the third strategic plan for 2015–2018.

6.2 The Problematization of Tuberculosis Control: Kenya
(1999–2018)

In this section, we have explored the problematization of TB control along with its
evolution over time in the following four phases:
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Phase I: 1999–2004
Phase II: 2005–2010
Phase III: 2011–2014
Phase IV: 2015–2018

The major activities carried out to control TB between 2000 and 2018 are
highlighted in Fig. 4. The activities have also been detailed phase-wise in Table 2.

6.2.1 Phase I: 1999–2004

Problem Representation
The activities carried out in this phase of TB control appear to focus largely on the
decentralization of planning activities, expansion of TB control activities, such as
diagnosis and treatment to a larger number of healthcare facilities, development of
human resources by training of healthcare workers and increased involvement of
private sector [41]. These activities give an impression that the control of TB was
largely problematized as a health system-centered problem through a biomedical
lens. Further, TB itself is conceptualized predominantly as a curative problem.
Hence, from the activities, one could make out that control of TB appears to be
largely skewed towards curative care.

What Could Be the Possible Underlying Assumptions?
The construction of this problem seems to rest on the notion that strengthening the
health system alone towards diagnosis, treatment, and cure can control TB.

Fig. 4 Trends in TB incidence and major programmatic initiatives in Kenya since 2000
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What Could Be the Possible Silences?
It was evident for a long that TB was spreading across certain kinds of geographical
areas as well as among certain groups of people such as the poor, mobile, refugees,
HIV infected people, and prisoners; still, there were no specific strategies to engage
with them to control TB.

6.2.2 Phase II: 2007–2010
Due to the unavailability of policy documents and/or annual reports for the years
2005 and 2006 (in the public domain), the activities of the years could not be
documented or analyzed.

Problem Representation
This period marked a paradigm shift in case finding technique—moving from
passive to active one. Kenya started testing and counseling all TB patients for HIV,
recognizing the role of the HIV epidemic in propagating the TB epidemic. Though
undernutrition was always recognized as the paramount risk, it was only since 2008
that the government started developing strategies to address it among TB patients in
the form of counseling and provision of nutritional support to drug-susceptible TB
patients and transportation support along with nutritional support to MDR-TB.
Though a mention of the development of TB, poverty, and gender policy document
could be observed in the reports, the activities carried out were limited to outreach
activities, including intensive door to door campaigns, active case finding, referral
of suspected cases, tracing of defaulter cases and community sensitization. The
other major focus areas during this phase included ensuring access to
quality-assured diagnosis (strengthening lab services, especially in case of
MDR-TB); increased involvement of various healthcare providers (NGOs,
faith-based organizations, private sector); institution of a standardized reporting
system and supervision; emphasis on infection prevention and control in isolation
facilities; facilitated uninterrupted drug availability; advocacy, communication, and
social mobilization; monitoring and feedback [42–45].

The strategies during this period appear to have moved a little beyond the health
system-centered approach (although it continues to be largely a health system-
centered approach) and have included the community in the control of TB. The
community’s involvement appears again to be limited to facilitating the expansion
of biomedical management of TB, which is the expansion of DOTS. Further, TB
itself continues to be conceptualized predominantly as a curative problem and
hence the control of TB appears to be largely skewed towards curative care.

What Could Be the Possible Underlying Assumptions?
The construction of the problem seems to assume that community involvement in
expanding DOTS and provision of nutritional and transportation support to TB
patients would be required in addition to health system factors to control TB.
Contemplating a policy on TB, poverty, and gender gives an impression that
poverty and gender could be hampering TB control, and hence it is imperative to
address the same.
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What Could Be the Possible Silences?
The reports did acknowledge that poverty, with its manifestations in unintended
social structures and situations like slums, malnutrition, and poor sanitation, leads
to an increase in TB cases. Though there is a mention of developing a policy for
TB, poverty, and gender, no specific strategy has been proposed. Regarding mal-
nutrition, the entire effort sums up to provide nutritional support to TB patients and
not to the poor population in general who is bearing the brunt of undernutrition. The
strategies appear to be silent on addressing the fundamental determinants of health.

In 2010, the Kenyan constitution underwent an amendment, consequent that
health, food, social protection, and nutrition are committed as basic rights. The
amendment also marked the replacement of provinces with a system of counties.

6.2.3 Phase III: 2011–2014

Problem Representation
The activities initiated in the early period continued to sustain the achievements
made to date. A few new strategies were adopted; the management of DR-TB was
brought under program mode, and engagement of various healthcare providers
(informal private sector providers were included during this period) was increased.
Greater emphasis was again given to the technical aspects of TB control, such as
further strengthening of Lab services, the introduction of new technologies in the
form of new medicines (Bedaquiline), gene expert machine (to facilitate diagnosis
of MDRTB), and data management system (TIBU) to address the issue related to
diagnosis of MDR-TB. Attention was also given to address other lung conditions
by developing a practical approach to lung health (PAL); a gene expert machine
was introduced. The Engage Approach was designed to integrate community-based
activities through the enhanced engagement of civil society organizations. Kenya
also formulated the STOP TB partnership (which mirrors of Global stop TB
Partnership) and launched its strategic plan (2014–2018) in an attempt to address
those determinants that go beyond the health sector [46–48].

Strategies during this period again appear to be largely geared towards enhancing
the techno-managerial aspect of controlling TB, thereby giving the impression that
the control of TB is predominantly conceptualized as a health system-centered
problem using a biomedical lens. Further, the community’s involvement through civil
society organizations appears to facilitate the expansion of biomedical management
of TB, which is the expansion of DOTS, active case finding, screening, etc. This
phase again appears to continue with the curative rhetoric.

What Could Be the Possible Assumptions?
The construction of the problem again appears to assume that enhancing the
techno-managerial aspect would help control TB, to the extent that even the role of
community appears to supplement the same.
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What Could Be the Possible Silences?
Though a document on TB, poverty, and gender is available, no specific strategies
to address poverty and gender appeared during this period.

6.2.4 Phase IV: 2015–2018

Problem Representation
The National strategic plan (2015–2018) was developed in 2014, which has rev-
olutionized how TB control was addressed until then. The plan envisaged
country-specific strategies for TB control to focus the scarce resources on areas with
a high burden of TB and HIV. The activities initiated in the early period continued
to sustain the achievements made to date with the addition of new activities. On
recognizing diabetes mellitus (DM) as a risk factor for TB, TB/DM collaborative
strategies were also strengthened. Following active case-finding in the community
almost for a decade, the case-finding approach was shifted to facility-based active
case-finding. The techno-managerial aspect of TB control was further expanded
along with the introduction of new medicines, the launch of child-friendly TB
medicines, integration of childhood TB with other healthcare services. Under the
STOP TB partnership, many advocates were given platforms for advocacy to
profile TB and use their experiences to push for improved services; they also
mobilized members of parliament to increase their commitment towards TB
elimination in Kenya. A set of new policies was formulated during this period,
including:

• TB isolation policy, it was framed after the court declared the confinement of TB
patients (belonging to certain categories such as non-compliant patients and
MDR-TB patients) in prison as unconstitutional. This policy was hailed for using
human rights approach while dealing with TB patients in isolation facilities at
healthcare centers;

• workplace policy; and
• Social protection policy for TB and leprosy patients includes cash transfers, food

assistance, health insurance, and advocacy of social security legal frameworks
that cover both formal and informal sectors to reduce the share of affected
families who experiences catastrophic costs from TB and leprosy [49–52].

Strategies during this period again appear to be largely geared towards
enhancing the techno-managerial aspect of controlling, giving the impression that
the control of TB is predominantly conceptualized as a health system-centered
problem using a biomedical lens. Further, the STOP TB partnership appears to
problematize the control of TB as a multisectoral problem that goes beyond the
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health sector. Still, no prominent activities were carried out other than mobilizing
political leaders and creating awareness. A prevalence survey conducted in 2015–
2016 reported the underdiagnosis of bacteriologically confirmed pulmonary TB and
reported the TB incidence rate to be 348 as compared to the WHO estimated rate of
233 for 2016 [53]. The recommendations were made again on the
techno-managerial line of TB control, such as replacing smear microscopy with
gene expert technique, implementing chest X-ray for screening, increasing
engagement of private healthcare providers, etc. Kenya has abandoned its policy of
keeping non-compliant TB patients to prisons and has adopted a new policy of
isolating non-compliant TB patients in healthcare facilities following human rights.
Here again, the control of TB appears to be problematized as a health system-
centered problem.

What Could Be the Possible Assumptions?
The construction of the problem again appears to assume that enhancing the
techno-managerial aspect would help control TB.

What Could Be the Possible Silences?
The strategies appear to continue to remain silent on addressing the primary social
determinants of health. Even the social protection policy appears to address the
problem of those who have TB or leprosy.

7 Conclusion

The underlying problematization of TB control in the global initiatives, which
started with the 44th World Health Assembly (1991) declaration of the disease as a
global public health problem, appeared to be largely techno-managerial. The focus
was on health system strengthening and systemic strategies to enhance case
detection and cure. However, the changing discourse around health propelled by the
Report of the Commission of Social Determinants of Health by the WHO (2005)
has influenced the way people’s health is being looked upon since the latter half of
the first decade of the new year millennium. The health policy documents started
incorporating concepts of social determinants of health and, consequently, higher
exposure, vulnerability, and poorer access among specific social groups. However,
in the context of TB control, these aspects were presented in the international policy
documents without any clear strategy or roadmap to address them in real contexts.
This is also because TB control was predominantly being problematized within a
disease-centered paradigm, where any emphasis made on the underlying determi-
nants was primarily to control the disease, as opposed to promoting health. Further,
the conceptions and priorities of these initiatives (Global Plans of Action to
End TB, Stop TB Strategy, and End TB Strategy) appear to have significantly
shaped the underlying problematization of TB control strategies in India and
Kenya, as well as several other nations across the world. Both nations have been
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committed to achieving MDGs by 2015 and are now committed to achieving the
SDG of ending the TB epidemic by 2030.

India and Kenya have a long history of the fight against TB, and its dispro-
portionate burden among the poor and vulnerable sections of the society has also
been documented in both settings. Yet, the national programs based on the DOTS
strategy initiated in both countries during the last decade of the twentieth century
with international organizations’ technical and financial assistance appear to have
problematized TB control almost entirely from a germ-centric view.

As the global initiatives evolved to address the disease from a social determi-
nants approach, the national policy documents also acknowledged their role.
However, the actions initiated to address these determinants have been largely
limited to IEC strategies, advocacy, and social mobilization campaigns to engage
the vulnerable sections of society. The underlying assumption behind this approach
could be indicating that the higher exposure and risk among them is attributable to
their lack of knowledge and disengagement from the program, rather than the
disadvantages posed by lack of resources and poor living and working conditions.

The global initiatives have placed a significant thrust on the TB-HIV
co-epidemic from the beginning, and this is also a key component of the national
programs. However, undernutrition is another significant concern in both these
settings, with its roots planted firmly in the poverty problem. With its relatively
lower prevalence of HIV/AIDS compared to Kenya, India has invested considerable
resources to address the co-epidemic. While Kenya addresses nutritional support
and rehabilitation of TB patients and the TB-HIV co-epidemic in its national
strategy, such initiatives are largely regional and sketchy in India. However, the fact
also remains that even Kenya has addressed the nutrition problem only among TB
patients and not as a primary determinant of health.

Despite the decline in TB-related morbidity and mortality over the past two
decades, the disease burden remains high in both settings. A grave issue that
threatens the reversal of achievements of the strategies implemented so far is the
rise of DR-TB, again largely affecting the same poor and vulnerable population.
However, the actions included in the national programs to address it are largely
centered around expansion and refinement of the existing program, drug suscep-
tibility testing, newer diagnostics, newer drugs, and active case finding, once again
implying that the underlying determinants are largely techno-managerial. The
critics of India’s strategies of TB control argue that the emergence of DR is a clear
indication of the failure of a long-running under-funded curative public program.
There have also been efforts in both India and Kenya to actively engage and
incorporate the private sector and generate a public–private mix in diagnosis and
care. However, the rising burden of DR-TB (Figs. 5 and 6) raises a question on the
validity of this approach, instead of stronger regulation on the private sector and
closer monitoring of the prescribing practices of private practitioners. Rising
comorbidities like DM and the high prevalence of other risk factors like air pol-
lution have also potentially contributed to the spread of DR-TB, reiterating the need
for building a holistic approach to health built on primary healthcare. Lastly, the
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poor state spending on the health sector clearly indicates the absence of a funda-
mental tenet of the DOTS strategy—a strong political will.

With the vision of a TB-free world on the horizon, it is critical to note that the
post-2015 strategies of both nations are heavily focused on the initiation of newer
drugs, regimes, diagnostic technologies, drug susceptibility testing, and web-based
platforms for online notification, with hardly any creative approaches to tackle

Fig. 5 Trends in confirmed cases of rifampicin resistant/MDR-TB in India since 2005

Fig. 6 Trends in confirmed cases of rifampicin resistant/MDR-TB in Kenya since 2005
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poverty, unemployment, housing or nutrition. The high poverty level, undernutri-
tion, and inequalities persisting in both these settings mandate a paradigmatic shift
in problematization and approach, with TB control being primarily driven by action
on structural determinants influencing health with the techno-managerial solutions
assuming only a supplementary role.

You cannot get rid of this age-old epidemic, which has always had the dispossessed as its
manifest, without eliminating the structural inequalities.

G. K. Mini, Sapna Mishra, Jinbert Lordson, Malu Mohan

Core Messages

• The biomedical approach drives the TB control strategies in both India and
Kenya with little focus on social determinants of health.

• While DR-TB has emerged as a major challenge in both settings, nuanced
exploration of underlying reasons seems absent.

• Need for a paradigmatic shift in the problematization of TB control from a
disease-centric view to one of health promotion.
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29Challenges in Prevention
and Management of Tuberculosis

Mohammed Assen Seid

The disease is still around, it’s still contagious, and despite the
fact that the vaccine costs approximately sixteen cents to
produce, and $3.13 to buy, tuberculosis continues to ravage
periphery countries. Millions of people die from tuberculosis
every year - and it’s totally treatable. This is a disease we can
eradicate in our lifetime.

Jennifer Wright

Summary

Tuberculosis (TB) is a highly contagious and deadliest infectious disease that
remains a threat to human health worldwide. Even though the World Health
Organization (WHO) aims to eradicate TB by 2050, TB elimination rates are not
as expected globally. The spread of drug-resistant (DR) TB and its association
with HIV/AIDS make it difficult to control TB in low and middle-income
countries. TB control strategies include finding TB cases, contact tracing,
treating the case, and preventing transmission. Delay in diagnosis and poor
infection control practices are still major challenges of TB control and
prevention. The migrants from high-TB burden countries are considered a
new epidemiological source of TB infection, resulting in a big challenge for TB
care and control. Detention centers have also facilitated the transmission of TB
and the development of DR-TB. Therefore, TB control actions should be
conducted considering prisons. Another challenge in TB control is getting an
effective vaccine. It is now clear that the Bacillus Calmette–Guérin (BCG)
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vaccine cannot fully arrest the global TB epidemic. A new vaccine is required to
replace or boost the existing vaccine for the better control of TB. For the urgency
of TB elimination, multiple stakeholders should also collaborate for the
comprehensiveness and correctness of care for TB patients. Furthermore, a
strong commitment of all administrative authorities to support the development
of highly effective vaccines will be required to decrease the incidence and
disease burden globally as per the WHO target.

Graphical Abstract

Keywords

Challenges �Management � Prevention � TB control � Treatment � Tuberculosis

1 Introduction

Tuberculosis (TB) is a highly contagious and the deadliest infectious disease that
remains a global health threat. TB mainly affects the lung, but it also infects other
body parts (extrapulmonary TB) [1]. TB is one of the main causes of death among
infectious diseases globally. The evidence shows that there is very slow TB
elimination rate worldwide. According to the world health organization
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(WHO) reports, more than ten million people were affected with TB in 2018 [2, 3].
Although WHO targets to eradicate TB by 2050, it continues to be the main public
health problem in the world [4, 5]. Though it seems challenging, some countries
aim to control TB by 2035. This target will be realized through an intensive and
large scope of case finding and treating latent TB infection (LTBI) [6, 7]. The
spread of drug-resistant (DR) TB and its association with HIV/AIDS make it dif-
ficult to control TB in various countries [5, 8]. Early detection and diagnosis of TB
is still a major challenge for its control and prevention [9].

The three pillars of TB control strategies are finding TB cases, treating those
cases, and preventing new TB infection (including relapse and reinfection) [10]. It
is considered that among the TB control strategies, the main attention is given to TB
prevention. However, the distribution of crucial TB prevention services is very
limited globally [11]. The major TB prevention strategies include treating latent TB
infection in high-risk individuals, detecting and treating infectious TB, early
anti-TB therapy (ATT) initiation, and providing vaccination for targeted individuals
[10, 12]. Besides, successful TB prevention will be effective when they can identify
children infected with TB [12]. It is depicted that targeting special populations,
including children, will considerably reduce the burden of TB. The main prevention
and treatment barriers for children include medication dosing errors, time taking
and intensive pediatric formulation preparation, medication administration prob-
lems, poor adherence, and resistance to isoniazid preventive therapy (IPT) [13].
A comprehensive approach is needed to consider both the child and the family [14,
15]. To effectively control TB in children, new drugs, new diagnostic techniques,
and vaccines that fit for them are required [10].

2 Challenges with Tuberculosis Control

It is clear that much effort has been made to control the global burden of TB over
the past decades, but it faces major challenges. The uncontrolled TB burden neg-
atively impacts socioeconomic development and increases DR [16]. The increasing
trend of DR-TB is hastened by limited resources, poverty, and negligence [17].

Controlling TB and the spread of DR-TB has been an ongoing challenge.
Especially migrants from high-TB burden countries are considered a new source of
TB infection. Poor living conditions in the migration centers increase TB trans-
mission. Strong motivation from different stakeholders and a political decision will
be necessary to halt the transmission in these centers [5]. The detention centers are
also one of the areas which result in the development of DR-TB [18]. Therefore,
TB control actions should also consider prisons [19, 20].

Not only treating active TB but also contact tracing play a vital role in elimi-
nating TB. Even if policies are recommended to investigate and provide preventive
therapy for TB contacts, there are still gaps in ensuring accountability [21]. There
are challenges concerning contact tracing, which include they do not want to travel
to health facilities for evaluation, reluctance to accept to take medication while they
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do not feel sick, and there are knowledge gaps among healthcare workers and
patients. Besides, various countries do not have clear guidelines on managing
individuals who have contact with DR-TB patients [21–23].

One of the main challenges in TB control is getting an effective vaccine. It is
now clear that the BCG vaccine cannot fully arrest the global TB epidemic. The
rapid increase of DR-TB worldwide is alarming that there is an urgent need for an
effective vaccine that can control TB infection [1, 24]. Conversely, in recent years,
the global TB vaccine development showed very slow progress than its necessity
[25]. Without improved TB vaccines, TB will not be fully controlled. Therefore a
new vaccine is required to replace or boost the existing vaccine for the better
control of TB [7, 26].

Patient and facility-related conditions also have an immense impact on the
control of TB. Patient-related factors including substance abuse, and HIV
co-infection, which impose difficulty in TB treatment [27]. Patient-centered
approaches that consider the social factors influencing their persistence on TB
treatments are needed [28]. The main challenges that TB patients encountered
while on their ATT include the treatment pill burden, economic impacts of ATT,
healthcare provider communication problems, and the psychological toll of TB [27,
29]. Many patients said that when hospitalized in an isolated hospital setting, the
discouraging hospital environment, including inadequate infrastructure, is one of
the key factors influencing their motivation to stick to their protracted ATT phases
[27, 28].

In general, to effectively control TB around the globe, the involvement of
multiple stakeholders is very vital [19]. Furthermore, strong commitments of all
government officials will be needed to support research projects targeted at
developing new diagnostic tools and/or techniques, effective vaccines, and better
ATT regimen options [8, 30].

3 Conclusion

TB remains to be a human health threat globally. Its eradication at the global level
continues to face major challenges (Table 1.). The uncontrolled TB burden affects
socioeconomic development and hastens the development of DR-TB migration
from high-TB burden countries. Policy gaps in locating individuals who have had
contact with TB patients, delays in TB diagnosis, poor infection control practice,
the development of DR-TB, and the link of TB with HIV/AIDS are all difficulties
for poor TB control. There is also evidence that the current BCG vaccine cannot
halt the global TB epidemic. As a result, TB control necessitates multi-sectoral,
personalized, and pragmatic methods for rapid diagnosis, stopping transmission,
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Table 1 Examples of reported challenges that affect the global control of tuberculosis (TB) by
specific countries

Challenges Country Reported by, year

• Low socioeconomic status
• Low healthcare-seeking behavior
• Centralized patient care
• Negative provider-patient relationships

Ukraine
[27]

Aibana et al. (2020)

• Forced mass displacement and violations of
humanitarian law

• Limited capacity to diagnose, contact tracing,
and follow-up

Syria [31] Abbara et al. (2020)

• TB patients have limited resources to visit
health facilities

• Some providers feel ambivalence to give
preventive therapy

Peru [22] Yuen et al. (2019)

• Diagnosis of TB meningitis is clinically
challenging

Texas [32] Varleva et al. (2019)

• The issues related with the effectiveness
of BCG vaccine

UK [1] Stylianou and Paul (2019)

• Most vaccine trials focus on adults, and there
are many challenges with TB diagnosis in
children

Multicenter
study [14]

Reuter et al. (2019)

• There is a challenge to transit a
nationally-funded TB control program

Bulgaria
[33]

Doan (2019)

• The complex genetics of TB drug resistance South
Africa [35]

Koch et al. (2018)

• A huge number of migrants with LTBI
• Poor migrant-focused latent TB screening
• Migrants flooding from high TB burden
countries

EU/EEA [5,
36]

Greenaway et al. (2018),
Sotgiu et al. (2017)

• Lack of effective communication techniques
between professionals and the public

Korea [37] Go et al. (2018)

• HIV co-infection
• Seasonal variation of TB epidemic
• Insufficient level of decentralization
• Inadequate health infrastructure
• Higher cost of treatment

Ethiopia
[38–40]

Seid et al. (2018), Gashu
et al. (2018), Nooh (2019)

• TB patients delay seeking care behavior and
want initial care from informal providers

Multicenter
study [9]

Getnet et al. (2017)

• High prevalence of multi-drug resistant
tuberculosis

Iran [41] Bialvaei et al. (2017)

• Limited budget allocation for TB control
program by the government

• Weak TB control program implementation
and management

• Suboptimal quality of care in the private
sector, Insufficient advocacy about TB

India [42] Pai et al. (2016)

(continued)
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and halting DR-TB development. Besides, enhanced contact investigation to detect
and treat latent TB infection will play an important role in decreasing TB incidence.

Core Messages

• The spread of DR-TB and its association with HIV/AIDS are the major
challenges to controlling TB.

• Migrants from high-TB incidence countries and detention centers are the
main source of TB transmission and increasing DR-TB.

• It is now clear that the current BCG vaccine has only limited protection
and cannot stop the global TB epidemic.

• In some countries, political commitment is needed to control TB.
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30Tuberculosis in Contacts
and Healthcare Workers

Jean-Pierre Zellweger

Je pense, il est vrai, qu’il y a beaucoup de maladies que nous ne
savons ni prévenir ni guérir, au moins d’une manière certaine et
incontestable. Il ne s’agit pas, ce me semble, de savoir si cela est
triste; il s’agit de savoir si cela est vrai.

RTH Laennec, Treatise of auscultation, 1826

I think, it is true, that there are many diseases that we do
not know how to prevent or cure, at least in a certain and
unquestionable way. The question, it seems to me, is not
whether this is sad but whether it is true.

Summary

Persons in close contact with tuberculosis (TB) who are at risk of transmission
(mostly smear- or culture-positive pulmonary tuberculosis) and healthcare
workers in contact with such patients before the initiation of an adequate
treatment have a high risk of being infected. Some of them will later develop
tuberculosis. The risk of being infected depends on the duration and intensity of
contact; the risk of progression to TB depends on age and the quality of the
immune defense mechanisms. Preventive treatment should be considered in
contacts at the highest risk of developing TB. Screening of exposed contacts and
preventive treatment of persons at risk are now part of the global End TB
Strategy.
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WHO consolidated guidelines on tuberculosis: tuberculosis preventive treat-
ment: Module 1: prevention recommendations are as follows:

1. “If < 10 years, any one of current cough or fever or history of contact with TB
or reported weight loss or confirmed weight loss > 5% since last visit or growth
curve flattening or weight for age < 2 Z-scores.
Asymptomatic infants < 1 year with HIV are only treated for LTBI if they are
household contacts of TB. TST or IGRA may identify PLHIV who will benefit
most from preventive treatment. Chest radiography (CXR) may be used in
PLHIV on ART, before starting LTBI treatment.

2. Any one of cough or fever or night sweats or haemoptysis or weight loss or
chest pain or shortness of breath or fatigue. In children < 5 years, they should
also be free of anorexia, failure to thrive, not eating well, decreased activity or
playfulness to be considered asymptomatic.

3. Including silicosis, dialysis, anti-TNF agent treatment, preparation for trans-
plantation or other risks in national guidelines.

4. Including acute or chronic hepatitis; peripheral neuropathy (if isoniazid is used);
regular and heavy alcohol consumption. Pregnancy or a previous history of TB
are not contraindications.

5. Regimen chosen based on considerations of age, strain (drug susceptible or
otherwise), risk of toxicity, availability and preferences.

6. CXR may have been carried out earlier on as part of intensified case finding”.
(Adapted from [1], copyright © World Health Organization 2020, Available
under the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 IGO
licence, CC BY-NC-SA 3.0 IGO; https://creativecommons.org/licenses/by-nc-sa/
3.0/igo)

Keywords

Contact investigation � Contacts � Healthcare workers � Latent tuberculosis
infection � LTBI � Tuberculosis

1 Introduction

Tuberculosis (TB) is transmitted by aerial route from patients with pulmonary TB
(PTB) to bystanders. Persons who live or work in close proximity to such patients
are most likely to inhale infectious particles, be infected, and, in some cases,
develop TB. Household contacts of patients with PTB have a risk between 25 and
50% of being infected [2] and between 1.9 and 3.1% to have already developed
active TB at the time of diagnosis of the index case [3]. The risk of infection is
influenced by the severity of the disease in the index case (in particular, the pres-
ence of cavities and a high concentration of mycobacteria in sputum) and the
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proximity and duration of contact with the index case [4]. Infected contacts [those
with signs of a positive immunological reaction like the tuberculin skin test
(TST) or a positive interferon-gamma release assay (IGRA)] have a higher risk of
developing TB than contacts with negative test results.

For close contacts during the first year following exposure to TB, the risk is
estimated at 500 per 100,000 people in high-income countries and 1500 per
100,000 people in low-to-middle-income countries. Over one to two years fol-
lowing contact, it is at its maximum level; with time, it diminishes, but it remains
greater than the local population [3]. The risk of developing TB in infected contacts
is increased by a young age, low quality of the immune defense mechanisms, and
individual factors like diabetes, smoking, and nutritional status. Over a 12-year
period, 688 per 100,000 contacts in British Columbia, Canada, were diagnosed with
TB [5]. A recent meta-analysis concluded that among untreated persons with latent
tuberculosis infection (LTBI), the risk of incident TB within two years was 14.6%
among recent child contacts below the age of 15 years, 3.7% among adult contacts,
4.1% among migrants, and 2.4% among people screened because of immune
suppression [6]. Child contacts under the age of five had a far higher risk of
contracting the disease than those between the ages of five and 14 years old (26.0%
vs. 12.4%) and the development of TB was more rapid than in adults. The higher
risk for exposed and infected children has been confirmed by another study [7].

2 Screening for Infection and Tuberculosis Among
Contacts

Because those who have been in close contact with a person who has contagious
TB are at the greatest risk of contracting the disease, it has long been customary to
look for further cases of active TB among those people [8]. The benefit of contact
investigations has been documented by randomized studies. For instance, a study
conducted in Viet Nam showed that screening contacts by symptoms and chest
radiography increased the proportion of notified TB cases by 2.5 times and the
proportion of microbiologically confirmed TB by 6.4 times compared with passive
screening only [9]. Searching for potentially contaminated but otherwise healthy
individuals has also been suggested to offer preventive treatment to those contacts
who are most likely to develop TB in the future, especially in locations and cir-
cumstances where infection prevention is well-established [10, 11]. The search for
exposed contacts was mainly directed at small children and immunocompromised
contacts until recently. In recent years, new guidelines issued by the World Health
Organization (WHO) have extended the population categories for which the
screening for LTBI is recommended, now including all contacts of patients with
PTB, without an age limit [1, 12, 13].
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The procedures for the identification of secondary cases of active TB and in-
fected contacts have been defined in a European-specific consensus paper [14]. To
locate infected contacts, a list of close friends and family members is made, and
everybody is invited to have their symptoms assessed and take a TB screening test
(TST or IGRA). One asks about prior exposure to TB or risk factors for progres-
sion, e.g., immunodeficiency, and then they have a chest radiograph to evaluate if
there is evidence of incipient or prior TB. An infected person may be given a
preventive medication for three to nine months (isoniazid, rifampicin, or a com-
bination of rifampicin or rifapentine and isoniazid), according to the contacts’
demographic characteristics and health risks, as well as the duration since the
previous contact. This contact tracing may take a long time and is usually done by a
member of the local healthcare team. Distant contacts are only evaluated if the
initial circle of contacts displays a high proportion of disease.

3 Infection and Tuberculosis in Healthcare Workers

Another category of persons with a higher risk of being infected and developing TB
are the healthcare workers caring for patients with undetected or inadequately
treated TB. This concerns mainly persons active in hospital or health settings where
new patients are examined, particularly patients belonging to risk groups with a
high prevalence of TB like immigrants from high-incidence countries, immuno-
compromised patients, or underserved populations like homeless or users of
injectable drugs. Historically, it has been accepted that most healthcare workers in
contact with patients will acquire TB infection [15], with the risk being increased
with age and duration of occupation [16, 17]. In some hospitals, the prevalence of
TB among healthcare workers could be ten times higher than in the local population
[18]. The decline in TB incidence in industrialized countries and the implementa-
tion of administrative and technical measures (early diagnosis, timely isolation until
treatment implementation, and increased ventilation) has decreased healthcare
workers’ exposure to cases of contagious TB, and infection has decreased to a level
comparable to that of the general population [19], at least in countries where TB is
not highly prevalent. However, in nations where the incidence of TB is still ele-
vated, the risk of TB among healthcare professionals remains significant. According
to a recent meta-analysis, the prevalence of LTBI among healthcare professionals
was found to be 37%, and the incidence rate of active TB was found to be 97 per
100,000, which is clearly higher than the rates in the general population in most
countries [20]. Therefore, in most settings where patients with undetected or
inadequately treated TB may be encountered, due attention to the possibility of TB
and preventive measures should be implemented, particularly in resource-limited
settings [21].
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4 Problems and Controversies

4.1 Contact Investigation and Preventive Treatment

The investigation of contacts of an index case needs several conditions in order to
be implemented in a systematic and efficient way. The policy has to be defined in a
national guideline; a team of dedicated and trained healthcare personnel should be
available, the costs should be covered by the state or by an institution and not by the
individuals, and the procedure should be standardized. Many of these conditions
may be absent, particularly in countries with limited resources. In settings with a
high burden of TB, passive case finding may be the only available policy, and
active case finding may not be considered as a priority, although studies have
clearly demonstrated that this is cost-effective and beneficial.

Contact investigation was traditionally thought to be a “luxury” intervention only
affordable in high-income nations with low TB burdens since the low TB burden
allowed for extra public health efforts that were not mainly focused on treating
patients with active illness. However, this has changed. Concerns have been raised
about the impact of contact investigation activities on limited resources in countries
with a high TB burden [22]. Recently, however, contact investigation has been
demonstrated as an important component of the global strategy for TB elimination
and is now recommended as a routine practice in all TB programs, with adaptations
to the local conditions, whatever the prevalence of TB in the population [23].

One of the obstacles in practice may be the selection of contacts, which usually
needs the cooperation of the index case. Assuming the patient has active TB, it may
be difficult to inquire about the identities of all household contacts and much more
difficult to locate and meet all of them for testing. Because of the likely reluctance
of the contacts to pass a test and an examination, an expert nurse must be on hand to
explain the distinction between exposure, infection, and TB illness in a clear and
concise manner. Because distant or casual contacts outside of the near family circle
have a reduced risk of infection, it makes sense to limit screening to the close family
circle. The children of a TB-infected parent are also easy to meet when the whole
family lives together.

A further obstacle is the selection of the screening procedure for the detection of
contacts with infection and active TB. If the latter usually relies on the presence of
symptoms of possible disease (cough, loss of weight, fever), the detection of
infection, which is by definition symptom-free, has to be performed by an indirect
immunological testing (TST or IGRA), which needs an intervention (skin test and
dual visit for the TST, blood sampling and availability of a laboratory for the IGRA).
The positive and negative predictive values of both tests are not equivalent. To put it
simply, the TST is cheaper but associated with a high proportion of false-positive test
results (mainly related to prior vaccination with BCG or exposure to environmental
mycobacteria), meaning that a higher number of contacts may be selected for an
unnecessary preventive treatment whereas the IGRA are more costly but more
specific and allow a reduction in the number of contacts who might benefit from
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preventive treatment [24]. The availability of point-of-care tests in the near future
may modify the options and facilitate the selection of the screening test. It is still
most cost-effective to prescribe a preventative medication without previous testing in
children under the age of three or five since the risk of TB, especially in severe forms
of TB, is so high in this age range that a simple procedure justifies the cost [25].

It only makes sense to conduct infection screenings on people who are most
likely to develop active illness. It is of great importance for children and im-
munocompromised contacts but is now recommended for all recent contacts.
Screening all children who have been exposed to TB and providing preventative
therapy to those who have been infected between the ages of 5 and 14 years has
been shown to potentially avoid 159,000 cases of TB and 108,000 fatalities in
children under the age of 15 per year [26]. Many national guidelines still do not
mention the preventive treatment or restrict its use to small children below the age
of five and persons living with HIV (PLHIV). According to the latest TB reports
from WHO, only a small proportion of persons eligible for preventive treatment
receive it. In 2018 and 2020, the majority of PLHIV received preventive treatment,
but only 29% of children contacts under the age of five years and only 1.6% of
household contacts aged more than five years received it [27].

It has been argued that if eligible infected contacts do not take preventive
medication, then screening for infection is pointless, which is one of the grounds
against implementing contact investigation and preventive treatment for all TB
contacts on a systematic basis [28]. In spite of some pessimistic reports [28], it has
been demonstrated that a dedicated team working in a supportive environment can
obtain satisfactory completion rates (up to 80%) of preventive treatment [29–31].

Contacts of TB patients and the at-risk population are screened using an algo-
rithm detailed in the most current WHO guidelines (Graphical Abstract) [1, 13]
(Table 1).

4.2 Healthcare Workers

As mentioned above, the risk of TB infection and disease in healthcare workers is
very diverse. In settings where the risk is still higher than in the local population,
preventive measures and surveillance are warranted. The most important is the
improvement of the diagnostic procedures for the detection of unknown cases of
TB, rapid detection of drug resistance (in order not to initiate an inadequate
treatment in patients with undetected drug resistance), selected isolation of patients
with potential TB until they benefit from an adequate treatment, and implementa-
tion of appropriate environmental measures, mainly ventilation [32]. The wide
implementation of rapid diagnostic tests indicating the presence of rifampicin
resistance (Xpert MTB/RIF) allows a decrease in the time lag between hospital-
ization and initiation of TB treatment [33]. Personal protection (wearing of masks
or respirators) is traditional, although their usefulness during the care of patients
under adequate anti-tuberculous treatment is questionable. Shortening the duration
of hospitalization and switching from long inpatient treatment to outpatient
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Table 1 Citations from the WHO guidelines for the detection and preventive treatment of persons
exposed to TB

WHO guidelines 2012 [8] WHO guidelines 2015 [11] WHO guidelines 2018 [12]

Clinical evaluation of
household and close contacts
for active TB is recommended.
Priority should be given to:
– people of all ages with
symptoms suggestive of TB;

– children < 5 years of age;
and

– people with known or
suspected
immunocompromising
conditions (especially
PLHIV) and contacts of
index cases with MDR-TB
or XDR-TB (proven or
suspected)

Systematic testing and
treatment of LTBI should be
performed in people living
with HIV, adult and child
contacts of pulmonary TB
cases, patients initiating
anti-tumor necrosis factor
(TNF) treatment, patients
receiving dialysis, patients
preparing for organ or
hematologic transplantation,
and patients with silicosis

In countries with a low TB
incidence, adults, adolescents
and children who are
household contacts of people
with bacteriologically
confirmed pulmonary TB
should be systematically
tested and treated for LTBI

PLHIV and children < 5 years
of age who are household or
close contacts of people with
TB and who, after an
appropriate clinical
evaluation, are found not to
have active TB should be
treated for presumed LTBI as
per WHO guidelines

For resource-limited countries
and other middle-income
countries that do not belong to
the above category
People living with HIV and
children below 5 years of age
who are household or close
contacts of people with TB
and who, after an appropriate
clinical evaluation, are found
not to have active TB but have
LTBI should be treated

In countries with a high TB
incidence, children
aged � 5 years, adolescents
and adults who are household
contacts of people with
bacteriologically confirmed
pulmonary TB who are found
not to have active TB by an
appropriate clinical evaluation
or according to national
guidelines may be given TB
preventive treatment

Tests for LTBI, including the
tuberculin skin test and
interferon-gamma release
assays, can be used to identify
people at increased risk for
developing active TB and who
are therefore candidates for
treatment of LTBI (other than
children < 5 years of age and
PLHIV, for whom isoniazid
preventive treatment is
recommended without testing
for LTBI (1, 4), once active
TB is excluded
Unless a plan includes policies
and procedures for treating
LTBI, testing for LTBI should
not be undertaken

Either TST or IGRA can be
used to test for LTBI in
high-income and upper
middle-income countries with
estimated TB incidence less
than 100 per 100,000

Either a tuberculin skin test
(TST) or interferon-gamma
release assay (IGRA) can be
used to test for LTBI
LTBI testing by TST or IGRA
is not a requirement for
initiating preventive treatment
in people living with HIV or
child household contacts
aged < 5 years
The availability and
affordability of the tests will
determine which LTBI test
will be chosen by clinicians
and programme managers

Prepared with data from [8, 12, 13]
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treatment as soon as possible also contributes to the reduction of exposure of
healthcare workers. This may need the implementation of an appropriate team of
outreach workers for the administration of TB treatment, also using the opportu-
nities of remote control by electronic digital procedures [34]. Systematic surveil-
lance of healthcare workers at regular intervals by clinical, radiological, or
immunological tests (for instance, annual tuberculin skin test) has long been per-
formed, but their cost-efficiency is dubious, controversial, and has not been
demonstrated.

In case of documented exposure of healthcare workers (as well as other patients or
visitors) to a patient with contagious TB, a contact investigation is mandatory, with
the provision of preventive treatment if indicated. One of the problems in practice is
the reluctance of some healthcare workers to the preventive treatment [35].

In countries where the risk of infection and TB among healthcare workers is low
and similar to the risk in the general population, which is the case in most indus-
trialized countries with a low incidence rate of TB, systematic surveillance of
healthcare workers is now considered as obsolete, with the exception of initial
screening at hiring for those workers who will be active in an environment with
potential exposure to unknown TB cases, in order to detect a possible immuno-
logical change in case of documented exposure [36, 37].

5 Conclusion

Close contacts of patients with transmissible TB and healthcare workers exposed
without protection to patients with untreated TB are population groups at high risk
of infection and active TB. Therefore, screening exposed persons and preventive
treatment for those at the highest risk of TB are now considered part of the global
End TB Strategy and the management of patients with active TB.

Core Messages

• Persons in contact with a case of untreated PTB and exposed healthcare
workers may be infected by M. tb.

• Some of them will develop TB; the risk depends on the intensity of contact
and the quality of the defense mechanisms.

• Preventive treatment decreases the risk of TB in infected persons.
• Screening exposed persons for infection and preventive treatment of

infected persons help control TB.
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31Tuberculosis Among People Who Use
Drugs: Multilevel Considerations
for Prevention, Diagnosis,
and Treatment
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In an era in which we have effective therapies, why has
tuberculosis remained the leading infectious cause of young adult
deaths in much of the world? […] We must explore not only the
life experiences of those sick with tuberculosis, but also the larger
social contexts in which they become infected, fall ill, and meet
with a series of therapeutic misadventures leading to
complications, ongoing transmission to others and, often enough,
death. […] The experiences and commentaries of the sick and
their providers must be embedded in broader analyses informed
by history, political economy, epidemiology and a sociology of
knowledge. Such an analysis brings into relief not only cultural
specificity but also jarring similarities: living with both poverty
and tuberculosis means poor outcomes whether you live in rural
Haiti, urban Peru or the inner-city United States.
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Summary

Tuberculosis (TB) and drug use have been integrally related for over a century.
This relationship is driven by numerous factors that operate at the individual
level (e.g., age, co-existing conditions, specific behaviors) and potently at the
social and structural levels. The mutually reinforcing nature of multiple highly
prevalent social and structural conditions (e.g., crowding, incarceration, poor
housing, social and economic conditions) that disproportionality affects people
who use drugs (PWUD) globally contributes to TB substantial transmission,
morbidity, and mortality among PWUD. Yet, the social and structural contexts
perpetuating TB among PWUD and others should be understood as modifiable
through interventions and policy. Structural and policy interventions by
localities, nations, regions, and international organizations are urgently needed
to reduce the incidence and prevalence of TB infections and the morbidity and
mortality of active TB among PWUD and to achieve enhanced TB control.

Graphical Abstract

670 A. E. Jordan and D. C. Perlman



Keywords

Drug use � Drug use disorders � Epidemiology � Multilevel risk factors �
Mycobacterium tuberculosis � Opioids � People who use drugs � Structural
vulnerability � Tuberculosis

1 Introduction

One-third of the human population is infected withMycobacterium tuberculosis (M.
tb) [2]. Despite the availability of efficacious treatment of both latent and active
tuberculosis (TB) infection, TB causes an estimated 1.5 million deaths each year
[2]. While M. tb is the pathogen causing infection and disease in the human host, it
does so differentially in specific hosts and environments. Pathogen-based factors (e.
g., virulence, susceptibility), host-based factors (e.g., age, co-existing conditions,
behaviors), social and environmental conditions (e.g., poorly ventilated housing,
crowding), and structural factors (e.g., socio-economic conditions, policies) drive
TB epidemiology. The use of drugs that have been made illegal or which are
marginalized by cultural norms is one critical factor linked to TB risk through these
potent, mutually reinforcing, multilevel factors which contribute to ongoing TB
transmission, morbidity, and mortality [3–5].

Understanding TB epidemiology, treating individuals and populations with TB,
and controlling and eliminating TB at the population level require understanding
TB as a complex disease inextricably linked to multilevel factors that create vul-
nerable populations and contexts through poverty, malnutrition, crowding, incar-
ceration, HIV infection, and substance use. As a result, barriers to global, national,
and local TB control include challenges in TB diagnosis and in the implementation
of efficacious TB treatment as a result of both some specific behaviors people
engage in (such as drug use) as well as a result of some specific social and structural
contexts and conditions in which people live and in which TB transmission is
perpetuated.

People who use drugs (PWUD) have had a high prevalence and incidence of TB
infection and disease since the early 1900s [3–6]. Illicit drug use generally and
injection drug use (IDU) in particular are important in global TB epidemiology and
in TB control efforts [3, 7]. A key link between IDU and TB is through the
immunological consequences human immunodeficiency virus (HIV) transmitted via
the injection route. As HIV-related TB is covered in other chapters, this chapter will
focus on the general relationship between drug use and TB. The national incidence
of TB has decreased in most industrialized countries over the last several decades.
However, in settings such as prisons and jails, and among populations such as
PWUD and those unstably housed, TB transmission remains stable or is increasing
[3, 8–11].
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This chapter will examine the specific environmental, public health, and
socio-economic contexts for TB risk among people who use drugs (PWUD)
globally and in specific regions and countries. While the use of other substances,
particularly alcohol, is linked to TB risk, there are unique considerations that relate
to the connections between TB and drug use given drug use’s criminalized and
marginalized status [12–15]. The epidemiology of TB, drug use, their overlap
among PWUD, and the evolving historical relationship between TB and drug use
will be presented. Multilevel factors at the structural, social, environmental, and
individual levels driving relationships between TB and drug use will be examined.
Specific considerations for the diagnosis and treatment of TB among PWUD and
opportunities for structural and policy intervention to reduce TB among PWUD and
enhance TB responses will be discussed.

2 Global Epidemiology of Tuberculosis, and Drug Use,
and Their Intersection

2.1 Global Tuberculosis Epidemiology

TB is a leading infectious cause of death and one of the ten most frequent causes of
death worldwide [2]. In 2018, there were approximately ten million (range, 9.0–
11.1 million) new cases of TB; expressed as a rate, this translates to 132 cases
(range, 118–146) per 100,000 population [2].

The TB burden remains highest in the poorest economies, where the burden is
concentrated among specific vulnerable populations, including PWUD [10, 16, 17]
[18]. The low-, medium-, and high-TB burden geographic categories closely
overlap the low-, middle-, and high-income World Bank country classifications
[19]. Thirty “high TB burden countries” account for 87% of estimated incident
global TB cases. In most high-income countries, there were fewer than ten TB cases
per 100,000 population. In contrast, other countries, primarily low- and
middle-income, had documented TB incident cases ranging from 150 to 400 to over
500 in the Central African Republic and the Philippines, respectively, for example
[2]. Table 1 depicts global TB incidence in 2018; total new and relapse TB case
notifications and incidence rates vary dramatically by WHO region, with a TB
incidence of 28 compared with 220 cases per 100,000 persons, respectively in the
European region and the South-East Asian region.

2.2 Global Substance Use Epidemiology

According to the United Nations Office on Drugs and Crime (UNODC), globally, in
2018, there were 35 million people with drug use disorder, and 11,260,000
(8,860,000–15,301,000) million people who inject drugs (PWID) (Table 1).
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In 2017, 271 million people (over 5% of the global population aged 15–64) had
used drugs in the prior year. Some studies have identified higher rates of drug
injection. A 2017 systematic review synthesizing international data from 1147
unique sources estimated that the global prevalence of drug injection was 15.6
million people (95% confidence interval (CI), 10.2–23.7 million) [9]. This review
also found significant regional variation in the prevalence of IDU, ranging from
0.09% (95% CI, 0.07–0.11) in the South Asian region to 1.30% (95% CI 0.71–
2.15) in the Eastern European region. The largest numbers of PWID were in
Southeast Asia (4.0 million, 95% CI, 3.0–5.0 million), Eastern Europe (3.0 million,
95% CI, 1.7–5.0 million), and North America (2.6 million, 95% CI, 1.5–4.4 mil-
lion) [9]. Table 1 depicts the UNODC 2018 data on the global annual prevalence of
use (past year use of any route) of specific drugs, identifying the Asia region as
having the largest number of opioid and amphetamine/methamphetamine users and
the Americas region as having the largest number of cocaine users (Table 1).

2.3 Global Overlap of Tuberculosis and Substance Use
Epidemiology

In the past two decades, there have been substantial efforts to improve and stan-
dardize national and international surveillance and reporting of both TB and drug
use [20–22]. Of note, reporting of both TB and drug use data varies widely, subject
to a range of limitations, including those due to stigma, resources, and political
instability, as well as different methodologies used to generate country-level esti-
mates [23]. These, as well as variability in the ways different international bodies
aggregate the data, might affect, and in some cases might limit, the ability to
compare TB and drug use data among nations and regions.

In regions of high-TB burden, PWUD often represent one of the populations
with the highest incidence, prevalence, and mortality due to TB. PWUD often
experience more food insecurity, malnutrition, unstable housing, crowding, incar-
ceration, and poverty than non-drug using populations [24–26]. Each of these
factors has been associated with increased TB risk, contributing to a vulnerable
population of PWUD in poor areas of many countries [24, 25].

While national income and TB burden patterns among countries overlap closely,
the overlap patterns between areas of high-TB incidence or prevalence and areas of
high-IDU prevalence vary between and within countries and regions [2, 10, 18]
(Table 1). The countries included in the UNODC regions differ from those included
in the WHO regions. Hence, the 2018 regional drug use data derived from UNODC
reports and 2018 TB data derived from WHO reports are presented separately in
Table 1. There are regions in the world where there are high rates of TB but low
rates of IDU; for example, 20–25% of new TB cases and more than 80% of TB
deaths among people without HIV infection were in Africa in 2016, while under
0.2% of the adult population reported IDU [2, 27, 28]. In North America, there are
high rates of IDU and low rates of TB [2, 9]. In Southeast Asia, there are generally
very high rates of both IDU and TB infection [2, 27]. Further, there are variations of
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rates of IDU and TB within countries [2, 27]; higher rates of both TB and IDU are
often found in urban rather than rural areas [29].

3 Historical Context of Tuberculosis and Drug Use

3.1 Human History and TB

Both TB and the use of psychoactive drugs have been part of humanity’s history for
millennia. Humans have co-evolved with Mycobacterial species that evolved into
M. tb [30]. The genus Mycobacterium has been traced back roughly 150 million
years, and early progenitors of M. tb appear to have infected early hominins in East
Africa three million years ago. M. tb emerged as a human pathogen some
70,000 years ago in Africa. M. tb then migrated as humans migrated, first across
Africa and then diffused globally through successive waves of human migration,
travel, trade, and resettlement [31]. There is clear paleontological and written
evidence of human TB in the third millennium BC with both skeletal findings
typical of Pott’s disease and depictions of Pott’s disease in early Egyptian art, and
written documentation of TB in India and China in 1300 BC and 300 BC,
respectively [32–36].

As a highly virulent human pathogen, M. tb appears to have evolved the key
virulence trait of latency some 30,000–40,000 years ago, contributing substantively
to its perpetuation [37]. It remained transmissible and virulent and yet, through
latency, could allow sufficient reproduction of its host and then reactivate decades
later in post-reproductive aged, or otherwise debilitated, hosts. These
pathogen-specific factors (latency, virulence, and greater relative virulence in de-
bilitated hosts) partly allow and underlie the associations between TB and drug use
and the ways drug use is linked to TB exposure and host compromise facilitating
established TB infection and TB disease.

3.2 The Human History of Substance Use

Humans have a long history of appropriating, manipulating, and distributing natural
products, including opioids, for use to achieve pain relief and for psychotropic
effects [38, 39]. The use of opioids and other psychotropic medications preceded
the development of the germ theory and played roles in folk approaches to pro-
moting and restoring health, as well as roles assigned both within the development
of national and transnational trade and within evolving healthcare systems [40, 41].
Archeological evidence suggests that the domestication of the opium poppy began
in the sixth millennium BC, that its anesthetic and hypnotic effects were known by
at least the third millennium BC, that there was trade within the Mediterranean of a
liquid opium preparation by the mid-second millennium BC. That use became
increasingly globalized with the global extension of trade. Both human TB
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infection and the use of psychoactive substances, including opioids, continued to
spread globally as trade routes extended across continents and oceans, often along
the same routes as each other and through which other developments and other
infections spread as well [42].

Archeologic data suggest that the use of psychoactive substances in ‘prehistoric’
eras was primarily ceremonial by elites or priests, offering those with accessing the
potential for ‘other worldly’ experiences [43]. The evidence for “use,” however,
does not necessarily imply prevalent use, nor are there data suggesting prevalent
misuse, meaning use resulting in dependence or other adverse consequences of use.
Evidence of dependence and adverse effects of psychoactive drug use emerges
historically later than evidence of use [43]. However, it is unclear whether this is
due to a low prevalence of adverse effects when access was limited, or that evidence
of use can be derived from nonwritten archeological data, whereas evidence of
adverse effects of use requires written evidence that was available only later in
history. Throughout history, opioid use has been inextricably, directly and indi-
rectly, linked to both improvements in health through relief of pain or other
symptoms such as cough or diarrhea, the facilitation of surgery, as well as for
psychoactive effects [38, 44, 45]. Psychotropic agents, including opioids, have
played socially acceptable, even prominent, roles within various societies. Yet, they
have also had socially unacceptable roles and have been variously assigned illegal
status within specific societies [6, 38, 40]. In the 19th and early twentieth centuries,
before the development of effective anti-TB agents, opioids were utilized to manage
active TB for their cough suppressive activity and the sense of euphoria and
well-being they induce. The use of opioids to treat TB was so prevalent as part of
TB management that most patients with TB developed opioid dependence, this at a
time when most opioid dependence was iatrogenic [38, 46].

4 People Who Use Drugs as A Population Construct
and Historical Context of Tuberculosis and Drug Use
Overlap

An important issue when examining the relationship between TB and PWUD is
understanding that the population, PWUD, should be clearly defined in specific
contexts, as associations vary by what are considered “drugs” and by how drug use
is defined and measured; each of these has varied historically and by context.
Broadly, the construct of PWUD as population refers to a heterogeneous group of
people who use a diverse range of illicit substances by diverse routes, for diverse
reasons, in diverse contexts for varying durations. Some individuals may personally
identify with their drug use and hence identify as drug users, and others may not
only deny drug use but may not self-identify as drug users despite using substances.
Further, the use of some substances may be considered normative or acceptable in
some settings and as non-normative or even deviant in others. Further, which drugs
are illegal or otherwise marginalized (i.e., illicit) varies by country, culture, and
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time [38, 40]. Yet, the construct of PWUD does not necessarily imply that PWUD
are, in fact, socially connected or have a collective identity as drug users, although
they may be.

In the nineteenth century, most opioid misuse and dependence, particularly in
middle- and high-income countries, was iatrogenic, resulting from the use of
over-the-counter legally marketed or prescribed opioids as treatment of many
conditions, particularly TB [38]. The demographics of opioid use shifted substan-
tially around the turn of the twentieth century as numerous countries established
laws, regulations, and policies (e.g., in the United States (US) The Harrison Act of
1914) that categorized certain psychoactive substances as licit pharmaceuticals to
be controlled by emerging states, evolving health systems and practitioners, and
categorized other psychoactive substances as illegal, effectively criminalizing users
as well as the drugs. The Harrison Act and analogous laws in other countries made
individual non-prescribed use of opioids and other drugs a crime, resulting in
dramatic changes in the demographics of what was or what had become illicit use.
Different opioids increasingly came to be used as primary different marginalized
groups, and as a result, drug use acquired new degrees of social stigmatization [40].

In 1961, the United Nations Convention Against Illicit Traffic in Narcotic Drugs
formally prohibited the production and supply of specific drugs reflecting a sig-
nificant shift towards a more prohibitionist approach to drugs [47]. This prohibition
had disproportionate social and cultural effects on low- and middle-income coun-
tries where opium production and use had been historically embedded for centuries
[48, 49]. The criminalization of drug use was temporally linked to a transition to a
demographic pattern in which drug use came to predominate among poor, often
urban, and socially marginalized populations. These populations commonly had a
high prevalence of latent and active TB due to concomitant social-economic and
structural factors such as poorly ventilated and crowded housing, poor nutrition,
and incarceration [8, 10, 18, 24, 50, 51].

Treatment of drug use emerged in the mid-twentieth century (initially
non-pharmacologic and later pharmacologic with the advent of methadone in the
1960s) as TB treatment advanced to be pharmacotherapy-based (from the 1940s
forward) [38, 52]. The social construction of drug use treatment followed an
organizational design similar to that of early TB treatment; with the increasing
criminalization of drug use, systems of social control of PWUD increasingly relied
on their physical separation from non-users of drugs, both through use of often
geographically remote treatment facilities and in correctional facilities, the latter
coming to predominate in the second half of the twentieth century [53–56]. For
example, in the 1940s, the US created, as part of its Public Health Service, two
national referral centers in Lexington, Kentucky and Fort Worth, Texas where those
arrested throughout the US for illicit drug use were sent for incarceration and “drug
treatment” (such as it was at the time) [45]. US Public Health Service physicians at
these centers reported a very high prevalence of TB among the inmates [4, 45, 57].
This reflected the full establishment of the shift from predominant iatrogenic opioid
dependence among those with TB to the converse, opioid dependence occurring on
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a substrate of risk factors for TB exposure and progression to active TB disease and
in the context of conditions accelerating latent TB reactivation, i.e., the general
dynamics that are operative today.

5 Multilevel Conditions that Create Risk for Tuberculosis,
Particularly Among People Who Use Drugs

Conditions operating at multiple levels produce risk for TB acquisition and trans-
mission, specifically for PWUD [58]. To highlight structural factors which are often
under-considered and are perhaps relatively understudied, we review key multilevel
forces beginning with structural factors, followed by social and environmental
factors, and lastly, review some selected individual-level factors.

5.1 Structural-Level Vulnerability

Unlike infections such as HIV and hepatitis C virus, where infection risk is directly
linked to the act of drug use, TB risk among PWUD is not primarily linked directly
to the act of drug use itself; but rather to the socio-economic conditions in which
PWUD live and drug use occurs. TB rates in high-income countries decreased
substantially and generally progressively in the twentieth century, due both to
general public health improvements (such as better ventilated housing) before the
anti-infective era and to wide-scale efforts and detection and treatment of active and
latent TB as efficacious treatment and prevention became available and imple-
mented [2, 8, 59].

However, several ‘natural experiments’ reveal that these public health
improvements require continued efforts to be sustained. TB rates are very sensitive
to degrees of public funding, resources, and infrastructure. Decreases in TB-specific
financing can lead to resurgent TB epidemics even in contexts where TB rates have
generally fallen [59–63]. Three examples include events in New York City
(NYC) in the 1980-the 90s, in the nations of the former Soviet Union in the years
after the Soviet Union’s disintegration, and in more recently in Venezuela; in the
first two, there were clear links between TB and drug use, and in the third actively
ongoing process data are still emerging.

Trends in TB incidence and mortality can be mapped to important
structural-level processes—what have been called “big events,” such as social,
political, and economic transformations which impact funding for public-health
initiatives, including control of TB [64–66]. The construct of big events embodies
how macro-level phenomena, such as environmental disasters, economic crises, and
rapid political and social changes, can disrupt infrastructure and systems resulting
in new risk environments that directly pose threats to public health [67]. Such big
events have important consequences for epidemics, including TB, drug use, and
HIV, with clear implications for TB [59, 64–66, 68]. Big events such as economic
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crises and increases in economic inequality may lead to independent yet inter-
connected rises in drug use initiation, homeless among PWUD, disruptions in TB
control programs, and reshaped HIV risk environments leading to rises in both drug
use and TB [69–71].

After years of declining TB incidence and prevalence in the US and NYC
specifically, in the 1970s, an NYC governmental task force recommended reduc-
tions in public health and TB-specific health spending, including a significant
reduction in TB hospital beds [59, 70]. While the task force recommended increases
in outpatient TB funding, only 10% of the recommended funding was allocated and
spent in response to a fiscal crisis in NYC. Subsequently, between 1978 and 1989
rates of new TB cases in NYC increased from 17.2 per 100,000 to 36.0 per 100,000
[59]. Cases were concentrated among the poor, the homeless, those with alco-
holism, and with the recently emerged HIV epidemic, particularly among those
whose HIV risk factor was IDU [59, 72]. In a study examining NYC census block
groups, rates of TB in 1984–1992 were associated with poverty [73].

A process with important similarities and differences emerged in the states of the
former Soviet Union in the 1990s. IDU rose rapidly in several Eastern European
countries at the time of the fall of the Soviet Union and during the political and
market reforms of the 1990s [74]. In Estonia, for example, employment and the
gross domestic product significantly declined, and there were marked reductions in
spending on social services, including in TB-relevant services, mandated as part of
loans from international lenders [75, 76]. These changes were followed by con-
comitant increases in TB [77, 78]. Ecologic studies have demonstrated a direct
association between receipt of World Bank loans (mandating reductions in gov-
ernment social service and health expenditures) and increases in national TB rates
[50, 51, 79].

In addition to these two well-characterized events, other data support associa-
tions between economic crises and rises in both TB and alcohol misuse (as occurred
in South Korea in response to the East Asian Financial Crisis, which began in 1997)
[80] and between economic crises and drug use and HIV (as occurred in response to
the Greek economic crisis in which began in 2009) [64, 81].

The ongoing (as of this writing) situation in Venezuela is a more recent example
of a big event leading to a resurgence of TB [82]. Since 2012, Venezuela's social,
political, and economic changes have resulted in a massive humanitarian crisis with
the convergence of collapsing public health infrastructure and widespread food
shortages [83, 84]. In this context, TB incidence has risen dramatically to the
highest in the past 40 years to 32.4 per 100,000 people [84, 85]. Many arrests and
incarcerations are reportedly due to drug crimes, and many deaths among inmates in
Venezuela appear to be due to TB [86]. This crisis is still evolving, and data on drug
use trends and on links between drug use and TB in this setting are sparse; more
research and better data are needed.

In addition, during 2011–19, HIV outbreaks occurred among people who inject
drugs in multiple countries, with varying underlying TB prevalence, including
Canada, Athens (Greece), Dublin (Ireland), Tel Aviv (Israel), Luxembourg,
Bucharest (Romania), Glasgow (Scotland), and in parts of the US. Varying
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combinations of structural factors, including economic stresses and rises in
homelessness, as well as interruptions in public health services, were associated
with these outbreaks, with clear implications for risks of resurgent TB outbreaks
among PWUD [87, 88].

5.2 Social and Environmental Factors

Social networks and environmental settings are also key factors in the epidemiology
of TB among PWUD. Compared to non-PWUD, PWUD are more likely to be part
of case clusters of active TB due to shared M. tb genotypes [89]. In a low
TB-incidence area, drug use and drug sharing were more prevalent among TB cases
and infected contacts than those without latent TB infection [90]. Social network
analyses have facilitated TB outbreak investigations, often finding links through
settings in which drugs are consumed [91]. Similarly, in a community-based study
of United Kingdom-born adults in England, TB risk was independently associated
with homelessness, area-level deprivation, and drug use (especially injectable
drugs) [92].

Poverty is a potent independent risk factor for TB. A US-based study identified
that for each 10% increase in the percent of residents in an area with incomes below
the poverty level was associated with a 33% increase in TB incidence [19, 93].
Further, neighborhoods with declining median household income have higher rates
of TB infection than neighborhoods with increasing median household income [73].

Global demographic shifts and the rise of mega-cities on all continents, referred
to as the “planet of slums,” increase the overlaps of dense concentrations of TB and
drug use [94–96]. Housing settings (e.g., public housing, shelters, favelas) where
PWUD live are often characterized by various environmental hazards, unsanitary
conditions, and poor air circulation leading to increased risk for TB transmission;
additionally, crowding of housing units due to financial hardship can lead to
increased risk [3, 8, 11, 59, 74]. Studies from many regions of the globe find that
drug use is higher among urban slums than in other non-urban or non-slum areas in
those regions [97–99]. Similarly, a systematic review examining the relationships
between housing settings and risk of TB found an almost five-fold increase in active
TB risk among those living in slum settings compared with non-slum settings [96].

Jails and prisons are also environmental contexts that drive links between drug
use and TB. PWUD are subjected to high incarceration rates due to the criminalized
nature of drug use in most countries [100, 101]. Increased time spent in this con-
gregate setting contributes to higher rates of TB infection among PWUD [102,
103]. Data demonstrate that both the population incarcerated and the prison envi-
ronments themselves contribute to TB transmission [17, 104–106]. Dolan et al.,
based on 2005–2015 data, estimated the prevalence of active TB among incar-
cerated persons worldwide as 2.8% (based on 46 studies from 25 countries) [107].
Correctional settings worldwide are characterized by crowding and poor ventila-
tion, increasing the likelihood that any case of active TB can lead to transmission
among inmates [25]. The high concentration of PWUD, people living with HIV
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infection, and people with TB produce high-risk environments for TB transmission
in both prison settings and housing settings due to poor ventilation and crowding
[8, 104]. Dolan et al. also identified that of 189 countries, 21, two, and 43 countries,
respectively, conducted TB screening in more than 50%, less than 50%, or in an
unknown proportion of prisons (with no data available for 123 countries). Similarly,
TB treatment was available in 20, four, and 38 countries in at least 50%, less than
50%, or in an unknown proportion of prisons (with data absent for 127 countries)
[107]. Consequently, a downstream consequence of the criminalization of drug use
in most, but not all, countries is an excess of TB risk among PWUD.

Settings in which drugs are consumed have historically been conducive to TB
transmission. In addition to concentrating groups with a relatively high prevalence
of TB disease and a high prevalence of relevant co-morbidities, drug use settings
such as opium dens and shooting galleries have commonly been crowded and
poorly ventilated environments increasing the likelihood of transmission from any
active TB case present [5, 57].

5.3 Individual-Level Factors

Many drugs are used either primarily or occasionally by smoking, including mar-
ijuana, hashish, cocaine, opioids, and amphetamines. Drug smoking may exacer-
bate TB risk because inhaled smoke damages and causes inflammation of the
respiratory airways, adversely affecting local host defenses and potentially
increasing the risk ofM. tb acquisition [108, 109]. One study found a higher odds of
smear-positive active TB among PWUD than non-drug users; the risk of TB was
particularly high among people who reported smoking crack [110]. TB has been
reported among people who smoke marijuana, associated with sharing a water pipe
and with “hotboxing,” the practice of groups smoking drugs in an enclosed space to
allow exhaled smoked drugs to be repeatedly inhaled [111, 112]. Similarly, a higher
prevalence of TB infection has been reported among people who “shotgun” drugs,
which is the practice of one person inhaling smoked drugs and then directly
exhaling this smoke into the mouth of another. These practices have a clear
potential for TB transmission if either the person inhaling exhaled smoked drugs or
particularly if the person exhaling smoked drugs into another has active TB [113].

Other drugs may increase TB risk through direct effects inducing immunosup-
pression. For example, khat is a natural plant product that contains cathinone, a
psychoactive drug with stimulant effects [114, 115]. It is used by an estimated 20
million people in Africa and the Arabian peninsula [115]. Cathinone has an
immunomodulatory effect that appears to be mediated by causing elevated levels of
resistin, a pro-inflammatory signal protein predominately secreted by human
macrophages [114, 115]. Saudi Arabia has recently become a hot spot for TB,
despite being well-resourced and having nationwide coverage of TB directly
observed therapy programs, with the rise in cases concentrated among immigrants
from countries in which khat use is prevalent [114]. One study found higher resistin
levels in khat users and possibly higher levels in khat-using TB patients than
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non-khat using TB patients, suggesting a need for further study [114]. A rise in TB
associated with khat chewing has also been reported in Somaliland, where khat is
usually consumed over prolonged periods in poorly ventilated rooms [116]. A study
of HIV-infected persons in Ethiopia found khat chewing is independently associ-
ated with active TB [117]. Khat-chewing people with TB may experience more
stigma than other TB patients [118]. Further, studies of TB patients in several
countries, including Yemen, Ethiopia, and Saudi Arabia, have found khat chewing
is associated with worse TB treatment outcomes [114, 119, 120].

The high prevalence of co-existing substance use and mental health disorders is
also an important link between TB and substance use; mental health and substance
use disorders often co-exist with each other and with TB [121, 122]. The
co-occurring conditions are associated with delays in testing and care engagement
and poor adherence to care [123]. Co-occurring mental health and substance use
disorders may thus increase the chance of delayed TB diagnosis, prolonged TB
transmission, and increased TB treatment failure and acquired drug resistance,
consequently leading to greater morbidity, mortality, and community transmission
[122].

6 Diagnosis of Tuberculosis Infection

The diagnosis of TB among PWUD is, in principle, the same as for other patient
groups. The general challenges in TB control that relate to finding active cases and,
where resources allow, to identifying latent TB infection apply to PWUD. How-
ever, there are often additional specific challenges to TB case finding among
PWUD that relate to issues of stigmatization, marginalization, and criminalization
and the overlapping conditions of poverty and unstable housing. PWUD are
sometimes considered “hidden” or “difficult to reach” populations but are more
accurately understood as historically, socially, and structurally excluded from tra-
ditional public health and clinical systems. Consequently, strategies are needed to
meet populations of PWUD “where they are at” [124].

In addition to traditional healthcare and public health settings, some programs
operating in “non-traditional” settings have been used successfully to expand the
engagement of PWUD in TB services by approaching PWUD at sites they may
already attend. These non-traditional TB settings have included sterile syringe
service programs (SSPs), mobile vans, welfare or social service offices, drug
treatment programs, and navigation and linkages services focused on persons
released from correctional settings [125–127]. SSPs are valuable venues for TB
screening of PWUD, and drug treatment programs are effective venues for deliv-
ering treatment for both latent and active TB [128]. For example, at a public
methadone clinic in Dar es Salaam, Tanzania, in 2011, active TB case finding
identified 11% with TB compatible symptoms and a 4% active TB prevalence
(many folds above the national Tanzanian TB prevalence of 0.2%) [129].
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There are important issues with regards to implementing the most effective and
cost-effective modes of providing TB services to PWUD and when non-traditional
settings are used regarding the best strategies to provide linkages from these novel
settings to traditional TB care settings when needed. Low infrastructure
non-traditional settings may not have the capacity for procedures such as chest
radiography, but linkages to radiology facilities can be established, and adherence to
linkage from these to higher infrastructure settings can, when needed, be enhanced
by incentive strategies, which in some settings may be cost-saving from a societal
perspective [128, 130]. Models for integrating TB care into drug treatment and HIV
care settings have been developed and implemented [131–133]. Similarly, the US
Centers for Disease Control (CDC), WHO, and UNODC have issued guidelines to
enhance coordination of TB care among PWUD, with some calling for integrated
(i.e., horizontal rather than vertical) care systems for PWUD [2, 132, 133].

There are specific issues relevant to TB contact tracing among populations of
PWUD. Traditional TB case finding based on home, work, and school and based on
named contacts may be incomplete in identifying either contacts of PWUD with TB
or other contacts who are PWUD. PWUD may not have stable homes, may not
have formal employment, may not be in school, and may not know their contacts by
actual names. As TB is transmitted by prolonged exposure to air shared with a
person with active pulmonary (or laryngeal) TB, relevant contacts include those
who have been in shared spaces, and tracing contacts through the presence in such
spaces has been called “context tracing” [4, 134]. Asking individuals to identify
places where they spend time is valuable to traditional contact tracing, often
revealing drug and alcohol consumption sites as relevant transmission sites [4, 134].
Strategies employed include traditional contact tracing, social network-based con-
tact tracing, and context tracing. While both contact and context tracing have clear
public health utility, they simultaneously pose potential privacy violations risks and
discourage care-seeking among PWUD. Hence, they require careful further study
and implementation with relevant privacy protections [135–137].

7 Treatment of Tuberculosis Infection

Pharmacotherapy for the treatment of both latent and active TB among PWUD is
also, in general, the same as in other patients. However, as discussed for the
diagnosis of TB, due to the stigmatization and criminalization of drug use, issues
with promoting adherence of PWUD to long treatment courses due to competing
individual considerations, and interruptions in care by transitions of PWUD into
and out of criminal-legal settings, expanded implementation of TB services in
non-tradition or other integrated care settings would be valuable [3, 126, 130, 138].

There are drug-drug interactions between opioids and rifamycins that are rele-
vant to TB treatment practices among PWUD. Rifamycins are potent inducers of
the cytochrome P450 enzyme systems that metabolize opioids [139–141]. Con-
comitant use of opioids and rifampin does not lead to lower rifampin concentrations
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or lesser anti-tuberculosis treatment efficacy. However, rifampin can decrease
methadone concentrations by 33–68%, and consequently, this interaction precipi-
tates opioid withdrawal in patients on previously stable methadone doses to treat
opioid use disorder. Rifabutin has a less potent effect on the catabolism of
methadone, with rifapentine having an analogous but intermediate effect, suggest-
ing attention to the possible need to increase methadone doses when either rifabutin
or rifapentine are used with methadone [142, 143]. Similarly, rifampin can pre-
cipitate opioid withdrawal in a patient maintained on buprenorphine for opioid use
disorder treatment, with rifabutin again having a less potent effect [144].

Further data are needed on the interaction of rifapentine and buprenorphine, but
clinically monitoring for potential induction of withdrawal is warranted. These
drug-drug interactions can contribute to poor adherence to TB treatment if unad-
dressed. However, these interactions can be anticipated, patients can be warned, and
clinicians need to recognize that it is common to increase methadone doses to
maintain efficacious opioid use disorder treatment and facilitate adherence to
rifampin as TB treatment.

8 Potential Structural and Policy Responses to Address
Tuberculosis Among People Who Use Drugs

The relationship between TB and drug use has evolved due to changes in social,
environmental, and structural conditions and national and international policies
regarding drug use, public health initiatives, and demographic changes, including
immigration and urbanization [6, 38, 145]. TB has long been associated with
transmission within populations in places characterized by poverty, marginaliza-
tion, and crowding [146]. Studies of social networks and molecular epidemiology
have demonstrated the importance of “place,” and in particular of substance-using
places, in TB transmission [134].

Despite the long duration during which drugs have been used in settings likely to
facilitate TB transmission, the association between these settings and TB trans-
mission should be understood as potentially modifiable. For example, wider
implementation of structural interventions such as ‘safer drug consumption facili-
ties’ could reshape environments, reducing risk and increasing health-promoting
environments [147, 148]. Safer drug consumption facilities are structural inter-
ventions designed and utilized to reduce harms associated with drug use; such
facilities could be further modified to reduce TB transmission in drug use settings
and be more widely implemented to contribute to TB control [138, 149–154].

These considerations are related to the larger issues of reducing homelessness
and crowded housing to their contribution to TB risk [122]. In addition, the
expanded use of non-traditional settings, including SSPs and drug treatment pro-
grams, to engage PWUD in TB services and expanded implementation of integrated
care settings for TB, HIV, and drug use disorder, could facilitate progress toward
TB control.
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Enhanced national and international data collection and surveillance of TB and
drug use and their overlap, and greater coordination among international organi-
zations monitoring and addressing either TB or drug use, could facilitate greater
recognition of TB-drug use links and facilitate the expanded implementation of
needed focused services. Expanded social network and context tracing into standard
TB contact tracing initiatives would aid case detection and reduce transmission.

Policy interventions, such as drug decriminalization or legalization, could reduce
the number of PWUD in congregate settings such as jails and prisons at risk for TB
transmission. Interventions to improve the physical environments of jails and
prisons could further reduce TB transmission both among PWUD and other pris-
oners. Expanded implementation of TB screening and latent and active TB treat-
ment in jail and prisons could further reduce risk.

Greater recognition among policymakers that local, regional, and national TB
public health funding remains essential to prevent TB resurgences and outbreaks,
that responses to fiscal and economic crises which contemplate or implement cuts in
TB services risk outbreaks, and that international loans which require cuts in TB
services risk outbreaks and would be best avoided, and all are needed to ensure
progress toward TB control.

9 Conclusion

TB and drug use have been integrally related for over a century. This relationship is
driven by numerous factors that operate at the individual level (e.g., age, co-existing
conditions, behaviors) and potently at the social and structural levels. The mutually
reinforcing nature of multiple highly prevalent social and structural conditions (e.g.,
crowding, incarceration, poor housing, social and economic conditions) that dis-
proportionally affect people who use drugs (PWUD) globally contributes to
ongoing TB transmission and substantial TB morbidity and mortality among
PWUD.

While such social and structural factors may lie beyond the scope of any indi-
vidual clinician treating an individual patient, that these factors have evolved and
developed over time and have been impacted for the better and the worse by events,
laws, practices, and policies highlight that these social and structural forces are
potentially modifiable by sound public health, political and economic policy and
intervention. Greater recognition is needed that factors, such as the global growth of
mega-cities, increases in poverty and economic inequality, increases in urban
crowding and homelessness, the deterioration of existing housing stock, and
increases in drug use in urban and other areas linked to big events are all
inter-related multilevel forces that create risk for TB among PWUD (and others).
Structural and policy interventions by localities, nations, regions, and international
organizations are urgently needed to reduce TB incidence, prevalence, morbidity,
and mortality among PWUD and generally contribute to enhanced TB control.

686 A. E. Jordan and D. C. Perlman



The historical and current convergence of tuberculosis and (illicit) drug use demonstrate
that tuberculosis occurs in socially constructed contexts and that achieving TB control and
the goal of TB elimination, will require addressing and changing global systems, policies
and structures, and indeed, improving the world we live in.

Ashly E. Jordan, David C. Perlman

Core Messages

• Processes, policies, and structures operating overtime at multiple levels
produce risk for TB among PWUD.

• Factors such as poverty, inequality, urban crowding, and homelessness are
inter-related forces that create TB risk.

• The association between contexts and TB transmission should be under-
stood as potentially modifiable.

• Policy interventions (e.g., drug decriminalization, improving prison envi-
ronments) could reduce TB transmission.

• Expanded implementation of TB services in prisons and in places PWUD
receive services could reduce the TB burden.
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Rachel K. Lim, Dina A. Fisher, and Stephen K. Field

Medicine is a science of uncertainty and an art of probability.

William Osler

Summary

Tumor necrosis factor-a inhibitors (TNFi) represent an important advance in the
treatment of numerous autoimmune conditions. There are important differences
between the five commercially available TNFis that will be discussed in this
chapter. Immune suppression associated with their use increases the risk of a
variety of infections, including tuberculosis (TB). In order to prevent incident
TB, it is mandatory that people be screened and initiated on chemoprophylaxis
for latent TB infection (LTBI) prior to initiating treatment with TNFi. If patients
develop active TB while on treatment with a TNFi, it should be stopped, and TB
treatment should be started immediately. Surveillance for TB should continue
during and after treatment with TNFis because of the ongoing risk of disease.
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Graphical Abstract
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1 Introduction

Tumor necrosis factor-a (TNF-a) is a proinflammatory cytokine that is critical for
an effective immune response to Mycobacterium tuberculosis (M. tb). TNF-a also
contributes to the pathogenesis of many autoimmune diseases. Consequently,
TNF-a inhibitors (TNFi) are widely used to treat patients with inflammatory bowel
disease (IBD), rheumatoid arthritis (RA), ankylosing spondylitis (AS), as well as
psoriasis and psoriatic arthritis (PsA). In 2001, the first reports of increased risk of
tuberculosis (TB) disease with TNFi use were published, and much has since been
discovered about the association of mycobacterial disease with this class of biologic
pharmaceuticals [2].

1.1 TNF-a Biology

TNF-a is a pleiotropic cytokine involved in inflammatory, infectious, and neo-
plastic responses. It was named by Lloyd Old and colleagues after it was linked to
tumor necrosis and regression in mice [3]. TNF-a exists in a precursor form at the

Structures of the anti-tumor necrosis factor-a (TNFa) inhibitors. Fab, fragment antigen-binding
region; Fc-fragment crystallizable region; IgG1, Immunoglobulin G1. This diagram is originally
made by the authors by inspiration from [1, Fig. 1]
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surface of various cells in a homotrimeric form [4]. This transmembrane protein is
cleaved by membrane metalloproteinase, TNF-a converting enzyme (TACE), into
the soluble form of TNF-a [5]. The active form of both transmembrane and soluble
TNF-a is a trimer, which mediates its activity through two receptors, TNF receptor
1 (TNFR1) and TNF receptor 2 (TNFR2). TNFR1 is constitutively expressed on
almost all nucleated cells and binds either form of TNF-a, while TNFR2 is indu-
cible and interacts mainly with transmembrane TNF-a [6]. TNF-a plays many
roles:

• stimulating cytokine synthesis (interleukin (IL)-1, IL-6, chemokines);
• activation of macrophages, neutrophils, and eosinophils;
• phagosome maturation via interferon-gamma (IFN-c);
• dual induction and inhibitory apoptotic action in macrophages and T cells;
• immune cell migration and adhesion; and
• granuloma formation and maintenance [7–17].

1.2 TNF-a-Medicated Immune Response to Tuberculosis

TNF-a plays a critical role in TB immunity (Fig. 1).Much of what is known about the
functions of TNF-a and the pathogenesis of TB are derived from rodent models [18–
21]. In TNF-a deficient mice infected withM. tb, microbial growth increases rapidly,
followed by fatal TB progression [7]. DuringM. tb infection, an intact innate immune
system responds initially by increasing TNF-a production, particularly by myeloid
and lymphoid cells [22–27]. TNF-a promotes the recruitment of mononuclear cells
such as T cells to the site of infection while synergizing with IFN-c to prime mac-
rophages for phagocytic action [28, 29]. TNF-a prevents excessive inflammation by
the host and promotes mycobacterial clearance by inducing apoptosis in T cells and
M. tb-infected macrophages, respectively [16, 30–32]. Importantly, TNF-a drives the
formation of well-organized granulomas composed of lymphocytes, dendritic cells,
and transformed macrophages (foamy macrophages, giant cells, and epithelioid
macrophages) surrounding the inner core of M. tb containing macrophages [33].

TNF-a activity is necessary not only for granuloma formation but also for
maintaining granuloma integrity through its anti-infective properties and immune
cell recruitment [35]. The contributions made by either soluble or transmembrane
TNF-a are not entirely clear, although transmembrane TNF-a may have greater
importance in the initial immune response [36–40]. A mice study demonstrated that
selectively neutralizing soluble TNF-a while sparing transmembrane TNF-a led to
no significant increase in mycobacterial infections [41]. With reduced quantities or
non-selective neutralization of TNF-a, granulomas become disintegrated and
necrotic, allowing dissemination of previously dormant mycobacteria [42]. The
dissolution of granulomas occurred as soon as nine days after TNFi were admin-
istered to rats [43].
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1.3 TNF-a Inhibitors: Structural and Pharmacologic
Differences

Four monoclonal anti-TNF-a antibodies and one soluble TNF-a receptor are
approved for clinical use, as well as multiple biosimilars. The first anti-TNF-a agent
was infliximab, which is a chimeric human-murine monoclonal antibody
(mAb) that has been approved to treat AS, RA, IBD [both Crohn’s disease
(CD) and ulcerative colitis (UC)], and psoriasis/PsA. Two further anti-TNF-a
agents are fully humanized, adalimumab and golimumab (Graphical Abstract). The
monoclonals bind both monomeric (inactive) and trimeric (active) TNF-a [44].
Infliximab and adalimumab can form stable immune complexes with up to two
soluble or transmembrane TNF-a molecules at a time [45]. Additionally, a trimeric
TNF-a molecule can bind up to three molecules of an IgG1 mAb. Adalimumab is
approved for similar indications as well as hidradenitis suppurativa and
non-infectious uveitis. Golimumab is approved for UC, RA, PsA, and AS.

Certolizumab pegol is the only TNFi that is composed of a fragment
antigen-binding region (Fab) domain attached to a polyethylene glycol chain
(PEG). It binds and neutralizes soluble TNF-a. Unlike other TNFi, certolizumab
pegol does not contain the fragment crystallizable region (Fc), preventing it from
forming multimeric immune complexes. The PEGylation leads to prolongation of

Fig. 1 Immune response to tuberculosis DC, dendritic cells; IFN-c, interferon-gamma, IL-2,
interleukin 2; IL-12, interleukin 12; IL-18, interleukin-18, M tb, Mycobacterium tuberculosis, NK,
natural killer cell; Th, T helper lymphocyte; TNFa, tumor necrosis factor-alpha. This diagram is
originally made by the authors by inspiration from [34, Fig. 3]

700 R. K. Lim et al.



the half-life and increases the solubility of certolizumab pegol [46]. Certolizumab
pegol is approved for CD, RA, psoriasis, PsA, and AS.

Etanercept is unique within its biologic class as it is a soluble TNF-a receptor
fused with an Fc moiety of human IgG. It contains two TNFR-2 moieties that can
only bind one trimeric TNF-a at a time [44]. Etanercept has a greater affinity for
TNF-a molecules than infliximab and adalimumab. However, binding to soluble
and transmembrane TNF-a is weaker and more transient than the mAbs, which may
correlate with its neutralizing activity [45, 47]. Etanercept is the only anti-TNF-a
agent that binds TNF-b, a closely related cytokine also possessing antimycobac-
terial functions [14, 48]. The serum half-life of etanercept is 3–5.5 days, which is
noticeably shorter than that for infliximab, adalimumab, golimumab, and cer-
tolizumab that their half-time falls within the range of 8–20 days [49]. Etanercept is
approved for rheumatoid, psoriatic, and juvenile idiopathic arthritis and AS. Unlike
the mAbs, etanercept has not been shown to be effective in IBD.

Infliximab, adalimumab, and golimumab can bind to transmembrane
TNF-a-bearing T cells leading to complement-mediated cytotoxicity and apoptosis,
although golimumab has weaker cytotoxicity compared to infliximab and adali-
mumab [50]. Due to a lack of an Fc domain, certolizumab pegol does not cause
complement or cell-mediated toxicity. Instead, certolizumab pegol causes direct
non-apoptotic death of transmembrane TNF-a expressing cells [50]. Etanercept
cannot activate complement component (C)3′ due to an absence of CH1 domain on
its Fc fragment, rendering it ineffective at activating the classical complement
pathway. Mitoma and colleagues confirmed that etanercept has lower
complement-mediated cytotoxicity than infliximab and adalimumab [51]. The same
study concluded that all three were relatively equivalent in exerting
antibody-dependent cell-mediated cytotoxicity, but infliximab and adalimumab are
also capable of direct outside-to-inside signaling leading to cell cycle arrest.
Infliximab also affects adaptive immunity to M. tb by inducing apoptosis of gran-
ulysin expressing effector memory CD8+ T cells, which normally have a direct
antimicrobial effect onM. tb-infected macrophages [52]. It has also been shown that
infliximab and adalimumab inhibit T-cell activation and reduce the number of CD4+
cells, while etanercept does not [53]. Plessner and colleagues examined the effects of
molecules modeled after infliximab and etanercept on each stage of TB infection in
mice [54]. In mice with established latent TB infection (LTBI), exposure to the mAb
(i.e., infliximab) led to fatal infection from a high bacterial burden shortly after
injection. Evident was a loss of granuloma structure, compared to more organized
granulomas among mice treated with the soluble receptor fusion molecule (i.e.,
etanercept). Fluorescent labeling of the molecules also demonstrated better pene-
tration of mAbs into granulomas, which could also contribute to increased neu-
tralization of TNF-a. Among the mice acutely infected with M. tb, both molecules
reduced survival compared to control mice. Treated mice had similar burdens of
bacteria and increased inflammation in the lungs. This increased risk of TB reacti-
vation with infliximab compared to etanercept and similar risk of progression with
new infection has also been demonstrated in humans [55].
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Differences in stoichiometry, binding mechanics (particularly to transmembrane
TNF-a), pharmacokinetics, and effects against granulomas and TNF-a expressing
cells may explain differences in the degrees of therapeutic efficacy as well as the
risk of granulomatous disease among anti-TNF-a agents. Etanercept has more
transient binding to both forms of TNF-a, cannot crosslink TNF-a-bearing cells,
and has reduced complement-dependent cytotoxicity than the mAbs. Etanercept
also disrupts established granulomas to a lesser degree than the other TNFi. The-
oretically, these differences may explain the absence of efficacy in granulomatous
diseases like sarcoidosis and IBD, together with a lower risk of TB disease [56]. On
the other hand, certolizumab pegol also differs by lacking complement-mediated
cytotoxicity and crosslinking properties yet is effective in treating CD and reacti-
vating TB [57, 58]. Overall, each TNFi alters the immune response resulting in an
elevated risk of mycobacterial disease.

2 Risk of Tuberculosis Associated with TNF-a Inhibitors

The precise risk of developing active TB due to TNFi is difficult to define. There is
a wide variation in TNFi-related TB disease incidence depending on factors such as
the background population prevalence of TB, underlying immune-mediated dis-
ease, concomitant immunosuppressant use, and other host factors. Recommenda-
tions to screen for LTBI in patients being considered for treatment with TNFi were
widely disseminated in 2002, leading to a decrease in TB cases within TNFi trials
conducted afterward. Clinical trials consistently report low numbers of TB cases,
but this risk is underestimated because of short follow-up times and strict screening
and treatment of subjects with LTBI. Several meta-analyses have pooled random-
ized clinical trials (RCTs) to improve the confidence in the risk estimate of TB.
A systematic review by Minozzi et al. identified 19 studies involving 8320 patients
with RA, PsA, or AS treated with any of the five TNFi, concluding an odds ratio
(OR) of 3.29 (95% CI 1.48–7.33) of developing active TB (32 cases all in the
treatment groups compared to none in the placebo groups) [59]. Their analysis was
underpowered to assess for differential risk between TNFis. Another meta-analysis
of RCTs (including expanded indications of IBD, sarcoidosis, asthma, and
graft-versus-host disease) was published in the same year, including 11,879 patients
from 29 trials [60]. Compared to the control groups, those on TNFi had almost
twice the risk of developing TB (OR 1.94, 95% CI 1.10–3.44). Similarly, the
authors did not find a difference in risk between TNFis. Two older meta-analyses
did not demonstrate an increased risk associated with TNFis within trials, con-
cluding that RCTs have inadequate observation periods to capture all TB cases and
are conducted in locations with low-TB incidence [61, 62].

Contrary to clinical trials, real-world observational data reveal a stronger signal
of increased risk (Table 1). In the few years after infliximab was approved in the
United States (US), the national adverse event reporting system documented 70 cases
of TB among the approximately 147,000 persons exposed to infliximab [2].
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Infliximab-treated RA patients in the US were four times as likely to develop TB
(24.4 cases per 100,000 vs. a background rate of 6.2 cases per 100,000) [2]. In
Europe, the overall incidence ranges from 123 to 716 cases per 100,000 population
per year in patients prescribed infliximab [63–69]. For adalimumab-prescribed
people, the incidence has been reported from 176 to 308 cases per 100,000 population
per year [63–66]. The incidence rate among the etanercept-treated population is
lower. Registry and post-surveillance data suggest a four-fold increased risk of TB in
patients receiving infliximab and adalimumab compared to etanercept and a
three-fold risk of etanercept-associated TB over the general population [63, 70, 71].

Due to the more recent introduction to the market and increased TB screening in
studies with golimumab and certolizumab pegol, TB cases are fewer than the other
TNFi. Golimumab is a mAb similar to infliximab and adalimumab; therefore, the
intrinsic risk of TB could be assumed to be similar. However, safety data from five
clinical trials spanning five years did not identify any increase in TB compared to
placebo [80]. Most phase III trials with golimumab used a dual LTBI testing
strategy with both Mantoux skin testing and interferon gamma-release assay
(IGRA), which likely increased the detection and subsequent treatment of LTBI
[77]. Interestingly, certolizumab pegol was found to have more cases of TB in
clinical trials with open-label extensions but included more patients from high-TB
incidence areas [81]. A systematic review of adverse outcomes found an overall
relative risk (RR) of TB of 2.47 (95% CI 0.64–9.56; p = 0.19) in those treated with
certolizumab pegol [82]. TB rates with certolizumab pegol are similar to other
mAbs but fell after a stricter LTBI definition (Mantoux skin testing cut-off of
induration changed to five mm or more), which was introduced into clinical trial
protocols in 2007 [81]. A British biologics registry has shown that the rate of TB
among TNFi-exposed people has fallen from 2002 to 2015 (783 cases per 100,000
patient-years (py) vs. 38 cases per 100,000 py of exposure) likely as a result of the
detection and treatment of LTBI [83].

While registry and post-marketing surveillance databases span several countries
and contain vast patient years of exposure, study flaws include a lack of a com-
parison group and detection bias. Additionally, registries have limited data on
additional factors that can impact TB incidence rates, such as other TB risk factors
and assessment and treatment of LTBI. The background prevalence of TB impacts
the risk of TNFi-associated TB, and most literature is based on low-incidence
countries. Larger risk estimates were derived from the South African Biologics
Registry (SABIO), with incidence rates of TB highest with monoclonal TNFi
(1683/100,000 py), compared to etanercept (871/100,000 py) and non-TNFi users
(681/100,000 years) [84]. The incidence of TNFi-related TB in South Africa has
also declined between 2011 and 2017, similar to the British data. Wang and col-
leagues conducted a population-based study in Hong Kong, which is considered an
intermediate-TB incidence region [75]. They found that patients treated with TNFi
had an incidence of 956/100,000 py compared to 71.5/100,000 py in the general
population. Among specific disease populations, IBD patients had the highest
incidence (1253/100,000 py) compared to those with RA (784/100,000 py) and
cutaneous conditions (377/100,000 py), suggesting that disease may modify the risk
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of TB independent of immunosuppressive therapy [75]. The risk was highest with
infliximab with a standardized incidence ratio (SIR) of 25.95 (95% CI 17.23–
34.67), followed by adalimumab. No cases of etanercept-associated TB were
reported in studies of RA and AS patients in South Korea [72, 73, 76] (Table 1).

Immune-mediated diseases can also carry an inherent risk of TB without TNFi
exposure. An analysis of a large hospital dataset found a significantly elevated risk
of subsequent TB among those hospitalized for CD, psoriasis, AS, and RA, in
addition to numerous other immune-mediated diseases [78]. In the pre-TNFi era, an
IBD population was shown to be at increased risk (RR 2.36, 95% CI 1.17–4.74) for
active TB, mainly driven by immunosuppressant use like corticosteroids [85]. As a
result of immune dysregulation and non-biologic immunosuppressant use, patients
with RA are more susceptible to mycobacterial infections [86]. A review of TB
cases in Sweden between 1999 and 2004 concluded a 60% increased risk of TB in
the RA population (RR 1.6, 95% CI 1.3–1.9) [67]. In South Korea, the risk of TB
was nine-fold higher in the RA population and 30-fold higher in infliximab users
compared to the general population [72]. Winthrop and colleagues found pooled
TNFi associated rates of TB in California, US of 49 per 100,000 py, which is 5.6
and 17.5 times higher than unexposed RA patients and the general population,
respectively [71]. In many of these disease states, concurrent immunosuppression
with corticosteroids or disease-modifying therapies (DMARDs) is common.
A systematic review found the risk of TB with combined therapy was 13-fold
higher than with TNFi therapy alone (OR 13.3; 95% CI 3.7–100) [87].

In summary, all TNFi increase the risk of TB, but the risk is lowest with
etanercept. The risk with the newer agents, golimumab and certolizumab pegol, has
not yet been adequately established with real-world data but is likely similar to
infliximab and adalimumab. Concomitant immunosuppression related to disease
and medications, as well as having lived in regions with higher TB prevalence, will
also increase the risk of active TB.

3 Screening for Latent Tuberculosis Infection

The heightened risk of developing TB disease and increased severity of
TNFi-associated TB disease [63, 84] make it imperative that patients are screened
and treated for LTBI (also known as chemoprophylaxis) before starting TNFi
treatment. There are unique challenges to testing in this population, who are often
medically immunosuppressed. The currently available tests are the tuberculin skin
test (TST) and IGRA.

TST is performed by theMantouxmethod, which involves intradermal injection of
purified protein derived fromM. tb. There is vast experiencewith this century-old test,
and its advantages are the low cost, ease of use, and accessibility. However, accurate
interpretation can be affected by numerous factors, including faulty administration,
interpretation, and boosting phenomenon. False-positive results can be seen in those
with prior Bacille Calmette-Guerin (BCG) vaccination, non-tuberculous
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mycobacteria (NTM) sensitization, and incorrect interpretation of induration [88].
False-negative results can occur in those already on immunosuppressive therapies or
with inflammatory conditions, which are common among candidates for TNFi ther-
apy [89–92]. In immunosuppressed states, anergy can lead to T cells’ absent or
diminished recall response to previously exposed antigens, leading to a false-negative
TST [90]. A minimum induration of five mm for TST positivity is recommended for
improved sensitivity in immunocompromised states [93]. In RA, anergic responses
may be facilitated by a reduction in circulating memory CD4 T cells as well as lower
antigen-presenting capacity by monocytes [91, 94]. Often, patients with RA are
already on non-biologic immunosuppressive treatments such as corticosteroids,
methotrexate, leflunomide, and sulfasalazine, all of which have been associated with
anergic responses in a dose-dependent fashion [95, 96].Whenever possible, screening
for LTBI should occur before the onset of immunosuppressive therapies, including
DMARDs. Patients with psoriasis may also develop new psoriatic lesions at the site of
BCG implantation due to the Koebner phenomenon [97].

IGRA is an in vitro test that quantifies the IFN-c production from T cells, again
relying on a recall response upon exposure of either whole blood or mononuclear
cells to M. tb antigens. There are two commercially available IGRAs:

1. QuantiFERON TB Gold In Tube (QFT-GIT; Cellestis Limited, Carnegie, Vic-
toria, Australia)

2. T-SPOT.TB test (T-SPOT, manufactured by Oxford Immunotec Ltd, Abingdon,
United Kingdom).

These antigens (derived from ESAT-6 and CFP-10) are more specific for M. tb,
and the lack of cross-reactivity to BCG and most NTM results in improved
specificity of the IGRA compared to the TST. Anergic responses are often denoted
by an “indeterminate” (due to a reduced mitogen response) or negative result. If
anergy is suspected as the cause of an indeterminate or negative IGRA result, then
the decision regarding LTBI treatment must be based on other patient factors or
investigations. Rates of indeterminate results range from 0 to 33% among
immunosuppressed patients, particularly those with more severe immunosuppres-
sion, as shown in the HIV population [98, 99].

Both tests have reduced sensitivity in immunosuppressed states. The observation
that concordance is higher among patients with negative TST and IGRA compared
to when either test is positive speaks to the likelihood of anergic responses leading
to false-negative results [77, 98]. However, IGRA appears more sensitive than TST
in immunosuppressed subjects, as the overall positivity rate is substantially higher
among BCG-naïve patients [77, 98, 100–103]. The odds of a positive IGRA result
are also correlated more strongly with the presence of LTBI risk factors than the
TST [100, 104, 105]. In addition, corticosteroids and DMARDs appear to have less
impact on IGRA positivity compared to TST positivity [100, 104].

Guidelines on LTBI testing vary considerably across disease states and juris-
dictions [106]. Recommendations from many guidelines, including those by the
American Thoracic Society, Infectious Diseases Society of America, and Center for

706 R. K. Lim et al.



Disease Control, are that patients likely to be infected with M. tb and at high risk of
reactivation, such as candidates for TNFi, should be screened with either test and if
the test is positive, to pursue chemoprophylaxis [107–110]. In order to increase the
sensitivity of detecting LTBI, one may also perform a second alternative test if the
first test is negative. During phase III trials of golimumab in inflammatory arthritis,
combination LTBI testing was used, and chemoprophylaxis was given if either test
was positive. Among those given chemoprophylaxis, none had developed active TB
disease at one year [77]. Guidelines from the American College of Rheumatology
recommend either test in those starting biologics [111]. If the initial test is negative,
a second test should be considered in RA patients with risk factors for LTBI.
An IGRA may be preferred if there is a history of BCG vaccination, particularly
after infancy or repeated vaccination [112, 113].

In individuals with negative baseline screening, there is clinical equipoise on the
need for LTBI rescreening, methods of rescreening, and the significance of IGRA
conversion during TNFi therapy. A prospective cohort study of rheumatic patients
on TNF antagonist therapy found that conversion was common (up to 30%) when
tested with either or both TST and IGRA one year after biologic therapy initiation
[114]. The 2016 joint guideline by the American Thoracic Society, Infectious
Diseases Society of America, and Centers for Disease Control and Prevention does
not recommend serial testing with IGRA at this time, given that IFN-c levels
fluctuate and it is not yet clear how to differentiate biologic variability from new
infection [107]. In contrast, other guidelines recommend annual rescreening if there
are ongoing risks of TB exposure [112, 115, 116]. Regardless of retesting, patients
should continue to be monitored for signs of active TB disease during and after
TNFi therapy, even in cases where baseline screening was negative or in that
chemoprophylaxis was completed.

3.1 Chemoprophylaxis

Patients with evidence of LTBI should start chemoprophylaxis before commencing
TNFi therapy. Active TB must be ruled out first based on the patient history,
physical examination, and chest radiograph, along with any necessary microbio-
logical testing. The number of regimens for LTBI treatment has expanded in recent
years, and solely isoniazid-based regimens are no longer preferred. Recommended
regimens include four months of daily rifampin, twelve weeks of weekly rifapentine
and isoniazid, three months of daily rifampin and isoniazid, and six to nine months
of daily isoniazid.

The effectiveness of chemoprophylaxis in reducing the incidence of active TB
disease during TNFi therapy has been shown in prior RCTs and registry data. After
recommendations to prevent TB reactivation were implemented in 2002, a Spanish
registry (BIODASER) of patients with rheumatic conditions being treated with
infliximab, adalimumab, or etanercept found the rate of active TB decreased by
78% [117]. All trials for the newer TNFi (golimumab and certolizumab pegol) were
required to evaluate and treat patients for LTBI. Overall, comprehensive TB
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screening led to low rates of active TB disease after five years of golimumab trials,
even in TB-endemic regions [80]. Applying a strict TST threshold of five mm
induration compared to more liberal cut-offs led to more treatment for LTBI and
subsequently decreased the incidence of active TB during certolizumab pegol
clinical trials (from 0.51 per 100 py to 0.18 per 100 py) [79].

There is no definitive evidence for the optimal interval between LTBI treatment
and TNFi initiation. Most experts and guidelines recommend a minimum of four
weeks of LTBI treatment before starting the biologic. However, other periods from
three weeks through the completion of LTBI treatment have also been suggested
[106, 113].

4 Active Tuberculosis Among TNFi Users

4.1 Site of Tuberculosis

Among those diagnosed with TB while taking TNFi, a large proportion have dis-
seminated and extrapulmonary TB (EPTB) disease. Studies related to TNFi usage
in the US between 1999 and 2001 found more than half of the patients had EPTB,
and one-quarter had disseminated TB [2]. An earlier epidemiology study in the US
found 11.3% of cases were extrapulmonary [118]. The BSRBR and RATIO reg-
istries also reported similar proportions with EPTB (61–62%) [63, 64]. In a recently
published Brazilian registry, 40% of TB cases involved extrapulmonary sites [119].
Pulmonary TB (PTB) occurred in 62%, EPTB in 38%, and disseminated TB in 7%
of cases from the SABIO registry in South Africa [84]. Clinicians and patients must
be vigilant in monitoring TB, including extrapulmonary and constitutional symp-
toms, even in the absence of pulmonary symptoms. Paradoxical sarcoid reactions,
such as intrathoracic lymphadenopathy, are increasingly seen with TNFi, and this
can be challenging to differentiate from TB lymphadenitis [74, 120–122]. The
pathogenesis of this phenomenon is unclear.

4.2 Timing of Tuberculosis Diagnosis

Using data from the US’s national adverse event reporting system, Wallis and
colleagues characterized infectious complications from infliximab and etanercept
[123]. Almost half of TB cases were within 90 days of initiating infliximab,
compared to only 12.5% with etanercept (p < 0.001). The median time to TB
diagnosis is three to six months with infliximab and adalimumab compared to
longer than a year with etanercept [1]. Etanercept disrupts pre-existing granulomas
to a lesser degree than infliximab and adalimumab. This is a possible explanation
for the longer time to onset (and reduced overall risk of TB) with etanercept [54].
A significant proportion of TB cases are diagnosed after drug discontinuation, and
monitoring for symptoms should continue for six to 12 months after a TNFi is
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stopped [63, 71]. The time to onset of TB depends not only on the specific
anti-TNFa agent but also on the degree of immunosuppression, stage of TB in-
fection (reactivation of latent infection versus new infection), and the recency of
LTBI treatment as the protective effects may wane with time [124].

4.3 Treatment of TNFi-Associated Tuberculosis

There is a higher risk of fulminant TB disease in those exposed to TNFi [63, 84];
therefore, diagnosis and treatment must be expedited as soon as possible if there is
suspicion of TB. Expert consensus recommends that the TNFi should be discon-
tinued at least temporarily [113]. However, the optimal time for reinitiating TNFi
after TB treatment is unclear. Case series do not suggest worse outcomes with
restarting TNFi during TB treatment, but sample sizes were small [125, 126].

Developing TB in the midst of TNF-a blockade increases the risk of a para-
doxical reaction upon discontinuation of the TNFi, akin to the immune reconsti-
tution inflammatory syndrome (IRIS) seen in the HIV population [127–129]. Risk
factors for developing this paradoxical reaction are disseminated TB (OR 11.4, 95%
CI 1.4–92.2; P = 0.03), corticosteroid use (OR 4.6, 95% CI 1.2–17.2; P = 0.02),
and history of TB exposure (OR 12.7, 95% CI 1.6–103; P = 0.02) [130]. The onset
of exaggerated inflammatory symptoms such as fever, pulmonary infiltrates, lym-
phadenopathy, or diarrhea will typically occur four to 20 weeks after the TNFi is
discontinued, corresponding to the washout of TNF-a neutralization. In the case of
a paradoxical reaction, the TNFi may be reinitiated sooner as long as the patient is
established on active TB treatment. It is unknown whether corticosteroids are
effective in dampening the paradoxical response, although their efficacy in
HIV-related IRIS is proven [131].

5 Conclusion

An effective immune response to M. tb infection is dependent on TNF-a. TNFi use
is increasing substantially; thus, clinicians ought to be cautious of the several ways
in which the immune response to M. tb might be disrupted, increasing the risk of
TB. There are also unique aspects in preventing, diagnosing, and managing
TNFi-associated TB. TB disease is a serious complication of TNFi use that can
largely be prevented with adequate screening and treating of patients with LTBI
before starting biologic treatment.

Core Messages

• TNF-a is pivotal to initiating and maintaining an effective immune re-
sponse to M. tb infection.
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• All TNF-a inhibitors increase the risk of TB reactivation, albeit to varying
degrees; etanercept confers the lowest risk.

• The risk of TB reactivation is mitigated by appropriate screening for LTBI
before starting TNFi therapy.

• Standard LTBI treatment regimens are used, and a delay of TNFi initiation
of at minimum one month should be considered.

• Management of TB disease includes suspension of the TNFi, although this
can lead to paradoxical inflammatory reactions.
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Gianluca Quaglio, Damiano Pizzol, and Giovanni Putoto

There are young-old and old-young people, and in the last I
place myself …; There are many physicians - and I am a
physician - who do not understand or do not want to
understand that health is bought, and that there are thousands
and thousands of men and women who cannot buy health …;
who do not want to understand, that the greater the poverty, the
greater the diseases, and the greater the diseases, the greater
the poverty ….

Salvador Guillermo Allende Gossens (1908–1973)

Summary

In this chapter, we share our experience with breast tuberculosis (TB) at the
surgical department of Wolisso hospital, Ethiopia. It provides an overview of
breast TB in women and men. In women, clinical features suggestive of breast
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TB are not well defined, and establishing a diagnosis can be problematic. Breast
cancer and a pyogenic abscess may be mistaken for breast TB. The ensuing
delay in diagnosis may extend many months, and patients may have to endure
numerous ineffective therapies before they are finally identified properly.
Axillary lymphadenitis and subsequent sinus or fistula are the most prevalent
clinical signs in breast TB. Fine-needle aspiration cytology (FNAC) is the most
often used diagnostic method, followed by a biopsy, acid-fast bacteria Ziehl–
Neelsen stain (AFB), and culture. Most patients respond well to anti-tubercular
treatment alone and have a favorable prognosis. Surgery, when necessary, most
frequently consists of excision, followed by drainage, and then mastectomy.
Men’s breast TB is quite uncommon. Other disorders like gynecomastia and
breast carcinoma might be mistaken for this one. It often manifests as a solitary
breast lump, accompanied by fever and discomfort. FNAC is the most common
diagnostic method. A standard anti-tuberculosis regimen is most commonly
employed, in some cases involving incision and drainage.

Graphical Abstract

Keywords

Breast tuberculosis � Diagnosis � Extrapulmonary tuberculosis � Granulomatous
mastitis � Risk factors � Treatment � Tuberculous mastitis

Wolisso hospital: health professionals at work, Saint Luke’s Hospital, Wolisso, Ethiopia.
(Photography by Doctors with Africa-CUAMM)
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1 Introduction

Tuberculosis (TB) is the most lethal infectious illness in the world today. By far, the
great majority of TB deaths (95% of all cases) are in low and middle-income
countries (LMICs). Here, TB is one of the leading causes of mortality among
women ages 15–44 [1]. TB may affect any part of the body. The breast is a rare
extrapulmonary location of TB [2]. Cooper recorded the first case of female breast
TB in 1829 [3], but Richet and Powers provided a detailed description of the
disease at the end of the nineteenth century [4, 5].

In this chapter, we share our experience with breast TB at the surgical depart-
ment of Wolisso hospital, Ethiopia. In addition, this chapter provides an overview
of breast TB in women from epidemiological, clinical, diagnostic, and therapeutic
aspects. A final section concerns breast TB in men.

2 Descriptions of 12 Cases of Breast Tuberculosis
at Wolisso Hospital

Doctors with Africa CUAMM (DwA) is a non-governmental organization
(NGO) that aims to enhance the health of African communities. DwA works in
eightcountries in Sub-Saharan Africa.

The breast TB cases described here were collected at Wolisso hospital, a referral,
non-profit facility located in Wolisso town, 115 km from Addis Ababa. Wolisso
hospital has 200 beds, with a total staff of 350 people (230 of them qualified health
personnel). The hospital carries our roughly 80,000 outpatient visits per year,
15,000 admissions per year, and about 4000 deliveries per year. All the medical
records of patients with breast pathology seen in the surgical department of Wolisso
hospital were retrospectively and consecutively reviewed for 18 months. During the
study period, 2446 women accessing health services in the hospital and in the eight
health centers within the catchment area were screened for breast cancer. Twelve
women were diagnosed with TB mastitis (0.49% of the total breast pathology). The
average age was 32 years (range 17–55 years). All patients were tested for HIV and
were negative. Two were pregnant, and one was breastfeeding. One patient was
treated for pulmonary TB (PTB) in the past. None of the other patients reported a
history of known TB contact or active PTB symptoms. A patient had a history of
neck lymphadenitis treated with antibiotics three years before showing current
symptoms (potentially a misdiagnosis of TB lymphadenitis). Only one reported
constitutional symptoms, specifically fever and occasional night sweating. The
duration of symptoms varied from two weeks to more than two years (average
40 weeks). Six cases experienced the involvement of the left breast; five cases the
right one; one bilateral. In the vast majority of cases (N = 8), the lesion appeared as
a bump in the breast. Signs of surrounding inflammation were detected in two
patients, and axillary’s lymph nodes involvement was detected in five ones. A cold
abscess was documented in two cases. The remaining four patients showed more
advanced conditions like bilateral masses with sinus discharge and axillary’s and
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neck lymphadenitis in one case. Fungated masses with open wounds and discharge
were discovered in the remaining three cases. Eight patients revealed epithelioid
cell granulomas and necrosis using the fine-needle aspiration cytology (FNAC),
which was the sole diagnostic technique during this time period. FNAC was not
conclusive in four samples, and the diagnosis was essentially clinical. Anti-TB
treatment (ATT) was prescribed with isoniazid, rifampicin, pyrazinamide, and
ethambutol for two months, followed by a two-drug continuation phase with iso-
niazid and rifampicin for four months. Follow-up was available for six patients: five
completed the treatment with complete resolution of the symptoms. After com-
pleting six months of treatment with good adherence, one patient was still symp-
tomatic; an extended duration of ATT of three months, together with the repeated
aspiration of the abscess, was successfully performed.

3 Epidemiology

In a systematic review of 1478 breast TB cases [6], the prevalence of breast TB in
LMICs ranged from 0.2% [7] to 6.8% [8], with an average of 1.7%. In Western
countries, breast TB prevalence is rare. Women of reproductive age are most likely
to develop breast TB; however, older women may also be affected [9–11]. Notably,
women under 18 are least unlikely to get breast TB [12–14].

4 Risk Factors

Multiparity, pregnancy, breastfeeding, HIV-positive status, and a history of TB have
all been linked to an increased risk of breast TB. Pregnant and breastfeeding women
with dilated breast ducts may be more susceptible to infection [15]. Pregnancy
reduces the T-helper 1 pro-inflammatory response, increasing the risk of a new
infection or TB reactivation [16]. In a recent systematic review [6], 67% of breast TB
cases were aged 14–45; 4% were pregnant; 15% were lactating mothers; 70% had
multiparity. These figures do not provide conclusive evidence that the aforemen-
tioned features are risk factors for breast TB. However, they suggest a prior preg-
nancy may have induced breast TB. Also, though breast TB is unusual to be a
presenting sign of HIV, having HIV makes an individual prone to a new infection,
reactivation, and further bouts of TB due to exogenous reinfection [17–21].

5 Clinical Presentation

The breast infection is frequently due to another infection, which may or may not be
clinically obvious [22, 23]. When no demonstrable TB focus exists elsewhere,
breast TB may be the primary site that can spread by lymphatic dissemination from
the axillary lymph nodes [2].
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Breast TB manifests with a range of clinical presentations, making it a
difficult-to-diagnose condition. Breast cancer and a pyogenic abscess may be
mistaken for breast TB [2, 9]. The ensuing delay in diagnosis may extend many
months, and patients may have to endure numerous ineffective therapies before they
are finally identified properly [24, 25]. A lump on the breast is the most frequent
clinical manifestation, whether or not it is painful. The lump may seem like a
cancerous tumor, as it is hard and firmly attached to the skin, muscles, or chest wall
[9, 26]. Swelling of the breasts, edema, fistulization, sinuses, and skin ulcers are
other possible manifestations [27–30].

In the largest review of breast TB in women [6], 75% of patients were presented
with a breast lump, followed by 15% of cases with a breast abscess and a few cases
with cold abscess and diffuse breast inflammation. The disease equally affected
either breast, and bilateral localization was rare [6]. Axillary lymphadenitis
accounted for 33% of all cases, whereas sinus or fistula formation accounted for
24%, skin ulceration 23%, and nipple retraction 17% [6]. It is noteworthy compared
to patients with cancer who display gross nipple-areola involvement in eight to 12%
of instances [31, 32]. Contrary to breast cancer, where localized pain is uncommon
[33], the most common constitutional symptoms in breast TB were pain (42% of the
cases) and fever (28%) [6]. Usually, the pain is noncyclical mastalgia that is not tied
to the menstrual cycle (as it is in fibrocystic disease or breast abscess).

Before seeking medical attention, the length of symptoms differed widely across
people and regions of the country, ranging from a few weeks in Europe [13, 34, 35]
to several months in India and sub-Saharan Africa on average [27, 29, 36]. This is
due to both patients and healthcare providers encountering various delays,
including those related to the complexity of the diagnosis and socioeconomic
disparities [37].

6 Diagnosis

The differential diagnoses to be considered are fibroadenoma [38, 39] and, to a
lesser extent, cancer, inflammatory and infectious diseases [40–43], and fat necrosis
[38, 44, 45]. Cancer and breast TB comorbidity is quite uncommon [46–48].

Both acid-fast bacteria Ziehl–Neelsen stain (AFB) and culture can make breast
TB diagnosis definite by detecting Mycobacterium tuberculosis (M. tb). AFB is not
sensitive enough for paucibacillary infections, while the cost of culture is pro-
hibitive in low-resource settings [2, 9]. Polymerase chain reaction (PCR) may also
be used to detect M. tb [30]. Fine needle aspiration cytology (FNAC) is more
frequently preferred, but it has its own problems; it reveals the existence of
epithelioid cell granulomas and necrosis, while its results remain not applicable to
difficult to diagnose cases, e.g., granulomatous mastitis and sarcoidosis [49, 50]. On
biopsy, pathological findings include persistent granulomatous inflammation,
caseous necrosis, and Langhans-type giant cells [9]. Finally, imaging modalities
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like ultrasound, mammography, computed tomography (CT), and magnetic reso-
nance imaging (MRI) can be employed, though with limited application in LMICS
and not for a clear diagnosis [7, 27, 30, 51–53].

Taken together, the two most common diagnostic methodologies appear to be
FNAC and biopsy, being applied in 75% and 90% of cases, respectively. Biopsies
have the greatest sensitivity but the worst specificity; FNACs have neither. In most
instances, treatment response to ATT confirms the pathology-based diagnosis [6,
54]. Table 1 reports the diagnostic procedures in large cohorts of female breast TB.

7 Treatment

Overall, breast TB has a good prognosis. In most cases, anti-TB drugs are pre-
scribed, either with or instead of surgery [2, 22]. Patients are often administered a
standard ATT that includes two phases:

1. two months of isoniazid, rifampicin, pyrazinamide, and ethambutol; and
2. four months of isoniazid and rifampicin [2].

There is also a nine-month regimen that again takes place in two phases:

1. two months of isoniazid, rifampicin, pyrazinamide, and ethambutol; and
2. seven months of isoniazid and rifampicin [28, 59].

Some patients might develop multidrug-resistant TB (MDR-TB), necessitating a
different ATT regimen [72, 73]. Quaglio et al. reported, through a systematic review
of studies, that 70% of patients were given the conventional six-month ATT and
30% an ATT that was altered regarding the kind and length of time it was
administered [6]. Most people showed full recovery [2, 6].

Often, patients who had surgery did so after months of visiting a doctor for their
first symptoms when late presentation resulted in abscesses or sinuses requiring
surgery [6]. Cold abscess aspiration, sinus formation, or necrotic tissue removal are
usually sufficient; however, a complete or partial mastectomy may be necessary in
certain cases [2].

8 Tuberculous Mastitis in Men

Breast TB in men is an extremely rare clinical entity, even in those LMICs where
TB is common. As early as 1927 [74], the first incidence of male breast TB was
documented. When World War II ended, there were only 21 documented instances
of breast TB in males [74–77]. A study of around 800 men with breast mass by
Lilleng et al. found no evidence of breast TB [78].
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Like female breast TB, male breast TB has no specific clinical symptoms, which
may lead to it being misdiagnosed for other clinical disorders, such as gynecomastia
and breast cancer [79]. A recent systematic review on TB mastitis in men found 26
cases of male breast TB. Around 90% of patients had an isolated breast lump, 28%
had axillary lymphadenitis, and 33% had skin irritation. Pain (65%) and fever
(35%) were the most prevalent constitutional symptoms. FNAC was the most often
used diagnostic technique. Both incision and drainage and a conventional ATT
were used alone or in combination [80]. Table 2 summarizes 30 case reports of
breast TB in men.

Table 2 Table summary of 30 reported cases of breast TB in men

Refs. First author Year Country Age Type of lesion
(localization)

Diagnosis

[81] Wilson 1990 USA 83 Disseminated
(L)

X-ray−, culture
+, AFB-

[81] Wilson 1990 USA 66 Lump (L) X-ray*, biopsy
−, culture+,
AFB−

[82] Jaideep 1997 India 43 Lump (R) X-ray−, FNAC
+

[83] Thompson 1997 USA 58 Lump (R) X-ray−, FNAC
+, culture+,
AFB+

[84] Reyes 1999 USA 68 Lump (R) X-ray−, FNAC
+, culture+,
AFB+

[85] Luna 2000 Spain 17 Lump (L) Biopsy+, culture
+, AFB−

[86] Gupta 2003 India 25 Lump (R) FNAC+

[30] Bani-Hani 2005 Jordan 68 Lump (L) X-ray*, biopsy+

[87] Winzer 2005 Germany 53 Lump (R) X-ray−, culture
−, PCR+

[88] Marie 2007 France 63 Lump (R) Biopsy+,
Culture+, AFB
+, PCR+

[89] Reyes 2007 USA 68 Disseminated
(R)

FNAC+, AFB+,
culture+

[89] Reyes 2007 USA 59 Lump (U) FNAC+, AFB+

[89] Reyes 2007 USA 29 Lump (U) FNAC+, AFB+

[90] Ursavas 2007 Turkey 41 Lump (R) X-ray−, FNAC
+, culture+,
AFB+

[11] Luh 2007 China 92 Lump (R) X-ray−, FNAC
−, culture−,
biopsy+

(continued)
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Table 2 (continued)

Refs. First author Year Country Age Type of lesion
(localization)

Diagnosis

[11] Luh 2007 China 80 Lump (L) FNAC−, biopsy
+

[91] Rajagopala 2008 India 25 Lump (R) X-ray+, FNAC
+, AFB+

[92] Moujahid 2011 Morocco 50 Lump and
abscess (L)

X-ray−, biopsy
+, culture+

[92] Moujahid 2011 Morocco 50 Lump and
abscess (L)

X-ray−, biopsy
+, culture+

[93] Cantisani 2013 Italy 28 Lump (R) X-ray−, FNAC
+, culture+,
AFB+

[94] Rabesalama 2013 Madagascar 23 Lump (R) X-ray−, biopsy
+

[95] Mahajan 2014 India 20 Lump (L) X-ray−, FNAC
+, culture+,
AFB+

[96] El
Hammoumi

2014 Morocco 55 Lump (L) X-ray−, FNAC
+, biopsy+,
culture+

[97] Prakash 2015 India 60 Lump (R) FNAC+, biopsy
+, AFB−

[98] Khaparde 2015 India 60 Lump (R) FNAC−, culture
+, AFB+,
biopsy+

[99] Brown 2016 UK 44 Abscess (L) X-ray+, culture
+, AFB−, PCR+

[100] Orerah 2016 Kenya 70 Lump (L) PCR+

[101] Mutcal 2018 Turkey 28 Not reported
(L)

X-ray−, AFB+

[102] Fatima 2019 Pakistan 62 Lump (L) X-ray−, biopsy
+, AFB+

[103] Wembulua
Shinga

2020 Senegal 33 Ulceration (R) GeneXpert−,
AFB−, biopsy+
for GM

[104] Haddaoui 2020 Morocco 32 Lump (L) GeneXpert+,
culture−

L Left; R Right; FNAC Fine-needle aspiration cytology; AFB Acid-fast bacilli; PCR Polymerase
chain reaction; U Unknown; X-ray*, previous TB; GM Granulomatous mastitis
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9 Conclusion

From a clinical, diagnostic, and treatment point of view, breast TB is a poorly
defined health condition. Western nations have a well-established technique for
diagnosing breast lumps called the “triple evaluation” [105]. Unfortunately, in
many LMICs, this process is not possible. The diagnosis of TB mastitis—especially
in LMICs—is delayed, mainly because of the time taken between the onset of
symptoms and first consultation. The health authorities must further implement
educational campaigns designed to increase awareness of breast TB among health
professionals and the general population, improving attitudes and perceptions.
Breast TB data collection should be standardized for both routine monitoring and
future research. Especially, data should be collected on risk factors, symptoms, and
clinical presentations for diagnostic purposes.

Core Messages

• Breast TB has a protean clinical presentation.
• Establishing a diagnosis of breast TB is challenging.
• The time it takes to diagnose breast TB might be months.
• The most common clinical appearance of breast TB is a breast lump.
• The most common diagnostic methods of breast TB are FNAC and biopsy.
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34Central Nervous System Tuberculosis:
Pathogenesis, Diagnosis,
and Management

Alexander E. Braley and Walter A. Hall

A Physician is obligated to consider more than a diseased
organ, more than even the whole man, he must view the man in
his world.

Harvey Cushing

Summary

Tuberculosis (TB) affects the central nervous system (CNS) in several distinct
but interrelated ways. Tuberculous meningitis (TBM) is slow onset meningitis
with non-specific origins that develops over days to weeks and yet can
overwhelm and incapacitate patients with devastating consequences.
Despite TBM representing the most common CNS manifestation of TB
infection, the treatment is far from optimized. Therapy involves primarily
medical treatment, which is largely derived from pulmonary TB therapy. The
efficacy and even the CNS penetration of the antibiotics are poorly studied. TBM
leads to several clinical sequelae such as hydrocephalus, arachnoiditis, and
vasculitis, causing focal neurologic deficits, stroke, and death. Tuberculomas
represent a mass lesion often confused for tumors or abscesses from other
organisms and behave similarly to both. Treatment for all of these conditions
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consists of anti-TB therapy; however, key surgical indications and adjunctive
medications are important to maximize the clinical outcome of patients affected
by CNS-TB.

Graphical Abstract

Keywords

CNS tuberculosis � TBM � Tuberculoma � Tuberculous hydrocephalus �
Tuberculous meningitis

1 Introduction

Tuberculosis of the central nervous system (CNS-TB) accounts for one of the least
common manifestations of extrapulmonary tuberculosis infections (EPTB) but is
the deadliest of the EPTB case types [1, 2]. The high morbidity and mortality of
CNS-TB make identifying and managing this disease entity paramount. CNS-TB

Tuberculosis of the central nervous system. Adapted with permission from the Association of
Science and Art (ASA), Universal Scientific Education and Research Network (USERN); Made by
Nastaran-Sadat Hosseini
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can be broken down into several inter-related diseases, including but not limited to
tuberculoma, tuberculous meningitis (TBM), tuberculous abscess or tuberculoma,
tuberculous hydrocephalus (TBH), spinal tuberculous arachnoiditis, etc. The most
common and most deadly of these is TBM.

TB remains a widespread problem that affects developing countries more
commonly than developed nations. The most common source of infection in de-
veloped nations involves travelers and immigrants from endemic countries.
Worldwide, cases have been dropping as identification and treatment modalities
have improved. However, nearly ten million new cases are still identified each year
globally, with between one and two million deaths occurring annually [1]. The
United States has persistently shown declining cases of TB each year, yet still,
nearly 10,000 cases are diagnosed per year with an incidence rate of 2.9 per
100,000 [1]. Pulmonary tuberculosis (PTB), as one can imagine, makes up the vast
majority of cases, totaling nearly 70% of all cases. Combined PTB and EPTB make
up around 10% of cases, and isolated cases of EPTB make up the remaining 20% of
cases [1]. EPTB in regions of low incidence tends to be a manifestation of reac-
tivation rather than a new primary infection. Cases involving the CNS make up to
1% of all TB cases and 5–10% of EPTB cases.

This chapter aims to orient the reader to the clinical manifestations of CNS-TB,
highlight the importance of expeditious recognition of this entity, and guide the
initial management and understanding of complications and sequelae in a practical
and applicable way in developed countries and under-developed nations alike. This
chapter aims to touch in detail on the most common forms of CNS-TB and briefly
address fewer common forms.

2 Pathophysiology

Mycobacterium tuberculosis (M. tb) enters the CNS like all EPTB cases via
hematogenous spread during the bacteremia phase of infection [1–4]. The different
types of TB are interrelated in their etiology. As such, a brief description of the
general CNS-TB will be described here. Still, one should recognize that the exact
pathophysiology of CNS-TB is poorly understood, with some existing dogma and
promising avenues for expansion of our current understanding.

M. tb is an obligate aerobe, perhaps the best-known example of an acid-fast
bacterium. TB nearly always originates from a pulmonary source, where it invades
and resides in type-II alveolar cells. M. tb enters the bloodstream either directly or
via an infected leukocyte carrier. This hematogenous spread is critical to extra-
pulmonary spread (and even intra-pulmonary spread) of the disease [4]. This creates
the opportunity for CNS invasion in an incompletely understood fashion. The
blood–brain barrier (BBB) and blood-cerebrospinal fluid (CSF) barrier (BCB) are
critical structures that prevent large molecules and organisms from entering the
protected CNS. The thought has been proposed that the M. tb may enter the CNS
through a carrier leukocyte; however, this is less likely true given that data shows
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CD18-/- mice with leukocyte migration and invasion deficits still develop CNS-TB
[3]. Additionally, leukocyte invasion into the CNS is minimal unless the CNS is
already under considerable inflammation. Given the propensity for TB to cause
CNS and systemic vasculitis, this raises the possibility that the vasculature con-
tributes to the pathogenesis. The longstanding Rich focus origin theory fits neatly
with a vascular-derived origin of CNS-TB. Arnold Rich and Howard McCordick
postulated that a subcortical or meningeal focus of caseating TB can be created
during the bacillemic phase of disseminated TB [5]. These Rich foci can become
encapsulated granulomatous masses known as tuberculomas. Given extended
periods of bacteremia, there is an increased chance that these Rich foci may deposit
along the meninges or near to the ependyma. The rupture of these foci allows the
bacteria to enter the subarachnoid space resulting in tuberculous meningitis (TBM).
Both tuberculomas and TBM can cause communicating or non-communicating
TBH. This illustrates how the three main manifestations of CNS-TB are interre-
lated, and understanding one disease process leads to a better understanding of the
others.

3 Tuberculoma

As stated above, an encapsulated caseating granulomatous collection of tuberculous
bacteria is known as a tuberculoma (Fig. 1). Tuberculomas are the most common
manifestation of CNS-TB after TBM (Fig. 2). These lesions are often subcortical in
location and, unlike a Rich focus, do not rupture to subsequently cause TBM. These
lesions are asymptomatic and discovered incidentally on imaging; however, they
can cause symptoms secondary to mass effects such as headache, nausea, vomiting,
depressed consciousness, and seizures. Depending on the size and location of the
lesion, manifestations may take the form of focal neurologic deficits and even
hydrocephalus. Brain stem lesions tend to give rise to more cranial nerve palsies
and long tract signs (Fig. 3) [6].

3.1 Diagnosis

Tuberculomas on imaging are difficult to differentiate from other mass lesions in the
brain as they typically consist of a ring-enhancing lesion with surrounding vasogenic
edema on both computed tomography (CT) and magnetic resonance imaging (MRI).
The extent of encapsulation and maturity of a lesion can affect its imaging charac-
teristics, with early-stage lesions appearing hypo- or isodense on CT with extensive
edema secondary to a very thin abscess capsule. Likewise, mature well-encapsulated
lesions appear hyperdense with less surrounding edema [7]. Lesions are usually
solitary, but they may be multiple in up to one-third of the cases [7].

Additional advanced imaging modalities are useful in distinguishing tubercu-
loma from other cerebral mass lesions. Magnetic resonance spectroscopy
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demonstrates a characteristic peak at 3.8 ppm and will have a choline/creatinine
ratio that exceeds one, which helps distinguish TB from neurocysticercosis [8].
Positive emission tomography with fluorodeoxyglucose (FDG-PET) will help rule

Fig. 1 Representative Magnetic Resonance Imaging (MRI) examples of the spectrum of
presentation of CNS tuberculomas. Figures a, b represent T1 axial contrast-enhanced and T2
non-contrast slices (respectively) of a solitary right parietal tuberculoma with moderate edema and
mild mass effect. In contrast, Figures c, d represent T1 axial contrast-enhanced and T2
non-contrast (respectively) images of multiple brain stem tuberculomas with minimal edema and
no mass effect. Reproduced with permission from the courtesy of A. Akhaddar, M.D., Department
of Neurosurgery, Avicenne Military Hospital of Marrakech, Mohammed V University in Rabat,
Rabat, Morocco
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out neoplasm if uptake is low; however, this is a non-specific finding as uptake may
be low or elevated in brain tuberculomas [8].

Given significant encapsulation, M. tb may not be detected in the serum or CSF,
and the CSF profile may even be normal, unlike in TBM. Pathology samples will
demonstrate typical caseating granulomas with Langhans giant cells and epithelioid
features. Tuberculomas may result in an aberration of endocrine functions, often
resulting in hyponatremia or hypothalamic-pituitary axis disruption. The derange-
ment may manifest as panhypopituitarism or may affect individual hormones, of
which adrenocorticotropic hormone (ACTH), thyroid-stimulating hormone (TSH),
and prolactin are the most commonly affected in descending order [8].

3.2 Management

The management of cerebral tuberculoma consists primarily of medical treatment.
Given the significant diagnostic dilemma created by tumor-like symptoms from a
ring-enhancing lesion with a variable degree of cerebral edema, tuberculomas may
require a definitive pathologic sample for diagnosis. It is important to note that

Fig. 2 MRI slices of a patient with tuberculosis meningoencephalitis. Figure a is an axial slice of
a T1 contrast-enhanced MRI which demonstrates leptomeningeal enhancement in the bilateral
Sylvian and interhemispheric fissure as well as the ambient cisterns. Figure b is a Non-contrast
fluid-attenuated inversion recovery (FLAIR) sequence that demonstrates periventricular edema and
left basal ganglia infarcts typical of hydrocephalus and tuberculosis vasculitis secondary to
tuberculosis meningitis. Reproduced with permission from the courtesy of A. Akhaddar, M.D.,
Department of Neurosurgery, Avicenne Military Hospital of Marrakech, Mohammed V University
in Rabat, Rabat, Morocco
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anti-tuberculosis therapy (ATT) should not be delayed, pending a complete workup
or finalized culture results. Indeed, a low threshold for the initiation of treatment has
been linked to improved survival [7]. In the case of well-established primary TB
with or without extrapulmonary manifestations, a presumptive diagnosis of tuber-
culoma may be made based on typical tuberculoma imaging findings. Medical
treatment should proceed, and close clinical and radiographic follow-up should be
pursued. If imaging fails to show improvement or the patient clinically worsens, the
presumptive tuberculoma diagnosis should be called into question, and a definitive
biopsy is undertaken [8].

3.3 Surgical Technique

As indicated above, in the case of atypical tuberculous lesions or typical lesions that
do not respond appropriately to medical therapy, the patient should undergo a
formal brain biopsy. Additionally, scenarios may exist where a previous cancer
history or the possibility of infection from other organisms (such as neurocys-
ticercosis, histoplasmosis, etc.) coincides with a known extracranial TB infection.
This may require a formal biopsy as it may be possible that the intracranial
symptoms and signs are not related to extracranial TB. As such, both diagnoses
require very different medical management, making an accurate definitive diagnosis
paramount and empiric ATT not a viable option.

Fig. 3 Multilobulated brainstem tuberculoma as demonstrated by contrast-enhanced T1 axial
(a) and coronal (b) projections. Reproduced with permission from the courtesy of A. Akhaddar, M.
D., Department of Neurosurgery, Avicenne Military Hospital of Marrakech, Mohammed V
University in Rabat, Rabat, Morocco
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When an eloquently located lesion is the most accessible, it is reasonable to opt
for a stereotactic needle biopsy or minimally invasive stereotactic microsurgical
open biopsy. However, in the case of surface lesions or even non-surface lesions in
a non-eloquent area, some advocate for full microsurgical resection even in the
absence of mass effect or increased intracranial pressure, as this reduces the amount
of remaining viable bacteria and resection of the capsule allows for better pene-
tration of the ATT [6, 8]. Tuberculomas are typically removed with clean surgical
planes due to encapsulation of the bacterium. It is important to realize that despite
the “gross total” resection of a TB lesion, the duration of medical therapy should
not be shortened as a result [6]. Special precautions are unnecessary, and additional
personal protective equipment need not be used for suspected or confirmed cases of
CNS-TB [6].

4 Tuberculous Meningitis

TBM (Fig. 4) is the most common and most devastating of the cranial manifesta-
tions of TB. TBM is characterized by typical meningitis symptoms: stiff neck,
headache, fever, leukocytosis, and possible altered mental status. As the inflam-
mation spreads to include the cerebral tissue itself, tuberculosis meningoen-
cephalitis results in more focal neurologic deficits as a consequence. Similarly,
irritation and inflammation of the spinal cord lead to tuberculous myelomeningitis.
For this chapter, we will not distinguish between tuberculous meningitis and
meningoencephalitis. The timeline of TBM is what sets it apart from other entities
because the onset of symptoms is usually gradual over days to weeks versus the
abrupt onset of symptoms seen with pyogenic meningitis. Leonard describes typical
TBM as characterized by three distinct phases:

i. the first consists of two to three weeks of low-grade fever, lethargy, malaise,
mild headache, or neck discomfort;

ii. the next phase consists of more typical meningitis symptoms such as severe
headache, vomiting, neck pain, neck stiffness, and focal neurologic deficits;
and

iii. the final stage involves the paralytic phase, with coma, stupor, seizures, and
more profound focal neurologic deficits.

The process typically takes five to eight weeks from inception to mortality [1].
The insidious onset of symptoms may delay the diagnosis and even deceive the
treating clinician into assuming that this disease is not as deadly as pyogenic
bacterial meningitis, but this cannot be further from the truth. Patients who may
have had smoldering meningitis can decompensate acutely, leading to fatality while
tests and cultures are pending, which makes prompt recognition and the initiation of
empiric anti-tuberculous antibiotics critical [4]. Mortality for TBM can approach
100% for the worst affected patient demographic, which is HIV co-infection with
multi-drug resistant TB (MDR-TB). It is also important to note that exposing every
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patient who theoretically could have TB to ATT medications would lead to a
significant risk of toxicity. As such, the key to a good clinical outcome resides in
identifying patients with a reasonable risk for a TB infection. Such patients include
immigrants or visitors from endemic areas, those in close quarters such as prisons
and hospitals, and people at risk for contracting the disease secondary to immune
suppression (whether secondary to concomitant disease or advanced age) [4].

4.1 Pathogenesis

As alluded to above, the most well-recited theory on the pathogenesis of TBM dates
back to 1933 when Rich and McCordick postulated that prolonged bacteremia
seeds the CNS with small foci of M. tb, with varying degrees of encapsulation and
granuloma formation. These small tubercles may progress to a tuberculoma or may
rupture into the subarachnoid space, causing TBM. This Rich focus theory has
predominated in the literature for nearly a century. The process by which the
bacteria enter the CNS is not well understood and not fully explained by the Rich
Focus theory. The most recent challenge to this theory highlights the importance of
macrophage infiltration and dissemination into the CNS [4]. This itself is chal-
lenged by the evidence discussed above regarding leukocyte migration in
immunodeficient mice that do go on to form CNS-TB, particularly TBM [3]. With
CNS-TB, extensive vasculitis is seen, which leads to ischemia and infarcts, often in
the deep grey matter structures known as the “tubercular zone” [3, 8, 9]. A potential

Fig. 4 T1 axial contrast-enhanced MR sequences demonstrating periventricular ring-enhancing
tuberculoma lesions with associated tuberculosis hydrocephalus. Reproduced with permission
from the courtesy of M. Turgut, M.D., Ph.D., Department of Neurosurgery, Aydin Adnan
Menderes University School of Medicine, Aydin, Turkey
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explanation for the CNS penetration by M. tb focuses on the vascular nature of TB.
In vitro studies have shown endothelial invasion by M. tb, and as such, the initial
anchor into the CNS may be represented by endothelial cells themselves.

TBM goes on to cause several sequelae; some will be expanded upon further in
this chapter. The T-cell mediated inflammation caused in TBM results in high levels
of tumor necrosis factor-alpha (TNF-a) and interferon-gamma (IFN-c) levels. These
sequelae are largely secondary to the aforementioned inflammation. The inflam-
mation results in vasogenic edema, which causes mass effect and focal neurologic
deficits [3]. The inflammatory exudate formed blocks normal circulation of CSF
and can cause obstructive and communicating hydrocephalus. Inflammation also
leads to vasculitis, which, as mentioned above, leads to a potential stroke.

4.2 Diagnosis

Patients presenting with typical symptoms, as stated above, will undergo systemic
TB testing but also should have CSF samples taken when safe. M. tb DNA or
acid-fast bacilli from CSF samples yield around a 50% sensitivity, and as such
adjunct tests are often needed [4]. The CSF profile, along with the clinical scenario,
helps make the diagnosis of TBM. Duration of symptoms for over four days, age
over 30, and CSF with <1000 TNC and >70% lymphocytes are very suggestive of
TBM [4]. As with tuberculoma, TBM may result in endocrine dysfunction ranging
from hyponatremia to panhypopituitarism. CSF markers such as ALOX-5, which is
involved in the metabolic pathway of leukotriene B4 and lipoxin, show promise as
a biomarker in the CSF and may play a role in the pathogenesis of TBM [8].

4.3 Management

TBM itself is primarily a disease for medical management. The best medical
management largely consists of ATT. As with tuberculoma, there is a relative
dearth of information regarding the most efficacious medical regimen, both in
antibiotic choice and length of therapy. The treatment guidelines from the World
Health Organization (WHO) for management for TBM were originally based on the
efficacy of ATT for PTB. This consists of the typical RIPE therapy (Rifampin,
Isoniazid, Pyrazinamide, and Ethambutol) for two months and another ten months
of Rifampin and Isoniazid. This management is effective for PTB; however, this
does not consider CSF/BBB penetration of these medications. For instance, Iso-
niazid and Pyrazinamide are very effective in crossing the BBB; however, Rifampin
crosses weakly, and CSF levels only reach up to 20% of plasma levels. Some
dose-ranging trials have demonstrated that typical dosing is too low to reach suf-
ficient efficacy [9]. Ethambutol is very poor at crossing the BBB even during
periods of heightened inflammation and may not be helpful during isolated TBM
[9]. Davis et al. provide an excellent review of current medical strategies and future
avenues and offer a great treatment algorithm for TBM [9].
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Although TBM by itself is medically managed, the complications and sequelae
of TBM often have surgical indications. As mentioned above, inflammation is key
in the pathogenesis of TBM complications, and as such, steroids are extremely
efficacious. Nearly all patients with TBM (with the notable exception of HIV
co-infected patients) should be treated with steroids. In fact, steroid therapy with
ATT and diuretics are often sufficient to delay or prevent the need for surgery, even
for conditions such as hydrocephalus [9]. Some groups have advocated additional
adjunctive treatment with aspirin to reduce ischemic risks in TBM; this is partially
due to the anti-inflammatory and anti-platelet properties [9]. Management of
endocrine dysfunction involves a workup to identify the derangement, such as
checking for hormone levels and supplementing appropriately. Hyponatremia may
be secondary to cerebral salt wasting or the syndrome of inappropriate anti-diuretic
hormone (SIADH) secretion. Tuberculoma treatment mainly consists of hypertonic
sodium administration or salt supplementation with the possible addition of
fludrocortisone if the fluid restriction is not practical [8, 9]. It is important to note
that TBM may cause increased intracranial pressure (ICP) secondary to diffuse
inflammation and demyelination requiring ICP monitoring [4].

5 Tuberculous Hydrocephalus

Hydrocephalus is the clinical manifestation of neurologic compromise secondary to
excessive CSF buildup in the ventricles or extra-axial spaces, resulting in higher
than normal pressure on the surrounding cerebral structures. Hydrocephalus takes
many forms and may present in numerous different ways. This can range from
neonatal hydrocephalus with splayed sutures and enlarging head size to indolent
small personality changes and balance difficulties with incontinence found in
normal pressure hydrocephalus (NPH). Regardless of the etiology, hydrocephalus
tends to be a disease principally managed with neurosurgical techniques ranging
from CSF diversion to choroid plexus cauterization.

TBH is largely secondary to the inflammatory exudate that builds up in the basal
cisterns’ characteristic of TBM. This exudate causes what is described as com-
municating hydrocephalus, but there are sites of obstruction, so it should not be
referred to as non-obstructive in the strictest sense. Although classical obstructive
hydrocephalus typically consists of ventricular obstruction, perhaps at the cerebral
aqueduct or the third ventricle, TBH in 80% of the cases is secondary to cisternal
exudates causing an obstruction. Around 20% of cases will have fourth ventricular
outlet obstruction causing hydrocephalus, with the remaining causes such as fora-
men of Monroe or aqueductal obstruction making up a small proportion [4].
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5.1 Diagnosis

Hydrocephalus is measured and diagnosed regardless of the etiology with cranial
imaging followed by ICP monitoring and trials of CSF diversion. Imaging char-
acteristic for TBH consists of pan-ventricular dilation with obliteration of the basal
cisterns, reduced subarachnoid space volume, and diffuse enhancement after the
addition of contrast [4]. Lumbar punctures (LPs) are a key diagnostic procedure for
obtaining a CSF sample for cultures and profiles and measuring the ICP to diagnose
hydrocephalus. With TBH, LP will correctly diagnose elevated pressure in around
70% of cases, typically where the obstruction is at the basal cisterns [4]. However,
as with other forms of obstructive hydrocephalus, LP may incorrectly identify a low
opening CSF pressure in the case of obstruction proximal to the fourth ventricular
outlets. Additionally, a large-volume LP may be dangerous in this setting, given the
potential for inducing downward cerebral herniation. In this case, placing a ven-
triculostomy may appropriately diagnose the elevated ICP and serve to temporarily
divert CSF. Developing countries with limited resources may utilize the Lorber
technique wherein 5–8 cc of air is injected into the thecal sac via LP. An immediate
upright lateral radiograph of the skull is taken: if the air is found in the ventricles
and the cisterns, then the hydrocephalus is communicating; if it is just seen in the
cisterns, then it is thought to be non-communicating hydrocephalus [4]. This
technique is not necessary for developed countries where advanced imaging tech-
niques (MRI, contrast, isotope, and CSF flow studies) are available to identify the
causes of obstruction.

5.2 Management

TBH is quite often successfully treated without permanent CSF diversion. In up to
one-third of patients with TBH and in up to 70% of communicating TBH patients,
they may avoid the need for a permanent shunt with ATT and steroid treatment with
the addition of mannitol, furosemide, and acetazolamide [4, 6]. This is a critical fact
given the lack of dedicated neurosurgeons in regions endemic with TB, which can
be a fatal scenario given the heightened risk of shunt failure with TBH. Addi-
tionally, TBM resulting in hydrocephalus confounds the clinical picture. The
Vellore grading system is useful in patients with tuberculous meningitis hydro-
cephalus (TBMH) as it potentially identifies patients who will be responsive to
shunt placement. Vellore grade I and II patients have no neurologic deficits and a
normal sensorium or mild neurologic deficits with normal sensorium, respectively.
Grade III/IV patients have altered sensorium ranging from lethargy to deep coma
and have poor morbidity and mortality rates, with grade IV patients having up to
80% mortality rates [6, 7]. After adequate medical management, these patients with
persistent hydrocephalus should undergo shunting and will likely respond, unlike
grade III/IV patients [4, 6, 7]. Given the pan-arteritis found in TBM, much of the
altered sensorium in higher grade TBMH is thought to be secondary to small
infarcts in the thalamus and basal ganglia rather than due to secondary to
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hydrocephalus [6]. In fact, only around 20% of grade III/IV patients will improve
with shunting. TBMH patients with Vellore grade III/IV should undergo a trial of
ventricular drainage, and if patients do not improve, they should not undergo CSF
shunting [6].

For patients deemed appropriate to undergo CSF shunting, the choice of the
surgical technique remains. TBH consists of CSF high in protein secondary to the
inflammatory exudate. This complicates both traditional ventricular shunting pro-
cedures and attempts to perform a third ventriculostomy. The exudate leaves tra-
ditional ventricular shunting susceptible to frequent shunt failures from obstruction
of the valve/catheters; as mentioned before, this is especially troublesome in regions
where neurosurgeons are not readily available. Additional risks of shunting involve
the risk of a secondary infection of the implanted foreign bodies. A reasonable
concern is a possibility of spreading TB to the peritoneal cavity during ventricu-
loperitoneal shunt; however, in practice, this is not common [6]. Endoscopic third
ventriculostomy (ETV) is a well-known and increasingly utilized alternative way
for CSF diversion for hydrocephalus that does not involve hardware susceptible to
obstruction or the risk of infection secondary to being a retained foreign body.
However, ETV is not ideal for acute cases of TBMH given the difficulty of the
surgical technique and the risk for failure, both secondary to the murky character of
the CSF that makes visualization very difficult, along with the presence of an
inflamed thin vascular ventricular floor creates a worrisome combination. Poor
visualization during ETV leads to case abortion and increases the risks for com-
plications. Current recommendations are for at least four weeks of ventricular
drainage with ATT prior to attempting ETV [6]. HIV co-infected patients may
potentially be more suited to ETV as the HIV-TBMH patients have lower ICP and
benefit significantly from a reduced shunt infection risk [4].

6 Other CNS Tuberculosis Manifestations

TBM, TBH, and tuberculomas are by far the most common clinical manifestations
of a TB infection reaching the CNS. Several other less common CNS-TB-asso-
ciated conditions will be touched on briefly.

TB abscess is similar to tuberculoma that does not achieve the same granulo-
matous reaction as in tuberculoma. This condition resembles a pyogenic abscess
much more closely and is quite rare compared to tuberculomas. There is also some
evidence that TB abscess is over-diagnosed in situations where a tuberculoma has
significant caseous necrosis. Management is similar to that of a tuberculoma, and
definitive diagnosis requires excision of the abscess with the pathological exami-
nation of the abscess wall, which will lack a granulomatous reaction [6].

TB arachnoiditis is often a consequence of TBM and can form in various
locations in the CNS. Opticochiasmatic arachnoiditis from TB can result in pro-
found vision loss. TB basal arachnoiditis can form a thick gelatinous exudate
around the base of the brain and the cranial nerves leading to significant cranial

34 Central Nervous System Tuberculosis: Pathogenesis … 747



neuropathies. This arachnoiditis can also affect the spinal cord. Spinal TB arach-
noiditis consists of the encasement of the spinal cord over several weeks forming a
similar gelatinous exudate. The mass effect on the spinal cord and nerve roots leads
to conditions ranging from radiculopathy to myelopathy and may even mimic cauda
equina syndrome [1]. Diagnosis typically requires MRI demonstrating arachnoiditis
and CSF with a markedly increased protein count along with evidence of systemic
TB or spinal tissue samples suggestive of TB.

7 Conclusion

CNS-TB takes many forms and can have various clinical consequences. It affects
developed nations and endemic areas in different ways. It may be an incidentally
found tuberculoma on cranial imaging or devastating meningitis, leaving the patient
comatose with a high likelihood of mortality. The mainstay of treatment is medical
therapy with certain key surgical interventions. The choice of medical therapy
depends on the clinical presentation, and there is a significant need for further data
to identify the ideal medical treatment regimens for the various manifestations of
CNS-TB. Identifying TBMH patients with altered sensorium who will benefit from
shunt placement will lead to improved outcomes in this devastating population
without performing unnecessary procedures on those who will not improve.
Improved imaging modalities and M. tb identification on less-invasive biopsy
strategies will reduce the need for surgical intervention.

Core Messages

• CNS-TB is a potentially devastating infection with high rates of morbidity
and mortality.

• Diagnostic accuracy is critical to the outcome of CNS-TB.
• Medical management is the mainstay for most types of CNS-TB.
• CNS-TB pathologies such as TBH or large tuberculoma may be responsive

to surgical intervention.
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35Pleural Tuberculosis

José M. Porcel and Laura Porcel

Grandes médicos son el sol, el aire, el silencio y el arte.
Great doctors are the sun, the air, the silence and the art.

Santiago Ramón y Cajal (He fell ill with tuberculosis in 1878
and was admitted to the sanatorium of Panticosa (Huesca,
España).)

Summary

Tuberculosis (TB) is the most common etiology behind pleural effusion in
regions where this infection is endemic. The rupture of a subpleural parenchy-
matous focus into the pleural space is assumed to be the primary cause of TB
effusions. A subacute febrile sickness with pleuritic chest discomfort, cough, and
variable degrees of dyspnea are common in patients with this condition. Patients
present with unilateral, small to moderate in size, and often loculated effusions in
association with lung disease on chest radiographs in nearly 30% of the cases.
Exudates are always seen in pleural fluid studies, with lymphocytic predominance
in 90% of cases, increased adenosine deaminase (ADA) levels in 92%, positive
cultures in 30%, and a positive Xpert test in 50%. Hospitalized patients should be
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isolated since around 40% of sputum specimens yield bacilli. Other than pleural
fluid ADA, unstimulated interferon-c and interleukin-27 are accurate markers of
TB effusions. Pleural biopsy, preferably under ultrasound assistance, also has a
high diagnostic sensitivity when pleural tissue is processed for histology, culture,
and polymerase chain reaction-based techniques. In regions where TB is
widespread to moderate to high degrees and multidrug-resistant TB is of low
prevalence, a presumptive diagnosis can be made and empirical anti-TB treatment
initiated based on clinical-epidemiologic and pleural fluid ADA data. TB
effusions are treated the same way as pulmonary TB. In cases of moderate to large
effusions or having trouble breathing, a therapeutic thoracentesis may be
warranted. Rarely do TB effusions complicate with TB empyema, which may
need a prolonged course of anti-TB drugs and surgical decortication.

Graphical Abstract

A suggested algorithmic approach for the management of suspected TB effusions. Low incidence
of TB refers to <10 cases/100,000 population per year, whereas rates of 40/100,000 or greater are
considered a high incidence of TB. The high burden of MDR-TB implies a local prevalence of
>4% of new cases of TB. ADA, adenosine deaminase; MDR-TB, multidrug-resistant tuberculosis;
PF, pleural fluid; TB, tuberculosis; US, ultrasound. Adapted with permission from [1]
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1 Introduction

Tuberculosis (TB) is a public health issue in underdeveloped nations. About 9.9
million people fell in with TB in 2020, and 1.5 million people died from it [2]. This
corresponded to a global incidence of 127 cases/100,000 population, ranging from
less than ten cases/100,000 in many European countries to more than 500
cases/100,000 in Southern Africa and the Philippines. Geographically, more than
85% of the cases occurred in South-East Asia, Africa, and the Western Pacific.
Human immunodeficiency virus (HIV) co-occurred with TB in about 8% of all TB
cases [2], but this figure exceeded 50% in some countries [3]. Moreover, in 2020,
there were about 158,000 cases of multidrug-resistant TB (MDR-TB) [2].

Extrapulmonary TB (EPTB) commonly involves the pleura. In Catalonia
(Spain), there were 1079 notified cases of TB in 2019 (incidence 14.1/100,000), of
which pulmonary TB (PTB) accounted for 64.4%, and EPTB for 35.3% [4]. The
two most common extrapulmonary sites of involvement were lymph nodes (46%)
and pleura (24%, or 11.5% of all TB cases). Yet pleural TB was the predominant
cause of extrapulmonary disease in two large series from Zimbabwe (40.7% of
2,024 cases [3]) and Pakistan (29.6% of 15,790 cases [5]), followed by TB lym-
phadenitis (16.7% and 22.7%, respectively).

Between 1994 and 2013, TB was the fourth major cause of pleural effusions
after heart failure, cancer, and pneumonia at our institution in Lleida (Catalonia,
Spain) [6]. However, the incidence of TB pleuritis in this area has consistently
reduced since then, with just 13 (< 4%) of 356 tapped effusions being related to TB
in 2018.1 TB, on the other hand, is the leading cause of pleural effusion in locations
where it is endemic [1].

2 Pathogenesis

In locations where TB is widespread, TB effusions are thought to be caused by a
primary infection, while they are thought to be caused by a reactivation of latent TB
infection (LTBI) in areas where TB is not common. When Mycobacterium tuber-
culous (M. tb) bacilli are released into the pleural space by a ruptured subpleural
parenchymal lesion, an immune reaction is triggered in the surrounding area, which
leads to pleural TB effusion. Initiated by neutrophils, monocyte migration and a
T-helper (Th) type 1 lymphocyte response with the production of interferon-gamma

1 Unpublished data.
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(IFN-c), other Th-1 type cytokines, and chemokines are all part of the process.
Pleural capillaries become more permeable as a result of the inflammatory process.
It paves the way for the intense lymphocytic infiltration and granulomatous pleuritis
that occlude the lymphatic stomata, resulting in pleural fluid (PF) formation and
accumulation [1].

3 Clinical Manifestations

Pleural TB patients are mostly younger than 45 years (with a slight predominance
of males), though they tend to be older in developed regions with low TB preva-
lence where disease reactivation is more common. The disease presents as an acute
or, mostly, a subacute syndrome (median duration of symptoms of two to three
weeks) associated with fever (80%), pleuritic chest pain (70%), cough (60%),
dyspnea (40%), and other potential manifestations (malaise, diaphoresis, weakness,
weight loss) [7–10]. HIV co-infected patients may present with a more protected
illness, constitutional symptoms, and evidence of disseminated disease [11]. In
contrast to bacterial pneumonia, the peripheral leukocyte count in patients with TB
effusions is usually normal.

TB effusions are mostly unilateral, modest to moderate in size, and loculated in
around half of the instances [10]. In one series, these effusions occupied half or
more of the hemithorax in about 40% of TB patients (N = 320) [10]. Another study
found that pleural TB was the third most common cause of large or massive pleural
effusions (12%) after malignancy and pneumonia [12]. Co-existing pulmonary
changes are seen in 30% of chest radiographs and 50–85% of computed tomog-
raphy (CT) scans, mostly in the ipsilateral lungs (70%); however, these percentages
vary depending on the kind of TB pleuritis, whether a primary infection or reac-
tivation [9, 10, 13]. Depending on the duration of the effusion, ultrasound findings
might range from free-flowing fluids to complicated echogenic and/or septated
fluids. At least one-fifth of tuberculin skin test (TST) results are negative [10]. It is
imperative that all patients with TB effusions be tested for HIV infection because,
as mentioned in the preceding text, around 8% have HIV-TB co-infection.

All suspected TB effusions should be taken for testing if there is enough fluid.
According to Light’s criteria, the fluid is always an exudate [14]. Lymphocytes
predominate (>50% of the total leukocyte count) in 90% of instances, with poly-
morphonuclear cells predominating in 10%. The percentage of lymphocytes
(mostly T lymphocytes) surpasses 90% in more than half of the lymphocyte-rich
fluids. Moreover, some neutrophilic TB effusions become lymphocytic predomi-
nant on re-aspiration. A PF protein concentration >5 g/dL, glucose level
<60 mg/dL, and pH < 7.20 occur in 70%, 25% and 9% of patients, respectively
[10].

A distinct entity from TB effusion is TB empyema. It is currently a rare entity,
although it may account for up to 9% of all TB effusions in certain areas with a high
incidence of TB [15]. TB empyema is caused by an active, persistent pleural
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infection, resulting in purulent PF that is loaded with M. tb [16]. Presumably, it
arises from various potential mechanisms, including progression of an untreated
primary TB effusion, direct pleural infection from a burst lymph node, transmission
via the bloodstream, post-pneumonectomy, or following a number of outdated
pleural procedures (artificial pneumothorax, thoracoplasty, ball plombage,
oleothorax). Patients often present with the symptoms of a long-term disease such
as fatigue, low-grade fever, weight loss, or even an empyema necessitatis–a burst of
thick pus through the chest wall. A thick, calcified pleural rind and rib thickening
surround loculated PF on the radiograph. Diagnostic thoracentesis yields a purulent
fluid with neutrophilic predominance, low pH and glucose, and a smear markedly
positive for M. tb. Finally, TB may seldom be complicated by a cholesterol effusion
or pseudo-chylothorax–effusion with calcified pleura, which is common in patients
with long-term pleural effusions (trapped lung). The PF has a turbid or milky
appearance in half the cases and typically contains cholesterol crystals and a high
concentration of cholesterol (>200 mg/dL) [16].

4 Diagnosis

The detection of M. tb (by microscopy, culture, or nucleic acid amplification tests
[NAATs]) in sputum, PF, or pleural biopsy specimens is required for the conclusive
diagnosis of TB effusions. In the adequate clinical context, a pleural biopsy
showing granuloma or an increased PF ADA concentration may also be used to
make the diagnosis [1].

4.1 Smear Microscopy and Cultures

Pleural TB is thought to be a paucibacillary infection. Data from more than 4800
patients with TB pleuritis were used to establish the following estimated mean
sensitivities for microbiological tests [17]:

• acid-fast smears (Ziehl–Neelsen or auramine) of sputum have a sensitivity of
11%;

• cultures of sputum on solid (Lowenstein-Jensen or Ogawa) or liquid media have
a sensitivity of 42%;

• acid-fast smears of PF have a sensitivity of 4%; and
• cultures of PF on solid or liquid media have a sensitivity of 31%.

In three studies comprising patients with TB pleuritis (N = 544), there were 59%
of positive cultures on PF and 47% on sputum samples using liquid media [18–20],
which contrast with two other studies (N = 536) where liquid cultures were posi-
tives in only 17% of PF specimens [21, 22]. At the moment, the valid practice is to
culture PF on both solid and liquid media; however, the latter provides a faster time
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to positivity than the former (two vs. four to six weeks). For inoculation into a
liquid medium, just five mL of PF seems to be sufficient [19].

M. tb is more likely to be isolated from PF and sputum in HIV-positive patients
and those with neutrophil-rich fluids. For example, one study [23] reported that
positive PF Lowenstein-Jensen cultures were more than doubled in HIV-positive
(N = 33) versus HIV-negative (N = 78) TB patients (63.6% vs. 29.5%). These
discrepancies might be explained by poor bacterial clearance from the pleural area
in the setting of immunosuppression. In another study, the yield of mycobacterial
cultures of sputum and PF were higher in 24 neutrophilic-predominant TB effusions
(50% for each) than in 190 lymphocytic-rich ones (25% for sputum and 10% for
PF) [24]. It may be claimed that in the early stages of infection, when neutrophils
are the most prevalent cell type, the immune system has not yet developed an
adequate defense and the intrapleural mycobacterial burden is greater. Finally, a
study suggested that a second PF culture performed within two days from the first
one may increase the microbiological yield by approximately 13% [25].

Studying patients with TB pleuritis (N = 517), 24% and 53% of participants
were positive for Ziehl–Neelsen staining and Lowenstein-Jensen cultures, respec-
tively, in the pleural biopsy specimens [26]. Likewise, the sensitivity of pleural
tissue cultures was 42% in a thoracoscopic series of 473 TB pleuritis [27].

It is difficult to make fast clinical decisions and provide timely anti-TB therapy
(ATT) based on the low yield of cultures and the time it takes them to turn positive.
This has stimulated the search for rapid and reliable tests, including NAAT and PF
biomarkers.

4.2 Nucleic Acid Amplification Assays

NAATs, which use a polymerase chain reaction (PCR) to amplify M. tb-specific
nucleic acid sequences, can identify M. tb in clinical samples such as sputum, PF,
and tissue biopsies. Because of their near-perfect specificity, these tests are con-
sidered as confirmation tests for TB, much like cultures. Nevertheless, PCR tech-
niques have a limited sensitivity related to the low burden of bacilli which results in
an absolute quantity of genetic material that is below the threshold of detection by
these means. A number of molecular techniques have been approved by the World
Health Organization (WHO) for rapid (2 h) diagnosis of TB and rifampicin resis-
tance, which is considered a surrogate marker of MDR-TB (Xpert® MTB/RIF and
Xpert® MTB/RIF Ultra, Cepheid, Sunnyvale, USA; Truenat® MTB and MTB Plus
system, Molbio Diagnostics, Goa, India) [28].

In two meta-analyses of 24 and 27 studies, comprising 2486 and 4006 PF
specimens, respectively, the Xpert® MTB/RIF had an overall sensitivity and
specificity of around 50% and 100%, respectively, using mycobacterial culture as
the reference standard [29, 30]. However, the test only detected 23% [29] to 30%
[31] of culture-negative TB effusions. Xpert® MTB/RIF yields in sputum and
pleural biopsy specimens are also greater than those of traditional cultures. In a
series including 102 patients with TB pleuritis without parenchymal changes on
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chest radiographs, the examination of just one sample of induced sputum resulted in
sensitivity for smears, cultures, and Xpert® MTB/RIF assay of 7.8%, 21.6%, and
34.3%, respectively [32]. In another study, 198 patients with pleural effusions
underwent pleural biopsies by medical thoracoscopy [33]. Pleural TB was identified
in 134 individuals using pleural tissue histology and responsiveness to ATT as the
diagnostic reference standard. Pleural biopsy cultures had a sensitivity of 41% and a
specificity of 100%, compared to the Xpert® MTB/RIF test in the pleural tissue,
which had a sensitivity of 52% and a specificity of 100%.

Xpert® MTB/RIF Ultra, an upgraded version of Xpert, offers a better sensitivity
for M. tb detection, although its performance data for pleural TB is more limited. In
a prospective head-to-head study of 208 individuals with pleural TB and 84 with
non-TB effusions, Xpert Ultra on PF samples demonstrated a specificity of 98.8%
and an overall higher sensitivity (44.2%) than smears (1.4%), cultures (26.4%), and
Xpert (19.2%) [34]. When it came to culture-positive samples, Xpert Ultra was
more sensitive than Xpert (83.6% vs. 50.9%) but identified only 19.8% of those
microbiological-negative ones. In another series of 108 TB pleuritis, the overall
sensitivity of Xpert Ultra again doubled that of Xpert (66.1% vs. 34.3%); a pro-
portion which was maintained for both culture-positive (84.2% vs. 49.1%) and
culture-negative (35.3% vs. 17.6%) TB cases [35]. Lastly, a recent meta-analysis of
four studies that examined 678 PF samples reported the following operating
characteristics of Xpert Ultra and Xpert tests: sensitivity, 47% and 25%; specificity,
97% and 99%; positive likelihood ratio (LR), 18.3 and 18.5; and negative LR, 0.54
and 0.76, respectively, to diagnose TB pleurisy [36].

Other commercially available NAATs, such as Genotype MTBDRplus (Hain
Lifescience, Germany) and Fluorotype® MTB (Hain Lifescience, Germany), have
shown a sensitivity of only 13% in clinically diagnosed pleural TB patients [37, 38]
and, therefore, cannot be recommended in this context.

4.3 Pleural Fluid Biomarkers

Although many PF biomarkers of TB have been evaluated over the last decades,
only three are qualified for use in clinical practice: adenosine deaminase (ADA),
unstimulated IFN-c, and interleukin-27 (IL-27). High levels in any of the three are
valuable indicators for ruling in TB effusions in high prevalence settings, whereas
low levels in any of the three are valuable indicators for ruling out TB effusions in
all prevalence settings.

4.3.1 Adenosine Deaminase
Adenosine and deoxyadenosine are converted to inosine and deoxyinosine by
ADA, a T-lymphocyte enzyme. Since first reported in 1978 [39] and further
established in 1983 [40], diagnosing TB using PF ADA measurement has shown to
be very accurate, as exemplified in the eight meta-analyses [41–48] published to
date (Table 1). According to them, PF ADA has an approximate sensitivity of 92%,
a specificity of 90%, a positive LR of 8.9, a negative LR of 0.09, and an area under
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the curve (AUC) of 0.94 for labeling TB. Regardless of the measuring approach
used (colorimetric Giusti or manual or automated kinetic), ADA’s outstanding
performance is unaffected [47]. The diagnostic limit for the ADA is 35–40 U/L.
Unlike other biomarkers such as unstimulated IFN-c and IL-27, ADA concentra-
tions decrease with age, presumably as a result of the immune dysfunction of
macrophages and lymphocytes [49, 50]. Therefore, perhaps lower limits are better
to be applied to elderly patients to prevent false-negatives results (e.g., a cutoff
decrease of about 10 U/L for patients above the age of 55 has been suggested) [49].
It should be noted, however, that sometimes an initial low concentration of PF
ADA in TB patients increases above the diagnostic value in a second thoracentesis.
Co-infection with HIV has no effect on ADA’s diagnostic accuracy [51].

Additionally, complicated parapneumonic effusions, empyema, and lymphomas
are also related to elevated PF ADA levels [52]. More than 30% of lymphomatous
effusions test positive for TB exceeding the diagnostic threshold value of the ADA
[53]. The clinical presentation and the prevalence of neutrophils in the PF help
distinguish parapneumonic effusion and empyema from TB. It is extremely
indicative of empyema or lymphoma, rather than TB when PF ADA activity is
more than 250 U/L [52].

ADA1 and ADA2 are the two isoenzymes of ADA. ADA1, a ubiquitous enzyme
produced by a range of cell types, including neutrophils, accounts for the bulk of
false-positive non-TB effusions. ADA2 is only secreted by monocytes and mac-
rophages (85% of TB effusions) [24]. However, since ADA2 assays are not now
standard, and the test contributes little to total ADA evaluation, it is not frequently
employed in TB diagnosis.

The use of ADA to replace blind pleural biopsies has facilitated TB diagnosis. In
regions with a low disease burden, TB almost never is the cause of effusions with an
ADA content less than 35 U/L [52, 54]. Despite substantial evidence to the con-
trary, ADA is still not often considered an aid to speeding up clinical
decision-making. The test does not offer information on treatment sensitivity or

Table 1 Meta-analyses on the diagnostic accuracy of pleural fluid adenosine deaminase for
tuberculous pleural effusions

References No. of
studies

Total No. of patients/
No. of TB effusions

Sensitivity
(%)

Specificity
(%)

AUC

Goto et al. [41] 40 5485/1857 92.2 92.2 0.92

Greco et al. [42] 31 4738/1621 92.0 89.0 0.93

Morisson and
Neves [43]a

9 1674/857 91.8 88.4 0.97

Liang et al. [44] 63 8093/2796 92.0 90.0 0.96

Gui and Xiao [45] 12 2244/865 86.0 88.0 0.93

Aggarwal et al. [46]b 40 3524/2058 94.0 89.0 0.96

Palma et al. [47]c 16 4147/1172 93.0 92.0 0.97

Aggarwal et al. [48] 174 27,009/10,696 92.0 90.0 0.91

AUC the area under the curve; TB tuberculosis
Performed exclusively in aBrazilian, bIndian, and cSpanish populations
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definitive verification of infection in places where MDR-TB is prevalent. However,
the easy and rapid information provided by PF ADA should never preclude
requesting timely microbiological tests.

4.3.2 Interferon-Gamma
IFN-c is an inflammatory cytokine. Th-1 cells, cytotoxic T cells, and natural killer
cells all can generate this cytokine, which, in turn, stimulates macrophages to boost
their mycobactericidal activity. When evaluated by enzyme-linked immunosorbent
assay (ELISA), free, unstimulated IFN-c levels in PF are useful in identifying TB
effusions with accuracy comparable to or slightly better than ADA [42].
A meta-analysis of 22 studies, encompassing 782 patients with TB effusions and
1319 patients with non-TB effusions, found that PF IFN-c in the diagnosis of TB
pleurisy had an AUC of 0.99, a sensitivity of 89%, a specificity of 89%, and
positive and negative likelihood ratios (LR) of 23.4 and 11.1, respectively [55].
A high price and a lack of acknowledged threshold values make this test a less
attractive option than the easy and affordable ADA.

IFN-c release assays (IGRA), which detect IFN-c produced by T cells in
response to stimulation by particular mycobacterial antigens, are usually believed to
be of limited diagnostic utility compared to unstimulated IFN-c. There are two
major IGRA: the QuantiFERON-TB Gold In-Tube Plus (QFT-GIT Plus) assay and
the T-SPOT.TB assay. The former is an ELISA-based whole blood test, while the
latter is an enzyme-linked immunospot that is done on isolated peripheral blood
mononuclear cells (PBMCs). However, like TST, they are designed for diagnosing
LTBI and so are unable to distinguish LTBI from active TB disease. Blood and PF
samples can be processed for IGRA and have been investigated for the diagnosis of
TB effusions. In this sense, while the performance of blood IGRA is disappointing,
that of PF IGRA is conflicting. A meta-analysis of 21 studies assessed the per-
formance of blood (N = 1085) and PF (N = 727) IGRA in detecting pleural TB. It
was found that the pooled sensitivity was 77% and 72%, respectively, while the
respective specificities were 71% and 78% [56]. Conversely, another meta-analysis
that only included studies that evaluated T-SPOT on PF (13 studies, with 997 TB
and 656 non-TB effusions) yielded a pool test sensitivity of 91% and specificity of
88% [57]. Therefore, whereas the former meta-analysis argues against the diag-
nostic use of IGRA, the latter suggests that, at least, PF-based T-SPOT test might
have some role in the identification of pleural TB. The problem is that there are
neither standard protocols for PF T-SPOT performance nor uniform criteria for the
interpretation of results.

4.3.3 Interleukin-27
IL-27 belongs to the IL-12 family that participates in IFN-c responses and Th-1
type immunity. PF IL-27 was revealed to help diagnose TB effusions, as reported in
meta-analyses [58–61]. In one of them, before proceeding with the meta-analysis,
the authors performed a head-to-head comparison study of PF ADA, IFN-c, and
IL-27 in two prospective independent cohorts [59]. In terms of diagnostic accuracy,
IL-27 levels more than 591.4 ng/L were comparable to those of IFN-c levels greater
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than 116.1 ng/L and somewhat better than those of ADA levels greater than 21.4
U/L (respective AUC of 0.983, 0.973, and 0.900). The largest meta-analysis
included 11 studies with 502 TB effusions and 952 non-TB effusions [61]. The
pooled sensitivity, specificity, positive LR, and negative LR of PF IL-27 assays
were 95%, 91%, 13.9, and 0.07, respectively, while the AUC was 0.983 [61]. It is
necessary to find acceptable cutoff values for IL-27 levels while the assay tech-
nology and experience continue to favor the simple and affordable ADA test.
However, a few studies suggest a combination of the two markers may contribute to
a more efficient diagnosis of TB effusions [62–64].

4.4 Pleural Biopsy

A pleural biopsy for histology and cultures (which provide information on drug
resistance [DR]) may be needed to confirm a diagnosis of TB. Biopsies can be
performed blindly (blinded or closed pleural biopsy), with radiological guidance
(ultrasound or CT), or with medical thoracoscopy or pleuroscopy. Given the diffuse
involvement of the pleural surface in TB, closed pleural biopsy has long been the
modality of choice. However, the approach to get pleural tissue depends on local
competence and resource availability. One or more of the following findings in
pleural biopsy samples is considered to be indicative of TB:

i. presence of M. tb on stains, culture, or NAAT;
ii. caseating granulomas; and
iii. non-caseating granulomas with no other explanation than TB.

The yield of closed pleural biopsy for TB effusions averages 70% [65] but
depends on factors such as operator expertise, the number of samples collected, the
diameter of the needle, or the assistance of the procedure by imaging. Closed
pleural biopsies may obtain inadequate specimens because of a lack of pleural
tissue or satisfactory pleural tissue (i.e., fat and/or intercostal muscle predominate).
This occurred in 23% of 1,013 samples in one study [66]. It was shown that a
closed pleural biopsy was most sensitive when more than six specimens were
extracted, which on average included more than two specimens of the parietal
pleura [67]. However, a subsequent small study found that a single biopsy was
diagnostic in 81% of TB cases (N = 16) [68]. In addition, among 66 pleural TB
patients, ultrasound-assisted pleural biopsies using an Abrams needle were more
likely to include pleura and had much greater diagnostic sensitivity for pleural TB
than Tru-cut samples (81.8% vs. 65.2%) [69].

Because the pathologist is given many samples picked under visual control,
medical thoracoscopy improves diagnostic sensitivity for TB by more than 90%
[27, 70–72]. Gross macroscopic findings on thoracoscopy include miliary sago-like
nodules, fibrinous adhesions, hyperemia, and pleural thickening [71]. From the
histological standpoint, granulomas are seen in about 75% of the cases [26, 72],
especially in younger people [27]. A randomized trial compared cutting-needle
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(18G) biopsy with ultrasound guidance versus thoracoscopic pleural biopsy in
diagnosing TB [73]. Patients allocated to the ultrasound-guided procedure (N = 98)
were allowed to be subjected to a second biopsy if the first one had been incon-
clusive. Overall, the two modalities were comparable in terms of sensitivity (82%
for the ultrasound group and 90% for the thoracoscopic group). However, when it
came to a pleural thickness less than one cm, the ultrasound group showed lower
sensitivity than the thoracoscopic group (66% vs. 86%).

Since pleural TB can be diagnosed on thoracentesis alone in almost 80% of
cases [26, 74], a pleural biopsy is indicated when any of the following conditions
are met [75]:

i. measurement of ADA is not available;
ii. PF ADA is less than 35 U/L and TB suspected, in areas with moderate to high

rates of TB;
iii. PF ADA is greater than 35 U/L in areas with low rates of TB; and
iv. MDR-TB is a concern, provided microbiological tests in PF or sputum are

non-informative.

Risk factors for DR-TB include recent immigrating from or residing in locations
with a 4% or more MDR-TB prevalence, previous TB treatment without rifampicin,
and exposure to known DR-TB cases [76]. Table 2 summarizes measures of di-
agnostic accuracy for tests that identify a TB effusion.

Table 2 Sensitivity and specificity of different tests for identifying tuberculous effusions

Test Sensitivity (%) Specificity (%)

Pleural fluid microbiological tests

Smear microscopy (Ziehl–Neelsen or auramine) 4 ∽100

Cultures (solid and liquid media) 31 100

Xpert® MTB/RIF 51 99

Pleural fluid biochemical tests

ADA > 35–40 U/L 92 90

Unstimulated IFN-c 89 97

IGRA 72 78

IL-27 94 92

Pleural biopsy

Closed or blinded 70 100

Ultrasound-guided 80 100

Thoracoscopy 90–100 100

Smear microscopy 24 ∽100

Cultures 47 100

Xpert® MTB/RIF 52 ∽100

Granulomas (histology) 75 95

Sputum

Smear microscopy 11 ∽100

Cultures 42 100

ADA adenosine deaminase; IFN-c interferon-gamma; IGRA IFN-c release assays; IL interleukin
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5 Treatment

TB pleurisy is often self-limiting. However, since the disease reactivates in more
than half the untreated patients within five years, when there is reasonable clinical
suspicion, ATT should be started awaiting culture findings [1]. The treatment for
TB effusions is the same as that for PTB, including isolation in single rooms using
airborne precautions for hospitalized patients. The standardized regimen of four
first-line drugs (isoniazid, rifampicin, pyrazinamide, and ethambutol) for two
months, followed by isoniazid and rifampicin for four months, is the most com-
monly prescribed. Alternative treatment courses have been tested. For example, in
200 HIV-negative participants, six months of isoniazid and rifampicin was found to
be equally effective as six months of isoniazid and rifampicin along with pyrazi-
namide for the first two months, with significantly fewer adverse effects in the
former group [77].

The treatment duration of TB pleurisy is identical in HIV-positive and
HIV-negative patients. All HIV co-infected patients with TB pleurisy should be
started on antiretroviral therapy if they were not already receiving it. Antiretrovirals
should be started after two weeks of commencing TB medication for cases with
CD4 < 50 cells/mm3, but antiretrovirals should be started within eight weeks of
starting ATT for CD4 > 50 cells/mm3 [78]. The rationale behind these time frames
between ATT and antiretroviral drugs is to minimize the risk of immune recon-
stitution inflammatory syndrome (IRIS), which often emerges shortly after
antiretrovirals and is characterized by a transient but sometimes severe worsening
of symptoms and/or radiological features of TB. IRIS occurs in about one-quarter of
HIV-TB co-infected patients, though it does not influence subsequent TB treatment
outcomes [79].

Isoniazid and rifampicin-resistant M. tb strains are designated as MDR-TB.
Mono-rifampicin resistance is rare, and thus resistance to rifampicin is indicative of
MDR-TB, which should be assumed pending documentation of susceptibility to
isoniazid. If the incidence of MDR-TB is high, persons should be treated as if they
had MDR-TB, and rapid NAAT is critical for clinical decision-making. The
prevalence of MDR-TB varies widely among geographical areas. In 2018,
MDR-TB was found in 3.4% of new TB infections and 18% of previously treated
patients worldwide [2]. In 2019, the authors’ geographical area (Catalonia) regis-
tered an MDR-TB incidence of about 1%, with 13.8% of isolates being resistant to
a first-line drug and 7.4% to isoniazid [4]. On the opposite end of the scale,
MDR-TB was found in more than 30% of newly diagnosed TB patients in 2018 in
the Russian Federation [2]. Having resistance to one of the fluoroquinolones and an
injectable medication used in MDR-TB treatment is required for a diagnosis of
XDR-TB (extended drug resistance in TB). Different regimens have been recom-
mended for MDR-TB [80–82], among which the administration of a mixture of oral
bedaquiline, pretomanid, and linezolid for six months represents a viable option
[76]. Management of XDR-TB requires expert consultation.
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TB pleurisy usually responds well to treatment, with fever going away in two
weeks and PF resorbing in six weeks or more, depending on the amount of effusion
[83]. An initial therapeutic thoracentesis in patients with dyspnea or those with a
moderate to a large amount of PF may shorten the symptomatic period, speed up the
removal of the pleural effusion, and possibly (controversial) lessen the amount of
residual pleural thickening (RPT) [84–87]. In loculated effusions or those with a
complex-septated echogenic sonographic pattern [88], complete drainage of the
pleural space may require the instillation of intrapleural fibrinolytics [85, 87, 89,
90], a situation in which there is somewhat more consensus on the beneficial effects
of fluid drainage on RPT. RPT more than ten millimeters has been documented in
around 25% of the patients after therapy [91]. However, it diminishes with time and
has little effect on daily life. Two meta-analyses of 590 [92] and 957 [93] patients
with TB effusions concluded, with a low level of evidence, that the adjunctive
treatment with corticosteroids may be used to speed up the remission of symptoms
and pleural effusions, and also the risk of RPT, but at the expense of more adverse
events. They may be used in a limited percentage of patients who still have sig-
nificant systemic symptoms following two weeks of ATT and therapeutic thora-
centesis [1]. Finally, a theoretical advantage of draining TB effusions relies on the
fact that the penetration of anti-TB drugs into the PF is inconsistent, except perhaps
for isoniazid. This may potentially favor the selection of resistance populations,
whereas drainage would reduce the bacterial load of the pleural space [94].

Effusions may paradoxically grow, and symptoms may reappear or remain in a
variable number of patients during the first three to 12 weeks of ATT, but this does
not imply that the treatment has failed. This is called paradoxical reaction, a phe-
nomenon partly equivalent in HIV-negative patients to the above-mentioned IRIS.
In two studies, worsening radiological findings were described in 16% of 458 [95]
and 23% of 129 [96] HIV-negative patients with pleural TB, after a mean follow-up
of 61 and 51 days after starting ATT, respectively. Among the patients with
paradoxical response, 44% and 56%, respectively, required effusion drainage and/or
steroids for symptom control [95, 96].

Tuberculous empyema may need longer TB regimens in patients with ongoing
active infection after six months of therapy. Decortication through video-assisted
thoracoscopic surgery or open surgery is suggested to control symptomatic trapped
lung or overt fibrothorax, multiloculated empyema not responding to chest tubes,
and persistent bronchopleural fistula [97, 98].

6 Conclusion

Pleural TB is, along with lymphadenitis, the most prevalent kind of EPTB. It is
important to take TB into account of the differential diagnoses of any pleural
effusion in locations where the disease is endemic. Pleural TB can be the result of
either primary or reactivation TB. It is considered a paucibacillary disease, and,
therefore, microbiological tests are often non-informative. The diagnosis mainly
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relies on the combination of clinical-epidemiological and PF (i.e., lymphocytic
exudate with high levels of ADA) and/or pleural biopsy data (demonstration of
caseating granulomas). The treatment is the same as for pulmonary TB, and
complications are very uncommon. Graphical Abstract illustrates an algorithmic
approach to pleural TB management.

Core Messages

• The typical TB PF profile is that of a lymphocytic-predominant exudate
with ADA levels >35 U/L.

• When PF ADA is not available or informative, pleural biopsy under
ultrasound guidance is recommended.

• Pleural TB should receive the same standard ATT as pulmonary TB.
• Therapeutic thoracentesis is advised for moderate to large effusions.
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36Ocular Tuberculosis

Samir S. Shoughy and Khalid F. Tabbara

The biggest disease today is not leprosy or tuberculosis, but
rather the feeling of being unwanted.

Mother Teresa

Summary

Tuberculosis (TB) is a major infectious disease that primarily affects the lungs.
Extrapulmonary organs, including the eyes, might be involved. Ocular TB
represents an extrapulmonary spread of TB. The clinical spectrum of ocular TB
is variable. It may affect the ocular adnexa with or without intraocular
involvement. A high index of suspicion is needed to establish the diagnosis of
ocular TB. The definitive diagnosis of TB of the eye can be established through
isolation of the Mycobacterium tuberculosis bacilli in ocular tissue samples by
microscopic examination or culture on specific media. Recently, evidence and
experience-based guidelines for treating tubercular uveitis were proposed. This
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chapter reviews the ocular manifestations of TB and the recent guidelines for
managing TB uveitis established by The Collaborative Ocular Tuberculosis
Study group.

Graphical Abstract

Keywords

Extrapulmonary � Inflammation � Mycobacterium tuberculosis � Ocular
tuberculosis � Tuberculosis

1 Introduction

Tuberculosis (TB) is a major infectious disease that primarily affects the lungs.
Extrapulmonary organs, including the eyes, might be involved [1]. Extrapulmonary
TB (EPTB) accounts for up to 20% of the health burden of TB and increases to
50% in patients with concomitant HIV infection [2, 3]. Ocular TB represents
extrapulmonary dissemination of Mycobacterium tuberculosis (M. tb). Ocular
involvement may present clinically with the pulmonary disease; however, it was
found that about 92% of patients with tubercular ocular involvement show no
associated pulmonary TB (PTB) [3].

Ocular tuberculosis
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The clinical spectrum of the lesions seen in the eye in patients with TB is
variable. It may be unilateral or bilateral. Involvement of the eye may result from
active mycobacterial infection or immunologic response.

Tubercular infection may reach the eye through different routes, including [4]:

• hematogenous spread involving mainly the uveal tract due to its high
vascularity;

• primary exogenous ocular infection may occur in the lids, conjunctiva, cornea,
sclera, lacrimal gland, and lacrimal sac; and

• secondary ocular infection may occur via direct extension from adjacent tissues.

2 Tubercular External Eye Disease

Table 1 provides a summary of these diseases.

Table 1 Tubercular external
eye disease

Structure Clinical findings

Eyelid Chronic blepharitis
Localized nodule
Recurrent chalazia
Ulcerated skin nodules
Cicatricial eyelid changes
Lupus vulgaris
Cold abscess

Conjunctival involvement Conjunctivitis
Conjunctival nodular lesions
Tuberculomas
Conjunctival ulceration
Phlyctenulosis

Orbit Tuberculous periostitis
Bony destruction
Orbital granuloma
Cold abscess
Orbital apex syndrome
Lacrimal gland granuloma
Lacrimal gland abscess
Tuberculous dacryoadenitis
Lacrimal sac granuloma

Cornea Interstitial keratitis
Disciform keratitis
Corneal erosions

Sclera and episcleral Anterior scleritis
Posterior scleritis
Nodular episcleritis
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2.1 Eyelid

Tubercular involvement of the eyelid is rare to present an isolated ocular finding. It
may display a clinical picture of chronic blepharitis or a localized nodule that
mimics a chalazion [4]. The skin of the lids may also show cutaneous TB, which
may present in different ways, including recurrent chalazia, subepithelial nodules,
ulcerated skin nodules, plaques, and cicatricial eyelid disease [5, 6]. Lupus vulgaris
is a common form of cutaneous TB, which may affect the skin of the lids [4]. TB of
the lids may also present in the form of an acute abscess or in the form of soft
fluctuant mass without acute inflammation [4].

2.2 Conjunctiva

TB of the conjunctiva may present as conjunctivitis, conjunctival nodular lesions,
polyps, tuberculomas, conjunctival granuloma with ulceration or phlyctenulosis [1,
5]. Although the conjunctiva is more commonly involved in association with
systemic disease, isolated involvement of the conjunctiva may occur [5]. Patients
may complain of redness, ocular pain, mucopurulent discharge, and/or lid swelling
[4].

2.3 Orbit

Tubercular involvement of the orbit is a rare form of EPTB [1]. It may present as
proptosis secondary to mass effect or in the form of diplopia resulting from
involvement of the extraocular muscles or the cranial nerves [7]. Other presenting
features may include pain, headache, lid swelling, decreased vision, visual field
abnormalities, chemosis, and epiphora [4]. The mycobacteria may reach the orbit
via the hematogenous route or by direct spread from the surrounding paranasal
sinuses.

Orbital TB may present as tuberculous periostitis, bony destruction, orbital
granuloma, cold abscess, and orbital apex syndrome [4, 5]. The affection of the
lacrimal system can be in the form of lacrimal gland granuloma, lacrimal gland
abscess, tuberculous dacryoadenitis, nasolacrimal duct involvement, and/or lacrimal
sac granuloma [4, 5].

2.4 Cornea

Patients with tubercular corneal involvement may complain of photophobia, ocular
pain, tearing, and blepharospasm [8]. Tubercular corneal involvement may be in the
form of corneal erosions, interstitial keratitis, disciform keratitis, or phlyctenular
keratoconjunctivitis [9, 10]. The corneal findings are manifestations of mycobac-
terial infection or represent an immunologic response to the mycobacterial antigen
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[11]. The keratitis may be associated with scleritis and uveitis [12]. Sclerokeratitis
is more common than isolated keratitis.

2.5 Sclera and Episclera

TB of the sclera may occur in the form of anterior scleritis and, less commonly,
posterior scleritis [13]. Tuberculous anterior scleritis may be nodular or diffuse. The
severely inflamed sclera may undergo necrosis and may perforate [14]. Tubercu-
loma or infective posterior scleritis may rarely occur in patients with ocular tu-
berculosis [13, 15]. TB can also cause nodular episcleritis [16].

3 Tubercular Uveitis

Ocular involvement in patients with TB most often manifests as uveitis [17, 18].
Tubercular uveitis may be the initial presentation of TB infection [19] (Table 2).

3.1 Tubercular Anterior Uveitis

The term tubercular anterior uveitis (TAU) was used by the COTS group to
describe the inflammation limited to the anterior segment (inflammation mainly
involves the iris and the ciliary body) [20, 21]. Tubercular anterior uveitis may be
unilateral or bilateral, acute or chronic, granulomatous or non-granulomatous (less
frequently) [8]. The granulomatous form of tuberculous anterior uveitis manifests
by features such as mutton-fat keratic precipitates and nodular iris granulomas
(Koeppe and Busacca nodules), and anterior chamber angle nodules [8].
Broad-based posterior synechiae may lead to iris bombe [22]. Non-granulomatous
uveitis may also occur in the form of iritis or iridocyclitis in patients with TB,
usually presenting with fine white keratic precipitates and inflammatory cells with
no accompanying iris nodules [1, 8]. Cyclitis is frequently seen and may be

Table 2 Tubercular uveitis

Structure Clinical findings

Iris and ciliary body Anterior uveitis

Pars plana and vitreous Intermediate uveitis

Retina and/or the choroid Tubercular serpiginous-like choroiditis
Tubercular multifocal choroiditis
Orbital granuloma
Tubercular focal choroiditis
Tuberculoma

Anterior chamber, vitreous, and retina/choroid Panuveitis
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associated with necrosis and calcification, leading to caseating granuloma [8].
Pigmented hypopyon, anterior pupillary membrane, and cataracts may also develop
in patients with tubercular anterior uveitis [1, 7, 8].

3.2 Tubercular Intermediate Uveitis

Tubercular intermediate uveitis (TIU) was defined by the COTS group as the
inflammation which mainly involves the vitreous [20, 21]. TIU has non-specific
features. It may present with features of simulating pars planitis and other forms of
intermediate uveitis. Patients usually present with a blurring of vision and floaters.
The ocular signs include mild chronic uveitis with vitritis, snowballs, snow bank-
ing, and peripheral vascular sheathing [23–25].

3.3 Tubercular Posterior Uveitis

Tubercular posterior uveitis (TPU) was defined by the COTS group as the
inflammation which involves the retina with or without the involvement of the
choroid [20, 21]. Posterior segment involvement is frequent in patients with ocular
TB. The most commonly encountered sign of tubercular involvement of the pos-
terior segment is multifocal choroiditis [26]. There are four distinct clinical forms of
tubercular choroiditis (TBC) as defined by the COTS study group [20]:

i. tubercular serpiginous-like choroiditis (TB SLC): The lesions involving the
choroid may be single or multiple. The lesions are discreet fuzzy, and the
edges are slightly raised. The lesions progress by a wave-like pattern. It is
characterized by an active serpiginous-like edge and central healing;

ii. tubercular multifocal choroiditis (TMC): This pattern may simulate other types
of choroiditis such as acute posterior multifocal placoid pigment epitheliopathy
and idiopathic multifocal choroiditis. Choroidal tubercles were included under
tubercular multifocal choroiditis;

iii. tubercular focal choroiditis (TFC): This pattern occurs in the form of unifocal
choroiditis lesions which do not show features of tubercular serpiginous-like
choroiditis;

iv. tuberculoma: The lesions may be single or multiple in the form of yellowish
subretinal lesions. The lesions possess indistinct borders and surrounding
exudates. Tubercular subretinal abscesses are included under this category.

3.4 Tubercular Panuveitis

Tubercular panuveitis (TBP) uveitis was defined by the COTS group as the
inflammation involving the whole uveal tissues, including the anterior chamber,
vitreous, and retina/choroid [20, 21].
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3.5 Tubercular Retinal Vasculitis (TRV)

Patients with ocular TB may present with isolated retinal vasculitis. The vasculitis
may affect either arteries or veins and might be occlusive [20]. The veins are more
commonly affected than the arteries in patients with tubercular retinal vasculitis
[27]. Eales disease is not the same as tubercular retinal vasculitis and should not be
used to describe such cases [20, 21]. The characteristic features include vitritis,
retinal hemorrhages, neovascularization, perivascular cuffing with dense exudates,
and neuroretinitis [7]. Tubercular retinal vasculitis is most commonly occlusive.
This may predispose to variable sequelae, including branch retinal vein occlusion,
branch and/or central retinal artery occlusion with subsequent extensive peripheral
capillary nonperfusion, retinal neovascularization, optic disc neovascularization,
bleeding into the vitreous, and subsequent retinal traction detachment [8]. Iris
neovascularization may develop with subsequent neovascular glaucoma [8].

4 Optic Nerve Involvement

Infection may reach the optic nerve by either contiguous spread of infection from
the choroid or by hematogenous spread from PTB [1, 7]. Clinical presentation may
be in the form of papillitis, retrobulbar neuritis, compressive optic neuropathy,
ischemic optic neuropathy, optic nerve tubercle, optic atrophy, papilledema, and
optochiasmatic arachnoiditis [28].

5 Endophthalmitis and Panophthalmitis

Endophthalmitis and panophthalmitis have been rarely reported in patients with
ocular TB [29–31]. It may result from hematogenous spread, untreated choroidal or
subretinal abscesses, and less commonly following cataract surgery.

6 Diagnosis and Management

The clinician should keep a high index of suspicion to establish the diagnosis of
ocular TB because of the smoldering chronic course and variable clinical mani-
festations. The correct diagnosis of ocular TB requires isolation of the mycobac-
terial bacilli in ocular tissue samples by microscopic examination or culture on
specific media [4]. However, demonstration of acid-fast bacilli with Ziehl–Neelsen
stain or detection of the organism by culture usually has a low yield. This low yield
could be explained in part by the low volume of the obtained sample, the pau-
cibacillary nature of ocular TB, and the proposed role of immune-mediated
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mechanisms in the development of ocular inflammation [32]. Demonstration of
necrotizing granulomatous inflammation in an ocular biopsy from orbital and eyelid
lesions may be helpful in the diagnosis; however, large sample size is needed to
help in the diagnosis of tubercular ocular involvement [4, 32].

Detection of mycobacterial DNA by polymerase chain reaction (PCR) has been
employed in the diagnosis of tubercular eye disease [33]. However, PCR cannot be
used as a gold standard for the diagnosis of ocular TB because of the wide vari-
ations of the test [33]. Furthermore, PCR is unable to distinguish active from latent
infection [32].

Interferon-c-release assay (IGRA) and the tuberculin skin test are the two
immunological tests most commonly used in the diagnosis of ocular TB. Both tests
cannot distinguish between active disease and latent infection [33].

Radiological tests, including chest X-ray and computed tomography (CT) of the
chest, are used to image the most common primary TB infection site. Radiological
findings include hilar lymphadenopathy, parenchymal scarring, and pleural disease
[32].

Tabbara proposed guidelines for the diagnosis of ocular TB. They include a
combination of clinical ocular findings suggestive of TB, including chorioretinitis
and anterior granulomatous uveitis, positive purified protein derivative, positive
therapeutic response to antitubercular therapy within four weeks, and exclusion of
other causes of uveitis [34].

The COTS group developed experience and evidence-based therapeutic guide-
lines for the treatment of tubercular uveitis (TBU) [35]. Experts agreed to start ATT
in the following conditions in the presence of positive results for either of the
immunologic tests together with radiological evidence suggestive of past tubercular
infection [35]:

• recurrent episodes of tubercular anterior uveitis
• cases of tubercular intermediate uveitis
• cases of tubercular posterior uveitis
• cases of active tubercular retinal vasculitis.

In cases with the first episode of tubercular anterior uveitis and patients with
inactive tubercular retinal vasculitis, it was agreed to start antitubercular medica-
tions only when both immunological tests and radiological tests were positive [35].

In cases of tubercular choroiditis, it was agreed to start antitubercular medica-
tions in the presence of positive results for any one of the immunologic tests
together with radiologic features suggestive of TB [36].

In cases of tuberculoma and tubercular serpiginous-like choroiditis, positive
results from even one positive immunologic test were considered sufficient to
recommend ATT, even in the absence of features suggestive of TB by radiology
[36].

Anti-TB therapy was defined by the COTS group as multidrug therapy, which
includes four drugs, namely rifampicin, isoniazid, ethambutol, and pyrazinamide.
The administration of these drugs should comply with the health strategy of each
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country [35, 36]. The use of systemic steroids in patients with ocular TB is con-
troversial. It is advised to delay initiation of systemic steroids until after initiation of
ATT in patients with tubercular uveitis unless there is a high risk of severe
inflammation with subsequent damage to the ocular tissues [37]. Hamade and
colleagues found that early administration of steroids without ATT in patients with
tubercular ocular involvement may lead to poor visual outcomes compared to
patients who were not given steroids prior to presentation [38].

7 Conclusion

In conclusion, the clinical diagnosis of ocular TB is a challenging issue as the
clinical manifestations are not specific. Further studies are needed to establish
accurate criteria for the diagnosis and management of ocular TB.

Core Messages

• The clinical spectrum of ocular TB is variable.
• The definitive diagnosis of ocular TB requires isolation of the M. tb bacilli.
• Treatment of ocular TB depends on a combination of clinical findings,

immunological tests, and chest imaging.
• Future studies are needed to determine the specific indications, doses, and

duration of anti-TB medications.
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37Ocular Tuberculosis: Biomarkers
for Risk Stratification

Rina La Distia Nora, Wandya Hikmahwati,
and Ikhwanuliman Putera

The knowledge of anything, since all things have causes, is not
acquired or complete unless it is known by its causes.

Ibn Sina

Summary

Mycobacterium tuberculosis (M. tb) can occur in organs other than the lungs,
including the eye, called ocular tuberculosis (TB). This infection causes
abnormalities of some eye parts, primarily involving the uvea. About 30–50%
of uveitis cases in developing countries are caused by infection, including TB. The
clinical manifestation of uveitis associated with M. tb can mimic other causes.
Since uveitis is a vision-threatening inflammatory disease, an accurate diagnosis is
crucial. Ocular fluids collected for acid-fast smear, culture, or M. tb polymerase,
often do not provide evidence of infection because of its low sensitivity and
morbidity associated with invasive sample collection. It is essential to know the
status of latent or active TB to guide in giving proper treatment for the right patient.
Biomarkers, the parameters that can be used as an objective measure of a normal or
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pathogenic biological process, can be helpful to overcome the problems. Several
candidate biomarkers being studied, especially host-derived biomarkers, have
shown promising results in ocular TB diagnosis. These include assessment of gene
expression, microRNAs, protein analysis, and cellular immunophenotyping.
These biomarker candidates can be developed further to stratify ocular TB and
overcome the limitation of finding M. tb in ocular tissues.

Graphical Abstract

Keywords

Biomarker � Cellular immunophenotyping � Diagnosis � Gene expression �
microRNA � Ocular tuberculosis � Protein � Risk stratification � Uveitis

1 Introduction

Tuberculosis (TB) remains a major burden of infection worldwide. Infection with
Mycobacterium tuberculosis (M. tb) may not manifest symptoms and is considered
inactive in approximately 90% of individuals, the so-called latent TB infection (LTBI).

An algorithm proposed to use type 1 IFN-inducible genes to stratify patients with QFT positive
uveitis who are at high risk of having TB uveitis. Reproduced from [1]; Copyright, © 2018
La Distia Nora et al. under the terms of the Creative Commons Attribution License
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The clinical disease might occur at any moment later as the infection can progress
further depending on the immunological status of individuals [2]. In 2018, World
Health Organization (WHO) stated that the South-East Asian area had the most sig-
nificant number of new TB cases (44%), followed by the African (24%) and Western
Pacific regions (18%). India, Indonesia, China, Pakistan, Philippines, Bangladesh,
Nigeria, and South Africa accounted for around two-thirds of new TB cases [3].

M. tb is often found in oxygen-rich tissues [2]. About 20% of M. tb infections
occur in organs other than the lungs, including the eyes, called ocular TB. In
primary ocular TB cases, the port of entry for M. tb is through the eyes. This
primary infection causes conjunctiva, cornea, and/or sclera abnormalities. On the
other hand, the organism spreads to the ocular tissue by circulation in secondary
infection as occurred in ocular TB [4]. Uveitis is a vision-threatening inflammatory
disease that might significantly impact the uveal tract (iris, ciliary body, and
choroid) as it serves as the blood-supplying layer in the eyes) and nonetheless
influences surrounding tissues [5]. Since its varying clinical signs, uveitis can be
classified based on its main anatomical inflammation site, onset, chronicity, and
disease course using the Standardization of Uveitis Nomenclature (SUN) criteria
[6]. The etiology of uveitis can be infections, autoimmune diseases, side effects of
drugs, or idiopathic. It was estimated that around 30–50% of uveitis cases in
developing countries were related to infection, including TB [5, 7].

Intraocular TB may present with dispersed clinical spectra, depending on its
primary inflammation site. Granulomatous anterior uveitis presents with either one
or a combination of large-greasy (mutton-fat) keratic precipitates, iris nodules, or
ciliary body granulomas. Iris nodules may appear at the pupillary margin (Koeppe
nodule) or central anterior surface of the iris (Busacca nodule). Exudates might
appear in pars plana or peripheral uvea, resembling granulomatous or, in some
instances, non-granulomatous inflammation. Several characteristics of posterior
segment inflammation could also emerge as retinitis, retinal vasculitis (usually
occlusive retinal vasculitis), subretinal neovascularization, cystoid macular edema,
neuroretinitis (with macular star), and/or even optic neuropathy. Choroidal
involvement can also present as choroid tubercle, choroidal tuberculoma, subretinal
abscess, serpiginous-like, or serpiginous choroiditis. Panuveitis, endophthalmitis, or
panophthalmitis were also possible [8–10]. Interestingly, TB is one of the most
common etiologies of uveitis with regard to systemic infections. On the other hand,
uveitis was considered the most common form of ocular TB [11]. Since uveitis
could lead to blindness if improperly treated, accurate diagnosis is a fundamental
yet uneasy task for ophthalmologists.

2 Challenge in Tuberculosis-Associated Uveitis Diagnosis

Clinically, the manifestation of TB uveitis can mimic uveitis from other causes.
Most suspected ocular TB cases are treated with anti-TB treatment (ATT), poten-
tially resulting in overtreatment and/or undertreatment [12]. Since there is no
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evidence-based guideline in establishing ocular TB diagnosis and timing of ATT
initiation, treatment strategies may vary and contribute to different outcomes
worldwide [13].

Ocular fluids collected for acid-fast smear, culture, or polymerase chain reaction
(PCR) often do not prove confirmed ocular TB because of the low sensitivity and
morbidity associated with invasive procedures [14]. Paucibacillary infection of M.
tb could result in a low bacillus reading of the ocular fluid [11]. In many areas,
patients from an endemic TB region have a history of contact with TB patients and
tested positive for either tuberculin skin test (TST) or interferon-gamma release
assays (IGRA). Moreover, ocular signs could lead to suspicion of ocular TB with
other potential causes that had already been excluded. Worth noting that a positive
response to the ATT with or without systemic steroids may also lead to suspected
ocular TB diagnosis [15].

A concern has been raised as TST was considered to have lower sensitivity and
specificity than expected when diagnosing TB, despite its widespread use. In areas
where most people received the Bacillus Calmette-Guerin (BCG) vaccine or who
have been exposed to mycobacterium other than M. tb, false-positive TST results
might obscure its utility as it detects an indirect sign of systemic TB infection.
Moreover, in patients with severe disease, such as in clinically active TB and
immunocompromised patients, the diagnostic value of TST poses limitations to
serve as a reliable diagnostic marker [16]. Nonetheless, TST remains a valuable
screening tool for TB-associated uveitis [17].

The increased utility of IGRA in recent years has helped overcome TST short-
comings in latent TB diagnosis, especially in regions with routine BCG vaccination.
IGRA is based on interferon-gamma secreted by sensitive T-cells in response to
certain antigens from M. tb (i.e., early secretory antigen target-6 [ESAT-6], culture
filtrate protein-10 [CFP-10]). QuantiFERON-TB Gold (QFT) (Cellestis, Australia)
and ELISpot assay (T-SPOT.TB) (Oxford Immunotec, Oxford, UK) are two avail-
able IGRA types. In many clinical settings, QFT is preferred due to its lower cost and
less sensitivity to temperature than T-SPOT.TB [16]. In addition, QuantiFERON-TB
GOLD In-Tube (QFT-GIT) offers the third antigen, TB7.7, besides the former two
even though all three IGRA types are considered to have better specificity to
diagnose latent TB [16]. Meanwhile, the patient’s immunosuppressed condition
could affect the sensitivity of QFT-GIT, unlike T-SPOT.TB, which is only slightly
affected by immunosuppressed status [18].

Differentiating active TB and LTBI by solely using IGRA or TST is difficult as
both are indirect immunological tests utilizing T-cells response to prior M. tb
exposure [19]. New techniques such as transcript microarrays, flow cytometry of
intracellular cytokines, and multiplex micro-based immunoassay of cytokines were
developed to overcome the shortcoming [20]. By knowing the status of TB, latent
or active, a clinician can judiciously give ATT to the right patient. Appropriate ATT
administration influence the treatment outcome, with special consideration to the
length of ATT.
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3 Potential Biomarkers to Improve Diagnosis Accuracy

Biomarkers are parameters that can be used as an objective measure of a normal or
pathogenic biological process and serve as indicators of pharmacological response
to a therapeutic intervention. In daily practice, biomarkers might help stratify high-
and low-risk patients based on the suspected disease and potentially be utilized to
monitor disease progression or targeted interventions being administered [21].
Biomarkers can be either pathogen-specific or host-specific. They may represent the
pathogenesis of certain diseases being investigated. Biomarkers may also reflect an
individual’s current condition and the likelihood of developing a disease based on
comparative assessment with the general healthy population [22].

3.1 M. tb-Derived Biomarker

A variety of samples, including sputum, blood, or urine, can be tested for the
presence of M. tb.M. tb DNA can be found in the blood and urine of pulmonary TB
(PTB) patients [23]. The molecules of pathogenic derivates should pass detectable
amounts in the sample matrix before they can be considered targets for antigen
detection tests. These antigens must be specific and ubiquitous in clinical samples
[21].

A significant portion of the M. tb cell wall is composed of lipoarabinomannan
(LAM), accounting for approximately 15% of M. tb mass [24]. It has four main
structures:

i. Glycophospholipid attachment that is non-covalently bound to the M. tb cell
membrane;

ii. The extension of phosphatidylinositol mannoside that serves as a mannan core
and is inheritably present across species;

iii. Variable branching arabinan side chain; and
iv. Variable capping motive that provides species diversity.

LAM can be classified into three family structures based on its cap:

i. The LAM derived from non-pathogenic mycobacterial species (i.e.,
fast-growing M. smegmatis);

ii. LAM is covered in phosphatidyl-myoinositol (PILAM), which has an inositol
phosphate cap; and

iii. ManLAM, it is the LAM with an additional cap element attached to its
mannopyranose structure. This LAM is also generally detected in pathogenic
mycobacterial species (i.e., M. tb, M. kansasii, M. avium, and M. leprae) and
associated with fast-growing capacity. The presence of 5‐deoxy‐5‐methylthio‐
xylofuranose as an element of M. tb ManLAM might help differentiate it from
other species [25].
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LAM is considered a virulence factor associated with the pathogenesis of M. tb
infection. During infection, its presence in body fluids can be a potential biomarker
for detecting infected individuals [24]. The replicating M. tb found in systemic
circulation may pass through the glomerular basement membrane and release into
the urine. Its detection with an uncomplicated immunoassay kit may help TB
diagnosis using a urine sample [25]. However, studies concerning the utility of
LAM as a biomarker for ocular TB have not been carried out. This is because LAM
that uses urine for the specimen cannot reflect the presence of bacteria in the eye,
considering the fact that even PCR examination from ocular fluid alone has low
sensitivity [26].

Epitope as part of an antigen is also considered helpful for diagnosing ocular TB.
To discover immunodominant (ID) peptides, seven M. tb antigens (Rv1965,
Rv1971, Rv2351c, Rv2675c, Rv3121, Rv1837c, and Rv3874) were screened using
intraocular fluid in patients confirmed with intraocular TB and non-intraocular TB
patients as controls. The additional antigens potentially expressed in the intraocular
environment were also identified by screening the M. tb genome in the artificial
intraocular fluid. ID epitopes in seven antigens recognized by antibodies in in-
traocular fluid from intraocular TB patients are identified. Moreover, the tran-
scriptome of replicating M. tb in artificial intraocular fluid provided insight into the
adaptation ofM. tb in the intraocular environment. This can lead to finding potential
biomarkers for ocular TB diagnosis [12].

In general, the present body of knowledge proves it is challenging to detect M. tb
in ocular tissues. The inflammation could be due to paucibacillary infection or
delayed-type hypersensitivity reaction without apparent M. tb found in ocular tissue
[11].

3.2 Host-Derived Biomarker of M. tb Infection

Although finding the M. tb remains the gold standard of a confirmed diagnosis of
ocular TB [27], various challenges described above make researchers try to find
alternative host-derived biomarkers to assist the diagnosis of ocular TB. Fortu-
nately, this limitation can be overcome by leveraging the host’s response to
infection [28]. Host-derived biomarkers have a variety of non-sputum-based tests
for diagnosing active TB [23]. The concept of identifying the host immune response
due to an infection to determine the diagnosis emerges in this context. Gene ex-
pression, proteins, metabolites/wastes, cytokines, and other potential host indicators
are useful candidates to assist clinical diagnosis, with no exception to be imple-
mented in ocular TB [28].

Host-based gene expression changes rapidly and provides valuable information
in response to exposure (including infection). A previous study showed that it could
differentiate active infection from colonization. In addition, it also could help
determine many types of pathogens (for example, viral from a bacterial pathogen),
provides prognostic information, and predicts disease severity [28].
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Varying results from asymptomatic clearance, latent infection, and active disease
are determined by host and pathogen factors given host-agent-environment inter-
actions. Secreted cytokines in response to specific antigens of M. tb reflect the
immunological process involved in TB pathogenesis [29].

Polychromatic flow cytometry may visualize M. tb-specific T cells’ subsets
contributing to LTBI and active TB. This technique employs a laser beam through
thousands of cells per second from samples. It permits phenotypic discrimination
between antigen-specific lymphocyte subsets in various stages of TB infection by
determining the number of cells expressing a certain cytokine [30]. Therefore, gene
expression, cytokines, and cellular immunophenotype analysis can be adopted as
promising biomarkers to guide the diagnosis of active TB infection, including
ocular TB.

3.2.1 Host-Derived Biomarker to Distinguish Active and Latent
Pulmonary Tuberculosis

Gene Expression
A study to identify candidates for the expressed genes to discriminate active and
latent M. tb infection was done by isolating RNA from peripheral blood
mononuclear cells (PMBC). Patients with active and latent TB were included in the
study, along with healthy controls with negative results on all tests related to TB. In
active TB and LTBI, 169 genes were expressed differently. In LTBI, 103 genes
were upregulated and 66 genes were downregulated compared to active TB. Sub-
sequently, elevated gene transcripts not associated with common respiratory tract
infections and inflammatory responses were identified: NEMF (nuclear export
mediator factor), ASUN (asunder spermatogenesis regulator), and DHX29 (DEAH
(Asp-Glu-Ala-His) box polypeptide 29). Transcripts regarded as a reference for TB
disease, PTPRC (protein tyrosine phosphatase, receptor type, C) and CD45, were
used as a comparison. It is observed that the ASUN level differed significantly
between active or latent TB and controls. Meanwhile, DHX29 potentially distin-
guished active TB and healthy individuals. NEMF, on the other hand, had not
proven to be less useful as a surrogate biomarker [31].

The PTPRC, ASUN, and DXH29 are expressed in TB infection. Parallel with
another study, Ordway et al. found the escalation of PTPRC in the Guinea pig after
M. tb exposure. The PTPRC decreased after the infection had lasted a long time
[32]. PTPRC or CD45 is related to the pathogenesis of TB because it is essential in
antigen receptor signal transduction and lymphocyte development [33]. ASUN is
also involved in regulating the mitotic cell cycle [34]. Moreover, ASUN may play a
role in T lymphocyte differentiation or proliferation and serve as a basis in differ-
entiating TB infection spectra [35]. On the other hand, DHX29 serves as a helicase
protein that initiates translation and may be altered in TB [31, 35].

MicroRNAs
The recent development of biomarkers arises with microRNA (miRNA). This small
fragment of non-coding RNAs may alter gene expression through a
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post-transcriptional modification that regulates protein being translated [36]. Thus,
the miRNA pathway implicated in TB pathomechanism and its exploration enri-
ched our understanding in distinguishing active and latent TB [37].

A study using microarray analysis to study potential miRNA implicated in TB
infection spectra found that whole blood-derived miRNA signature consisting of
the-miR-150, hsa-miR-21, hsa-miR-29c, and hsa-miR-194 could differentiate active
pulmonary TB from latent TB and controls [38]. Wang et al. found another miR-
NAs signature. Four miRNAs implicated in hematopoietic response: hsa-miR-223,
hsa-miR-424, hsa-miR-451, and hsa-miR-144, were highly elevated in TB disease
compared to LTBI. Moreover, a study in the Taiwanese population found that
hsa-miR-146a-5p and hsa-miR-150-5p were helpful in differentiating active and
latent TB [39, 40]. By using the same approach, Xu et al. also demonstrated that
active TB, LTBI, and healthy controls gave different miRNA signatures. From 26
differentially regulated miRNA, 23 were considered helpful for active TB diag-
nosis. Further in silico analysis with three different miRNA target gene predictors
resulted in different mRNA targets, yet they postulated that many miRNAs con-
tribute to the same mRNA target. Besides, miR-21* was a signature for active
disease, while mir-15b* was highly expressed in healthy individuals [41].

Lipomannan, an M. tb cell wall element, may inhibit macrophages from
secreting TNF. This was associated with deregulated miRNAs: upregulated
miR-125b and downregulated miR-155 expressions. Different mycobacteria may
potentially influence the balance of these two miRNAs’ expression. For instance,
non-pathogenic M. smegmatis might increase miR-155 but decrease miR-125b with
elevated TNF production [42].

Analysis of co-regulatory network performed by Lin and coworkers found genes
contributing to the immunological response of M. tb. Their pathway analysis found
transcription factors (TF) in M. tb response: SP11, CEBPB, STAT1, STAT2,
STAT3, STAT4, and STAT5 that constitute transcription factors-miRNA network.
Six genes named EBPB, FCGR1A, FCGR3A, ITGAX, ITGAM, and IL1B were
highly deregulated and involved in the TB signaling pathway. The TF-miRNA gene
co-regulatory networks may become therapeutic targets and biomarkers in TB [43].

Protein
A cross-sectional study by Wang et al. in BCG-vaccinated individuals living in TB
endemic areas was carried out to assess the potential of IP-10, IL-2, and TNF-a in
differentiating active and latent TB by doing QFT and ELISA examination. With
ESAT-6, CFP-10, and TB7.7 proteins as TB antigen stimulation, and without
antigen stimulation, the release of IFN-c, IP-10, IL-2, and TNF-a was measured.
A combination of QFT with IL-2 and IP-10 increased the detection rate for active
TB. Active TB patients and household contacts had higher baseline IP-10 levels than
healthy controls [44]. A high IP-10 level correlates with individual response toM. tb
as it serves as a chemoatractor for T lymphocytes and monocytes uponM. tb-induced
inflammation [45, 46]. The high IP-10 level in LTBI was argued to be associated
with a subclinical immune response to control M. tb infection, whereas low IP-10 in
active TB was due to the immunosuppressive state of cellular immunological
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response. Those who tested positive for QFT and had a high baseline level of IP-10
tended to have a higher risk of developing the active disease [44]. Moreover, the
ratio of IL-2/IFN-c, which reflects Th1-type CD4+ T cells response, was closely
related to M. tb infection. The antigen-stimulated IL-2/IFN-c ratio was elevated in
LTBI, potentially distinguishing patients with LTBI from those with active TB [44].

Frahm et al. found 25 promising biomarkers, namely IL-1b, IL-1RA, IL-2,
IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 p40/70, IL-13, IL-15, IL-17,
TNF-a, IFN-a, IFN-c, GM-CSF, MIP-1a, MIP-1b, IP-10, MIG, Eotaxin,
RANTES, and MCP-1, which corresponded to specific TB antigen responses [46].
When active and latent TB patients were compared to healthy control, the IP-10
response was much higher. Even though a different cut-off for IP-10 was imple-
mented, this was consistent with another study [47]. The combination of IL-15,
which stimulates cathelicidin, and MCP-1 can also distinguish between those with
active TB and those with LTBI. The sensitivity and specificity of both measure-
ments were 83 and 88% in differentiating active versus latent TB [46].

Cellular Immunophenotype
Th1 cells contribute significantly to the immune response to M. tb infection.
Estévez et al. demonstrated a lower systemic Th1/Th2 ratio in active TB primarily
due to fewer Th1 detected in circulation. However, this ratio has never been firmly
used as a sign to describe active TB in clinical practice [48]. A study by Batoni
et al. found that NK-Bright cells (CD3-CD56++) were a source of immunological
regulatory cytokines and produced IFN-c after BCG stimulation, suggesting that
they could help control M. tb during latent infection [49]. In another study that
evaluated CD4+ T-cells activation in M. tb response, CD154 expression was
superior to secreted IFN-c [48]. Compared to other cytokines or activation mole-
cules, CD154 was more sensitive and specific to reflect M. tb-specific Th cells, as
demonstrated in Li et al.’s study. This molecule was transiently expressed in T cells
upon specific antigen stimulation and demonstrated co-stimulatory signals to the
antigen-presenting cells [50]. Furthermore, monocyte-to-lymphocyte (MLR) and
neutrophil-to-lymphocyte (NLR) ratios are considered more affordable and acces-
sible to discriminate active TB from either latent TB or healthy state. Higher MLR
and NLR ratios were observed among patients with active TB but not in those with
latent TB or controls [48].

3.2.2 Current Situation of the Host-Derived Biomarker to Assist
Ocular Tuberculosis Diagnosis

Gene Expression
In our previous study, type 1 interferon (IFN)-inducible gene expressions from
peripheral blood samples showed the ability to discriminate active pulmonary TB.
We applied its utility to patients with undifferentiated uveitis or uveitis with an
unknown cause who had positive QFT. We found a system to classify those with
high and low risk of having ocular TB based on type 1 IFN-inducible gene
expressions score [1]. Our analysis found ten out of 35 type 1 IFN-inducible genes
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significantly dysregulated in active pulmonary TB: UBE2L6, FCGR1B, GBP1,
IL1B, MYD88, TLR8, IRF7, STAT1, SERPING1, and IFIT2. Subsequently, a type 1
IFN signature score was developed, and 5.61 was determined as the optimal cut-off
level. Interestingly, we found that QFT-positive undifferentiated uveitis cases with
type 1 IFN signature score <5.61 seemed unlikely to have TB-related uveitis [1].

Protein
An intraocular fluid study examining aqueous cytokines and chemokines in
TB-related uveitis was performed by Ang et al., who recruited patients with strong
clinical presentation associated with TB uveitis who tested positive for TST/IGRA
and gave positive responses to ATT. According to their findings, TB uveitis
demonstrated a significantly higher level of IL-6, CXCL8, CXCL9, CXCL 10, and
IP-10 compared to control groups. This study suggested that patients with uveitis
who respond to ATT do not have an active ocular TB infection but rather
autoimmune-related ocular inflammation provoked by TB [51].

Cellular Immunophenotype
To identify the various phenotypes of ocular TB and evaluate the effect of treat-
ment, Hutchinson et al. measured the proportions and activation marker phenotypes
of M. tb responding CD4+ T cells [52]. As previously reported, TNF-a+
CD154 +IFNg +CD27- and TNF-a+CD154+GM-CSF+CD27-CD4+ T cells were
specific for M. tb response and could separate those with active TB from those with
LTBI [53]. Even though T cells profiling among ocular TB patients demonstrated a
promising ability to classify treatment responders and nonresponders, there were no
remarkable phenotype-specific T cells found. Of note, the small sample size could
limit its generalization. In addition, they postulated that bacterial load in pulmonary
versus ocular TB might result in different peripheral T cells profiling. However,
their finding serves as a basis for further study to evaluate peripheral M. tb-specific
CD4+ T-cell utility to guide ATT administration. Moreover, they found that CD4+

T-cell markers were negatively correlated with vitritis [52]. This conflicting result
needs to be addressed in a prospective study with a larger sample size.

Phenotypic and T cells profiling using intraocular fluid samples was performed
by Tagirasa et al. Given limited T cells obtained in intraocular fluids, the breach of
blood-retinal-barrier by M. tb invasion potentially allows influx of autoreactive T
cells and get activated by local self-antigenic stimuli. The retinal antigen-specific
response was observed in 40% of vitreous samples challenged with the crude retinal
extract. The presence of autoreactive T cells in vitreous humor perhaps contributes
to the intraocular inflammatory state in ocular TB with potential involvement of self
immune responses. These autoreactive T cells demonstrated deviant
activation-induced cell death with a significant decrease in apoptotic markers [54].
Interestingly, retinal antigen-specific T lymphocytes were also observed in other
uveitis entities like birdshot chorioretinopathy [55].
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4 Ocular Tuberculosis in HIV Patients: A Condition
that Can Affect Potential Biomarkers

Several notable studies about ocular TB infection in HIV patients have been per-
formed [56, 57]. The immunodeficiency state in HIV patients could influence
biomarkers evaluation. The CD4 decline observed in HIV-infected individuals may
implicate TB risk, including those who have already been treated with antiretro-
virals. Using intracellular staining on IFNc+CD4+ T cells obtained from the
HIV-infected and non-HIV-infected group, it was found that HLA-DR expression
was highly upregulated. HLA-DR expressed in ESAT-6/CFP-10 stimulated CD4+

T cells in HIV-infected individuals with active TB. This discovery opens the door
to further research into the use of immunophenotyping to distinguish between
active and latent tuberculosis in HIV-infected individuals [56].

In an experimental study utilizing M. tb peptides, malate synthase and MPT51
were reported to be useful in detecting early active TB among HIV-infected indi-
viduals. Anti-MPT51 antibody response was highly elevated in active TB patients
and potentially served as a sensitive marker to diagnose TB in HIV patients before
any clinical symptoms were present. MPT51 is an immunodominant protein with
alpha/beta hydrolases. This molecule contributes to M. tb pathogenicity, particu-
larly by facilitating M. tb adhesion by its fibronectin-binding capacity [57].

Table 1 provides a summary of current biomarker candidates in ocular TB
diagnosis.

5 Conclusion

Ocular TB is a form of active extrapulmonary TB that can be caused by either direct
infection due to the presence of M. tb in ocular tissue or indirect delayed-type
hypersensitivity reaction in the eyes. Currently, establishing a definitive or con-
firmed diagnosis requires detection of M. tb in intraocular samples/tissues. How-
ever, detecting M. tb in the eyes is challenging in clinical practice. Both TST and
IGRA tests have limitations in distinguishing active or latent TB infection. Several
candidate biomarkers, especially host-derived biomarkers, can help confirm ocular
TB diagnosis, including assessment of gene expression, miRNAs, protein analysis,
and cellular immunophenotyping. These biomarker candidates can be developed
further to stratify ocular TB and overcome the limitation of finding M. tb in ocular
tissues. It should be emphasized that our current understanding of the pathogenesis
of ocular TB is lacking. Determination of an applicable biomarker needs to elab-
orate on the mechanism of the disease. There is no single reliable biomarker to be
implemented in clinical practice yet. Thus, prospective studies on biomarkers are
needed in ocular TB diagnosis and prognosis risk stratification.

We learn and research medicine mainly to name all things, just like Adam PBUH was
taught the names — all of them.

Rina La Distia Nora, Wandya Hikmahwati, Ikhwanuliman Putera
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Core Messages

• Ocular TB is a paucibacillary eye infection representing immunological
responses without apparent M. tb invasion.

• Indirect immunological responses serve as host-derived biomarker candi-
dates to establish ocular TB diagnosis.

• Direct extrapolation of biomarkers in pulmonary TB may not truly reflect
intraocular inflammatory response in ocular TB.

• Validation studies are needed to evaluate biomarkers’ applicability in
guiding diagnosis and prognosis of ocular TB.
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38Bone and Joint Tuberculosis

Amer Hayat Khan

It’s almost unbelievable that an illness that can be diagnosed
and treated can be overlooked as a serious health concern. We
must do everything possible to help mitigate, treat, and in the
end, eradicate this crippling and limiting illness.

Baroness Julia Cumberlege (member House of Lords, former
UK health minister, prominent osteoporosis advocate. Message
on the occasion of the 2nd IOF Women Leaders Roundtable,
2006)

Summary

Despite the availability of effective medication, tuberculosis (TB) is on the rise
worldwide. The rising number of immunocompromised patients because of the use
of chemotherapeutic agents for the treatment of other diseases like cancer, diabetes,
and HIV/AIDS has much to do with this resurrection. Multiple drug-resistant
(DR) strains of TB and the aging population are also linked. Additional forms of
mycobacteria besides Mycobacterium tuberculosis or Mycobacterium bovis are
known as the cause of bone and joint infections. The potential causative conditions
are environmental problems, malnutrition, and abject poverty. TB of the
musculoskeletal system begins with hematogenous seeding of the bacteria soon
after the infection has occurred (pulmonary, in most cases). Medical symptoms
differ in terms of onset, discomfort, swelling of the joint, and mobility.
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Histopathological analysis, Mantoux test, radiological imaging, surgical biopsy,
fine-needle aspiration biopsy, bacteriological examination, and polymerase chain
reaction are among the procedures used in cases suspected of having the disease.
Multidrug anti-TB chemotherapy is the critical enabler to treatment. Surgery is
recommended for those who develop abscesses, have intractable pain, cannot
tolerate spinal weakness, have elevated kyphosis, and do not respond to
chemotherapy. The key factors contributing to the below-average results include
delayed diagnosis, comorbidities, DR, and poor adherence.

Graphical Abstract

Keywords

Bone and joint tuberculosis � Mycobacterial bone infections � Osteomyelitis
tuberculosis � Spinal tuberculosis � Tuberculosis

1 Introduction

Skeletal tuberculosis (TB) involves the joints and bones [1]. The disease has been
found in Egyptian mummies dating back over 9000 years. Post-Columbian skele-
tons in Chile demonstrated 2% of the time that the people had lesions consistent
with bone TB. A further molecular study has confirmed the existence of
Mycobacterium tuberculosis (M. tb) complex DNA in ancient bone specimens [2].

Mycobacterium tuberculosis: from human lungs to bone
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Musculoskeletal TB is seen in around 10–25% of extrapulmonary TB (EPTB)
cases. The majority of infection sites are located in the spine (with 50–69%
prevalence), then the hip, knee, and ankle/foot (with 10–13% prevalence each) [3,
4]. There is only limited data on childhood musculoskeletal TB [4]. Every year, 20
children under the age of 12 are treated for musculoskeletal TB at a tertiary care
hospital in Africa’s Sub-Saharan region.

Though there remains an issue of osteoporosis among TB patients, there is little
in the way of research. This problem has previously been documented in Taiwan
and Korea. There were 53 new TB cases per 100,000 Taiwanese people in 2012.
Osteoporosis/fragility fracture was found in Taiwan at 9.61 per 1000 people per
year among TB patients, and another result discovered was 4.31 per 1000 people
per year among TB patients [5, 6]. The estimated TB incidence in Korea in 2015
was 80 per 100,000 populations, placing Korea in the center of the world when it
comes to TB burden. The findings of a Korean study indicate that 19.6% of the
population had TB disease, 36.6% had TB scars on their chest X-ray, and 45% had
both TB disease and scars [7].

Osteoporosis is an ailment featured by a decrease in bone mass and
microstructure stagnation that causes bones to become more fragile and increases
fracture risk. Both of these features contribute to a very high mortality rate. BMD,
or bone mineral density, is used to calculate bone strength and is affected by
calcium content [8]. It is challenging to pin down the exact diagnosis early in the
present scenario because the physician dealt with TB but overlooked the osteopenia
because of the same circumstance. Population-based research was recently com-
pleted in Taiwan and published in the European Respiratory Journal; the results
indicated that 4.31 and 1.80 per 1000 person-years in 3725 TB patients and 14,900
control subjects (p < 0.001) were osteoporotic, respectively [9]. Additionally, TB is
considered a risk factor for osteoporosis (HR 1.82, 95% CI 1.38–2.40). TB patients
are not regularly screened for osteoporosis, thus leaving it in doubt for their future.

The results can be interpreted as T- or Z-scores using quantitative ultrasound
(QUS) and dual-energy X-ray absorptiometry (DXA). A significant number of
fractures (approximately 1.5 million per year) are caused by osteoporosis, which
results in osteoporosis-related fractures. In osteoporosis, both traumatic and
non-traumatic fractures occur. The WHO and NIH classify BMD as normal,
osteopenia, and osteoporosis depending on T-score or Z-score. The Z-score is
commonly used to predict BMD in a group of matching people of a similar age,
gender, and ethnicity. For a Z-score of � −2 SD (standard deviations), BMD was
perceived as being poor [10–12].

2 Bacteriology of Bone and Joint Tuberculosis

Mycobacteria other thanMycobacterium tuberculosis (M. tb) orM. bovis may cause
bone or joint infections [13]. Bacillemia can result in seeding organisms in bone
and synovial tissue during M. tb primary infection. Tissue and pus samples are
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obtained, and different culturing methods are used. The growth of M. tb is slow,
taking several weeks to identify a colony, or neither is possible on a conventional
culture medium. Streamlined culturing techniques include the standard Löwen-
stein-Jensen (L.J.) and BACTEC MGIT 960 methods to validate bone and joint TB
cases. To offer a brief description, the specimen is decontaminated first, then diluted
for 15 min with 2% sodium hydroxide and 0.5% NALC (N-acetyl-l-cysteine-
sodium hydroxide). After diluting the tube with 0.1 M phosphate buffer (pH 6.5), it
was centrifuged at 4000 � g for 20 min. The re-suspended pellets were centrifuged
again, and the final pellet was re-suspended in phosphate buffer to make enough
space for the liquid MGIT 960 and the L.J. growth medium. A 0.5 ml deposit was
inoculated into and out of each culture media [14]. Colony numbers for joint
tuberculosis are typically a thousand times lower than those for pulmonary TB.
Because of the accessibility of infection sites, histopathological diagnosis is fre-
quently a worry, and patients are less reluctant to undertake procedures that may be
uncomfortable. Other variables in the spread of atypical mycobacteria include the
use of local steroid shots and other anticancer drugs, traumatic surgery, and diabetes
mellitus [13, 15, 16].

3 Pathophysiology

Through the hematogenous route of spread, TB of the musculoskeletal system will
shortly follow the initial lung infection. Bone and joint involvement observed with
TB is of two types: caseous exudative and granular. It causes bone breakdown,
localized inflammation, abscess, sinus, and various constitutional symptoms in
young children. A granular type appears to be more subtle and less disruptive, and
abscess formation is uncommon. Adults are more likely to be affected. TB that
originates in bone growth plates appears to spread to the joint spaces. However, it
can be transmitted by the lymphatic system, as well. One of the most prevalent
causes of joint infection is a lack of activation of the lymphatic or vascular supply
[17–21]. TB is thought to have formed in the epiphyseal plates of long bones,
resulting in tubercle growth in the marrow. As a result, this would possibly result in
a serious infection. The synovitis can deal with M. tb, which causes the growth of
granulation tissue, followed by marginal erosions, and, finally, bone degradation,
which ultimately results in periarticular demineralization. To minimize the risk of
cartilage destruction, TB inhibits proteolytic enzyme development, decreasing the
chance of proteolysis and thereby lessening cartilage destruction. This rise in
abscess formation around the abscess can be because this condition has not been
treated. Bone sequestration is uncommon. Bone breakdown and limited new bone
growth are both evident in the active phases of tuberculous osteomyelitis [22, 23].
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4 Clinical Features

Bone and joint TB may occur at any age. TB can infiltrate almost all of the bones in
the body, and the majority of people with arthritis have monoarticular arthritis.
Around 70% of most childhood diseases arise in the spine. Many of the joints
involved in everyday activities are weight-bearing joints, including the hips, knees,
and elbows. Usually, people would experience discomfort and swelling in the
affected region, accompanied by limitation of movement. A significant weakening
of the regional muscle, as well as an increase in deformity, can occur. Additionally,
the cold abscess (painless) condition was the only noticeable presentation in a
limited number of cases. Tubercular arthritis might involve more than one site in
5–30% of cases [24]. The risk of a recurrence of TB arthritis is as high as 17–34%.
Most often, it happens in the hip joint [15].

Skeletal TB accounts for about 50% of all cases of this form of TB. TB infection
spreads through the subligamentous tissue, traveling through the spine through
paravertebral spaces and into the soft tissues that surround the spine. As a result, the
vertebrae develop osteonecrosis, cease to function, and are destroyed [25–28].
Acid-fast bacilli are a key element in bone loss. It is likely that compression of the
spine, either by bone or the development of an abscess and granulation tissue
directly covering the cord and leptomeninges, is responsible for spinal cord
involvement [29]. The beginnings of neurological deficiencies are incremental
relative to other conditions, for example, diabetic foot [30]. “Skipped lesions” are
when spinal TB affects vertebral bodies at two or three separate locations [31].
Monoarticular TB usually occurs in the spine and weight-bearing joints, such as the
knee, hip, and ankle. Furthermore, synovial-type TB arthritis is usually found in the
cited joints [32].

The onset can be as subtle as subtle joint swelling or as obvious as acute joint
swelling, with discomfort and joint mobility limitation being the most common
symptoms [33]. Sinuses can present as a single symptom, misinterpreted as a
diabetic foot or a pyogenic infection [34]. A joint deformity can occur, as can
granulomatous processes that result in a lumpy or doughy feeling. Besides, local-
ized pain could occur earlier than other inflammatory or radiographic changes [21].
Ultimately, the health-related quality of life and reduced functional abilities are
more likely to occur in a patient with bone and articular cartilage destroyed, par-
ticularly if the diagnosis is made later [35]. Spine TB, in the majority of cases,
presents insidiously. Tightness, joint pain in all directions, and extreme muscle
spasms are common in the surrounding area. In nearly all situations, an abscess in
the soft tissues results from a pre-existing lesion that has spread into the inter-
muscular spaces over time. Kyphosis in the spine can be followed by local ten-
derness [13]. The most common appearance of psoas abscess is a strong, hard
swelling in the upper thigh. Serious spinal deformity, such as angular kyphosis, is
very common in low-income neighborhoods and is particularly prevalent in chil-
dren. Delayed diagnosis of spinal TB is common among these people.
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5 Diagnosis

The most difficult component of detecting skeletal TB is the lack of documentation
of critical chest illness in more than half of the patients [36]. Also, the delay in
making a confirmed diagnosis for bone and skeletal TB makes the treatment more
complicated. A patient’s history is essential to make a confirmed diagnosis, and the
medical staff should take a detailed history to identify the source of the infection.
In HIV patients and patients with relatively high numbers of CD4 cells, the
detection of bone and musculoskeletal TB is commonly missed, especially among
asymptomatic TB patients [37].

After taking a microscopic tissue sample, a verified diagnosis can be made.
Samples can be taken using a simple needle aspiration or tissue biopsy using the
assistance of computed tomography (CT) whenever it is available [38]. Clinical
examination, Mantoux testing, imaging, fine needle aspiration, the suction of pu-
rulent material or bacteriological synovial fluids, and histopathological biopsy are
some other popular diagnostic methods [39, 40]. The polymerase chain reaction
(PCR) has been introduced to tissue biopsy for the initial detection of tuberculous
arthritis. However, in the case of osseous TB diagnosis, mycobacterium cell culture
of bone or synovial fluids remains the standard practice [41]. At an early stage of
TB treatment, the skin test produces negative results, so the tuberculin skin test
(TST) should be done after six weeks of the initiation of arthritis [41]. Positive TST
results for children should be taken seriously in any child who has monoarticular
arthritis.

In communities where TB prevalence is high, the Mantoux skin is helpful for
skeletal diseases among children [42, 43]. Approximately 14% of Mantoux test
results were reported as a false negative, indicating that, despite its advantages, the
test has a considerable margin of error [44, 45].

Non-specific anomalies can occur in early-stage radiological studies, but they are
not readily apparent; instead, they may be asymptomatic, and as the disease pro-
gresses, soft tissue swelling and a small amount of periosteal reaction, osteopenia,
joint space narrowing, and subchondral erosion are observed [45].

MRI is preferred as the most effective tool for recognizing granulation tissue and
abscess and detecting soft tissue masses and bone degradation [46]. While in CT
scan, bone abnormalities like calcifications and sequestra and bone anatomy are
more clear and easier to spot [47]. The radiographic imaging of the chest can
identify around 50% of osteoarticular TB. However, active chest disease is present
in one in every 536 [41]. It has been reported that around 73% of cases were
associated with granulomatous lesions with or without caseation necrosis [48].

PCR is more sensitive in detecting mycobacteria and can distinguish
non-tuberculous mycobacteria connected to soft tissue diseases that are often
misdiagnosed with TB. Direct smearing detected mycobacteria in 27% of opera-
tional specimens of purulent synovial fluid and 63% on culture tests [49]. The
culture of the sinus-track specimen can sometimes identify the organism when
pathological and clinical examination cannot do so [50]. For that, the sinus-track
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specimen has been considered a great source for the isolation of mycobacteria. It is
also advisable to consider TB bone infection when Staphylococcus epidermidis is
observed during the usual aerobic and anaerobic sinus culture [45]. A bone biopsy
is recommended to clear up the confusion and make a confirmed diagnosis. It is the
most sensitive test for TB arthritis [51, 52]. Histological investigations should be
performed whenever the microbiological tests come negative.

DNA-Based PCR is a sensitive test; however, it might fail to identify
non-variable bacilli [53]. Studies found the PCR test sensitive in 57.7% of synovial
fluid samples, 81% of the sputum samples, and 64.2% of the pleural fluid samples
[54–56]. The widespread prevalence of latent TB causes an increase in
false-positive PCR findings [57, 58].

There are some serious limitations for the most recent diagnostic techniques,
such as the high cost and specific expensive equipment required, in addition to the
expertise and trained staff required to conduct tests such as the rapid automated
nucleic acid probe assays, which drastically reduce the application of these tests in
developing countries [59].

The novel tests based on the automated nucleic acid amplification method, the
Xpert MTB/RIF assay, detected M. tb and rifampin resistance, and its preliminary
findings suggested that it could help diagnose musculoskeletal TB [60]. In most
cases, an acute or chronic pathogen infection like Staphylococcus aureus,
osteomyelitis, brucellosis, melioidosis, actinomycosis, candidiasis, or histoplas-
mosis would be required for the diagnosis of skeletal TB [41]. Sometimes multi-
focal bone appearance can lead to misdiagnosis of musculoskeletal TB as metastatic
cancer [61]. Pott’s disease, spondyloarthropathy, vertebral body collapse due to
osteopenia, pyogenic spinal infection, and malignancies share common clinical
symptoms, thus raising the complexity of a conclusive diagnosis [41, 62].

6 Treatment

Most patients can usually recover from osteoarticular TB when diagnosed and
treated early. Multidrug anti-TB chemotherapy plays a major role in recovery
besides active training and non-weight-bearing exercises [63, 64]. The therapy
should begin with enough rest, followed by progressively increasing mobilization
based on professional advice and constant monitoring. Structural spinal supports are
available in many forms, including collars, corsets, and braces that can be helpful
during treatment [64]. Proper initial support is crucial for a successful treatment.

The prime target of the treatment is firstly to contain the infection and then
eradicate it, as well as to relieve the pain and preserve and restore the bone and joint
functions [65, 66]. Late diagnosis is considered the major reason for poor treatment
outcomes [67]. The CDC and the American Thoracic Society (ATS) in the USA
currently recommend osseous TB treatment in two phases:
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i. the first one is a two-month treatment course with isoniazid, rifampicin,
pyrazinamide, and ethambutol; and

ii. the second phase is a six to 12 months treatment with isoniazid and rifampicin
[68].

Thoracic and spinal TB should be treated with ambulatory chemotherapy con-
ferring to The Joint Tuberculosis Committee of the British Thoracic Society, which
comprises six months of combined therapy with ethambutol, rifampicin, pyrazi-
namide, and isoniazid. Afterward, this treatment is extended for further four months
with the addition of isoniazid and rifampicin [69]. Surgery is also recommended for
some cases, along with chemotherapy in case of spinal cord compression or
instability [69]. Indian studies, on the other hand, suggest treatment that does not
wait until there is radiographic evidence of bone healing for patients with bone and
muscle TB, which may take up to six months to emerge [70].

Multiple studies have observed the advantages of surgical treatments for spinal
TB. The surgical intervention group had fewer neurological impairments, less angel
for kyphosis, and shorter inpatient time than the non-surgical therapy group [70].
A meta-analysis, however, indicated no significant difference between surgical
intervention groups and simply chemotherapy groups [71].

The optimal treatment duration for skeletal TB remains controversial. Some
studies favored a prolonged duration of treatment to optimize post-treatment
recovery, while others concluded that six months of bacilli treatment in the lesion is
optimal [72]. For pediatric TB, some studies show that prolonged treatment of a
15-month course of therapy might effectively eliminate bacilli [73]. However,
medical treatment duration has been recorded in several cases ranging from six
months to 18 months for sacral TB and other spinal sites [74, 75]. Drug resistance
(DR) should be considered after four to six months of continuous treatment with
poor or slow improvement. If resistance has been observed, the second-line
intensive treatment should be started [76].

7 Prevention

According to the British National Health Service, TB vaccination can be done for
babies, children, and adults, starting from one year old. However, only healthcare
professionals at a greater risk of contracting TB get the Bacillus Calmette-Guerin
(BCG) vaccination since it has been demonstrated to have declining efficiency and
does not provide enough protection over time [77].

Several vaccinations have been created to defend against tuberculosis; several
are now in clinical testing since the existing BCG vaccine offers insufficient pro-
tection and varies considerably across people. Also, there are some ongoing
investigations to improve the BCG vaccine effectiveness [78]. Until then, the BCG
vaccine remains the best option, especially for children and babies, besides using
more sophisticated bioinformatics analysis to identify the biosignature of BCG
protection against TB [78].
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8 Patient’s Adherence

Poor TB medication adherence has been connected to chemotherapy treatment
failure and, eventually, DR, which is a significant issue [79]. Many factors or
barriers can lead to patients’ non-compliance. Incomprehension, loss of income,
stigma, a lack of social support, drug side effects, and a long treatment time are the
most common barriers to treatment adherence [80, 81]. Many factors, such as
accessibility to healthcare facilities, direct and clear communication, and acceptance
and understanding of attitudes from healthcare professionals, help improve patients’
quality of life [81]. Furthermore, offering extensive teaching campaigns for
healthcare workers, patients’ family members, and the community will simplify
developing a social support framework for the patient, which will aid in acceptance
and adherence and make resolving any emergent concerns much easier.

9 Conclusion

Bone and joint TB constitute a more challenging situation in developing and
undeveloped countries. In endemic regions, if there is evidence of bone degradation
and spinal vertebrae preservation and epidural masses, it is reasonable to suspect
TB, specifically a spinal infection. TB-related osteoarticular symptoms linked to the
prosthetic limb, the trochanteric region, and non-tuberculous mycobacterial infec-
tions should be investigated in-depth. In such a condition, surgery combined with
extended but recommended anti-TB chemotherapy would be an ultimate option for
the ideal treatment outcomes. Controversies on whether surgery should be per-
formed and how long therapy should last remain. Patient adherence and concor-
dance are also advised for ideal care outcomes.

Core Messages

• Diagnosis of TB of bones and joints might be missed at an early stage,
which makes things delayed and complicated.

• TB of bones and joints will be challenging in children’s scenarios.
• Patients with TB of bones and joints need long-term follow-up.

References

1. Pigrau SC, Rodríguez PD (2013) Bone and joint tuberculosis. Eur Spine J 22(4):556–566
2. Taylor G, Murphy E, Hopkins R, Rutland P, Chistov Y (2007) First report of Mycobacterium

bovis DNA in human remains from the Iron Age. Microbiology 153(Pt 4):1243–1249

38 Bone and Joint Tuberculosis 811



3. Johansen IS, Nielsen SL, Hove M et al (2015) Characteristics and clinical outcome of bone
and joint tuberculosis from 1994 to 2011: a retrospective register-based study in Denmark.
Clin Infect Dis 61:554–562

4. Maqungo S, Oleksak M, Dix PS, Hoffman EB (2012) Tuberculosis of the foot and ankle in
children. SA Orthopaedic J 11:23–28

5. Chen Y, Feng J, Ting W, Yen Y, Chuang P, Pan S et al (2017) Increased risk of incident
osteoporosis and osteoporotic fracture in tuberculosis patients: a population-based study in a
tuberculosis-endemic area. Osteoporosis Int 28(5):1711–1721

6. Yeh J, Wang Y, Lin C, Lin C, Hsu W (2016) Association of respiratory tuberculosis with
incident bone fracture: bridging the tuberculosis airway infection and the osteoporotic bone.
PLoS ONE 11(12)

7. Choi C, Choi W, Kim C, Lee S, Kim K (2017) Risk of sarcopenia and osteoporosis in male
tuberculosis survivors: Korea National Health and Nutrition Examination Survey. Sci Rep 7
(13127):1–10

8. Carnevale V, Romagnoli E, D’Erasmo E (2004) Skeletal involvement in patients with
diabetes mellitus. Diabetes Metab Res Rev 20(3):196–204

9. Jia YF, Ying YC, Yung FY, Sheng WP, Wei JS (2016) Active tuberculosis increases the risk
of incident osteoporosis—a nationwide population-based cohort study. Eur Respir J 48.
https://doi.org/10.1183/13993003.congress-2016.OA4823

10. Cournil A, Eymard DS, Diouf A, Moquet C, Coutherut J, Gueye et al (2012) Reduced
quantitative ultrasound bone mineral density in HIV-infected patients on antiretroviral therapy
in Senegal. PLoS ONE 7(2)

11. Handa K, Maalouf DB, Chandra P, Thimmaraju K, Samanta S, Raju S (2012) Study of serum
magnesium values in pulmonary tuberculosis patients. J Adv Health Med Sci 4(1):54–57

12. Cosman F, De Beur S, LeBoff M, Lewiecki E, Tanner B, Randal S et al (2014) Clinician’s
guide to prevention and treatment of osteoporosis. Osteoporos Int 25(8)

13. Sankaran B (1993) Tuberculosis of bones and joints. Ind J Tub 40:109–118
14. Chen S, Zhao L, Dong W, Gu Y, Li Y, Dong L et al (2015) The clinical features and

bacteriological characterizations of bone and joint tuberculosis in China. Sci Rep 5(1):1–9
15. Abdulaziz S, Almoallim H, Ibrahim A, Samannodi M, Shabrawishi M, Meeralam Y et al

(2012) Poncet’s disease (reactive arthritis associated with tuberculosis): retrospective case
series and review of the literature. Clin Rheumatol 31(10):1521–1528

16. Denis DN, Merrien D, Billaud E, Besnier J, Duhamel E, Hutin P et al (1998) Extrapulmonary
tuberculosis in the central-western region. A retrospective study of 217 cases (Gericco 1991–
1993). Presse Med (Paris, France: 1983) 27(8):341–346

17. Tuli SM (2016) Tuberculosis of the skeletal system. JP Medical Ltd.
18. Lenaerts A, Barry CE III, Dartois V (2015) Heterogeneity in tuberculosis pathology,

microenvironments and therapeutic responses. Immunol Rev 264(1):288–307
19. Iseman MD (2000) A clinician’s guide to tuberculosis. Lippincott Williams and Wilkins.

Philadelphia, pp 162–170
20. Wright T, Sundaram M, McDonald D (1996) Radiologic case study: tuberculous

osteomyelitis and arthritis. Orthopedics 19:699–702
21. Isselbacher KJ, Braunwald E, Petersdorf RG, Wilson JD, Martin JB, Fauci AS (1987)

Infectious arthritis. Harrison’s principles of internal medicine, 12th edn. McGraw-Hill, New
York, pp 544–548

22. Davidson PT, Horowitz I (1970) Skeletal tuberculosis: a review with patient presentations and
discussion. Am J Med 48:77–84

23. Kahn DS, Pritzker KPH (1973) The pathophysiology of bone infection. Clin Orthop 7
(96):12–19

24. Parasca I, Damian L,AlbuA (2006) Infectiousmuscle disease. Rom J InternMed 44(2):131–141
25. Rajasekaran S, Shanmugasundaram TK, Parabhakar R et al (1998) Tuberculous lesions of the

lumbosacral region. A 15-year follow-up patients treated by ambulant chemotherapy. Spine
23:1163–1167

812 A. Hayat Khan

http://dx.doi.org/10.1183/13993003.congress-2016.OA4823


26. Hodgson AR, Stock FE (1994) Anterior spinal fusion: a preliminary communication on the
medical treatment of Pott’s and Pott’s paraplegia. Clin Orthop Rel Res 300:16–23

27. Meghji S, White PA, Nair SP et al (1997) Mycobacterium tuberculosis chaperanin 10
stimulates bone resorption: a potential contributory factor in Pott’s disease. J Exp Med
186:1241–1246

28. Korkusuz Z, Islam C (1997) Prevention of post-operative late kyphosis in Pott’s disease by
anterior decompression and intervertebral grafting. World J Surg 21:524–528

29. Shanley DJ (1995) Tuberculosis of the spine: imaging features. Am J Res 164:659–664
30. Hsu LCS, Leong JCY (1984) Tuberculosis of the lower cervical spine (C2 to C7). J Bone

Joint Surg (Br) 66:1–5
31. Turgut M (2001) Multifocal extensive spinal tuberculosis (Pott’s disease) involving the

cervical, thoracic and lumbar vertebrae. Br J Neurosurg 15:142–147
32. Sequeira W, Co H, Block JA (2000) Osteoarticular tuberculosis: current diagnosis and

treatment. Am J Ther 7(6):393–398
33. Hunfield KP, Rittmeister M, Wichelhaus TA et al (1998) Two cases of chronic arthritis of the

forearm due to Mycobacterium tuberculosis. Eur J Clin Microbiol Infect Dis 17:344–348
34. Mousa HA (1998) Tuberculosis of bones and joints: diagnostic approaches. Int Orthop

22:245–246; Chen WS, Wang CJ, Eng HL (1997) Tuberculous arthritis of the elbow. Int
Orthop 21:367–370

35. Titov AG, Vyshnevskaya EB, Mazurenko SI et al (2004) Use of polymerase chain reaction to
diagnose tuberculous arthritis from joint tissues and synovial fluid. Arch Pathol Lab Med
128:205–209

36. Moule MG, Cirillo JD (2020) Mycobacterium tuberculosis dissemination plays a critical role
in pathogenesis. Front Cell Infect Microbiol 10:65

37. Jilani TN, Avula A, Zafar Gondal A, Siddiqui AH (2020) Active tuberculosis. In: StatPearls.
StatPearls Publishing, Treasure Island (FL). Available at: http://www.ncbi.nlm.nih.gov/books/
NBK513246/. Accessed 3 Sept 2020

38. Wang P, Liao W, Cao G, Jiang Y, Rao J, Yang Y (2020) Characteristics and management of
spinal tuberculosis in tuberculosis endemic area of Guizhou Province: a retrospective study of
597 patients in a teaching hospital. Biomed Res Int

39. Jami SA, Jiandang S, Mobarak SA, Hao LC (2020) Recent diagnosis and treatment progress
of spinal tuberculosis. Int J Spine Surg 2(1):1–6

40. Jacquier H, Fihman V, Amarsy R, Vicaut E, Bousson V, Cambau E et al (2019) Benefits of
polymerase chain reaction combined with culture for the diagnosis of bone and joint
infections: a prospective test performance study. Open Forum Infect Dis 6(12)

41. Procopie I, Popescu EL, Huplea V, Plesea RM, Ghelase ȘM, Stoica GA et al (2017)
Osteoraticular tuberculosis—brief review of clinical morphological and therapeutic profiles.
Curr Health Sci J 43(3):171–901

42. Gualano G, Mencarini P, Lauria FN, Palmieri F, Mfinanga S, Mwaba P et al (2019)
Tuberculin skin test—outdated or still useful for Latent TB infection screening? Int J Infect
Dis 80:S20–S22

43. Nayak S, Acharjya B (2012) Mantoux test and its interpretation. Indian Dermatol Online J 3
(1):2–6

44. Pahal P, Sharma S (2020) PPD skin test (tuberculosis skin test). In: StatPearls [Internet].
StatPearls Publishing, Treasure Island (FL)

45. Qian Y, Han Q, Liu W, Yuan W-E, Fan C (2018) Characteristics and management of bone
and joint tuberculosis in native and migrant population in Shanghai during 2011 to 2015.
BMC Infect Dis 18(1):543

46. Kukreja R, Mital M, Gupta PK (2018) Evaluation of spinal tuberculosis by plain X-rays and
magnetic resonance imaging in a tertiary care hospital in Northern India—a prospective study.
Int J Contemp Med Res 5(2):6

47. Moulopoulos LA, Koutoulidis V, Hillengass J, Zamagni E, Aquerreta JD, Roche CL et al
(2018) Recommendations for acquisition, interpretation, and reporting of whole-body low

38 Bone and Joint Tuberculosis 813

http://www.ncbi.nlm.nih.gov/books/NBK513246/
http://www.ncbi.nlm.nih.gov/books/NBK513246/


dose CT in patients with multiple myeloma and other plasma cell disorders: a report of the
IMWG Bone Working Group. Blood Cancer J 8(10):1–9

48. Masood S (1992) Diagnosis of tuberculosis of bone and soft tissue by fine-needle aspiration
biopsy. Diagn Cytopathol 8(5):451–455

49. Ahmed NA, Huda N (2013) Osteoarticular tuberculosis—a three years’ retrospective study.
J Clin Diagn Res 7(10):2189–2192

50. Haworth CS, Banks J, Capstick T, Fisher AJ, Gorsuch T, Laurenson IF et al (2017) British
Thoracic Society guidelines for the management of non-tuberculous mycobacterial pulmonary
disease (NTM-PD). Thorax 72(2):ii1–ii64

51. Hughes P, Miranda R, Doyle AJ (2019) MRI imaging of soft tissue tumours of the foot and
ankle. Insights Imaging 10(1):60

52. Al-Sayyad MJ, Abumunaser LA (2011) Tuberculous arthritis revisited as a forgotten cause of
monoarticular arthritis. Ann Saudi Med 31(4):398–401

53. Kralik P, Ricchi M (2017) A basic guide to real-time PCR in microbial diagnostics:
definitions, parameters, and everything. Front Microbiol 8:108

54. Asnaashari AMH, Towhidi M, Farid R, Abbaszadegan MR, Attaran D, Fatemi SS et al (2011)
Evaluation of polymerase chain reaction for diagnosis of “tuberculous pleurisy.” Tanaffos 10
(1):12–18

55. Vorster MJ, Allwood BW, Diacon AH, Koegelenberg CFN (2015) Tuberculous pleural
effusions: advances and controversies. J Thorac Dis 7(6):981–991

56. Li Q, Pan YX, Zhang CY (1994) Specific detection of Mycobacterium tuberculosis in clinical
material by PCR and Southern blot. Zhonghua Jie He He Hu Xi Za Zhi 17(4):238–240, 256

57. Titov AG, Vyshnevskaya EB, Mazurenko SI, Santavirta S, Konttinen YT (2004) Use of
polymerase chain reaction to diagnose tuberculous arthritis from joint tissues and synovial
fluid. Arch Pathol Lab Med 128(2):205–209

58. Wu M, Su J, Jan F, Cai L, Deng Z (2018) Skipped multifocal extensive spinal tuberculosis
involving the whole spine. Medicine 97(3)

59. Yiyan L, Xing Y, Weian Z (2017) Emerging microtechnologies and automated systems for
rapid bacterial identification and antibiotic susceptibility testing. Slas Technol 22(6):585–608

60. Wen H, Li P, Ma H, Lv G (2017) Diagnostic accuracy of Xpert MTB/RIF assay for
musculoskeletal tuberculosis: a meta-analysis. Infect Drug Resist 10:299–305

61. Ye M, Huang J, Wang J, Ren J, Tu J, You W et al (2015) Multifocal musculoskeletal
tuberculosis mimicking multiple bone metastases: a case report. BMC Infect Dis 16(1):34

62. Amidon RF, Ordookhanian C, Vartanian T, Kaloostian P (2020) A rare form of Pott’s disease
with multifaceted pathological complications. Cureus 12(6)

63. Hazra A, Laha B (2005) Chemotherapy of osteoarticular tuberculosis. Indian J Pharmacol 37
(1):5

64. Bhat ZS, Rather MA, Maqbool M, Ahmad Z (2018) Drug targets exploited in Mycobacterium
tuberculosis: Pitfalls and promises on the horizon. Biomed Pharmacother 103:1733–1747

65. Hawkinson NV, DNP, RN, RNFA (2019) Corsets: a type of spinal brace. SpineUniverse.
Available at: https://www.spineuniverse.com/treatments/bracing/corsets-type-spinal-brace.
Accessed 4 Sept 2020

66. Issar S (2003) Mycobacterium tuberculosis pathogenesis and molecular determinants of
virulence. Clin Microbiol Rev 16(3):463–496

67. Stephen K (2020) Osteomyelitis treatment & management: approach considerations, medical
therapy, surgical therapy. Medscape. Available at: https://emedicine.medscape.com/article/
1348767-treatment, Accessed 4 Sept 2020

68. Ali MK, Karanja S, Karama M (2017) Factors associated with tuberculosis treatment
outcomes among tuberculosis patients attending tuberculosis treatment centres in 2016–2017
in Mogadishu, Somalia. Pan Afr Med J 28(1)

69. Nahid P, Dorman SE, Alipanah N, Barry PM, Brozek JL, Cattamanchi A et al (2016)
Executive Summary: Official American Thoracic Society/Centers for Disease Control and

814 A. Hayat Khan

https://www.spineuniverse.com/treatments/bracing/corsets-type-spinal-brace
https://emedicine.medscape.com/article/1348767-treatment
https://emedicine.medscape.com/article/1348767-treatment


Prevention/Infectious Diseases Society of America Clinical Practice Guidelines: treatment of
drug-susceptible tuberculosis. Clin Infect Dis 63(7):853–867

70. Joint Tuberculosis Committee of the British Thoracic Society (1998) Chemotherapy and
management of tuberculosis in the United Kingdom: recommendations 1998. Thorax 53
(7):536–548

71. Garg RK, Somvanshi DS (2011) Spinal tuberculosis: a review. J Spinal Cord Med 34(5):440–
454

72. Zhang X, Ji J, Liu B (2013) Management of spinal tuberculosis: a systematic review and
meta-analysis. J Int Med Res 41(5):1395–1407

73. Rasouli MR, Mirkoohi M, Vaccaro AR, Yarandi KK, Rahimi-Movaghar V (2012) Spinal
tuberculosis: diagnosis and management. Asian Spine J 6(4):294–308

74. Hosalkar HS, Agrawal N, Reddy S, Sehgal K, Fox EJ, Hill RA (2009) Skeletal tuberculosis in
children in the Western world: 18 new cases with a review of the literature. J Child Orthop 3
(4):319–324

75. Wellons JC, Zomorodi AR, Villaviciencio AT, Woods CW, Lawson WT, Eastwood JD
(2004) Sacral tuberculosis: a case report and review of the literature. Surg Neurol 61(2):136–
139; discussion 139–141

76. Subasi M, Bukte Y, Kapukaya A, Gurkan F (2004) Tuberculosis of the metacarpals and
phalanges of the hand. Ann Plast Surg 53(5):469–472

77. Nahid P, Mase SR, Migliori GB, Sotgiu G, Bothamley GH, Brozek JL et al (2019) Treatment
of drug-resistant tuberculosis. An official ATS/CDC/ERS/IDSA Clinical Practice Guideline.
Am J Respir Crit Care Med 200(10):e93–142

78. BCG tuberculosis (TB) vaccine overview (2019) NHS.UK. Available at: https://www.nhs.uk/
conditions/vaccinations/bcg-tuberculosis-tb-vaccine/. Accessed 4 Sept 2020

79. Hazel MD, Steven GS (2017) What have we learnt about BCG vaccination in the last 20
years? Front Immunol 8:1134

80. Rajasekaran S, Khandelwal G (2013) Drug therapy in spinal tuberculosis. Eur Spine J 22
(4):587–593

81. Gebreweld FH, Kifle MM, Gebremicheal FE, Simel LL, Gezae MM, Ghebreyesus SS et al
(2018) Factors influencing adherence to tuberculosis treatment in Asmara, Eritrea: a
qualitative study. J Health Popul Nutr 37(1):1

Amer Hayat Khan has started his carrier as a hospital pharmacist
and continued services after his master’s in Philosophy. He did
serve the World Health Organization for the window period to
assist the international community facing the challenges of
earthquake disaster (2005) in Pakistan. In October 2011, Amer
joined the Discipline of Clinical Pharmacy, School of Pharma-
ceutical Sciences, Universiti Sains Malaysia, as a senior lecturer
(DS-51) after completing his Ph.D. Since then, he has been
involved in teaching (undergrad and postgrad pharmacy program)
and in-hospital visits regarding pharmacy student clerkship. He
improved his skills through knowledge transfer-mission and
community engagement for health. Amer actively supervises
students with their thesis and research projects, serves as the
editor and reviewer for journals and university services, and
participates in workshops and international conferences.

38 Bone and Joint Tuberculosis 815

https://www.nhs.uk/conditions/vaccinations/bcg-tuberculosis-tb-vaccine/
https://www.nhs.uk/conditions/vaccinations/bcg-tuberculosis-tb-vaccine/


39Abdominal Tuberculosis:
Pathogenesis, Clinical Features,
and Diagnosis

Ashish Gupta

The biggest disease today is not leprosy or tuberculosis, but
rather the feeling of being unwanted.

Mother Teresa

Summary

Tuberculosis (TB) is a morbid infectious disorder that can involve multiple
organ systems in the body. Pulmonary infection is the commonest site, followed
by the abdomen. Abdominal TB can have a varied presentation and generally
mimics malignancy in endemic areas. The diagnosis is established after a
definitive biopsy. Recent advances in serology and biochemical parameters may
aid in non-invasive diagnosis. However, significant overlap in the signs and
symptoms of TB and malignancy makes invasive biopsy mandatory.
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1 Introduction

Tuberculosis (TB) is a common infection encountered in third-world countries [1].
With increasing immunodeficiency disorders, it is becoming a major health problem
in the western world [2]. The pulmonary system is the commonest system infected
by Mycobacterium tuberculosis (M. tb). Concomitant respiratory and abdomen is
involved in 15–25% of the cases [3]. There is a significant overlap of symptoms
between malignancies as well as TB of the abdomen [4]. Various reports have
already been published highlighting diagnostic as well as therapeutic misadventure.
A cheap, reliable, and reproducible biomarker can help differentiate these ailments.

TB of the abdomen, being a complex host of multiple viscera, peritoneum, and
lymphatics, manifests with a wide range of signs and symptoms [5]. These can
range from isolated abdominal pain to a cocoon abdomen in widespread involve-
ment. Radiological tests like ultrasonogram and contrast-enhanced computerized
tomogram (CECT) can aid in the diagnosis of TB [6]. Biochemical ascitic fluid
analysis can help diagnose the ascitic form of peritoneal TB. Histopathological
examination of the peritoneal or the lymph node (LN) biopsy may aid the inves-
tigation. The gastrointestinal (GI) system can be approached directly using endo-
scopes, and a biopsy can be obtained simultaneously. Effective chemotherapeutic
agents are available for the non-surgical management of the ailment. However,
multidrug-resistant forms of bacilli are widely prevalent in immunocompromised
hosts [7].

2 Pathogenesis

M. tb gains its entry into the host through the respiratory route [8]. Further dis-
semination of the infection in the body depends upon the immunity and nourish-
ment status of the infected individual. Immunosuppression in any form leads to
dissemination through lymphatics and blood. The gastrointestinal system is
involved after ingestion of non-boiled and infected milk and sputum [9]. The
bacteria involve the mucosa and cause ulceration and necrosis. The healing of these
ulcers leads to stricture formation [10], whereas transmural necrosis of the bowel
wall causes perforation and secondary peritonitis. Visceral involvement, though
uncommon, can occur as a result of the miliary process, either through direct
involvement through the surrounding peritoneum and LNs or hematogenous dis-
semination through the portal and hepatic supply in the case of liver and spleen
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[11]. The peritoneum is affected directly from the viscera like fallopian tubes, GI
system, and rupture of the involved LNs [12].

The ileocecal region is the commonest site involved in the GI tract. The alkaline
nature of the fluid, extensive lymphatic tissue, large absorptive surface area, and
stasis of the infected fluid due to the presence of the ileocecal valve are hypotheses
behind this occurrence [10]. The immunity of the affected patient then decides the
clinical form of the infection. It can be either ulcerative, hyperplastic, or
ulcero-hyperplastic. The ulcerative form is a sign of underlying immunosuppression
and malnutrition. The hyperplastic forms present with a mass typically in the right
iliac fossa, which is formed by the omentum, mesentery, and the involved bowel
loops [13].

Peritoneal TB can be of the ascitic (wet) type or fibrotic (dry) type [14]. The wet
type of peritoneal involvement presents with exudative ascites, and fibrotic form
causes omental thickening with nodules and adhesions between the bowel loops.
This classification, however, does not help in clinical practice as a significant
overlap of both forms is encountered.

Viscera are rarely involved in the tubercular process. These organs are inherently
resistant to TB infections as the alkaline nature of the biliary and pancreatic fluid is
hostile for M. tb [11]. Spleen is involved in the hematogenous spread, and primary
splenic TB is rarely encountered [2]. The genitourinary system is the commonest
viscera involved and is discussed elsewhere [15]. The bacteria become lodged in
the visceral parenchyma, resulting in granulomatous caseation and abscess for-
mation. These features challenge the clinical acumen of the treating physician as
they mimic more common benign as well as malignant visceral lesions. These
organs are involved as a part of direct involvement, miliary process, or through
hematogenous spread. TB in these organs presents as tubercular mass or abscess.
The classification of abdominal TB is depicted in Graphical Abstract.

3 Clinical Features

3.1 Generalized Symptoms

The patients with TB present with varied symptoms. It commonly affects individuals
between 20 and 40 years of age with equal sex preponderance [10]. Abdominal pain
is the most common symptom [16]. It may be colicky in nature due to luminal
narrowing. It gets relieved after the passage of flatus. A dull aching character may be
noticed in mesenteric or omental lymphadenitis. These patients may also experience
loss of weight which is unintentional. Fever may be observed in 25–40% of the
cases. Patients with ascites may notice abdominal distension and associated mal-
nutrition. These patients give a history of chronic anemia with other micronutrient
deficiencies [17]. Constipation and diarrhea may be observed in a few cases
depending on the extent of the luminal compromise and associated mucosal damage.
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3.2 Site-Specific Symptoms

3.2.1 Visceral Tuberculosis
Patients with visceral TB may present as pyrexia of unknown origin. These are
evaluated, and one may find a focus of abscess in the hepatobiliary system or
spleen. Primary visceral involvement without any other focus of TB is rare. Gall-
bladder (GB) TB may present as malignancy with clinical features like abdominal
pain, loss of appetite, and obstructive jaundice with portal lymphadenopathy [4,
11]. Many cases of GB-TB mimicking a malignant GB mass have been reported
[18]. The pancreas, when involved by TB, presents as a pancreatic mass with or
without obstructive jaundice. Peripancreatic lymphadenopathy, ascites, and peri-
toneal nodules are common in both malignant as well as tubercular processes [19].
The presence of multiple visceral metastases is a subtle finding of malignancy,
whereas mesenteric lymphadenopathy and omental caking and thickening are
commonly seen in the tubercular abdomen [11]. These findings are not specific for
either of the disease and ultimately land the patient for a morbid surgical procedure.

3.2.2 Gastroduodenal Tuberculosis
The gastric mucosa is inherently resistant to TB infection because of the presence of
an acidic milieu [10]. When infected (0.5–2%), these patients may experience
epigastric discomfort, perforation, and pyloric stenosis in late cases. Patients with
pyloric stenosis may have non-bilious vomiting with weight loss and appetite.
Duodenum can be involved either intrinsically or extrinsically by the infected
preduodenal LNs [20]. These lesions cause luminal compromise, and patients
present with bilious non-projectile vomiting, loss of weight, and abdominal pain
[21]. The patients may also present with hematemesis requiring significant blood
transfusions. These patients may also suffer choleretic diarrhea secondary to the
fistulization of the duodenal mass into the large bowel.

3.2.3 Ileo-Jejunal Tuberculosis
The small bowel is the commonest site of gastrointestinal involvement. As dis-
cussed earlier, the presence of a large absorptive area along with the highest con-
centration of lymphatic tissue predisposes this segment of the bowel to TB [10].
The patients typically present with abdominal pain, which is colicky in nature, and
it gets relieved after the passage of flatus. The ulcer might perforate, causing sec-
ondary peritonitis. Visible intestinal peristalsis can be clinically noted in case of
absolute obstruction. These patients are dehydrated and require surgical correction.

3.2.4 Colonic Tuberculosis
The colon is rarely involved in TB. Human immunodeficiency virus (HIV) infection
has led to an increased incidence of colonic TB. The right-sided disease is common,
and it is involved as a continuous infection with terminal ileum [10]. The transverse
colon, sigmoid, and rectum segmental involvement causes abdominal pain, anemia,
rectal bleeding, and obstruction in severe cases. These cases require biopsy for the
definitive diagnosis, and surgical correction is warranted in rare cases [22].
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3.3 Tubercular Complications

Many patients in endemic areas come to emergency with secondary peritonitis due
to bowel perforation or absolute constipation [23]. These patients are dehydrated
and hemodynamically unstable. They require aggressive fluid resuscitation, broad-
spectrum antibiotics, organ support, and surgery for damage control [24]. The
extent of operative procedure and type of surgery depends upon the condition of the
involved bowel segment and hemodynamic stability of the patients [25]. The
outcome of the aggressive management in these cases is usually dismal, as the
mortality varies between 8 and 30% even after recent advances in perioperative care
[26]. Many surviving patients have multiple ostomies and experience ostomy-
related complications like electrolyte imbalance, peristomal excoriation, stomal
prolapsed or retraction, and nutrient deficiencies [27, 28]. These complications
depend on the surgical expertise and the segment of the bowel that has been
exteriorized.

4 Diagnosis

Diagnosis of abdominal TB is challenging, given the varied clinical and radio-
logical presentation. None of the biochemical and radiological tests is the gold
standard for it. Histopathology of the affected tissue may aid in diagnosis to a
certain extent. Recent advances like polymerase chain reaction (PCR) can help
detect bacterial DNA and diagnose it in many cases [29].

5 Hematological Tests

Blood investigations may show elevated erythrocyte sedimentation rate (ESR),
C-reactive protein (CRP), and total leucocyte counts (TLC) [11]. Hypoalbuminemia
may occur as a result of loss of appetite and malabsorption. While receiving anti-TB
therapy (ATT), liver enzymes may be elevated and must be monitored regularly.

6 Radiological Investigations

6.1 Plain Chest X-Ray

A plain X-ray of the chest may reveal the active focus of pulmonary TB (PTB) in
25% of the cases. Many patients (75%) show a normal chest roentgenogram
depicting primary abdominal involvement. Active PTB may show multiple
parenchymal infiltrates with pleural effusion and mediastinal widening due to
mediastinal lymphadenopathy. In healed cases, multiple fibrotic bands with pleural
thickening may be noticed [30].
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6.2 Plain Abdomen X-Ray

A plain X-ray of the abdomen may reveal multiple air-fluid levels with dilated
bowel loops in case of obstruction. These patients may also show enterolith, which
denotes the presence of anon passable stricture in the small bowel. The bowel may
be centralized or clumped with a relative scarcity of rectal air. The free air under the
diaphragm denotes the perforation of the hollow viscus, and it may result in sec-
ondary peritonitis [31].

6.3 Barium Meal

Barium meal (follow-through) is done after ingestion of radio-opaque contrast
medium and subsequently taking the radiographic images of the abdominal cavity.
It detects any intraluminal strictures and partial obstruction. The barium meal shows
multiple strictures with dilated bowel loops in between [9]. These studies should be
done with utmost precautions as barium impaction may cause complete obstruction,
and free spillage of barium into the peritoneal cavity leads to chemical peritonitis
requiring urgent surgical correction [32]. With the advent of computerized
cross-sectional imaging, the utility of these historical investigations, even in
underdeveloped countries, is reduced to academic purposes.

6.4 Ultrasonogram

Ultrasonogram is widely available nowadays. Operator dependency and low
diagnostic yield are the limitations of this modality. It is non-invasive and provides
the gross representation of the abdominal viscera. The ultrasonogram shows free
fluid and omental caking in the peritoneal form of TB. The lymphatic form of TB
might cause enlargement of the mesenteric, celiac, periportal, and retroperitoneal
LNs. Matting the lymph nodes leads to mass formation, and an ultrasonogram will
reveal a hyperechoic peripheral area with central liquefaction. Calcific speculations
may be observed in healed calcified nodes [33].

A visceral form of TB may show a large mass involving the affected organ
associated with lymphadenopathy. The mass may have central liquefaction as
noticed in large malignant tumors. The lymph node enlargement of the draining
area adds to the clinical challenge [4]. Patients with pyrexia of unknown origin may
show multiple visceral abscesses, which are also difficult to differentiate from the
bacterial abscess [2]. Multiple liver abscesses may also be confused with hepatic
plate dysgenesis like polycystic liver and von Meyenburg complexes [34].

Bowel thickening may be noticed in the enteric form of TB. The thickening
involves the ileocecal junction primarily. The bowel thickening is also associated
with cecal involvement, appendicular thickening, and omental adhesions. Pseudo
kidney sign may be seen in pulled up caecal mass when it is seen in subhepatic
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space [9]. These signs have significant overlap with other benign conditions and
malignancies. Biopsy of the affected segment provides the only chance of differ-
entiation between these conditions.

6.5 Abdomen Contrast-Enhanced Computed Tomography

Cross-sectional imaging like CECT can aid in clinical diagnosis [35]. These
investigations provide the image of the viscera along with the associated structures.
The imaging assists the clinical judgment and justifies the empirical diagnosis. The
cross-sectional imaging shows enlarged mesenteric and celiac LNs [4]. These LNs
may be discrete or matted due to TB periadenitis. The matted LN mass might have
areas of central caseation necrosis, which on CECT will appear as a hypointense
area with peripheral hyperintense rim associated with surrounding stranding [9].
The healed or dead nodes may demonstrate calcifications. Lymphadenopathy is
relatively sparse in retroperitoneum, unlike lymphoma, where retroperitoneal
lymphadenopathy is a common phenomenon. The biopsy of the affected LN pro-
vides the definitive diagnosis.

As described above ileocecal junction and terminal ileum are the commonest site
of gastrointestinal TB. CECT of the abdomen in these cases shows a mass in the
right iliac fossa, which is formed by the thickened terminal ileum and caecum,
matted omentum, small bowel mesentery, and appendix. The mass is inflammatory
in nature. The terminal ileum and caecum are pulled up to lie in the subhepatic
space [36]. There may be a visualization of dilated small bowel loops along with the
intervening strictures. These strictures may be long or small, multiple or single, and
passable or non-passable depending on the length of the involved bowel. The free
air in the peritoneal cavity signifies the free perforation of the small bowel. CECT
enteroclysis may show the direct transit of the oral contrast from the affected
segment to the large bowel or distant bowel, signifying the fistulization of the
segment into the distal large intestine. These patients present with the passage of
loose stools with loss of weight.

Viscera, when involved in the tubercular process, mimic the intraabdominal
visceral malignancy or the infective process. The hepatobiliary involvement will be
seen as a large mass with heterointense areas [11]. There may be calcifications seen
in the periphery of the mass, and it may be associated with portal, periportal, and
celiac lymphadenopathy. The presence of ascites and peritoneal nodules may also
confuse the clinical diagnosis. Pancreatic TB presents as a large necrotic mass in the
head and tail of the pancreas [37]. There may be peripancreatic stranding as well as
LN involvement in the peripancreatic areas. The presence of mass with obstructive
jaundice or pain favors malignancy, and TB as a primary disease is considered
rarely. Spleen is involved in the miliary process, and hematogenous dissemination
is commonly seen. Splenic TB may present as multiple splenic hypointense areas
signifying splenic abscesses with enlargement [2]. These visceral findings
camouflage as malignancy, and all patients are subjected to the intense treatment
protocol, only to be a histological surprise.
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6.6 Diagnostic Laparoscopy

Minimally invasive surgery has emerged as a useful alternative to the conventional
open laparotomy [38]. A minimally invasive approach has led to early recovery,
reduced post-operative pain, and scarring. These advantages of laparoscopy have
increased its utility in diagnosing abdominal infections as well as disseminated
malignancy. Diagnostic laparoscopy is the initial investigation before contemplat-
ing the definitive surgery. The presence of whitish nodules over the peritoneum and
bowel surface can be seen in TB and metastatic disease as well [39]. Subjecting
these deposits for intraoperative frozen section and histopathology has diagnosed
TB in many patients.

Diagnostic laparoscopy offers the advantage of viewing the whole intraabdom-
inal cavity, including the pelvis and reproductive organs. The presence of thickened
fallopian tubes along with active fimbrial discharge is a sign of active TB pelvic
inflammatory disease.

6.7 Ascitic Fluid Tap

Intraperitoneal free fluid can be appreciated in many patients with abdominal TB.
The free fluid is exudative in nature. Biochemical analysis of the fluid shows
increased proteins with low glucose levels. There may be lymphocytosis, and its
yield for acid-fast bacilli (AFB) is very low. Peritoneal biopsy has the highest yield
of AFB among peritoneal fluid and biopsy. Raised adenosine deaminase (ADA) (>
37) has typically been associated with abdominal TB [10].

6.8 Nuclear Scans

Nuclear scans have evolved as a diagnostic modality for malignancy. The tumor
cells possess a high metabolic rate, and these selectively take up the glucose tracer
well [40]. The inflammatory cells lack this capability, and hence inflammatory
lesions are less avid on nuclear scans. The peritoneal involvement of TB is seen as
diffuse uptake, whereas it is isolated nodular uptake in malignancy. Multiple reports
have been published in literature where the abdominal TB has mimicked malig-
nancy, and even in PET-CT presence, TB was diagnosed only after definitive
histopathology. Gallium 67 scintigraphy has traditionally been used to initiate and
monitor chemotherapy response in abdominal TB [41].

6.9 Histopathology

Histology is the standard gold test for diagnosis. Histology of the tissue shows
caseating granuloma with epithelioid and Langhan’s cells with AFB [11]. The
central caseation is typical of TB in endemic areas. The diagnosis of TB is
established only if the following clinical and diagnostic criteria are met:
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• demonstration of a caseating granuloma on histology;
• demonstration of AFB;
• isolation of M. tb when the tissue is subjected to culture; and
• clinical resolution of disease after the initiation of chemotherapy.

The yield of fine-needle aspiration (FNA) is low compared to the biopsy. The
false-negative yield of FNA is 10–15%. A negative test in a patient with typical
signs and symptoms should be reassessed, especially in the endemic areas.

7 Treatment

The treatment of abdominal TB primarily comprises ATT. The treatment regimens
and complications of ATT have been described elsewhere.

8 Conclusion

TB is an infective disease with high morbidity and mortality, especially in
co-infection with HIV. Abdominal TB poses a challenge to the treating physician as
it is a great mimicker of abdominal malignancy. Modern-day molecular diagnostic
modalities help differentiate these pathologies and initiate the appropriate treatment
of the affected patients. Though healed after appropriate chemotherapy, the patients
still suffer from the sequel of infections and present with subacute intestinal
obstruction, abdominal pain, etc. These patients also prove to be a nightmare for the
surgeons who operate them for some other surgical ailment as there are dense
adhesions between the bowel and mesentery, patients are malnourished, and the
prognosis with these comorbidities is poor.

Core Messages

• TB still affects people, especially in the developing world.
• TB is treatable.
• Surgery is required in rare cases with obstruction or perforation.
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40Bovine Tuberculosis at the Interface
of Cattle, Wildlife, and Humans

Mitchell V. Palmer, Carly Kanipe, Jason E. Lombard,
and Paola M. Boggiatto

An attempt to eradicate the disease [tuberculosis] from humans
without also eliminating it from domestic animals could only be
futile.

Myers and Steele

Summary

General awareness of zoonotic diseases has been heightened by the
SARS-CoV-2 pandemic, but in truth, emerging zoonotic diseases have been
and remain burdensome to public health. Many zoonotic diseases involve
domestic animals and/or wildlife, and transmission occurs at the domestic
animal-wildlife-human interface. Bovine tuberculosis (TB) due to Mycobac-
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terium bovis (M. bovis) exemplifies a zoonotic disease at the interface of cattle,
wildlife, and humans. An interface represents not only a physical location but
also interspecies interactions occurring at that location. There are various
wildlife reservoirs ofM. bovis, and when disease transmits to cattle, it does so by
various means ranging from sharing of feed to licking possums. Human-animal
interfaces may be in the forest, in the barn, or in the kitchen and the interactions
range from eating cheese to field dressing wild game. Disease on a global scale
like bovine TB is difficult to eradicate, and few countries have been successful.
Wildlife reservoirs of disease and wildlife-to-cattle transmission further com-
plicate the eradication of M. bovis, making it difficult, if not impossible, to
eliminate the disease from cattle. Disease eradication requires thorough
knowledge and understanding of these interfaces.
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1 Introduction

As a result of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic, the general public is more aware of the potential for disease transmission
between humans and animals and the respective health and economic conse-
quences. In truth, numerous emerging zoonotic events represent a burden on global
public health [1]. An analysis of 335 emerging disease events occurring between
1940 and 2004 showed that more than 60% were zoonotic, and the majority (over
70%) had an epidemiologically important wildlife host [1]. For disease transmission
to occur among humans, wildlife, and domestic animals, some level of interspecies
interaction is required. This interaction is often described as an interface (e.g.,
wildlife-domestic animal, wildlife-human, domestic animal-human) [2].

An interface can be defined as a space or location where unrelated populations
meet and interact. An interface, therefore, is a combination of both a physical space
or location and the interspecies interactions that occur there. In the context of
infectious disease, not all pathogens can successfully transmit at the animal-human
interface or the domestic animal-wildlife interface. One pathogen, Mycobacterium
bovis (M. bovis), the cause of tuberculosis (TB) in cattle and wildlife, and the cause
of zoonotic TB in humans, represents an excellent model, as it successfully
transmits at the cattle-wildlife, cattle-human, and wildlife-human interfaces [3].

As for bovine TB, the physical location of a cattle-wildlife interface may be feed
storage yards or pastures located in the middle of heavily forested areas of Northern
Michigan where infection with M. bovis in wild white-tailed deer (Odocoileus
virginianus) is endemic (Fig. 1). The interaction may be the consumption of live-
stock feed by deer. In doing so, infected deer leave M. bovis behind in their saliva
and nasal secretions, which is then indirectly transmitted to cattle as they consume
contaminated feed [4]. This interface further demonstrates that interspecies inter-
actions need not be direct nor require physical contact.

In other cases, the physical location and interaction that define a particular
interface may not be known. For example, in the United Kingdom (UK) and the
Republic of Ireland (ROI), the role of the European badger (Meles meles) as a
source of M. bovis infection in cattle has long been suspected, if not generally
accepted [5–7]. However, the exact means by which direct or indirect
badger-to-cattle transmission occurs remain unclear [8]. In the following sections,
we will use M. bovis as a model to describe cattle-wildlife, cattle-human, and
wildlife-human interfaces.

2 Cattle-Wildlife Interface

Motivations for controlling bovine TB were related to both public health and animal
health. As such, early eradication efforts focused exclusively on controlling disease
in cattle, thereby decreasing the cattle-to-human transmission of M. bovis through
decreasing contaminated milk and meat [9]. Unfortunately, in some regions, while

40 Bovine Tuberculosis at the Interface of Cattle, Wildlife, and Humans 831



attention was centered on the relatively high disease prevalence in cattle, M. bovis
was spilling over from cattle into susceptible wildlife hosts. As eradication efforts
successfully decreased disease in cattle generally, eradication foundered in some
areas, and disease prevalence in cattle remained elevated due to the sustained
presence ofM. bovis in local wildlife populations. Disease, having spilled over from
cattle to wildlife, was now spilling back from wildlife to cattle [10]. The insidious
and chronic nature of TB makes it especially difficult to identify in wildlife,
resulting in years of intra- and interspecies transmission before it is recognized
[11–13].

Today, wildlife populations where M. bovis infection is maintained represent
wildlife reservoirs of infection and obstacles to bovine TB eradication.
Well-acknowledged wildlife reservoirs of M. bovis include the European badger in
the UK and the ROI, the brushtail possum (Trichosurus vulpecula) in New Zealand,
the European wild boar (Sus scrofa) in the Iberian Peninsula, the African Cape
buffalo (Syncerus caffer) and Greater kudu (Tragelaphus strepsiceros) in South
Africa, and the white-tailed deer in the United States (US) [14]. The common and
most disconcerting characteristic of a wildlife reservoir is that M. bovis infection
can be maintained in the population without an external source of infection [14].
Thus, once established in wildlife reservoir hosts, elimination of TB from the

Fig. 1 Farmstead in Michigan, the USA, surrounded by dense forest, which is ideal white-tailed
deer habitat, placing deer in proximity to cattle and cattle feed storage areas. Photo courtesy of
Graham Hickling, Manaaki Whenua-Landcare Research, Lincoln, NZ
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source population (e.g., cattle) will not eliminate the disease in the wildlife
population.

The cattle-wildlife interface may be as straightforward as comingling or sharing
pasture by cattle and wildlife. In South Africa and Uganda, M. bovis is maintained
in Cape buffalo herds in the Kruger National Park and Queen Elizabeth National
Park, respectively. In these regions, both cattle and buffalo numbers are increasing,
thus limiting resource availability. In search of suitable food and water, cattle
wander inside park boundaries and buffalo wander outside of park boundaries,
increasing the chance of interaction between these two species [15]. Transmission
between cattle and buffalo has been confirmed using molecular methodology [16–
18]. In these areas, the lack of effective bovine TB control programs exacerbates the
problem [17].

In other cases, the interface is not so straightforward. Fourteen domestic and
wild species in New Zealand have been shown to be infected with M. bovis, among
which the brushtail possum is of greatest importance. Possums were originally
imported to New Zealand from Australia in the mid-nineteenth century; however,
the population has increased to a current estimate of 60–70 million possums that
cover more than 90% of New Zealand’s land area [19]. This represents a possum
density 20 times higher than that seen in their native Australia [19]. The interaction
between cattle and M. bovis-infected brushtail possums in New Zealand is
intriguing. Generally speaking, healthy possums tend to avoid contact with cattle
[20]. TB in possums is often progressive and severe, with most succumbing within
six months of infection. In contrast to healthy possums, those with advanced dis-
ease manifest increased daytime activity and exhibit abnormal behaviors such as
rolling, falling, and stumbling, all of which attract inquisitive cattle. Researchers
used moderately-sedated possums to mimic terminally-ill possums, showing that
cattle express great interest in unusually behaving possums [21]. More precisely,
cattle could be drawn in from a distance of 50 m and would spend significant time
within 1.5 m, a distance at which M. bovis can be transmitted through aerosols.
Cattle often sniffed, licked, rolled, lifted, chewed, and kicked the possums pro-
viding ample opportunity for M. bovis transmission [20]. Furthermore, disease
transmission is facilitated by the pathogenesis of the disease in possums, where
highly infectious material is expelled from both the respiratory tract and discharging
sinuses from superficial lymph node lesions.

The lack of a complete understanding of the interface location or interaction
activities may lead to an increase in wildlife-cattle disease transmission even when
mitigation strategies are implemented. European badgers are a recognized source of
M. bovis in the UK and the ROI [22, 23] and are believed to be partially responsible
for many cattle herd TB breakdowns. A great amount of research has explored the
means by which badgers transmit M. bovis to cattle. It has been suggested that
infected badgers climb into livestock feed bunks or water tanks and leave behind M.
bovis, which is then indirectly transmitted to cattle through feeding or watering. It
has also been proposed that inquisitive cattle investigate badger latrines where they
are exposed to urine or feces containingM. bovis. To make matters worse,M. bovis-
infected badgers may survive for three to four years, during which time they may be
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shedding M. bovis [24]. In spite of various reasonable hypotheses, the details of the
badger-to-cattle transmission of M. bovis remain unclear. Mounting rates of bovine
TB led to an extensive study of the epidemiological significance of badgers in
relation to bovine TB and possible badger management measures [25]. The study
showed that badgers serve as a reservoir of infection for cattle [26]. However, the
study also demonstrated that selective removal of badgers in response to new
bovine TB diagnoses within a study area (reactive badger culling) actually
increased the incidence of tuberculin reactors in cattle herds in the study area [27,
28]. In contrast, after five years of removing all badgers from a study area
(proactive badger culling), the incidence of tuberculin reactors in cattle in the study
area was down 23%. The beneficial effect was ongoing as one to two years after the
last proactive cull; the tuberculin reactor rate was down 54% [25]. It is believed that
the removal of some but not all of the badgers within a study area resulted in a
restructuring of social groups and increased home ranges for remaining badgers
[29]. Expanded ranging behavior likely increased contact (and disease transmis-
sion) with cattle, as well as other badgers [30]. In the UK, badger culling remains
highly controversial and hotly contested [31]. In this case, sociopolitical forces also
influence the cattle-wildlife interface. Public attitudes do not favor badger culling in
the UK, and surveys demonstrate that people value conservation and animal welfare
over disease prevention [3].

Spillover transmission from infected cattle is believed to have introduced M.
bovis into North American wildlife. In North America, reports of TB in free-ranging
wildlife, specifically deer, date back to the 1920s [10, 11, 32]. At that time, efforts
to eradicate TB from cattle were progressing, and it was assumed that once TB was
eradicated from cattle, the cattle-to-deer transmission would cease, and TB in deer
would disappear. Any deer-to-deer transmission was considered insignificant,
thereby assuming that wild deer were an improbable reservoir host population. In
Michigan, currently, as well as in Minnesota, historically, the presence of TB in
cattle can be linked to white-tailed deer through whole-genome sequencing of
isolates [11, 32–34]. Similarly, by M. bovis strain comparison, the presence of TB
in cattle near Riding Mountain National Park in Manitoba, Canada, can be linked to
M. bovis-infected elk (Cervus elaphus manitobensis) within the park [35].

In the case of Michigan, the physical locations and interactions which charac-
terize the cattle-wildlife interface are often heavily influenced by human activities.
The proximity of ideal deer habitat to livestock feeding areas allows deer and cattle
to share feed. Direct contact is not required, as deer leave behind feed contaminated
by saliva and nasal secretions containingM. bovis, which is subsequently consumed
by cattle. Thus, deer-to-cattle transmission can be indirect [4]. Epidemiological
studies linking these cattle TB outbreaks to deer are supported not only by the
proximity of cattle herds to areas where TB in wild deer is endemic but also by
DNA typing of M. bovis isolates.

Supplemental feeding of deer by humans, especially during winter months, is a
major factor in the generation and persistence of TB in Michigan white-tailed deer
[36–39]. Enticing wild deer to congregate around feed piles increases the deer-to-deer
transmission of TB, thus contributing to the maintenance of TB (and other diseases)
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in this population. Moreover, when feed piles intended for deer are placed in areas
accessible to cattle, deer-to-cattle transmission is increased. Encroachment of humans
and cattle on wildlife habitat and the actions of humans, well-meaning or not, are
increasing cattle-wildlife, as well as human-wildlife contact [40, 41].

The wildlife ranching or deer farming industries have also created new
cattle-wildlife interfaces. In recent decades, the development of recreational,
commercial hunting has resulted in marked changes to the number and distribution
of wildlife populations in southern Spain, namely wild boar and red deer (Cervus
elaphus), both of which can serve as reservoirs of M. bovis [42–44]. In these
scenarios, large areas of suitable habitat have been fenced in, and artificial feeding
and watering locations have been provided, rendering wildlife populations essen-
tially captive [45]. Within these confines, cattle are also often raised, creating
cattle-wildlife interactions. Land management that forces the coexistence of wildlife
and cattle increases interspecies interactions and disease transmission.

Game ranching and deer farming have gained popularity in North America [46].
In addition to increasing animal density, thus facilitating disease transmission, other
common practices include the release of exotic and/or native deer species into
semi-free ranging environments for hunting [10]. There, comingling with cattle and
other susceptible species such as feral swine is enhanced, thereby fostering inter-
species disease transmission.

Management limitations at some interfaces may influence the efficiency of
disease transmission. In most countries, surveillance testing is focused on cattle due
to the lack of surveillance methods for wildlife, impeding detection of TB in
wildlife populations. Diagnostic tests are generally developed for cattle and are not
suitable for most wildlife species. Moreover, it is difficult and costly to trap, test,
and track wildlife, severely restricting the ability to recognize the emergence of
wildlife reservoirs of TB.

3 Human-Animal Interface

Complicating the sylvatic cycle between cattle and wildlife is the human-animal
interface. This can be further broken down into human-wildlife and human-cattle
interfaces, though the delineation is frequently muddled and sometimes nonexis-
tent. Human-cattle interactions can represent a public health risk as well as an
impediment to disease eradication efforts. As with cattle-wildlife interactions,
wildlife habitat is continuously encroached upon by humans for agricultural pur-
poses as the global demand for food increases. As such, we can expect human-
animal (wildlife and livestock) interactions to increase in the coming decades. One
study examining the conversion of natural habitats to agricultural or urban
ecosystems found such changes in land use expanded hazardous interfaces between
humans, livestock, and wildlife. One ominous finding was that mammalian species,
which harbor more zoonotic pathogens were more likely to thrive in these areas of
converted ecosystems [47].
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The public health implications of M. bovis infection in humans (zoonotic TB)
were suspected as early as 1865 by Chauveau, who confirmed disease transmission
between cattle through ingestion of diseased material [9, 48]. Similarly, experi-
ments by Villemin in 1868 showed that diseased material could transmit TB to
various animal species [49]. This led both scientists to posit that TB transmission
was achievable in both man and animals by consuming meat or milk from diseased
animals. Later, in 1888, Professor Thomas Walley, Principal of the Royal Dick
Veterinary College at Edinburgh, taught that TB in cattle could be transmitted to
humans through milk, meat, or merely by contact with infected cattle inside dairy
barns [50]. In 1877, in the US, Cornell’s James Law taught that zoonotic TB was
the most important zoonotic disease of the time [51]. Despite admonitions from
veterinary professionals, acceptance was slow, both by government officials and
physicians. Even as late as the early 1900s, M. bovis accounted for 25–30% of all
human TB in the US and Europe [52, 53]. More distressing was that most of these
cases were in children, the primary consumers of unpasteurized milk [54]. A survey
in 1890 of 18,000 US physicians showed that most doctors did not consider
unpasteurized milk to be a source of TB for humans [51, 55]. Today, in
underdeveloped countries with little or no bovine TB control programs, ingestion of
unpasteurized milk containing M. bovis remains a public health problem. In con-
trast, in developed countries, human cases linked to ingestion of M. bovis are
mostly limited to artisanal cheeses produced with raw unpasteurized milk [56–58].
As such, the human-cattle interface involves both cattle and cattle products, making
the kitchen an interface location and our ingestion of unpasteurized dairy products
an interface interaction.

The human-cattle interface has been substantially influenced by livestock
importation and exportation. In the 1800s, Britain exported large numbers of
Hereford cattle to their many colonies, including the Americas. With cattle, they
also exported their specific strain of M. bovis. This is reflected in the similar M.
bovis spoligotype patterns (clonal complexes) in Britain and in former British
colonies and trading partners [59]. As international trade increased, so did the
spread of this particular clonal complex, making it one of the most prominent
worldwide. Today, it is possible to delineate different strains within clonal com-
plexes, allowing for more specific traceback, something critical in a time of global
trade. For example, in the US, the importation of cattle from Mexico has led to
disease in areas that previously had none. In some cases, these animals are untested
or falsely negative to the tuberculin skin test upon importation; however, later
spoligotyping and whole-genome sequencing can show the strains originated in
Mexico [60].

Human-to-human transmission of Mycobacterium tuberculosis (M. tb) is pri-
marily through aerosolization of droplet nuclei from infected individuals. Cough-
ing, talking, and singing can produce droplet nuclei, which are small (< 5 lm)
remnants of evaporated droplets that can float in the air for hours. Infectious bacilli
can be associated with these tiny droplets. In contrast, larger droplets, which may or
may not contain infectious bacilli, tend to fall to the ground quickly and are less
likely to result in disease transmission. Due to their small size, infectious droplet
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nuclei can travel deep in the lung to pulmonary alveoli once inhaled. Larger dro-
plets, if inhaled, are generally cleared from the nasal passages and upper respiratory
tract [61–63]. Aerosol transmission from cattle to humans is believed to occur
through a similar mechanism involving aerosolization of droplet nuclei [64, 65]. In
addition to direct aerosol transmission from cattle, acid-fast bacilli have been found
in dried cattle sputum on the walls of their enclosures, posing an additional route by
which humans may come into contact with the bacteria, especially when enclosures
are being cleaned [65]. Livestock owners, caretakers, and veterinarians in close
contact with infected cattle are at higher risk of airborne or fomite-driven infection
[66–68]. Livestock owners are more likely to be infected via the aerosol route,
while veterinarians and abattoir workers are more likely infected through accidental
cutaneous inoculation or contact with fomites [67]. Cutaneous TB wounds were
once so common in abattoir workers as to be called “butcher’s warts” [65]. A recent
survey of four slaughterhouses in Italy demonstrated that workers involved with the
slaughter of tuberculin-positive cattle are at high risk of exposure to M. bovis.
Carcasses, workers’ hands, and rinse water were all found to contain M. bovis
DNA. Moreover, the carcasses of healthy cattle slaughtered on the day after pro-
cessing tuberculin-positive cattle were also found to be contaminated [69]. In these
cases, procedures used to decontaminate slaughterhouses after processing
tuberculin-positive cattle were ineffective and insufficient. Furthermore, the study
reported that none of the personnel wore mandatory personal protective equipment,
other than disposable latex gloves and waterproof aprons [69].

Although the human-wildlife interface could involve wildlife interactions with
any human, it is more likely that hunters, trappers, taxidermists, wild game meat
processors, and consumers of wild game meat would have interactions that could
lead to disease transmission [70]. However, even in regions of the US where TB is
endemic among wild white-tailed deer, a popular game species from which venison
is widely consumed, human M. bovis infections linked to deer are rare [71].
Between 1995 and 2007, 13 cases of human M. bovis infections were identified in
Michigan. No genetic or epidemiological link to deer could be identified in 11 of
those cases [71]. In one of the two remaining cases, pulmonary lesions were pre-
sent, while the other case was limited to cutaneous TB on the hand, thought to be
the result of superficial cuts sustained during field dressing a deer. Similarly, in
New Zealand, a veterinary surgeon surveying possums with M. bovis was infected
[72], developing tenosynovitis of the forearm and secondary carpal tunnel
syndrome.

The human-cattle interface is generally thought to be unidirectional, with
humans being infected by cattle. This is not always the case. Human-to-cattle
transmission (reverse zoonosis) has been reported in multiple countries, including
Africa, India, Europe, China, and the US [73–91]. The source of infection for cattle
is most often traced to active TB patients expelling bacilli through sputum, urine,
and feces [74]. Grange cites examples of numerous people (most of which had
pulmonary TB) infecting over 100 herds, resulting in the slaughter of over 1000
animals [92].
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M. tb is the most commonly reportedM. tb complex (MTBC) species transmitted
from humans to cattle, which is predictable given that more than 90% of human TB
cases are caused byM. tb [93]. Although not reported, there is also the possibility of
cattle transmitting M. tb back to humans. Studies report that cattle are either gen-
erally resistant to infection by M. tb or have low numbers of M. tb detected in
lymph nodes with no gross pathology [94, 95]. Young cattle, usually heifers, are
reported as being infected with M. tb more commonly than adult cattle suggesting
there might be differences in the immune systems’ ability to prevent infection in
younger cattle. In cattle, experimental infection studies with M. tb and M. bovis
showed varying responses [94]. M. bovis infection was associated with colonization
and lesion formation, while M. tb colonized tissues without inducing lesions.
Antibody responses persisted in the M. bovis-infected cattle, while antibody
responses waned in M. tb-infected cattle, lasting only six to 16 weeks after
infection.

Airborne human-to-cattle transmission is possible with people suffering from
pulmonary TB. Other interactions that promote human-to-cattle transmission of TB
may include practices, such as bringing cattle into a farmer’s home at night or
expectorating chewed tobacco juice directly into the oral cavity of cattle as an
anti-parasite treatment [96]. In some countries, humans urinate on the hay to pro-
vide salt to the cows. As summarized by Grange and Collins in 1987 [97], of fifty
herds infected from human sources, 24 herds were infected from humans with renal
TB [98]. Urinary tract infection is one of the manifestations of human M. bovis
infection and is not usually diagnosed until transmission to animals has already
occurred. One patient with genitourinaryM. bovis infected 48 cattle in four different
herds by urinating in the cow barn [92, 99].

In many countries with active bovine TB eradication programs, the human-
to-cattle transmission of M. bovis is not generally recognized as a significant risk.
Admittedly, published reports of human-to-cattle transmission are infrequent in
developed countries; however, evidence suggests the human component of disease
exposure to cattle should be considered and addressed within a “One Health”
approach. As long ago as 1969, long before the “One Health” approach became
popular, it was recognized that eradicating the disease from humans without
eliminating it from cattle would be ineffective [100]. Similarly, efforts to eradicate
TB from cattle without addressing the TB status of people working with cattle may
prevent or delay eradication.

4 Conclusion

According to the 2017 world health organization (WHO) roadmap for zoonotic TB,
“One Health” is defined in terms of “the interdependence of the health of people,
animals, and the environment” [101]. The burden of disease in people cannot be
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reduced without managing the disease in animals, whether domestic or wild.
Eliminating a disease from a domestic population is difficult; one need only look at
the US bovine TB eradication campaign that began in 1917 and is still in effect
today. Eliminating a disease from a wild population is vastly more difficult. Even
gathering data to understand the extent of a potential wildlife disease problem poses
great challenges [102]. Except for Australia, no country with a wildlife reservoir of
M. bovis has successfully eradicated TB from cattle or wildlife. Moreover, as seen
in Africa, numerous wildlife species may serve as reservoirs, each interacting with
cattle and humans in its own fashion. Differing social attitudes create further
obstacles. In New Zealand, the brushtail possum is an invasive pest, destroying
natural flora and fauna. Wholesale poisoning of possums with 1080 (sodium
fluoroacetate) is considered acceptable [103, 104]. In stark contrast, the European
badger is beloved by many in the UK. Almost any contact with badgers may be met
with resistance; hence the passage of the Protection of Badger Act of 1992, which
makes it illegal to

• “wilfully kill, injure, take or attempt to kill, injure or take a badger;
• possess a dead badger or any part of a badger;
• cruelly ill-treat a badger;
• use badger tongs in the course of killing, taking or attempting to kill a badger;
• dig for a badger;
• sell or offer for sale or control any live badger;
• mark, tag or ring a badger;
• interfere with a badger sett by:

– damaging a sett or any part there of;
– destroying a sett;
– obstructing access to a sett;
– causing a dog to enter a sett;
– disturbing a badger while occupying a sett” [105].

Dealing with persistent M. bovis infection in European badgers in the UK may
look very different from the management of infected brushtail possums in New
Zealand. Each wildlife reservoir of M. bovis and its interactions at the
cattle-wildlife-human interfaces will vary. Each case will need to be closely
examined and social, environmental, and scientific factors well understood if
bovine TB is to be eradicated.

Efforts to eradicate tuberculosis from cattle without addressing the tuberculosis status of
people working with cattle may prevent or delay bovine tuberculosis eradication.

Mitchell V. Palmer, Carly Kanipe, Jason E. Lombard, Paola M. Boggiatto
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Core Messages

• Emerging zoonotic diseases remain a public health concern.
• Tuberculosis due to Mycobacterium bovis represents a zoonosis at the

interface of cattle, wildlife, and humans.
• Cattle-wildlife, human-cattle, and human-wildlife interfaces exist.
• The physical space or location and the interspecies interactions at each

location may differ.
• To eradicate bovine tuberculosis, each interface requires individual

attention and interface-specific management.
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Millions of people die from tuberculosis every year - and it’s
totally treatable. This is a disease we can eradicate in our lifetime.

Jennifer Wright

Summary

In the last decade, a major genomics revolution took place in life and health
sciences that shed light on the biology and evolution of all living organisms. The
pathogenic Mycobacterium tuberculosis and Mycobacterium bovis, members of
the Mycobacterium tuberculosis complex, are perfect examples of important
genomic studies on their interspecific evolutionary relationships as well as
intraspecific evolution and their spread across the world. Mechanisms

T. Rito (&) � P. Soares
Centre of Molecular and Environmental Biology (CBMA), School of Sciences,
University of Minho, Braga, Portugal
e-mail: teresarito@bio.uminho.pt

P. Soares
e-mail: pedrosoares@bio.uminho.pt

Institute of Science and Innovation for Bio-Sustainability (IB-S), University of Minho,
Braga, Portugal

O. Inlamea
Instituto Nacional de Saúde, Ministério de Saúde, Maputo, Moçambique
e-mail: osvaldosdc@gmail.com

O. Oliveira � M. Correia-Neves
School of Medicine, Life and Health Sciences Research Institute (ICVS),
University of Minho, Braga, Portugal
e-mail: radomoliveira@gmail.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
N. Rezaei (ed.), Tuberculosis, Integrated Science 11,
https://doi.org/10.1007/978-3-031-15955-8_41

847

http://orcid.org/0000-0002-8374-6347
http://orcid.org/0000-0002-2202-5431
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15955-8_41&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15955-8_41&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15955-8_41&amp;domain=pdf
mailto:teresarito@bio.uminho.pt
mailto:pedrosoares@bio.uminho.pt
mailto:osvaldosdc@gmail.com
mailto:radomoliveira@gmail.com
https://doi.org/10.1007/978-3-031-15955-8_41


underlying pathogenicity and virulence are being identified in the annotated
genomes, crucial for understanding clinical outcomes. Genomic diversity within
these mycobacteria is being exploited to pinpoint transmission events and
transmission chains, providing a valuable tool for public health agents. In
conclusion, genomics and evolution provide valuable tools, data, and inferences
within an interdisciplinary approach that is crucial for tuberculosis eradication.
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1 Introduction

Mycobacterium tuberculosis and Mycobacterium bovis are two of the most com-
monly found bacteria associated with tuberculosis (TB) lesions related to some
degree of pathogenicity. Despite a continuous decrease of TB worldwide, this
disease continues to be one of the most worrisome diseases worldwide, causing a
high number of fatalities.M. tb andM. bovis are the two most studied mycobacteria.
They are respectively the pathogenic agents responsible for TB in humans and
bovine TB (bTB), a form of TB that affects cattle, being of high economic
importance in livestock production.

The genus Mycobacterium is highly complex, with about 200 species currently
described. Mycobacteria are typically classified into rapidly-growing bacteria
within the genus, including environmental mycobacteria and slow-growing bacteria
that include known pathogens. Beyond the mentioned M. tuberculosis and M. bovis
that cause TB in a wide range of mammals and are part of the named M. tuber-
culosis complex (MTBC), the genus includes other pathogens, namely the causal
agent of leprosy and a second complex, the M. avium complex (MAC).

In the last couple of decades, we witnessed a revolution in genetic and genomic
analyses in the various fields of health and life sciences. The drastic increase in
genomic resolution is allowing the relevant information about these species to
accumulate fast, including their evolutionary relationships, functional aspects of the
pathogens, adaptations for virulence and drug-resistance against therapies, or to
unravel the deep history of the pathogens and trace recent possible transmissions in
a public health scenario. This chapter aims to review the basics of how genomics
led to breakthroughs in various aspects of our understanding of the evolution of
pathogenic M. tuberculosis and M. bovis.

2 The M. tuberculosis Complex

M. tuberculosis and M. bovis belong to Mycobacteriaceae, a family integrated into
the order Actinomycetales, class Actinobacteria, phylum Actinobacteria, and
Bacteria domain [1]. The genus Mycobacterium contains species typically grouped
into complexes, such as the MTBC. Figure 1 displays a maximum-likelihood
phylogenetic tree establishing relationships between MTBC species and other
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mycobacteria, either pathogenic or environmental, established by comparing nearly
200 concatenated conserved genes in the different species. Genetic studies sug-
gested previously that slow-growing pathogenic bacteria, including the MTBC,
evolved from a fast-growing phenotype [2].

The MTBC consists of several highly relevant species for animal health,
including M. canetti, M. africanum, M. pinnipedii, M microti, M. caprae, M. bovis,
and M. tuberculosis. MTBC members present tropism to a given host or group of
hosts. For example, M. tuberculosis, M. africanum, and M. canettii are associated
with infection in humans, whileM. bovis infects mostly cattle, M. caprae is a causal
agent of TB in goats, and M. pinnipedii in seals. However, M. bovis can also cause
TB in humans, mainly in the case of immunocompromised individuals, making it a
zoonotic public health threat [3]. On the general structure of the MBTC, some
diversity might still be hidden: a recent study showed the existence of a sister clade
to the whole MTBC causing TB in patients in the region of the Great Lakes in
Africa [4].

The genome of the different species of the MTBC has above 99% similarity. The
M. bovis and M. tuberculosis genomes have above 99.9% identity, which is
reflected in the low level of discrimination in Fig. 1 when considering only
housekeeping genes. The reference genome of M. tuberculosis (strain H37Rv,
NC_000962.3) is 4.41 Mb-long with over 4,000 genes identified, where 3,906 are
protein-coding genes as reported in NCBI (genome1 section). The genome of M.
bovis typically used as reference (strain AF2122/97) is 4.35 Mb long with 4,105

Fig. 1 Maximum-likelihood phylogenetic tree establishing relationships between mycobacterial
species. “Mycobacterium tuberculosis complex” species are highlighted. For the phylogenetic
reconstruction, two hundred concatenated conserved genes in the different species were used.
Corynebacterium glutamicum and Nocardia farcinica were used as outgroups. Percentages within
nodes correspond to the bootstrap values for 500 samples of the tree

1 National Center for Biotechnology Information, see https://www.ncbi.nlm.nih.gov/.
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genes and 3,989 protein-coding genes described. In both genomes, only a single
copy of each ribosomal RNA exists, e.g., 5S, 16S, and 23S, and over 40 transfer
ribonucleic acids (tRNAs). As typical in Actinobacteria, the GC content is high, at
around 65%. Another feature of the MTBC genome is the high number of repetitive
elements, namely the widely studied proline-glutamate (PE) or proline-proline-
glutamate (PPE) family genes [5] that represent up to 10% of the genome. These
characteristics make the assembly of the genomes difficult when dealing with short
reads in the raw data.

Despite the high homology between the genomes of M. bovis and M. tubercu-
losis, the adaptation to different hosts specifies genomic differences between both,
most of these still to be unraveled [6]. Successive deletions/insertions of large
deoxyribonucleic acid (DNA) segments have been pointed out as major sources of
speciation and differences in pathogenesis between species within the MTBC.
Fourteen regions of differences (RD) were previously determined that were lost in
several lineages of the MTBC [6, 7]. These regions are present in the laboratory
reference strain of M. tuberculosis H37Rv but absent in the attenuated strain M.
bovis BCG used in TB vaccines, highlighting their potential roles in virulence. It is,
however, clear now that hundreds of nucleotide substitutions are present when
comparing coding regions of the genomes of both species, possibly with functional
implications. The transcriptome also displays altered features in terms of gene
expression profiles caused by differences in regulation [8], perhaps leading to some
of the major differences observed between MTBC species. As a zoonotic species,
infection with M. bovis in humans also leads to different proteomic regulations in
humans compared with infection with M. tuberculosis, again pointing to differences
in the pathogenic profile between the two species [9].

Horizontal gene transfer has been pointed out previously as playing a major role
in the acquisition and evolution of pathogenicity in mycobacteria [10, 11], in-
cluding gene transfer from eukaryotic organisms [12]. It is often uncertain what
would be the organisms that represented the source of those transferred genes. If
horizontal transfer played a major role in the early evolution of mycobacteria,
current data suggests that these episodes are extremely rare or absent in
mycobacteria nowadays. Nevertheless, horizontal gene transfer was also proposed
to be responsible for specific host adaptations in pathogenic bacteria [13].

3 Functional Genomics

The annotated genome of the several Mycobacterium species allows us to understand
general variation patterns that underlined the adaptation of the specimens either to a
pathogenic profile in general or to specific hosts. However, while the genome of
MTBC species is generally well-annotated, several hypothetical genes still exist with
functions unknown. Also, as mentioned above, on the finer-scale (namely within the
MTBC), substitutions on specific genes between species might explain adaptations
that are not related to differential gene content between MTBC species.
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The success of mycobacteria as intracellular pathogens relates to the capacity to
circumvent the immune response and to use macrophages as the main host cell.
Virulent mycobacteria can modulate the activation and functions of these cells.
Another major aspect of virulence is the capacity to use fats and cholesterol as the
major carbon source, even during chronic infection when nutrients are lacking.
Identifying genes related to these aspects is essential for understanding the viru-
lence of M. tuberculosis and M. bovis. The genomic revolution in life science
enabled major advances through comparative genomics that increased our under-
standing of the functional mechanisms that explain pathogenicity, virulence, or how
pathogenic mycobacteria can persist within the host.

One obvious common feature of the genus Mycobacteria is an extension of the
lipid metabolism genes. Figure 2 displays an annotation using Eggnog-mapper [14]
of M. tuberculosis, M. bovis, and Corynebacterium glutamicum to compare the
different classes of proteins. Using the COG (clusters of orthologous groups)
classification, it is evident that lipid metabolism plays a major role in mycobacteria
compared with an actinobacterium, more precisely a Corynebacteria. As mentioned
above, fatty-acid metabolism plays an essential role in infection and dormancy in
M. tuberculosis, where fatty acids become the major energy source.

Another previously observed trend in pathogenic mycobacteria is the increment
of alternative pathways for “replication and repair” [15]. Figure 2 also displays a set
of COG categories extended in relation to Corynebacterium glutamicum, but a
detailed analysis would be required to distinguish what general trends are from the
specific comparisons between the species involved only. A major adaptation within
the genus Mycobacterium is a shift from a fast-growing phenotype in the ancestry
of all mycobacteria [2] to an intra-cellular slow-growing existence. Such shift
includes the loss of cellular amino acid transportation capacity (including the loss of
livFGMH and ABC transporter operons) that might limit fast growth [13].

It is a known fact that the outcome of TB infection is derived from multiple
factors, from the host’s immune system to environmental variables, but it is clear
that the genetics of the bacteria plays a major factor. There exists a vast number of
parameters to define virulence without a complete consensus on its definition. At its
core, virulence is defined as the capacity for mycobacteria to cause disease while
being able to survive within the host cell against the immune system of the host. In
terms of molecular assays, a possible definition relates with genes whose inacti-
vation with the pathogen results in a specific decrease in virulence considering
different validated TB models. Nevertheless, screening approaches and comparative
genomics identified several genes as important for pathogenicity and virulence,
even though the overlap between approaches is often limited, highlighting that
much information still needs to be discovered.

Much of the genes identified as virulence genes relate to the host’s capacity to
survive and persist, coding for several lipid pathways, cell surface proteins, regu-
lators, and signal transduction systems. Mycobacteria lack toxin-producing genes,
and virulence genes are mostly conserved in non-pathogenic mycobacteria,
showing that adaptation from environmental to pathogenic occurred with very little
gene content shift but instead evolution of existing genes. Considering that

852 T. Rito et al.



mycobacteria take advantage of the host inflammatory signal to spread within the
host, it is likely that the bases of pathogenicity are related to adaptations to the
hosts.

One important virulence factor in MTBC is the presence of mycolic acids in the
cell wall, a feature that characterizes mycobacteria. These cell wall components
play a crucial role in invading the host cells allowing the evasion of the immune
system. The cell wall also maintains antigens in the cell surface that affects the
host’s immune response. The enzymatic pathways involved in the biosynthesis and
transport of mycolates [16] are relatively known and represent major drug targets.
Lipoproteins in the cell surface have also been linked to virulence. There are nearly
100 putative lipoproteins in the M. tuberculosis genome-related immune modula-
tion and induction of protective responses [17]. These include lipoproteins LpqH,
LppX, Mpt83, LprG, RpfB, LpqS, LprN, Lprl, and PstS (as reviewed in [18]).
ESAT-6 is a widely studied protein that is abundantly secreted by M. tuberculosis,
and it is an important virulence factor whose inactivation substantially reduces the
pathogen’s virulence. Its role relates to interaction with some host cellular factors.
ESAT-6 modulates inflammatory response by the host through the alteration of
several intracellular signaling pathways affecting macrophages and T cells, as well
as epithelial cells [19, 20].

Mce genes (mammalian cell entry) are members of an assembly within the
extracellular membrane of MTBC species that are likely lipid transporters that
allow the nutrient uptake in the host environment. However, recent research also
suggests a broader role through interaction with the host signaling proteins [21].

Fig. 2 Number of genes in the different classes of proteins of M. tuberculosis, M. bovis, and
Corynebacterium glutamicum, categorized using the COG (clusters of orthologous groups)
classification. The genomes of M. tuberculosis, M. bovis, and Corynebacterium glutamicum also
contained 877, 880, and 566 genes classified as “function unknown” not included in the figure
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Transporters across the cell wall might represent important virulent factors
performed by specialized proteins [18]. The twin-arginine transporter in the cyto-
plasmic membrane transports folded proteins that include elements related to wall
biosynthesis, resistance to antibiotics, and transport of virulence-related proteins.
A widely studied group of proteins in MTBC are the PE-PPE proteins that are either
secreted or are located on the cell surface. They are thought to represent a potential
source of antigenic variation [5] and modulate the innate immune system, repre-
senting an important mechanism for evading the host immune response. It is
thought that PE/PPE evolution greatly impacted the evolution of pathogenic
mycobacteria [22]. Another transport system that might play a pivotal role in vir-
ulence is the ESX transporter system encoded by a set of ESX genes. For example,
the ESX-1 system is deleted in M. bovis strain BCG (in the lost RD1), an attenuated
form of the pathogen [23]. The ESX systems are related to cell death, PE/PPE
secretion, and drug resistance.

Furthermore, enzymes such as PtpA, SapM, and Ndk are responsible for evading
the immune system through phagosome arresting and/or survival within the
phagosome [24–26]. A great part of the success of MTBC species as a pathogen
agent is its capacity to circumvent the oxidative stress conditions established by the
host as a response to the infection. Analyses of the genome also revealed redox
sensors that can detect various types of redox stress [27] and activate mechanisms
to regulate the redox level within the pathogen, including catalase peroxidases,
peroxiredoxins, and glutathione peroxidase [28]. Citrate lyase activity was also
relevant for the pathogen to survive oxidative stress [29].

As mentioned above, several studies exist that aim to characterize virulence
genes with slight overlapping. These represent a far from an exhaustive list of
hypothetical virulence genes/proteins, but other studies exist that point out the use
of a nitrogen source provider or control of apoptosis as important virulence factors.

4 Genotyping and Genetic Epidemiology
of Mycobacterium tuberculosis and Mycobacterium bovis

In recent years, genomics coupled with advanced statistical and phylogenetic
methods allowed an astonishing comprehension of the evolution of a given
pathogen and the expansion of the diseases caused by these bacteria, with various
examples from recent cases, as the rapid worldwide spread of COVID-19 [30] to
diseases with thousands of years of co-evolution with the host namely TB [31] and
bTB [32] discussed here. Beyond the global picture, genetic epidemiology allows a
fine-scale analysis and evaluation of hypothetical transmission episodes and chains
of transmission within a molecular epidemiology approach. We will briefly describe
the four main genotyping methodologies used in molecular epidemiology in TB and
bTB, the implications of each genotyping technique, and their level of discrimi-
nation in interpreting public health scenarios.
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In the last few years, the genetic epidemiology of M. tuberculosis entered a
genomic era, where whole genomes are being used to establish and test hypothetical
transmission events and transmissions chains. However, other genotyping methods
were used to access lineage information on the studied clinical and epidemiological
cases in the recent past. One previous reference method was the use of restriction
enzymes under a restriction fragment length polymorphism (RFLP) approach and a
probe for an inserted sequence called IS6110 within the fragments [33]. With lower
discrimination and more dubious interpretation of the profiles compared with the
following genotyping methods, this method was not applicable for M. bovis, where
polymorphic inserts are mostly absent.

A reference genotyping method that followed was based on the characterization
of direct repeats (DR) using probes [34], however, with similar issues of inter-
pretation and standardization. However, the application of PCR technology allowed
an assay to analyze a set of spacers (sequences between DRs where primers would
hybridize) that would provide a barcode of 43 spacers, labeled 1–43, that are stable
between labs, a genotyping assay called spoligotyping [35]. It identifies spoligo-
types genotyped on different labs, allowing the comparison between studies, peri-
ods, and geographic locations. It also allowed the identification of members of the
MTBC. In the case of M. bovis, this methodology permitted discrimination of
genotypes, including the so-called European 1 and 2 clonal complexes, missing
spacers 11 and 21 respectively, and African 1 and 2 complexes, missing spacer 30
in the first and spacers 3 and 7 in the latter [36, 37].

For M. tuberculosis, a greater level of discrimination was achieved by intro-
ducing the MIRU (mycobacterial interspersed repetitive units) system that employs
a variable number of tandem repeat loci [38]. MIRU-VNTR was then proposed as a
standardized method for analyzing variation in clinical isolates [38]. The last ver-
sion, still widely used nowadays, contains a total of 24 VNTR loci (loci 154, 424,
2401, 2461, 577, 2531, 580, 2687, 802, 2996, 960, 3007, 1644, 3171, 1955, 3192,
2059, 3690, 2163b, 4052, 2165, 4156, 2347 and 4348). Advantages concerning
previous genotyping methods in M. tuberculosis are various, including a much
higher discriminatory capacity. VNTR loci have higher mutation rates and greater
alleles than previously used markers that were mostly biallelic. As with spoligo-
typing data, MIRU-VNTR profiles can also be easily recorded. In this case, the
genotype corresponds to the number of repetitions in each of the 24 loci, again
allowing comparison between studies, years, and regions. Using platforms like
MIRU-VNTRplus [39], it is possible to classify the isolates of M. tuberculosis into
specific branches of the M. tuberculosis tree. Clustering methodologies, like
spanning trees, help establish hypothetical transmission events or clusters of
transmission in the population during an outbreak [40]. Using appropriate phylo-
genetic methodologies like parsimony, median vectors, and a weighting scheme for
the different loci, a broad evolution of the genotypes can be established, and
monophyletic clades corresponding to these major M. tuberculosis branches can be
obtained [41, 42], allowing a rough evolutionary perspective to be obtained.
While MIRU is a great improvement concerning previous methods, its value falls
short compared with whole-genome sequencing, whose prices have been drastically
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decreasing, leading to the continuous abandonment of other methodologies like
spoligotyping and MIRU-VNTR.

In terms of M. bovis, the discriminatory power of MIRU-VNTR is far from the
one obtained for M. tuberculosis. From the 24 loci present in the system [38], only
five have shown to be relevant in terms of polymorphic status in M. bovis (2165,
2461, 577, 580, and 3192) [36, 37]. Given that fact, MIRU-VNTR does not offer a
higher discrimination power than spoligotyping [37]. Although these two systems
are not as powerful tools as in M. tuberculosis, the use of whole genomes of M.
bovis specifically for molecular epidemiology is much rarer than in M. tuberculosis.
Nevertheless, a better level of discrimination can be obtained by combining
MIRU-VNTR loci with spoligotyping profiles that will differentiate geographic
clusters across Africa [32, 36] and gene flow between neighboring regions.

In terms of genomic epidemiology, geneticists and public health researchers
have access to the maximum possible discrimination for M. tuberculosis and M.
bovis using whole-genome sequencing. A genomic sequence not only offers a
detailed relationship between strains in a public health scenario but also in a global
scenario, offering a fine-scale placing of the lineages into the M. tuberculosis
worldwide tree [40, 43, 44]. The lineages are classified into known groups with
differential virulence and other features, offering a direct tool for public health. It
also allows the search for mutations promoting drug resistance to first and
second-line drugs [45–47]. The high resolution afforded can also detect mixed
infections [48]. What are the possible drawbacks of using genomic data? The major
caveat until just a handful of years ago was the price, but the continued decrease in
sequencing prices makes the price of a whole genome somehow similar to that of
MIRU in several reference laboratories. Some laboratories might find the bioin-
formatics pipelines and the size of the datasets a challenge to less informatics-prone
researchers. One minor difficulty in assembling genomes of pathogenic mycobac-
teria is the relatively high number of repetitive elements, but these can be excluded
for nearly the same resolution.

One single point that can generate some interpretational issues relates to the
instantaneous mutation rates of the pathogens. Non-matching genotypes in IS6110,
spoligotyping, or MIRU-VNTR profiles between isolates can directly exclude an
epidemiological connection between cases. In these same systems matching genetic
results between two clinical cases does not necessarily prove transmission but
shows proximity between cases within the transmission chain that can be analyzed
epidemiologically. Whole genomes do not have such a direct interpretation. Several
mutations can occur within a whole genome between direct transmissions. Given
the random fluctuation of the mutational process, the possible heterogeneous nature
of mutation rate between lineages [49], and the emergence of variants associated
with drug resistance is difficult to define that value. Nevertheless, that is a minor
issue that can be addressed by an integrative, multidisciplinary approach with
epidemiologists and public health agents to study the non-genetic links between
cases simultaneously.
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5 Genetic History of Mycobacterium tuberculosis and
Mycobacterium bovis

M. tuberculosis and M. bovis are members of the MTBC. There is no doubt that
MTBC originated from fast-growing environmental mycobacteria. However, there
are doubts regarding the point of origin and the time of the emergence of this
pathogenic clade. Previous studies hypothesized that M. bovis and M. tuberculosis
represented the same branch or lineage within the MTBC. In this scenario, M.
tuberculosis likely originated from M. bovis, and the bacteria were transmitted to
man from domesticated animals in a zoonotic scenario [50]. This theory is directly
related to the emergence of the Neolithic in the Near East, and more specifically
claimed that M. bovis was an existing pathogen for bovines, and following their
domestication during the development of agricultural societies, the proximity be-
tween human beings and the animals prompted a zoonotic transmission of M. bovis
to humans, where further adaptations to the host led to the existing M. tuberculosis.
However, the first whole genomes of both species revealed that, while being
members of the MTBC, M. tuberculosis and M. bovis represented independent
branches of the complex. If a direction were implicit in their evolution, it would be
the opposite as the most divergent branch of the MTBC, M. canetti, infects humans
(Fig. 1), and a sister clade to the MTBC was also detected in human TB patients in
Africa [4]. While M. bovis is mostly present in Africa (possibly resulting from
transmission control elsewhere), M. tuberculosis is spread worldwide. However,
genetic or genomic studies suggested that both have an African source.

The most accepted theory nowadays indicates that TB might have followed
human evolution for over 70,000 years. Modern humans originated in Africa at
least a few hundreds of thousands of years ago, where most of the species’ evo-
lution took place. While modern humans probably left Africa multiple times during
their evolution, it is unlikely that any exit before 70,000 years ago left any
descendants until the present day. After 70,000 years, prompted by ideal climate
conditions and a probable rise in cultural and technical innovations [51, 52],
modern humans left Africa and colonized the world, successfully settling most of
the globe, a model named Out-of-Africa. The similarity of the M. tuberculosis tree
and the human mitochondrial DNA (mtDNA) branch labeled L3, which represents
all mtDNA lineages outside Africa and dates to about 70,000 years [51], was the
motivation to propose a similar genetic history. A theory was put forward that M.
tuberculosis accompanied modern humans in their expansion outside Africa
(Fig. 3) [31]. While there are some controversies regarding molecular clocks in M.
tuberculosis [53] and the fact that the study of Comas and collaborators offered a
great degree of circularity in their calibration (as the time-frame was partially
calibrated assuming the age of mtDNA haplogroup L3), several studies suggested
the same time frame using different calibration methodologies [53].

The major branches of M. tuberculosis outside Africa would follow a similar
pattern of modern human evolution that, after reaching Southwestern Asia,
migrated North and West into Europe where a major branch exists, and through the
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Asian southern coastal area through South Asia into Southeast Asia and Oceania
and into East Asia [54] where major branches of M. tuberculosis also exist (Fig. 3).
The geographic clustering of M. tuberculosis diversity also corresponds roughly to
the same geographic patterns of modern human diversity. One possible implication
of such a model is that M. tuberculosis migrated with modern humans and evolved
and adapted to the human populations in different geographic regions [55]. Cur-
rently, seven main lineages or branches of M. tuberculosis are described, including
three in Africa, the lineages 5 and 6 of M. africanum in West Africa and lineage 7
Aethiops vetus in East Africa in the Horn of Africa [7], lineage 1 Indo-Oceanic in
the Indian Ocean, lineage 2 East-Asian, lineage 3 East-African-Indian in the Asian
continent, and lineage L4 Euro-American in Europe (Fig. 3). Using somewhat
misrepresentative terminology, lineages 1, 5, and 6 within Africa are called “an-
cient,” while lineages 2–4 are called “modern” lineages. Evolutionarily wise, lin-
eages have the same level of evolution and co-evolution in the populations they
co-evolved in (with the term “ancient” suggesting some level of non-evolution and
an ancient state). A growing body of evidence suggests that the variation of M.
tuberculosis strains has functional implications: different variations in M. tuber-
culosis lineages are associated with specific phenotypes of the disease. Although
genetic diversity can influence the clinical severity of TB in humans, the specific
factors for these heterogeneous presentations of the disease in different scenarios are
mainly unknown. One lineage – part of lineage 2 – commonly associated with
major outbreaks and virulence, is the Beijing/W strain that can model some aspects
of intensified virulence [56].

Fig. 3 Hypothetical spread of M. tuberculosis across the world, starting in Africa about
70,000 years ago. Phylogenetic relationship between major branches of the M. tuberculosis tree is
displayed, as well as the geographic distribution of the branches

858 T. Rito et al.



While M. tuberculosis might have co-evolved with modern humans across
70,000 years, the pathogen was not persisting in a demographic scenario similar to
the one observed today. Early modern human populations of hunter-gatherers were
present in drastically lower density minimizing large episodes of transmission,
which might have caused positive selection for variants that maximize efficiency in
latency [55]. With the Neolithic and sedentary behavior and lifestyle of the pop-
ulations that developed stable agricultural practices in the last 10,000 years, pop-
ulation densities increased in specific areas, leading to another co-expansion of M.
tuberculosis with modern humans [31]. At this point, more virulent strains, more
efficient in transmission might have been selected. It is difficult to know the burden
of TB in ancient human populations, but a recent ancient DNA study suggested that
it was high enough to cause major shifts in human allele frequencies [57]. Recent
studies also suggested that different populations have different backgrounds of
hypothetical alleles of genetic susceptibility to TB [58–61].

In M. bovis, studies indicate a much shallower level of evolution with a much
more recent ancestry of the pathogen. M. bovis mostly present in Africa, and as M.
tuberculosis, it likely had an African origin or at least a nearby origin (as in
Southwestern Asia). Two studies published in 2020 suggested that the spread of M.
bovis in Africa started in Eastern Africa [32, 62], although with different
time-frames. One study is based on whole genomes, presenting an extremely higher
resolution [62]. The authors estimated the age for the emergence of M. bovis
between the third to the twelfth century AD, indicating that the pathogen emerged
less than 1800 years ago. Nevertheless, despite the very high resolution, the authors
mention that the age estimates for older clades (including the emergence of M.
bovis) might be underestimated, which means that the chronology might need
revision in the future. The other study, starting from a previous estimate of
6,000 years for M. bovis [63], and using a combination of MIRU-VNTR and
spoligotyping data allowed to estimate a higher diversity of M. bovis in Eastern
Africa [32], followed by Northern Africa diversity, and a high degree of geographic
clustering of genotypes across Africa. The hypothesis raised by the authors was that
M. bovis emerged with the introduction of pastoralist societies around 5,000 to
4,000 years in Eastern Africa, without excluding an origin in Southwestern Asia
where animal domestication took place, and it was the source for the introduction of
cattle species and dairy practices to Africa (as no African animals were domesti-
cated). The maintenance of a higher concentration of animals in the same area than
before should characterize this period as animals, beyond a source of meat and
hides, provided a novel source of protein, milk, in the so-called Secondary Product
Revolution. According to archaeology, the levels of diversity of M. bovis across
different regions also correlated well with the early introduction of cattle across
Africa [32]. The two studies [32, 62], even considering the different levels of
resolution and chronology of the origin of M. bovis, reached some similar con-
clusions: a higher diversity in Eastern Africa and probable source of expansion into
the remaining continent; cases outside Africa, namely in Europe, represent later
gene flow from the African continent; and the evolution of M. bovis is much more
shallow than for M. tuberculosis, with age estimates at least ten times lower.
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6 Conclusion

Whole-genome sequencing is a powerful tool that has been drastically increasing in
resolution and importance in the last decade. Genomics is a field of science that is an
ideal interdisciplinary player. It brings to the fight against TB a set of researchers,
including geneticists, evolutionists, and bioinformaticians. Data generated on anno-
tation and comparative genomics of the genomes provide the basis for biochemists,
cell biologists, and immunologists to study the biology of the pathogens and un-
derstand virulence and survival mechanisms of the mycobacteria—a knowledge that
can be eventually transformed into therapies’ development. Genomic characterization
of the strain allows identifying more virulent strains and variants associated with drug
resistance prompting a more focused treatment by the clinicians. The evolution of the
strains permits to understand the current distribution of the pathogens worldwide and
how local adaptations might have taken place, and on the short-term evolution, it
allows to test with maximum discriminatory power hypothetical transmission events
and transmission chains during outbreaks which allows public health agents to take
actions to break transmission chains. The fight against TB can also be won through an
integrative, interdisciplinary approach, and in this approach, genomics plays an
invaluable role as a binder of multiple fields of research.

Core Messages

• Pathogenic mycobacteria evolved from slow-growing bacteria.
• Comparative genomics shows the evolution of the M. tuberculosis com-

plex into pathogenicity and specific adaptations to the host.
• Genetics and genomics are essential tools for understanding transmission

events in public health.
• M. tuberculosis probably evolved with modern humans for at least

70,000 years following an origin in Africa.
• M. bovis has a much more recent origin, with an early evolution in Eastern

Africa.
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Restart… If you can. Without anguish. And without haste. And
the steps you take, On this hard path. Of the future. Give them
with freedom. Until you get there. Don’t rest. Of no fruit be
pleased with only half …

Miguel Torga

Summary

Animal tuberculosis (TB) is a zoonotic disease with worldwide distribution that
can cause serious animal infections with economic and public health concerns.
In its turn, human TB is currently one of the leading causes of death in the world
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due to a curable disease. Although the diagnosis demands microbiological
culture confirmation, anatomopathological diagnosis of suggestive lesions often
provides a presumptive diagnosis of TB and is used by veterinary professionals
as a central tool, either through monitoring at slaughter or when and where
applicable, in clinical practice. Throughout this chapter, the anatomopathological
diagnosis of animal TB will be reviewed, underling the peculiarities and
similarities of TB lesions in ruminants, dogs, cats, pigs, and horses. Addition-
ally, the importance of TB anatomopathological diagnosis in meat inspection is
discussed. The last aim of this chapter is to emphasize that veterinarians and
their teams, whether clinicians, pathologists, microbiologists, epidemiologists,
anatomopathologists, and meat inspectors, have a central role in TB control and
eradication. Only with the involvement of multidisciplinary teams of veterinary
and human health professionals will it be possible to effectively combat animal
and human TB in an integrated “One Health” perspective.

Graphical Abstract

A “One Health” approach, with a close link between human, veterinary, and environmental health
teams: A key to effective tuberculosis (TB) control
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1 Introduction

Zoonotic diseases are responsible for 60.3% of emerging infectious diseases, and
71.8% of these are of wildlife origin. Diseases that spread between humans and
animals, including wildlife, are extremely important and deserve special attention
from the public and veterinary health systems [1, 2].

Tuberculosis (TB) is a serious re-emerging disease and undoubtedly a relevant
health problem in animals and humans caused by several members of the
Mycobacterium tuberculosis (M. tb) complex [3]. A particularly important zoonosis
is human or zoonotic TB due toMycobacterium bovis (M. bovis) [4]. This disease is
becoming increasingly important in developing countries, where humans and ani-
mals share the same environment [5]. M. bovis infection has been reported from a
multiplicity of domestic and wildlife species. The closeness between infected ani-
mals and humans and the practice of consuming unpasteurized milk, raw meat, and
other undercooked meat products are important predisposing factors [3, 6]. Human-
to-human transmission of M. bovis is infrequent but has been observed, mainly
associated with immunodeficiency disorders [7]. Mycobacterium caprae (M.
caprae) has also been identified as the etiological agent of TB in pets, wildlife, and
humans [6].

2 The Anatomopathological Diagnosis of Animal
Tuberculosis

The identification of TB-compatible lesions is essential for the diagnosis of the
disease. Based on a presumptive diagnosis, it is possible to collect material for
exams to confirm or exclude TB diagnosis and, if applicable, to take measures to
prevent its spread [8]. This disease must always be seen from a “One Health”
perspective from the first suspicion. The One Health concept can be understood as a
transdisciplinary and collaborative attempt, carried out by teams working in public
health, food safety, human health, animal health, social science, health economics,
and ecosystem health, working both locally and globally, with the aim of achieving
most favorable health for our environment, animals, and people [9–11]. It is noted
that One Health owns up that domestic animal, wildlife, and human health are
interrelated within the context of ecosystem health and produces a useful theoretical
framework for the deployment of effective solutions to universal health challenges
and safeguarding natural resources [10, 12, 13].
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The anatomopathological diagnosis of animal TB could be challenging to the
veterinary, both in clinical practice and in meat inspection activity. Morphological
features are variable, with different types of lesions in different species. The spectrum
of TB lesions is also linked to the method of disease transmission (route of infection),
the etiological agent, infection mechanisms, the animal state of health (that modulate
the immune system’s intensity and adequacy of reaction), the influence of the type of
tissue or organ affected, and the existence of reinfection [14–17].

The major transmission routes are aerogenous, digestive, transplacental, and
cutaneous. In general, the most common route in animals is via the aerogenous one.
The digestive transmission commonly implies more bacilli to cause disease, with
lesions mainly located in the intestine and mesenteric lymph nodes. Transplacental
transmission (usually associated with TB lesions of the progenitor endometrium)
leads to hepatic and portal lymph nodes lesions in the fetus. Cases of iatrogenic,
cutaneous, and genital transmission are also reported [14, 18–20].

When the animal first comes into contact with the TB agent, primary TB
appears. The primary complex is defined as the affected organ and its draining
lymph node. Typically, the lesions are proliferative. Post-primary TB follows when
there is reactivation or reinfection, and lesions are predominantly exudative. Gross
lesions in primary or post-primary lesions can be quite heterogeneous, even in the
same species, since different organs may be affected. Moreover, the post-primary
lesions show different aspects, depending on the evolutionary phase of the disease.
Generally, standard TB lesions vary between small pale foci, sometimes encapsu-
lated, with central calcification, to extensive foci of caseous necrosis, which can
undergo liquefaction [8, 14, 21–23]. Microscopically, the typical lesion is the
tubercle granuloma with caseous necrosis in the central area, surrounded by
multinucleated Langhans-type giant cells, epithelioid cells, and lymphocytes at the
lesion periphery. A fibrous capsule could be noted [8, 24, 25].

Although the definitive diagnosis is by microbiological methods, histopathology
can be a valuable aid in identifying acid-resistant bacilli with Zielh Nielsen stain
[26, 27]. TB lesions have similarities in the different species (Figs. 1 and 2);
nevertheless, there are peculiarities [17, 28].

2.1 Tuberculosis in Ruminants

Bovine, caprine, and ovine TB are mainly caused by M. bovis and M. caprae.
However, cases of infection by M. tb have been described. Lesions are character-
istic, as described above [28, 29].

In adult cattle, primary lesions are observed in the lung and mediastinal lymph
nodes. The infection occurs mainly through the digestive tract in calves, and lesions
are observed in bowel mucosa [30]. In small ruminants, injuries are more frequent
in the respiratory tract. However, the generalization of the process can occur, and
lesions develop in different organs [21, 31]. Table 1 summarizes the lesional fea-
tures of ruminant TB.
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The pulmonary tissue is the most frequently affected. Usually, in primary
complex lesions, the lungs present pale nodules with caseous necrosis. In contrast,
post-primary lesions, in general, show miliary nodules, extensive granulomas,
and/or areas of coalescent caseification with mollification of the caseous leading to
collapse of the bronchial walls and cave formation. Lymph nodes often present
caseification lesions with necrosis, calcification, and fibrosis phenomena. Primary
complex lesions in hepatic tissue are frequently incomplete. In generalized pro-
cesses, other organs may present several granulomatous lesions due to bacillus
dissemination. In the liver, lesions range from miliary to large nodules lesions.
Serous membranes can present granulomatous serositis, with umpteen granulomas
of different sizes spread by serosa, also known as “pearl tuberculosis.” Peyer’s

Fig. 1 Tuberculosis compatible lesions in different species: a goat, pulmonary primary complex;
b cow, prescapular lymph node; c pig; mesenteric lymph node; d red deer, mesenteric lymph node;
e cow, serosal lesions; f goat, spleen. (Fig. 1c adapted with permission from the courtesy of Carla
Miranda)
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plaques and lymphoid tissue may show solid and dense plaques, miliary lesions, or
caseous ulcers. The forestomachs and abomasum only occasionally present lesions
[21, 25, 32].

Microscopically, TB-compatible lesions have different aspects. According to
lesion morphology and prominent components, some authors have classified lesions
into proliferative, exudative, or both [21, 33] (Table 2). In other ruminant species

Fig. 2 Microscopic tuberculosis compatible lesions: a cow, lymph node granulomas (H&E, 40x);
b goat; lymph node (note the abundant Langerhans cells, H&E, 200x); c pig, spleen (H&E, 40x);
d goat, liver; alcool acid-resistant bacilli (Zielh-Nielsen, 1000x)

Table 1 Lesion features of caprine and bovine tuberculosis(Prepared with data from [21, 24])

Tuberculosis

Primary Complex Complete Proliferative
lesions

Predominant cellular immune
responseIncomplete

Early
generalization

Miliary

Slow-early

Large nodule Predominant type IV
hypersensitivity reactions (delayed
hypersensitivity)

Serosas

Post
Primary

Organic–
chronic

Acinous–
nodular

Proliferative–
exsudative
lesionsCavernae

Late
generalization

Caseous
lobular
pneumonia

Exsudative
lesions
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such as red deer (Cervus elaphus elaphus), fallow deer (Dama dama), and elk
(Cervus elaphus nelsoni), the gross features of the lesions are different from cattle.
Suppurative inflammation may be evident; calcification is variable, while giant cells
and fibrosis are discrete compared to cattle lesions. Sika deer (C. nippon) lesions are
non-encapsulated with aggregates of epithelioid macrophages and giant cells in
high number, with an irregular shape, scarce necrosis and calcification, and minimal
neutrophils [14, 34, 35].

2.2 Tuberculosis in Dogs and Cats

TB in naturally infected pets is more often a subclinical disease. The etiological
agents implied are not only M. tb but also M. bovis and M. avium [36–38]. In cats,
M. tb is rarely found. M. microti and M. bovis are more frequent etiological agents
in this species [39].

The most frequently affected sites in dogs with clinical signs are lungs and
regional lymph nodes [40]. However, there are rare cases of disseminated TB
reported [36, 41]. In cats, the skin is usually affected, mostly in the head. One or
several lesions may have been found, occasionally ulcerated or discharged. Lymph
nodes, mostly submandibular, are commonly involved. Pulmonary, abdominal, and
systemic involvement are uncommon [42–44].

Typical TB granulomas are rare in dogs and cats. When present, granulomas are
discrete, with epithelioid cells, some agglomerations of plasma cells and lympho-
cytes, and fibroblasts at the periphery. Larger granulomas exhibit necrosis at the
center of the lesion. A granulomatous lesion with randomly scattered macrophages
and rare large cells is the most common kind of lesion [14, 36].

Table 2 Microscopic lesions in ruminant tuberculosis

Proliferative lesions Proliferative-exsudatives
lesions

Exsudatives lesions

✓ Small diameter
granulomas with a reduced
amount of central necrosis
due to secondary
calcification
✓ Calcified granulomas
surrounded by epithelioid
cells and some giant
Langham cells, lymphocytes,
and a conjunctive capsule,
whose degree of
development depends on the
disease stage
✓ Reduced number of bacilli

✓ Extensive calcification
necrotic nodules sometimes
calcified
✓ These masses are
increased by the inclusion of
small peripheral granulomas,
constituted by a diffuse
infiltrate of epithelioid cells,
giant Langham cells and
lymphocytes, surrounded by
a proteinaceous matrix
(coagulated plasma)

✓ Primary caseification
necrosis
✓ Large areas of the
pulmonary parenchyma with
necrosis, without
calcification, surrounded by
a specific or nonspecific
cellular infiltrate, and large
areas with coagulated
plasma
✓ Pattern of fibrinous
pneumonia
✓ A large number of bacilli
in intracellular and
extracellular locations

(Prepared with data from [21, 24])
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2.3 Tuberculosis in Pigs

Pigs are susceptible to M. bovis [45], M. avium [46, 47], and M. tb [48]. TB
infection occurs in domestic pigs, wild boars, and feral pigs. Pigs are considered
spill-over hosts rather than sources of infection [39, 49]. The oral route is the most
frequent route of infection. Macroscopic lesions are variable, and their incidence
increases with age, usually occurring in mandibular lymph nodes and extending to
retropharyngeal and thoracic lymph nodes with generalization. The lesions include
caseification, caseification and calcification, and miliary spots [50, 51]. Fibrous
encapsulated granulomas with central necrosis with different degrees of calcifica-
tion are the most frequent lesions observed. Granulomas without peripheral fibro-
plasia are also common [52].

2.4 Tuberculosis in Horses

Horses are considered resistant to TB. However, there are occasional cases of M.
bovis [53], M. avium [54], and M. tb infection [55]. Although respiratory trans-
mission is to be considered, the main transmission route in horses is digestive.
Thus, the primary lesions occur within the mesenteric lymph nodes. The intestine,
other lymph nodes, lung, liver, spleen, and kidney can then be affected with miliary
or nodular lesions [54, 56–58]. Although less frequent, lesions on the skin and eyes
can also occur [59, 60]. The lesions exhibit necrosis in advanced cases with a
lardaceous appearance. The microscopic lesion presents a granulomatous cell
infiltration comprising epithelioid macrophages, plasma cells, multinucleated giant
cells, and fibroblasts. Caseous necrosis does not occur or is minimal [39, 61].

3 The Importance of Tuberculosis Anatomopathological
Diagnosis in Meat Inspection

Meat inspection’s ultimate objective is to safeguard consumers’ health, detecting
and preventing hazards (physical, biological) in meat and allowing only meat that
meets the proper hygienic and nutritional characteristics to be declared proper for
human consumption, thereby contributing to food safety [12, 62]. Furthermore,
meat inspection contributes to animal disease surveillance, namely of emerging
infectious and zoonotic diseases, providing useful information and data. Meat
inspection allows the early detection of potential conditions that can influence
public health in its aspects of human and animal health [63–65].

According to the European Union, the meat inspection system consists of three
key components: inspection of all animals destined for human consumption,
analysis of food chain information (FCI), and slaughterhouse monitoring (ante-
mortem and post-mortem inspection). The antemortem and post-mortem meat
inspection can improve from the adequate utilization of FCI since it can help them
focus on animal and public health concerns [65].
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Traditional meat inspection procedures include visualization, palpation, incision
of organs and lymph nodes, and, when required, laboratory examination. However,
Some limitations are associated with traditional health inspection, either in the
occurrence of cross-contamination of carcasses or even in terms of detection of
macroscopic lesions [65, 66].

Post-mortem inspection of carcasses and offal has a long history in detecting
pathological findings in TB. However, a visual-only inspection reduces detection
effectiveness in TB and would have an overall negative impact on surveillance
programs, especially in countries officially free of bovine TB [65].

The primary method of TB control is test-and-slaughter; however, it has faced
increasing resistance and disapproval from public opinion. Besides that, in devel-
oping countries, for social and economic reasons, this method is often untenable
and, therefore, alternative control methods are needed [67]. Some major weak-
nesses found in these nations include a lack of sustainable disease prevention and
eradication initiatives, such as periodic herd testing through tuberculin tests, an
efficient test and slaughter policy, corpse condemnation at abattoirs, and a thorough
compensation plan. In some of these countries, where the disease is endemic,
bovine TB detection occurs only by observing macroscopic lesions of slaughter
animals instead of surveillance focused on the One Health paradigm [2]. In the
developing world, a recognized problem is the lack of appropriate facilities
and trained veterinarians to offer qualified meat inspection services and standards
[69].

Inspection of animals in slaughter is more critical in preventing zoonotic TB in
developing countries than in developed ones. The antemortem inspection helps in
identifying animals that can be infected, and post-mortem inspection detects gross
lesions which indicate meat is not desirable for human consumption [68], removing
contaminated meat from the food chain and the traceback of animals to potentially
infected herds of origin [69]. It is unquestionable that the sanitary inspection of
cattle with TB provides important information about the occurrence of TB in a
given region and, as such, the likelihood of public health being compromised
through the consumption of contaminated meat [69].

The approach of One Health in anatomopathological diagnosis in meat inspec-
tion means that TB is not solely a matter of end-product testing or inspection at
slaughterhouse but a system that includes the entire chain from farm-to-fork. This
paradigm applied to food safety needs interaction among all participants. Any
findings during the inspection procedures performed at the slaughterhouse are
reported back to the farm and to the veterinarian field and thus can be addressed at
the farm level (Regulation (EC) 178/2002; [70]). In the One Health concept, col-
lecting epidemiological data on the state of bovine TB from slaughterhouses
and using mathematical models may help and enhance understanding the epi-
demiology of bovine TB and the risk and preventative factors in animals and people
[71, 72].
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4 Conclusion

The anatomopathological diagnosis is essential for the diagnosis of animal TB. In
this context, the work of clinical veterinarians, meat inspectors, and pathologists
play a central role in the quick identification of lesions compatible with TB that
microbiology laboratories can later confirm. Without underestimating the impor-
tance of TB in small animals, veterinarians of farm animals and meat inspectors
should have special training in identifying and collecting lesions, especially in
regions where animal TB has a worrying prevalence.

Once the disease is identified, the work of other professionals (i.e., veterinary
epidemiologists, vet staff from official agencies, among others) will allow stipu-
lating suitable measures to fight against TB. Regardless of their professional spe-
cialty and as a member of multidisciplinary teams, veterinary professionals must be
an asset in this area. From a One Health perspective, a close link between human
health and veterinary teams can be the key to effectively controlling this zoonotic
disease.

Core Messages

• The anatomopathological diagnosis is essential for the diagnosis of animal
TB.

• TB lesions have similarities in the different species; however, some
peculiarities must be considered.

• Veterinarians (clinicians, anatomopathologists, meat inspectors, and
microbiologists) must be trained in TB diagnosis.

• Only with multidisciplinary teams in a “One Health” approach, effective
TB control plans can be developed.
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Qi Zheng

Anybody can do it – after he has been shown how.

Christopher Columbus, as retold by James Baldwin

Summary

Antibiotic resistance is a dominant theme in tuberculosis research. Quantitative
studies on microbial mutation rates play a key role in drug resistance research.
Despite recent rapid advances in whole-genome sequencing, the classic Luria-
Delbrük fluctuation test continues to be the choice of method for measuring mi-
crobial mutation rates. To help researchers new to this field, the author of this
chapter provides detailed descriptions and practical guidelines pertaining to the
proper use of this classic protocol. The discussion focuses on practical issues that
are still bewildering to many tuberculosis researchers. Future developments in the
field are discussed from a personal perspective.
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Graphical Abstract

Keywords
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1 Introduction

Microbial drug resistance is a dominant theme in today’s tuberculosis research, and
mutation is the underlying cause of microbial drug resistance. Experimental deter-
mination of microbial mutation rates therefore plays an integral role in tuberculosis
research. This chapter aims to provide a historical overview of research on the deter-
mination of microbial mutation rates, focusing on theoretical developments pertain-
ing to antibiotic resistance ofMycobacterium tuberculosis, the etiological organism
of tuberculosis. The ultimate goal of this chapter is to help tuberculosis researchers
better appreciate and utilize available data analytic tools that are vital in determining
microbial mutation rates in their research. The information in this chapter will also
help the reader see more clearly future directions in furthering quantitative under-
standing of drug resistance ofM. tuberculosis.

It would seem impossible to pinpoint a year or an event that marks the beginning
of experimental research conducted to measure mutation rates ofM. tuberculosis to
antibiotic resistance. However, it appears certain that such research began after 1943
when Luria and Delbrück published their pathbreaking paper [1] introducing a novel
experimental protocol called the fluctuation test. The work of Luria and Delbrück
was driven by a strong intellectual curiosity aboutwhether beneficialmutations could
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occur spontaneously, a topic hotly debated at the time. Luria discovered the fluctu-
ation test serendipitously at a country club in Indiana, inspired by a mundane slot
machine—but after months of intense thinking [2, p. 75]. However, it was Delbrück’s
work to put Luria’s idea on a firm mathematical basis that gave birth to the modern
concept of the mutation rate. Delbrück defined the mutation rate as the probability of
mutation per cell division, or equivalently, the probability of mutation per bacterium
per generation. Without this precise definition, the determination of microbial muta-
tion rates would be an impossible or meaningless task. Ref. [3] recounts Delbrück’s
contribution in this regard.

The work of Luria and Delbrück focused on Escherichia coli cells, and the mu-
tation of interest was that which rendered the bacteria resistant to certain bacterio-
phages. In the ensuing four year or so, a multitude of fluctuation tests were conducted
by other microbiologists and by Luria himself. E. coli continued to be the favorite or-
ganism for fluctuation tests, partly due to its short life span and easy availability. But
antibiotics quickly replaced bacteriophages, possibly because antibiotics were more
effective or more manageable as selective agents. Antitubercular drugs were often
chosen, but most investigators who chose those drugs did not seem to be directly
interested in tuberculosis research.

The work by David [4] in 1970 is the first milestone in the study of mutation
rates of M. tuberculosis to antibiotic resistance. David was the first to employ the
fluctuation test to show thatM. tuberculosis can acquire resistance to antitubercular
drugs via spontaneous mutation, although he declared that this was not the impetus
for his investigation. David was also the first to use the fluctuation test to determine
in vitro mutation rates ofM. tuberculosis to drug resistance and to express mutation
rates explicitly in units of “mutations per bacterium per generation.” David’s work
encompassed four antitubercular drugs, namely, isoniazid, streptomycin, rifampin,
and ethambutol, but it involved only the H37Rv strain.

The investigation by Werngren and Hoffner [5] some 30 years later is the second
milestone in the study of M. tuberculosis mutation rates. These two investigators
took the fluctuation test not merely as a tool for measuring mutation rates, but used it
as a novel tool to address a fundamental question: Do strains of the Beijing genotype
acquire resistance to rifampin more rapidly than their non-Beijing cousins? They
included 6 Beijing strains and 7 non-Beijing strains in their study. Their experiments
did not yield evidence supporting the hypothesis that Beijing strains enjoyed elevated
mutability. In 2013, Ford et al. [6] launched a similar investigation, but they reached
a different conclusion. Their investigation involved 4 Beijing strains and 5 non-
Beijing strains. They concluded that Beijing strains tend to exhibit higher mutation
rates to resistance to rifampin than non-Beijing strains. In addition, they made a
refreshing observation that M. tuberculosis mutates at a constant rate per unit time.
(For conceptual aid, the reader may consult Ref. [3].) Efforts have been made to
reconcile these two conclusions, but reconciliation between the two conclusions
remains a stubborn open problem [7].

To understand and extend these and other related investigations, researchers new
to this filed need to understand the Luria-Delbrück protocol and major theoretical
developments associated with the fluctuation test.
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2 Basics of the Fluctuation Experiment

The fluctuation experiment [1] was proposed in 1943 to resolve a theoretical contro-
versy in evolutionary biology. Soon it was recognized as an effective experimental
protocol for measuring microbial mutation rates in the laboratory. After almost eight
decades of research and application, the fluctuation experiment is now widely re-
garded as the preferred method for estimating microbial mutation rates. The protocol
is customarily called the fluctuation test due to its historical origin, but it is also com-
monly known as the Luria-Delbrück experiment, the fluctuation experiment or the
fluctuation assay.

Figure 1 is a diagram of a fluctuation experiment. A fluctuation experiment com-
prises a number of similar liquid cultures, often contained in glass tubes and referred
to as parallel cultures or sister cultures. The experimenter inoculates a small num-
ber (denoted by N0) of wile-type bacterial cells (nonmutants) into each of the sister
cultures and incubates the cultures for an appropriate period of time, e.g., an 8-
hour period for Escherichia coli or a 3 ∼ 4 week period for M. tuberculosis. At
the end of the incubation period, the total number of cells in each tube increases
to Nt . The incubation period ideally should coincide with the logarithmic phase of
the nonmutant cell population, which ensures that the nonmutants grow and divide
unimpeded throughout the whole incubation period. With a small probability, each
nonmutant cell division triggers a mutation of interest (see Fig. 2), and the resulting
mutant would proliferate like its nonmutant companions. Because backward muta-
tion is assumed to be negligible, all offspring of a mutant are mutants. At the end
of the incubation period, the experimenter transfers either the entirety or a portion
of the contents of each tube onto a solid culture (an agar plate) coated with a selec-
tive agent (e.g., an antibiotic) that kills wild-type cells but that allows drug-resistant
mutant cells to grow and divide. This process is called plating. If the experimenter
plates only a fraction of the liquid culture, the process is called partial plating, and the
proportion plated (denoted by the symbol ε), is called the plating efficiency. Ideally,
the selective agent should instantly kill the wild-type cells, and each mutant cell that
has been transferred to the solid culture should form a visible colony on the surface
of the solid culture.

What connection did Luria see between the above laboratory procedure and a
slot machine? If no mutations occur in any of the tubes, one may or may not see
mutant colonies on the plates. However, if mutant colonies do appear on any of the
plates, each colony would indicate a mutation occurring after plating. The reason
is that mutants descended from the same ancestral mutant would clump together
to form a single colony, as these mutants cannot separate on the surface of a solid
culture. On the other hand, when mutations occur in the tubes, all resultant mutants
can move about freely in the liquid culture and hence they are likely to separate.
As a result, mutants derived from the same mutation would form distinct colonies
when transferred to an agar plate. That is, the number of colonies on a plate in
the latter case indicates the number of mutants existing in the tube, provided that
the selective agent is so lethal that mutations occurring after plating are negligible.
Luria saw an exciting analogy between slot machine returns and the number of
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Fig.1 Diagram illustrating the Luria-Delbrück protocol. A blue circle represents a nonmutant cell
in each tube, while a red circle represents a mutant cell. Cells of either type in the tubes are invisible
to the naked eye, but they are here enlarged to highlight the fundamental assumption that each
mutant cell in a tube will form a visible colony on the corresponding plate after plating (given the
plating efficiency is 100%)

Fig. 2 Diagram showing a possible four-generation pedigree of a nonmutant cell (green) in a
fluctuation experiment. Cells generally grow asynchronously, but synchronous growth is portrayed
here to highlight the distinction between a mutation and a mutant. Three mutations occur, but they
result in eleven mutants (red). Adapted from [70], copyright ©2021 Zheng, under the terms of the
Creative Commons Attribution 4.0 International license
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mutant colonies on each plate, because an early-occurring mutation would give a
jackpot, not in terms of dollar values, but in terms ofmutant colonies. This distinction
was so fundamental that Zheng [8] dubbed it the mutation-mutant principle. The
numbers ofmutant colonies on the plates in Luria’s experiments showed slotmachine
payout patterns, providing evidence supporting the randommutation hypothesis. The
following question concretizes the randommutation hypothesis: DidM. tuberculosis
cells ever acquiremutations that convey resistance to isoniazid before 1812, a century
before the drug was first synthesized? [9, p. 2]. The random mutation hypothesis
would give an affirmative answer to that question, while the alternative hypothesis
would deny that possibility.

For nearly three decades the tuberculosis research community remained impervi-
ous to Luria’s idea, but it was surprisingly receptive to the view of random mutation
just a few years after the publication of the Luria-Delbrück paper. Pyle [10] in 1947
reported that streptomycin-resistantM. tuberculosis cells were found in sputum cul-
tures of tuberculosis patients prior to streptomycin treatment, and she concluded
that “any large population of tubercle bacilli may be expected to contain organisms
which are relatively resistant to streptomycin without having been exposed to the
drug.” Vennesland et al. [11] in 1947, and Yegian and Venderlinde [12] in 1948, took
slightly different approaches, but reached similar conclusions. Science historians
may puzzle over whether these investigators were somehow influenced by findings
of Luria and Delbrück. Historians may also wonder why it took some 27 years for
the fluctuation protocol to penetrate indefinable barriers to greet such an important
organism as M. tuberculosis [4].

This chapter focuses on the estimation of rates at which random mutations oc-
cur in the tubes. (Some investigators also apply the fluctuation protocol to study
antibiotic-induced mutations; see e.g., Ref. [13].) Note that the occurrence of mu-
tation is not observable. Information available to the experimenter is the number of
mutant colonies on each plate: y1, y2, . . . , yn , where n is the number of tubes in the
experiment. The number of colonies appearing on a plate is either the same as the
number of mutant cells prior to plating in the tube, or an ε-fraction random sample
thereof. But it is not the same as the number of mutations (see Fig. 2). Fortunately,
the mean number of mutations per culture, often denoted by the symbol m, can be
inferred from the mutant count data y1, y2, . . . , yn , by means of an appropriately
chosen mutant distribution. Once an estimate of m is available, the mutation rate is
estimated by the relation

μ = m

Nt − N0
≈ m

Nt
. (1)

3 Mutation Rate or Mutant Frequency?

David [4] introduced the concept of the mutation rate to tuberculosis research some
half a century ago, but the tuberculosis research community as a whole is still slow
in embracing the mutation rate as a fundamental concept in routine research. The
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mutant frequency, mainly due to its computational simplicity, is still favored by some
investigators [14,15]. Delbrück [16, p. 226] was the first to caution against indiscrim-
inate use of the mutant frequency: “It is obvious that the fraction of mutants is a poor
measure of the mutation rate, since the number of mutants depends on two factors,
namely, the number of mutations occurring in the culture and when they occurred.”
Mutant frequencies in routine work are often referred to as mutation frequencies,
a long-running practice that has helped blur the important distinction between the
two concepts. To better appreciate this distinction, one should pay attention to how
David [4] used these two concepts in reporting his pioneering work. David calcu-
lated mutant frequencies for all tubes, and he cited the wide fluctuation in the mutant
frequencies as evidence to support the claim that drug resistant bacteria in his exper-
iments occurred randomly. But David used the same mutant count data to calculate
mutation rates in order to examine the organism’s tendency to mutate.

Occasionally, some investigators used the two concepts interchangeably. For ex-
ample, in a study comparing Beijing and non-Beijing genotype strains ofM. tubercu-
losis [17], the authors mentioned “mutation rate” in the abstract, but used “mutation
frequency” throughout the main text. That study, taking many peers by surprise,
led to a debate [18,19], but none of the participants in the debate saw the uninten-
tional mix of the two concepts as a source for confusion. The unexpectedly large fold
changes in mutant frequencies would probably decrease considerably if fold changes
in mutation rates were considered instead. In that investigation it would seem more
appropriate to use mutation rates in place of mutant frequencies. It is helpful to keep
in mind that the mutant frequency increases with the number of elapsed cell gener-
ations, as shown graphically in Ref. [20]. This should be another reason for caution
in adopting the mutant frequency in an investigation.

4 Relevant Developments and Associated Formulas

Luria regarded mathematical humbug with aversion [2, p. 74]; thus an understanding
of Luria’s ideas underlying the fluctuation test requires no mathematics. However, to
appreciate Delbrück’s work on the estimation of microbial mutation rates demands
considerable mathematics. Parkinson [21] passionately believed that Delbrück’s
mathematical work was unnecessary. In fact, Parkinson unintentionally blurred the
lines between two kinds of contributions made by Luria and Delbruck. Mathemat-
ical models are indispensable in extracting mutation rates from fluctuation assay
data. More mathematics is needed to better estimate mutation rates. The vast litera-
ture on various mathematical models associated with the Luria-Delbrück protocol,
produced by researchersworking in amultitude of disciplines in some 79 years, is un-
derstandably bewildering to any quantitative researcher, let alone to a microbiologist
specializing in tuberculosis. Foster [22,23] and Rosche and Foster [24] methodically
distilled a large portion of this vast literature and cataloged all major mathematical
formulas that are important to microbiologists wishing to calculate mutation rates
by themselves. Here I offer a similar, selective list of relevant mathematical formu-
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las, aiming at helping tuberculosis researchers understand key concepts and sidestep
common pitfalls.

The earliest methods are the P0 method and the method of the mean, proposed
by Luria and Delbrück [1]. In light of the claim made in the footnote at the bottom
of the first page of the classic paper [1, p. 491], Delbrück, a physicist by training,
was likely the sole architect of both methods. In fact, as Luria [2, p. 39] recounted
the exciting days leading to the discovery of the fluctuation test some 40 years later,
Delbrück alone worked out the underlying mathematics within a week after Luria
wrote Delbrück about the novel experiments he conducted. The P0 method is defined
by

m = − log(p0), (2)

where p0 is the proportion of null cultures, that is, cultures that do not contain mu-
tant cells at the end of the first incubation period (prior to plating). This method is
conceptually straightforward, but it was the origin of the persistent log 2 confusion.
In converting a value of m obtained from Eq. (2) to a mutation rate, Luria and Del-
brück [1, p. 507] used the relation μ = (log 2)m/Nt in place of the correct relation
μ = m/Nt given by Eq. (1). The unwarranted log 2 factor became entrenched partly
because several authors constructed various arguments to justify it [25–28]. Kondo
appeared to be the first to argue against the erroneous log 2 factor. Before submitting
for publication a theoretical paper criticizing the log 2 factor, Kondo communicated
with Delbrück about his manuscript [29, p. 374] and received comments from Del-
brück. Hence, it seems likely that Delbrück was aware of Kondo’s critiques and
somehow sanctioned Kondo’s views. Further warnings and arguments against the
log 2 factor were given by Zheng [3,30].

The second method of Luria and Delbrück was based on Delbrück’s concept of a
likely average. The method in its original form is expressed by

r = aNt log(NtCa), (3)

where r is the average number of observed mutant colonies per culture and C is
the number of cultures. An estimate of the mutation rate is obtained by numerically
solvingEq. (3) for the unknown a. Thismethod is often called themethod of themean
due to its reliance on the sample mean r . Performance can be somewhat improved by
replacing the mean r with the median number of mutants. As elaborated in Ref. [31],
Delbrück’s idea can spawn a large family of estimators, and the most enduring ones
are the Lea-Coulson method [32]

m log(m) + 1.24m = r (4)

and the Drake formula [27]
m log(m) = r. (5)

In contrast to Eq. (3), these two equations are in terms of m, not directly in terms of
the mutation rate. These three methods, inspired by the idea of the likely average,
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are all suboptimal [31]. In drug resistance research, Eq. (5) was recommended for
experiments in which m ≥ 30, possibly to eschew the seemingly strenuous process
of applying maximum likelihood (ML) estimators [33–35]. This outworn rule of
thumb can lead to unwieldy mutant counts. As first noticed by Sarkar [36], JBS
Haldane in about 1946 suggested m ≈ 2 for pragmatic reasons. The probability of
a culture containing above 200 mutant cells is 0.01 when m = 2; that probability
increases to about 0.31 when m = 30. Excessive numbers of mutants may force
the experimenter to resort to partial plating, a different kind of complexity. On the
other hand, Eq. (4) is the most reliable among the three sister estimators, and it was
recently recommended for a different scenario [37, p. 98]:

For experiments with zeros or a large spread between low and high numbers of mutants
(happens with lower rate assays), use the Method of the Median to calculate the rate.

Still, this view is counterproductive. Investigators should always apply maximum
likelihood estimators. In particular, investigators should discard the method of the
mean given in Eq. (3), despite its recent appearance in a popular textbook [38, p. 72].

Stewart et al. [39] were the first to tackle the problem of imperfect plating, propos-
ing a two-step estimation process. First, assuming a perfect plating efficiency, com-
pute an estimate of m called mobs . Next, calculate the desired estimate of m called
mact by applying the formula

mact = ε − 1

ε log(ε)
mobs. (6)

Jones et al. [40] later tackled the problem directly, offering a median-based estimator

m̂ = ξ̂0.5/ε − log 2

log(ξ̂0.5/ε) − log(log 2)
, (7)

where ξ̂0.5 is the median mutant count. Based on work of Stewart [41], Zheng [42]
devised an algorithm for computing ML estimates of m that accounted for the effect
of plating efficiency.

In 1949, Lea and Coulson [32] proposed a variant of the Luria-Delbrückmodel. In
the original Luria-Delbrückmodel, mutations occur randomly, but mutant cells grow
deterministically. The Lea-Coulsonmodel allowsmutant cells to grow stochastically.
The crown jewel of their work is the probability generating function of the mutant
distribution:

g(z) = e−m exp

{
m

(
z

1 × 2
+ z2

2 × 3
+ z3

3 × 4
+ . . .

)}
. (8)

Theoretically, the probability of a tube containing k mutants is simply the coefficient
of zk of the above generating function. But the method proposed by Lea and Coulson
to calculate these coefficients was too cumbersome to be widely used in practice.
Some 43year later, Ma et al. [43] published a far simpler, recursive approach to
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calculate the mutant probabilities:

p0 = e−m; pk = m

k

k−1∑
i=0

pi
k − i + 1

(k ≥ 1). (9)

This was a stunning discovery. Stewart [41] implemented this algorithm in his
program “mutants c” before the paper of Ma et al. went to press. Years later Foster
[22] wondered about the origin of this technique and found that it was a technique
known to those who were familiar with the contagious distribution [44]. In fact, the
basic form of this technique appeared in a popular calculus textbook by a Russian
mathematician in the 1950s; see Refs. [45, p. 411] and [46, p. 448]. Stewart [47]
called Eq. (9) the MSS algorithm and was the first to use it to compute ML estimates
of m. Steward [47] also laid a theoretical foundation for constructing approximate
confidence intervals (CIs) for m. Rosche and Foster [24] slightly modified Stewart’s
formulas and gave the following equations for the lower and upper 95% confidence
limits for log(m):

CL+0.95 = log(m̂) + 1.96σ exp(−0.315 × 1.96σ)

CL−0.95 = log(m̂) − 1.96σ exp(+0.315 × 1.96σ)
(10)

with σ given by

σ = 1.225m̂−0.315

√
n

. (11)

Here n is the number of cultures. Exponentiating the above confidence limits would
yield an approximate 95% CI for m.

A diligent reader may notice the odd absence of N0 and Nt in the generating
function in Eq. (8). As Coulson learned later, Eq. (8) was approximate. The exact
generating function, givenfirst byD.G.Kendall [49, p.3], depends also on a secondary
parameter φ:

g(z) = exp

[
m

φ

(
1

z
− 1

)
log(1 − φz)

]
. (12)

Here, the oft-ignored parameter φ is given by

φ = 1 − N0

Nt
. (13)

In all applications, 0 < φ < 1. But setting φ = 1 gives the Lea-Coulson generating
function (8). Nádas et al. [48] called attention to possibly grave errors in applica-
tions when φ is much smaller than unity. However, when N0/Nt < 0.001, which
occurs in most applications, the Lea-Coulson generating function is a satisfactory
approximation to the exact generating function. The exact generating function first
appeared in print in a paper of Armitage [25] and readers interested in its intrigu-
ing provenance are referred to Ref. [49]. rSalvador [50] is so far the only software
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Table 1 Mutant count data of Demerec [9] is analyzed under the assumption that mutants were
counted in the gth generation for selected values of g

g
5 8 10 15 20 ∞

φ

0.969 0.996 0.999 > 0.999 > 0.999 1.0

m̂
13.222 11.056 10.884 10.845 10.844 10.844

Maximum likelihood estimates ofm are computed using rSalvador that adopts the exact generating
function given by Eq. (12). The values of φ are assumed to be 1 − 2−g

package that allows the user to choose the exact generating function by specifying
a value of φ. To help see the effect of φ on the estimation of m, I here apply the
exact model (12) to the well-known Demerec data [51]. The values of φ are chosen
by φ = 1 − 1/2g for some integer values of g, and corresponding ML estimates
of m obtained by rSalvador are given in Table1. If cells were allowed to divide for
just 5 generations, m̂ would be markedly different from the estimate obtained under
the approximate model (8). However, when g ≥ 15, the difference is negligible. In
practice, g should not be too large either, as cells must be plated while they are still
undergoing exponential growth.

In 2005, Zheng [52] devised algorithms for computing likelihood-ratio (LR) con-
fidence intervals for m, and hence for mutation rates. It is a well-known fact in
statistical theory that the likelihood interval is preferable to the Wald interval when
sample size is not large. As Pawitan put it [53, p. 48], “the applicability of the
likelihood-based CI is much wider and, consequently, it is much safer to use than the
Wald interval.” In practice, most fluctuation experiments consist of a small number
of cultures, but Wald intervals are more commonly used due to their relative compu-
tational simplicity. For example, the predecessor of rSalvador originally gave only
Wald intervals [54]. In 2016, Zheng [55] devised algorithms for computing LR test
statistics that allow mutation rates to be compared. The superiority of the LR test
over other approximate tests is an established fact in modern statistics [56, p. 220].
Agresti’s advice [57, p. 107] remains relevant in the context of fluctuation assay
data: “Although the Wald test is adequate for large samples, the likelihood-ratio
test is more powerful and more reliable for sample sizes often used in practice.” At
present only rSalvador [50] offers LR-based CIs and LR tests for mutation rates.
Investigators may sometimes prefer to use fold change to compare mutation rates.
Recently Zheng [58] devised algorithms allowing investigators to report mutation
rate fold changes along with corresponding LR-based CIs.

The problem of variation in Nt also received considerable theoretical considera-
tion. As Nt is determined by serial dilutions, variation in Nt has a distinct human
dimension. Earlier investigators such as Wierdl et al. [59] and Schmidt et al. [60]
devised statistical inference methods that took account of variation in Nt . However,
Foster [23, p. 682] expressed a concern regarding how severely it might affect the
estimation of m. In 2009, Wu et al. [61] launched a relatively thorough investigation
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into the effects of variation in Nt , and Zheng [62] in 2011 proposed a gamma-
mixture model to account for variation in Nt . The two most recent studies, of Ycart
and Veziris [63] and of Zheng [64], seemed to aim at opposite directions. While
the former emphasizes possible grave consequences of ignoring variation in Nt , the
latter holds a relatively optimistic view, suggesting avoiding unnecessary corrections
as long as the coefficient of variation (CV) for Nt is small. And Zheng [64] found
that in most applications CVs were often too small to be cause for concern, and he
proposed a theoretical basis for this observation. If an exceedingly large CV for Nt

is encountered, say CV > 0.5, the investigator should probably first ask whether the
serial dilution process was properly conducted. If measurement errors are too large,
the Nt measurements may not represent the actual size of cultures in which cells
divide and mutate. Corrections based on inflated CVs would not be helpful.

In 2012, Hamon and Ycart [65] proposed a novel estimation method based on the
empirical probability generating function (GF), aiming at tackling real and imag-
ined difficulties haunting the likelihood paradigm. The GF method kept improving
for several years, showing at once impressive performance and disheartening un-
derperformance [7]. Research into the GF method helped crystallize a simple fact
that parameter identifiability problem is a common anathema to the GF method, as
well as to the likelihood method. Attempts to conquer the notorious identifiability
problem led to a software package named flan [66]. An interesting feature of flan
version 0.8 is that comparison of mutation rates seems to be based on the following
formula:

t =
(
m̂1

N1
− m̂2

N2

)
×

(
var(m̂1)

N 2
1

+ var(m̂2)

N 2
2

)−0.5

. (14)

Here, m̂1 and m̂2 are estimates of m of the two groups, and N1 and N2 are the Nt

measurements of the two groups. Fisher information might be used to estimate the
variances of m̂1 and m̂2. The test statistic is reported as a T value, but it is compared
with percentile points of the standard normal distribution in calculating p values.

5 An Example

Most investigators understandably prefer tools that require minimal programming
skills. Since its inception, the web tool FALCOR [67] has been the favorite tool for
fluctuation assay, as it relieves the user of the burden of learning the basics of an un-
familiar computer language. However, FALCOR has two important drawbacks. The
first drawback is that it constructs CIs using an ad hoc procedure inspired by Schmidt
et al. [60]. (Wierdl et al. [59] and Wu et al. [61] used similar methods in their inves-
tigations.) Specifically, FALCOR applies Eq. (4) to each individual culture to obtain
a sequence of culture-specific mutation rates. It then uses the ranks of these culture-
specific mutation rates to form a CI for the mutation rate. In other words, although
FALCOR computes mutation rates using the likelihood principle, it constructs CIs
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without relying on the likelihood function. The performance of this ad hoc approach
is largely unknown. This hybrid strategy can confuse an unwary user. For example,
most of the CIs reported in the study of Nyinoh and McFadden [68] do not contain
the point estimates of the targeted mutation rates. The second drawback of FALCOR
is that it does not have the capability to account for plating efficiency. The web tool
FluCalc [69] was designed to overcome these two drawbacks of FALCOR. FluCalc
employs Eq. (10) to construct CIs and Eq. (6) to adjust for plating efficiency. The
recent appearance of webSalvador [70] offers more flexibility to those investigators
who prefer web tools to traditional software packages. (webSalvador is a web user
interface to rSalvador.)

This section aims to help the reader determine when to use FluCalc fruitfully
and when it would pay off to make an effort to use rSalvador or its new cousin
webSalvador. I will use data provided by the authors of FluCalc [69, p. 425]. This
possibly fictitious experiment comprises 12 cultures.One half of each 200-µLculture
is plated to determine the number of mutants, and the other half is used to determine
the total cell count Nt . Hence, the plating efficiency is ε = 0.5. The mutant colony
counts are as follows.

27 53 47 73 21 40 22 30 45 19 32 38

At a dilution of 1/10,000, the recorded numbers of viable cells are

34 60 55 43 34 59 42 32 44 56 31 58

Now, to use rSalvador, we create a vector of mutant counts by

> y=c(27,53,47,73,21,40,22,30,45,19,32,38)

Clearly, we need another vector for the calculation of Nt .

> wild=c(34,60,55,43,34,59,42,32,44,56,31,58)

> Nt=mean(wild)*20,000

> Nt

[1] 913333.3

Because Nt denotes the number of cells in the whole culture, in the above code we
multiply the numbers of cells in the diluted cultures by a factor of 20,000, not 10,000.
Assuming a perfect plating efficiency, we obtain an estimate of an imagined m, and
hence also an estimate of an imagined mutation rate.

> newton.LD(y)

[1] 11.07257

> newton.LD(y)/Nt

[1] 1.212325e-05
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As expected, both results agree with those by FluCalc. Now we try to obtain a LR-
based 95% CI for the imagined mutation rate.

> confint.LD(y)/Nt

[1] 8.624179e-06 1.592181e-05

Both confidence limits differ only slight from those generated by FluCalc, indicat-
ing that formulas (10) perform satisfactorily. However, all these results are of little
interest to the investigators, because the fact ε = 0.5 must now be accounted for.
Using Eq. (6), we get an estimate of the actual m

> (0.5-1)/0.5/log(0.5)*11.07257

[1] 15.97434

This is what FluCalc accomplishes. But we can also find anML estimate of the actual
m directly, as follows.

> newton.LD.plating(y,e=0.5)

[1] 18.63416

Now the difference is noticeable—the two estimates differ by about 14%. Not sur-
prisingly, an LR-basedCIwill not in general coincidewith that generated by FluCalc.
An LR-based 95% CI for the mutation rate is

> confint.LD.plating(y,e=0.5)/Nt

[1] 1.492171e-05 2.623816e-05

As noted in Ref. [31], the bias would be larger when the plating efficiency is
farther away from unity. Consider the case ε = 0.1, which is a common plating
efficiency encountered in practice. Using Eq. (6), we get

mact = −0.9 × 11.0726

0.1 × log(0.1)
= 43.28

which coincides with the FluCalc output when the Vsel parameter defined in FluCalc
is set to 20 (µL). But we can obtain an authentic ML estimate of m as follows.

> newton.LD.plating(y,e=0.1)

[1] 66.19399

and we see that the difference is now about 34.6%. Therefore, an ML estimate of the
mutation rate is

> newton.LD.plating(y,e=0.1)/Nt
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[1] 7.247517e-05

and an approximate 95% CI for the mutation rate is

> confint.LD.plating(y,e=0.1)/Nt

[1] 5.561605e-05 8.989704e-05

On the other hand, FluCalc would yield an estimated mutation rate of 4.74 × 10−5

with a 95% CI [3.31, 6.35]×10−5. In summary, FluCalc has overcome an important
drawback of FALCOR, and users can use it with ease to apply the Lea-Coulsonmodel
(8) to their data. However, when it comes to imperfect plating, caution is strongly
recommended.

Lack of algorithmicmethods for comparingmutation rates using fluctuation assay
data has been an important roadblock to many recent investigations. To circumvent
this obstacle, Ford et al. [6] chose to compare mutant frequencies between strains by
the Mann-Whitney U test. A more appropriate approach available in rSalvador is the
LR test tailored for fluctuation assay data [55]. As an illustration, I pretend here that
the vector wild contains mutant counts for another strain. Suppose that the average
Nt measurement for this strain is twice that for the first strain, whose mutant counts
are in the vector y. Assume further that ε = 1.0 in both experiments. A comparison
of the two mutation rates can proceed as follows, yielding a p-value of 0.03:

> LRT.LD(y,wild,R=2)

[1] 4.61645915 0.03166654

Investigators may also find it desirable to compare mutation rates using FALCOR.
For instance, Ramiro et al. [71] identified significant differences inmutation rates be-
tween clones by detecting nonoverlapping 95% CIs. This could be a viable approach
if the investigators had chosen to use 84% CIs in place of 95% CIs [72]. FluCalc
can offer this option by substituting the normal percent point 1.96 in Eq. (10) with
z0.08 = 1.405. A better option is to perform LR tests offered by rSalvador [50].

6 Likelihood Function or Generating Function?

The introduction of theGFmethod into fluctuation data analysis byHamon andYcart
[65] was motivated by their disheartening failures to compute ML estimates using
samples containing mutant counts exceeding 1,000. The initial excitement greeting
the discovery of the GFmethod led some to believe that the likelihood method might
be outworn—at least for fluctuation assay data. This sentiment led to a GF-only web
tool called bz-rates, crafted by Gillet-Markowska et al. [73] under the impression
that
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ML estimators can become unstable for fluctuation assays involving cultures with large
numbers ofmutants. In such cases, the empirical probability generating function (GF) remains
robust and is preferred over ML ...

It is now clear that a major cause of the imagined deficiency of the ML method was
an overlooked implementation detail. SALVADOR 2.0 [52,74], written in the high-
level Mathematica language [75], employs the C language to execute certain highly
repetitive, computation intensive procedures that are characteristic of mutant distri-
butions. In their initial implementation, Hamon and Ycart [65] relied solely on the R
language. When the R package flan [66] adopted a similar strategy to incorporate the
C language to improve computational efficiency, the strategy greatly ameliorated the
computational difficulties supposedly inherent to the likelihoodmethod.Meanwhile,
inherent flaws of the GF method began to surface.

The unpredictable performance of the GFmethod was first illustrated in Ref. [50],
and it was later found to be partly responsible for a misleading conclusion about the
Beijing strains ofM. tuberculosis [7]. Here we consider a simpler testing case, which
consists of 7 cultures.

> testing=c(299,33,5,32,78,9,490)

Now consider the Lea-Coulson model. The ML estimate of m by flan version 0.8 is

> mutestim(testing,fitness=1,method=‘ML’)

$mutations

[1] 7.499931

$sd.mutations

[1] 1.493889

which agrees with both FluCalc and rSalvador:

> newton.LD(testing)

[1] 7.499931

However, flan gives a strikingly different GF estimate of m:

> mutestim(testing,fitness=1,method=‘GF’)

$mutations

[1] 9.975086

$sd.mutations

[1] 2.469583

The difference is about 33%. Moreover, bz-rates disagrees with flan, as it gives an
estimate of 11.6. This GF estimate of m by bz-rates differs from the ML estimate by
about 54.6%. The standard errors by the two versions of the GF method also differ
noticeably. Such problematic examples can be found with relative ease. At present,
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the GF method lacks a firm theoretical foundation comparable to that undergirding
the likelihood paradigm. But the GF method seems an efficient way of supplying
initial guesses to an ML estimator [66].

7 Conclusion

The fluctuation experiments of David [4] mark the beginning of earnest efforts to
study mutation rates as part of tuberculosis research. In the past 52 years the study
of mutation rates of M. tuberculosis to antibiotic resistance has made great strides.
This chapter has offered an overview of major developments that are of interest to
tuberculosis researchers studying mutation rates and antibiotic resistance. At this
point, it is natural to be curious about possible further developments in the future. I
deem the following areas highly relevant, challenging and exciting.

First, it has been a long-running trend in microbial mutation research that re-
searchers increasingly favor the bacterium Escherichia coli. In the meantime, an-
tituberculosis drugs, e.g., rifampin, are becoming increasingly synonymous with
antibiotics in the mutation research community. These two trends present a chal-
lenge to tuberculosis researchers and computational biologists. Current knowledge
of in vitro mutation rates of E. coli to resistance to antitubercular drugs is relatively
rich. But it remains a daunting task to translate mutation rates of E. coli to clinically
useful knowledge about mutation rates of M. tuberculosis. To accelerate research,
some investigators [68] considered M. smegmatis as a safer, faster-growing alter-
native organism that may exhibit mutation rates more relevant to M. tuberculosis.
However, little is know about how mutation rates between these two organisms are
quantitatively related.

Second, understanding in vivo mutation rates from knowledge of in vitro muta-
tion rates is the ultimate goal of conducting fluctuation experiments in tuberculosis
research [76]. The pioneering investigation by Ford et al. [77] is the closest to a
human in vivo study of mutation rates of M. tuberculosis. These investigators en-
listed 9 macaque monkeys and employed both the fluctuation test and whole genome
sequencing (WGS) techniques to measure mutation rates of M. tuberculosis to re-
sistance to rifampin. But such a herculean task may not be undertaken routinely.
Mathematical modeling may be helpful in bridging the gap between in vitro and in
vivo mutation rates.

Third, further mathematical and statistical work may help the fluctuation protocol
and sequencing techniques towork synergistically. Contrary to conventionalwisdom,
the fluctuation protocol remains more popular than sequencing-based methods, and
some believe that the old protocol is more precise [78, p. 2]. A litany of simplifying
assumptions underlying the fluctuation protocol has been repeatedly scrutinized in
the past, but sequencing-based methods are so far exempt from such harsh scrutiny.
As a result, newcomers tend to embrace sequencing-based methods without reserva-
tion, regarding such methods as de facto gold standard. Thus, when an estimate by
the fluctuation assay disagrees with what a sequencing-based method suggests, they
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tend to believe that the old protocol either underestimated or overestimated the true
mutation rate. In addition to the inherent errors in SNP (single-nucleotide polymor-
phism) calling [79,80], WGS-based methods for mutation rate estimation require
their own simplifying assumptions. Ford et al. [77] articulated one such assumption
as follows: “SNPs observed multiple times within the same lesion were assumed to
have arisen once and then replicated; as such they were each only counted once.” The
fluctuation protocol does not have this drawback, as a mutant distribution takes into
account the possibility that de novo mutations associated with the same phenotype
can occur multiple times.

Core Messages

• The investigation by David in 1970 marks the beginning of earnest efforts
to determine mutation rates of M. tuberculosis to antibiotic resistance.

• Mutation rate should supplant mutant frequency in most quantitative studies
of microbial mutation to drug resistance.

• The maximum likelihood method is still the standard tool for estimating
microbial mutation rates.

• The likelihood-ratio test is the most appropriate for the comparison of mu-
tation rates, considering sample sizes commonly used in fluctuation assays.
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44The Role of Epigenetics
in the Development
of Anti-Tuberculosis Drug Resistance
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It always seems impossible until it’s done.

Nelson Mandela, former president of the Republic of South
Africa

Summary

Mycobacterium tuberculosis (M. tb) is an airborne infectious agent that causes
tuberculosis (TB). The Bacillus Calmette-Guérin (BCG) vaccine is utilized to
provide anti-TB immunity. However, this vaccine generates variable immune
responses in different individuals depending on their geographic location.
Current TB treatment necessitates combinatorial use of different anti-TB drugs
for six months to about two years, depending on the drug susceptibility or
resistance profile of the M. tb strain. Unfortunately, long-term combination
therapy is generally associated with the manifestation of unintended clinical
complications. Epigenetic processes induce a change in gene expression
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patterns. However, these changes do not modify the nucleotide sequence in
DNA. Epigenetic mechanisms are used by M. tb and other pathogens to hijack
and reprogram important host cellular processes to advance microbial prolifer-
ation. Therefore, the current book chapter will examine the devastating impact of
acetylation, DNA methylation, and phosphorylation on target gene expression,
protein function, and host immunity. Importantly, the role of these epigenetic
marks on the emergence of drug-resistant M. tb strains is also interrogated.

Graphical Abstract

Keywords

Drug resistance � Epigenetics � Mycobacterium tuberculosis � Tuberculosis

Diagrammatic representation of epigenetic processes introduced by Mycobacterium tuberculosis
(M. tb) after the cellular invasion
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1 Introduction

1.1 Epidemiology of Tuberculosis

Tuberculosis (TB) is a lung disease due to the infection with Mycobacterium
tuberculosis (M. tb). This microbial pathogen is airborne, and transmission is
mediated by the inhalation of contaminated droplets. Following the invasion of
human cells, M. tb initiates replication leading to active TB [1, 2] or may become
dormant, resulting in latent TB infection (LTBI) [3–5]. Individuals with active TB
disease exhibit symptoms such as chest pains, fever, nausea, and anemia, while
patients with LTBI do not display the clinical symptoms associated with TB dis-
ease. These asymptomatic individuals cannot transmit the disease to other people
but may later develop active TB disease. The transition from LTBI to an active
disease state is known as TB reactivation. The propensity for TB reactivation is
about 5–10%, and many individuals progress to active disease within five years
after infection.

Bacterial entry into host cells is facilitated by interactions between M. tb surface
ligands and host receptors such as CD14 [6], complement [7], macrophage scav-
enger receptors [8], mannose [9], surfactant protein A [10], and the protein receptor
known as the dendritic cell-specific intercellular adhesion molecule-3 grabbing
nonintegrin (DC-SIGN) [11]. The rate of bacterial invasion [12] depends on strain
virulence and the immune status of the infected individual [13, 14]. Approximately
ten million new TB cases and nearly 1.2 million mortalities were documented in
HIV-negative patients in 2018 [15]. Besides, TB disease was responsible for about
251,000 fatalities in HIV-positive individuals [15]. Globally, nations with high TB
incidences include South Africa, Nigeria, Bangladesh, the Philippines, China, India,
and Pakistan [15]. These nations contributed 66% of new TB incidences.

1.2 Diagnosis of Tuberculosis

Traditionally, TB was diagnosed from patient sputum by employing the sputum
smear microscopy method. Unfortunately, this technique had many disadvantages,
including decreased sensitivity and specificity as well as the inability to identify
paucibacillary TB among HIV-positive individuals. Moreover, this diagnostic
method is unable to identify drug-resistant (DR) M. tb strains. Serological tests that
detect the presence of anti-M. tb antibodies are also applied to identify TB infection.
These tests are divided into in vitro and in vivo assays. The tuberculin skin test
(TST) is an in vivo diagnostic method, while the interferon-gamma release assay
(IGRA) is an example of an in vitro assay used for TB detection. The major
limitation with these serological assays is their incapability to discriminate between
LTBI and the active form of the disease [16] and failure to determine the probability
of TB reactivation [17]. Other TB diagnostic approaches include the culture method
and chest radiography.
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Recently, highly specific molecular-based diagnostic methods have been devel-
oped. The GeneXpert MTB/RIF® [18–20] method is a routine technique used to
detect active TB infection and rifampicin-resistant M. tb strains with a turnaround
time of about two hours to seven days depending on the hospital setup. Additionally,
this method may also be employed for diagnosing pediatric TB as well as suspected
TB cases. Impressively, line probe assays (LPAs) have versatile diagnostic capa-
bilities as they can be applied to identify a wide variety of DR-M. tb strains. Indeed,
these tests may be applied to detect genetic mutations that promote bacterial survival
in the presence of isoniazid and rifampicin, resulting in multi-drug-resistant
(MDR) [21, 22] and extensively drug-resistant (XDR) microorganisms. Unfortu-
nately, these mutant strains are not responsive to second-line drugs employed for TB
treatment [23–25]. Owing to their useful clinical attributes, LPAs and the GeneXpert
MTB/RIF® techniques are highly recommended for TB diagnosis as they have
enhanced sensitivity and specificity relative to other diagnostic methods.

1.3 Prevention of Tuberculosis

The spread of TB can be prevented by adhering to the prescribed treatment plan,
covering the mouth during coughing or sneezing, frequent hand washing after
coughing or sneezing, avoiding contact with infected individuals as well as pro-
vision of efficient ventilation. Bacillus Calmette-Guérin (BCG) is the only vaccine
applied for TB immunization. This prophylactic agent consists of an attenuated
Mycobacterium bovis strain [26]. This attenuated strain is employed as a proxy to
induce immune response directed against M. tb and other mycobacterial pathogens.
In addition to providing anti-mycobacterial immunity, BCG is also utilized to
prevent the development of tuberculous meningitis [27, 28], Buruli ulcer [29, 30],
leprosy [31, 32], and bladder cancer [33]. Generally, the BCG vaccine generates
immune protection ranging between 60 and 80% in infants [27, 34], while its
activity against pulmonary TB is mainly determined by the geographical location of
treated individuals [35, 36]. Disappointingly, limitations of administering BCG
vaccine include poor elicitation of host immune response [35], inefficient efficacy in
elderly patients, and failure to enhance immunity after vaccine re-administration
[37]. These limitations are further compounded by high disparity levels in the
generation and sustainability of anti-TB immunity depending on patient age,
environmental conditions, and socioeconomic status. Therefore, the development of
effective and novel vaccines capable of eliciting consistent and durable host
immune responses needs to be urgently pursued.

1.4 Treatment of Tuberculosis

A wide range of anti-TB drugs has been synthesized to alleviate clinical symptoms
and eradicate TB disease. These antibiotics have been divided into first-line,
second-line, and third-line antibiotics. Pyrazinamide, rifabutin or rifapentine,

908 M. Marimani et al.



ethambutol, isoniazid, and rifampicin are first-line anti-TB agents [38], while
second-line drugs include amikacin, capreomycin, and pyrazinamide. The third-line
category of anti-TB drugs is comprised of antibiotics such as amoxicillin, clofaz-
imine, imipenem, linezolid, and clarithromycin [38]. The drug bedaquiline is used
in combination with other antibiotics to treat pulmonary disease in elderly patients
infected with MDR-TB [39]. In general, the therapeutic efficacy of anti-TB mole-
cules ranges from 60 to 90%, with effects lasting for about 19 years [40]. Satis-
factory patient recovery and therapeutic efficacy of anti-TB agents necessitate the
administration of drugs for about six months-two years and proper compliance with
the treatment plan. Compliance with the treatment program leads to the eradication
of TB disease, while non-compliance practices such as early cessation and drug
misuse exert extensive selection pressure on the therapeutic molecule [41–43]. This
generates genetic mutations that support microbial persistence and often lead to the
development of various DR-M. tb variants [41–43] (Fig. 1). The presence of DR
strains has necessitated the application of combination therapy to abolish TB dis-
ease. However, this practice frequently results in side effects such as coughing,
nausea, hemoptysis, hepatic cytolysis, and hepatotoxicity [44–46]. This then creates
a research platform for testing new molecular markers and the potential generation
of new therapeutic compounds. Moreover, it also provides an opportunity to
unravel and augment the bacterial and host cellular mechanisms that are critical for
disease progression, susceptibility to genetic mutations, and development of DR.

2 Epigenetics

Epigenetics is the process whereby chemical modification of biological molecules
such as DNA and proteins induces heritable changes in gene expression and protein
activity without altering their respective nucleotide or amino acid sequence.
Chemical modifications are acquired during processes such as DNA methylation,
acetylation, ADP-ribosylation, and ubiquitination [47]. The presence of these and
other chemical groups in biological molecules changes DNA accessibility, DNA–
protein interaction, and chromatin structure. Subsequently, this leads to a change in
gene expression profiling and is often accompanied by dysregulation of critical
intracellular signaling pathways and disease development. Various studies have
illustrated a pronounced change in the host epigenetic and cellular machinery after
infection with microorganisms.

One of the key strategies employed by these infectious agents is to modify gene
expression after introducing epigenetic modifications in target genes responsible for
microbial recognition, clearance, and apoptosis [48, 49]. Thus, manipulation of host
gene expression has been utilized by HIV [50, 51], M. tb [52, 53], and other
pathogens to successfully colonize host cells and disseminate them into other tis-
sues. Notably, epigenetic mechanisms mediated by microbial invasion induce gene
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dysregulation and improper protein function and may also confer resistance to
antimicrobial agents [53, 54]. The current book chapter aims to discuss the
molecular and clinical impact of epigenetic mechanisms such as DNA methylation,
acetylation, and phosphorylation on M. tb pathogenesis, survival, stress response,
and in regulating the bacterial drug susceptibility or resistant profile.

Fig. 1 Emergence and transmission of drug-resistant bacteria. The microbial population is
composed of susceptible and resistant strains. Treatment with antibacterial agents eradicates
susceptible bacteria, but the resistant strains persist and replicate. Transmission of resistant genes
from a drug-resistant bacterial pathogen to a susceptible strain occurs via horizontal gene transfer.
Infection of host cells and tissues by drug-resistant strains leads to the manifestation of diseases
that are not responsive to conventional antibacterial agents
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2.1 The DNA Methylation Epigenetic Mark

DNA methylation occurs when the protein DNA methyltransferase adds a methyl
moiety to DNA. Unlike acetylation and phosphorylation, which are post-
translational mechanisms (PTMs) that modify proteins, epigenetic reprogramming
by DNA methylation occurs at a DNA level. Consequently, the epigenetic changes
in DNA may potentially be transferred to mRNA during gene expression and to
proteins during translation (Fig. 2). The presence of these epigenetic markers in the
host genome is of critical importance in modulating gene expression, gene function,
protein synthesis, protein function, and catalytic activity (Fig. 2). DNA methylation
controls several important cellular signaling pathways in humans. These include
both innate and adaptive immune signaling and cell differentiation [55]. Struc-
turally, the presence of a methyl group on the gene promoter prevents interactions
with transcriptional proteins and results in the silencing of candidate gene tran-
scription [56–58]. This alters the host gene expression patterns, protein production,
and function (Fig. 2).

Therefore, following infection with microorganisms such as M. tb, the altered
gene expression profile incapacitates the host from mounting a potent innate and
adaptive immune response. Ultimately, this promotes bacterial proliferation and
dissemination and has a devastating clinical impact, particularly in young children,
pregnant women, and older individuals. Devastatingly, DNA methylation has also
been associated with cancer development [59–61] and microbial virulence. Infec-
tion with M. tb leads to the development of a broad range of TB clinical conditions,
including LTBI and active TB infection. Furthermore, an increasing number of
mutant M. tb variants that are not responsive to conventional antibiotics has been
noted. These include strains responsible for the manifestation of DR-, MDR-, and
XDR-TB diseases. The intrinsic DNA methylation profile coupled with altered
methylation of vitamin D receptors in various racial groups and ethnicities has been
associated with TB predisposition [62]. In infected host cells, innate immunity
directed against TB infection is mainly mediated by toll-like receptor 2 (TLR2). As
such, research was undertaken to investigate the impact of DNA methylation on the
function of TRL2 after TB infection [63]. In this study, DNA methylation patterns
were evaluated in 20 5’—C—phosphate—G—3’ (CpG) regions within the TLR2
gene and promoter regions in 77 healthy participants and 99 patients with pul-
monary TB. Relative to healthy individuals, TB patients displayed a remarkable
elevation in DNA methylation levels in 5 CpG regions, TLR2 expression in natural
killer cells, tumor necrosis factor-a (TNF-a), and interferon-gamma (IFN-c) [63].
Conversely, a marked decline in TLR2 expression in monocytes was observed in
infected individuals. Encouragingly, the administration of anti-TB therapeutics
reversed the effects of TLR2 methylation within six months [63]. Data originating
from this investigation indicated that methylation of TLR2 significantly decreased
its expression levels, impaired its immunological function, and was associated with
increased bacterial infection and proliferation.

Application of TB therapy restored the normal expression levels and function of
TLR2, leading to symptom alleviation in treated patients, thus, highlighting the
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Fig. 2 Change in target gene expression mediated by DNA methylation. Methylation is
accomplished when the enzyme DNA methyltransferase transfers the methyl group to the DNA
molecule after microbial infection. Subsequently, genetic traits contained in the modified DNA are
transferred to RNA during transcription and to proteins following translation. The methylated
molecule displays distinct gene expression and protein synthesis profile as well as altered
functional characteristics relative to the unmodified counterpart. Properties attained by epigenetic
reprogramming of the host cellular systems via DNA methylation promote pathogenicity survival
and regulate the drug susceptibility or resistant profile of pathogens Me, methylation; DNMT,
DNA methyltransferase enzyme
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important role of anti-TB treatment in reversing the negative effects induced by
TLR2 methylation [63]. Following infection,M. tb reprograms cellular functions by
using epigenetic mechanisms such as DNA methylation to alter the cytokine
expression levels in the macrophages of infected host cells [55]. Differential DNA
methylation patterns were studied in patients with active and latent TB as well as in
T helper-1 cells obtained from macrophages infected with several M. tb clinical
strains. Microarray analysis showed that DNA methylation of cytokines and cor-
responding receptors was associated with TB infection. The effect of the DNA
methylation profile on cytokine expression and function was shown to be strain-
and host-dependent [55]. Following infection with Beijing/W strains, a marked
increase in DNA methylation was reported in interleukin-4 receptor (IL-4R), IL-6R,
and IL-17R in host macrophages. In TB patients, DNA methylation had a negative
effect on the normal expression and function of IL17 and associated genes [55].
This study provided valuable information pertaining to the impact of DNA
methylation in modifying cellular and immunological functions in infected host
macrophages [55]. Chromatin modifications modulate host transcription levels
duringM. tb infection. The H3K4me is an epigenetic modification that indicates the
trimethylation of the lysine residue located in position 4 of the DNA packaging
protein histone H3. The virulent H37Rv and non-virulent H37Ra bacterial strains
have recently been employed to assess the effect of epigenetic modifications on the
chromatin using immunoprecipitation and DNA sequencing [64].

The H3K4me modification induced substantial variations in the dual-specificity
MAP kinase phosphatase 4 (DUSP4) and sequence binding protein 1 (SATB1) in
macrophages infected with the virulent or non-virulent strains. Notably, SATB1
suppressed gp91phox, which prompted the production of reactive oxygen species
(ROS) upon microbial infection. The production of HOX transcript antisense RNA
(HOTAIR) was markedly enhanced in macrophage cells following infection with the
H37Ra non-virulent strain [64]. In contrast to this, a significant decline in HOTAIR
production was observed in host macrophages treated with the H37Rv virulent
strain. The overexpression of HOTAIR was associated with the removal of the
suppressive effects of the H3K4me modification in the transcriptional start sites of
SATB1 and DUSP4 genes and indicated that reversal of this epigenetic mark pro-
motes expression of SATB1, DUSP4, and other related genes [64]. Therefore, this
investigation elucidated the importance of the H3K4me trimethylation modification
in regulating host immunity and determining the level of TB infection in host
macrophages infected with either virulent or non-virulent bacterial pathogens [64].
In a separate current study, the ability of the 6 kDa early secretory antigenic target-6
(ESAT-6) to trigger the development of bone marrow-derived macrophages into
epithelioid cells and elucidation of the precise molecular pathway was investigated
[65]. The ESAT-6 recombinant protein was expressed in Escherichia coli (E. coli)
and harvested following induction using isopropyl-b-D-thiogalactopyranoside. The
bone marrow-derived macrophages were extracted from mice bone marrow col-
lected from hind legs. Data emanating from this study illustrated that ESAT-6 caused
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a marked increase in gene expression and protein synthesis levels [65]. However,
these changes were absent in mutant mice lacking the TLR2.

Furthermore, ESAT-6 also induced a remarkable increase in the generation of
nitric oxide and inducible nitric oxide synthase, which are associated with the
suppression of H3K27 trimethylation in M. tb-infected cells. These promising
outcomes suggest that ESAT-6 and TLR2 elicit pronounced nitric oxide synthase
and nitric oxide levels that inhibit the trimethylation of H3K27 cells. Subsequently,
this promotes the transition of bone marrow-derived macrophages into epithelioid
macrophages [65] and plays a crucial function in combating TB progression in
infected host cells [65]. Methylation of the cytosine nucleotide in the DNA
sequence suppresses gene expression in prokaryotes [66] and higher eukaryotes
[67]. In addition to this, ribosomal RNA methylation is commonly induced during
M. tb invasion and has been thought to advance bacterial persistence in host cells
[68, 69]. Specific correlations have been established between DNA methylation
patterns and the development of DR. For example, the methylation profile gener-
ated by Erm(38) in Mycobacterium smegmatis (M. smegmatis) induces resistance to
erythromycin and lincosamide antibiotics [70]. Unfortunately, Erm(37) is also
present in all bacterial species that form the Mycobacterium tuberculosis complex
(MTBC) [70–72] and confers resistance to macrolide-lincosamide-streptogramin
(MLS) via methylation of 23S ribosomal RNA [73]. On the other hand, the enzyme
adenine dimethyltransferase is encoded by the KsgA gene and catalyzes methylation
of A1518 and A1519 regions of 16S ribosomal RNA, which confers M. tb resis-
tance to clarithromycin [72]. Moreover, global DNA methylation and transcriptome
changes inM. tb have been demonstrated to be associated with conferring resistance
to isoniazid and rifampicin resistance [74].

2.2 Acetylation

Acetylation describes a process whereby an acetyl group is transferred to a mole-
cule. The reaction is catalyzed by the acetyltransferase enzyme and is one of the key
epigenetic mechanisms leading to PTMs of proteins. Acetylation plays a major role
in determining protein synthesis, properties, and subsequent cellular function.
Lysine acetylation is also known as Ne-lysine acetylation, and O-acetylation are
PTMs that occur in protein molecules. Ne-lysine acetylation involves the transfer of
the acetyl residue to the amino group of lysine, while O-acetylation is the process
whereby the hydroxyl group of threonine and serine are acetylated by acetyl-
transferase enzymes. Both Ne-lysine acetylation and O-acetylation regulate specific
cellular mechanisms in M. tb. However, many investigations have highlighted the
importance of O-acetylation in kinase substrates, which modulates various M. tb
signaling pathways [75, 76]. This reversible epigenetic modification necessitates the
addition of acetyl to the e-amino groups present in lysine moieties in protein
molecules [77, 78] (Fig. 3). The presence of this modification has significant
functional implications as it affects protein stability and normal catalytic activity
(Fig. 3). Lysine acetylation also alters downstream cellular processes that include
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protein synthesis, protein catalytic activity, interactions between protein species,
carbon utilization, and metabolic function [77, 78]. A number of studies focusing
on lysine acetylation have been conducted in histone proteins, transcriptionally
associated protein molecules [79, 80], and non-histone proteins found in various
eukaryotic species. These acetylated non-histone proteins were found to be essential

Fig. 3 Altered protein synthesis and catalytic activity induced by PTMs. Protein acetylation and
phosphorylation are PTMs catalyzed by acetyltransferase and kinase enzymes, respectively,
following microbial infection. The presence of acetyl or phosphate groups on protein molecules
changes the chromatin structure and the DNA–protein interactions. This enables the modified
protein to exhibit different catalytic and functional properties as compared to the unmodified
protein. These acquired properties induce epigenetic reprogramming of the host signaling
pathways to advance microbial virulence persistence and also contribute to modulating microbial
susceptibility or resistance to therapeutic agents. PTMs represent post-translational modifications,
Ac indicates acetylation, ACT denotes acetyltransferase enzyme, Ph illustrates phosphorylation
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in a number of biological processes that include protein production, metabolic
activity, and cell cycle, which demonstrated that the impact of lysine acetylation is
not only limited to transcription [81–85]. Lysine acetylation patterns have also been
elucidated in other clinically relevant microbial species such as Vibrio para-
haemolyticus (V. parahaemolyticus), Streptomyces roseosporus (S. roseosporus),
Salmonella enterica (S. enterica), Bacillus subtilis (B. subtilis), Erwinia amylovora
(E. amylovora), and E. coli. In these microorganisms, lysine acetylation was shown
to be involved in regulating protein synthesis, central metabolism, and microbial
virulence [86–92].

The universal stress protein (USP) was classified as an acetylated molecule that
can undergo lysine acetylation in M. tb. This process is catalyzed by the
AMP-regulated protein lysine acetyltransferase enzyme Rv0998 [93]. Additionally,
the ortholog of this protein in M. smegmatis called MSMEG 5458 has also been
implicated to be associated with lysine acetylation [93]. Specifically, M. tb lysine
acetylation determines the degree of protein stability and compartmentalization,
which in turn regulates a wide range of cellular processes [94, 95]. For example, the
incorporation of acetyl residues into the histone-like nucleoid protein of M. tb has
been shown to control genome organization and DNA binding capacity [96].
Additionally, in M. tb, lysine acetylation modulates fatty acid metabolism and
immunogenicity of HspX protein [97] and has also been demonstrated to regulate
propionate metabolism in M. smegmatis [98, 99]. Interestingly, lysine acetylation is
controlled by enzyme-mediated and non-enzyme-mediated processes [100]. The
enzymatic reactions are catalyzed by acetyltransferases which transfer the acetyl
moiety to lysine, and deacetylases which remove the acetyl residue from lysine.
Acetyltransferase is responsible for catalyzing acetylation ofM. tb Rv0998, Rv2170
[101], and Rv3423 proteins and results in a marked decrease in their catalytic
properties. In bacterial cells and mitochondria, lysine acetylation also occurs in a
non-enzymatic fashion. In this case, acetyl-coenzyme A and the secondary
metabolite acetyl phosphate act as an acetyl donor [102–104]. This non-enzymatic
reaction is initiated following the binding of acetyl-coenzyme A to the target protein
at a high pH such as that found in the mitochondria [105, 106]. Proteins that
participate in deacetylation in M. tb include histone deacetylase, which regulates
anti-mycobacterial activity in host macrophages [107], and Rv1151c, which con-
trols the catalytic activity of acetyl-CoA synthase [97, 108, 109]. Generally, inhi-
bition of deacetylase activity in M. tb results in a significant change in stress
response, biofilm formation, and morphological characteristics [97]. The extent of
lysine acetylation has been studied in M. tb to evaluate the biological impact of this
epigenetic mechanism [110].

Xie et al. undertook an investigation whereby 1128 regions were noted on
acetylated protein molecules in M. tb [110]. Analysis of generated acetylome data
indicated that acetylated protein molecules in M. tb were involved in modulating
protein production and a wide range of cellular metabolic processes. Twenty pro-
teins harboring acetyl residues displayed a high degree of sequence similarity with
acetylated proteins in B. subtilis, E. coli, S. enterica, and S. roseosporus and
suggested that acetylated proteins are highly conserved. Importantly, some
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acetylated protein molecules such as isocitrate lyase were shown to contribute
towards bacterial virulence, persistence, and antibiotic resistance. Furthermore, the
incorporation of mutations into the isocitrate lyase acetylation site led to a signif-
icant decline in enzyme activity, thus, highlighting the critical role of lysine
acetylation in regulating cellular functions and M. tb virulence [110]. The DosR
regulatory system is exploited by M. tb to survive under harsh environmental
conditions such as hypoxia. It has been established that in an oxygen-deprived
environment, M. tb transitions to a non-replicating state which allows the pathogen
to be resistant to antibacterial agents. For this course, a study was performed to
comprehensively elucidate cellular pathways that promote bacterial persistence in
the non-replicating bacterial state. In this study, it was shown that the enzyme
acetyltransferase (Mt-pat/Rv0998) was implicated in catalyzing cellular processes
that promoted M. tb survival and also changed the carbon flux from oxidative to
reductive tricarboxylic acid (TCA) [111].

The newly generated reductive TCA requires the enzyme malate dehydrogenase,
which regulates the redox reaction of NAD+/NADH. As a result, chemical inhi-
bition or genetic alteration of this enzyme caused a substantial decrease in the
microbial load in both the cell culture and mouse models [111]. These results
illustrated the importance of protein acetylation performed by acetyltransferase in
driving M. tb survival and antibacterial resistance under unfavorable hypoxic
conditions [111]. Therefore, this protein may potentially serve as an attractive drug
target to eradicate non-replicating bacterial cells and combat DR strains. In a closely
related study, it was highlighted that the conserved DNA-binding lysine moiety 182
(K182) of DosR regulates DNA binding [112]. Transfer of acetyl groups to K182
inhibited the binding of DosR to DNA in cultured cells. DosR acetylation was
accompanied by a substantial decline in the level of acetylated K182 proteins and
resulted in altered M. tb survival under hypoxic conditions in vitro and in vivo
[112]. Acetylation also played a major role in modulating DosR regulon genes that
are essential for bacterial infection, survival, and proliferation in host cells and may
act as a key domain for epigenetic-based therapeutic strategy [112]. The
N-acetyltransferase protein triggers enhanced intracellular survival in M. tb and
confers resistance to many aminoglycoside antibiotics. Previously, this enzyme has
been demonstrated to confer kanamycin resistance in some clinical cases of
XDR TB. Consequently, the activity of this protein in M. tb and its homolog in M.
smegmatis was tested against a range of lysine and anti-TB agents [113]. In both
bacterial species, N-acetyltransferase induced acetylation of capreomycin and some
lysine agents. However, this enzyme did not acetylate non-aminoglycoside drugs.
Analysis of modeling data predicted that the site of acetylation on capreomycin was
located on one of the primary amines in the drug b-lysine chain. Nuclear magnetic
resonance illustrated that in M. tb, capreomycin acetylation occurred on the first
amine on the b-lysine chain [113]. Similar to M. tb, capreomycin acetylation in M.
smegmatis was also reported to trigger DR. This study showed that
N-acetyltransferase promotes enhanced intracellular survival of both M. tb and M.
smegmatis by triggering acetylation of aminoglycoside drugs and some lysine
compounds leading to bacterial replication and DR [113].
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Birhanu et al. investigated global acetylation profiles in different M. tb strains.
Acetylome data unraveled 2490 acetylation regions [114]. These sites were com-
prised of 2349 regions with O-acetylation and 141 with Ne-acetylation. These
epigenetically-altered proteins were involved in various cellular mechanisms, in-
cluding protein synthesis, stress response, metabolic activity, and antibiotic resis-
tance. Specifically, 261 acetylation regions found on 165 protein molecules were
distinctively modulated in lineage 4 and 7 bacterial strains [114]. Moreover,
hypoacetylation was reported in 257 acetylation sites identified in 161 protein
species in lineage 7 strains. Notably, these modified proteins were shown to be
important for bacterial infection, virulence, stress responses, and bioenergetics. This
investigation demonstrated the presence of two acetylation mechanisms inM. tb: Ne

and O-acetylation, which are essential in regulating bacterial infection, virulence,
and persistence [114]. Therefore, therapeutic molecules directed against these
acetylation mechanisms may combat critical pathways necessary for bacterial vir-
ulence, dissemination, and DR. In an investigation conducted with the primary aim
of identifying several acetyltransferase enzymes involved in epigenetic modifica-
tion, 47 proteins were found in M. tb with varying amino acid sequences, antibiotic
substrates, and other chemical compounds [115].

Acetylome analysis revealed one acetyltransferase enzyme, which had remark-
able alterations and deletions within the N-terminal region. These variations sug-
gested that this protein may possess different physiochemical characteristics relative
to other enzyme molecules [115]. Another enzyme that catalyzed three
post-translational epigenetic mechanisms was also identified. These processes
include glutarylation, succinylation, and lysine acetylation. Evidence gathered from
genomic data demonstrated that a large proportion of enzymes and their corre-
sponding genes were part of the same operon [115]. Since several acetylation
enzymes investigated in this study were involved in establishing M. tb infection, the
development of novel therapeutic agents may deactivate the various epigenetic
mechanisms performed by these proteins and may potentially lead to the synthesis
of effective TB treatment and prevention of antibiotic resistance.

2.3 Phosphorylation

Phosphorylation is a process whereby the phosphate group is transferred to a
compound. This process is performed by a specific group of enzymes called protein
kinases (Fig. 3). Phosphorylation is one of the most documented PTMs epigenetic
mechanisms that have a significant effect on cellular and physiological functions
(Fig. 3). In the case of TB infection, the presence or absence of phosphorylation
influences the extent of bacterial infection, dissemination, persistence, and the
host’s immune competence. Therefore, the application of molecules that target and
disrupt the activity of protein kinases may reverse the devastating immunological
and subsequent clinical effects associated with protein phosphorylation. The suc-
cess of M. tb in establishing infection and the capacity to survive in diverse host
environmental conditions is attributed to its ability to adapt, persist and develop
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mechanisms that allow bacterial proliferation. Indeed, these strategies allow the
pathogen to escape immune surveillance, thus, promoting bacterial replication and
transmission in infected host cells. Amongst others, M. tb has developed mecha-
nisms that modulate bacterial virulence, such as the 11 Serine/Threonine protein
kinases (STPKs), an intracellular network that is comprised of 12 regulatory sys-
tems, three phosphatase enzymes, and one tyrosine protein [75, 116, 117]. In
particular, the STPKs, 12 regulatory systems and tyrosine kinase induce phos-
phorylation of substrates on the aspartate amino acid leading to the generation of
highly stable phosphorylated products.

Usually, the hydrolysis of phosphoryl-aspartate only occurs for a few hours,
while the Serine/Threonine/Tyrosine phosphor-esters generate signals that may
persist for weeks and necessitate the activity of the phosphatase enzyme to be
reversed [118]. Similarly, the addition of the phosphate group to amino acids (i.e.,
O-phosphorylation) on the protein molecule produces comparable molecular signals
and events [118]. As a result, M. tb conveniently employs Serine/
Threonine/Tyrosine phosphorylation to trigger long-term global responses, while
phosphoryl-aspartate is utilized to produce localized short-term responses. This
versatility is advantageous as it enables the pathogen to adapt and flourish in
various cellular conditions. Except for PknC, the sequences of all other STPKs
possess a transmembrane that is useful for connecting the N-terminal kinase region
located intracellularly to the extracellular C-terminal sensory domain. Previous
structural investigations have disclosed that dimerization activates these trans-
membrane receptor kinase enzymes. This subsequently leads to kinase activation,
and this process is mediated by phosphorylation of the activation loop [119].
Moreover, data emanating from other studies have indicated that the STPKs in M.
tb are subjected to tyrosine phosphorylation in their respective activation segments
and illustrated the dual-functionality of the STPKs [120]. The protein tyrosine
kinase (PtkA) has previously been shown to undergo phosphorylation on the
Serine/Threonine amino acid residues resulting in specific interaction with various
STPKs [121]. This observation consolidated the existence of a cross-
phosphorylation system between tyrosine and STPKs in M. tb. Compared to ty-
rosine phosphorylation, the degree of Serine/Threonine phosphorylation is
remarkably higher in M. tb and has been reported in more than 500 regions [122].

In STPKs, phosphorylation is a complex epigenetic mechanism that requires
three stages, including master regulators (PknB and PknH), signal transducers
(PknJ and PknE) as well as substrate kinase proteins (PknD, PknA, PknL, PknF,
and PknK). The master regulator kinase enzymes are activated by
auto-phosphorylation and allow cross-phosphorylation of downstream kinase pro-
teins [123]. In the same way, kinases involved in signal transduction can also
undergo auto-phosphorylation resulting in cross-phosphorylation of downstream
kinases, which are critical for transmitting signals to intracellular molecules.
However, substrate kinase enzymes were found to be incapable of phosphorylating
other STKPs and suggested that they were exclusively involved in targeting other
protein substrates. The intracellular mechanisms regulated by STPKs induce a
change in gene expression, protein synthesis, and activity, as well as binding
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capacity between proteins. Collectively, these phosphorylation-mediated epigenetic
alterations enhance bacterial adaptation, metabolic activity, and survival while
minimizing or deactivating the host immune response [123].

The presence of several M. tb strains, including DR, MDR, and XDR pathogens,
necessitates lengthy treatment programs and generally leads to poor compliance to
anti-TB therapeutic schedules by TB patients. To circumvent this, Napier et al.
evaluated the advantage of applying the anti-kinase drug imatinib to target and
inhibit the activity of the host Ab1 kinases and associated tyrosine kinase enzymes
[124]. A marked reduction in markers of TB replication in Mycobacterium mar-
inum (M. marinum) and M. tb that includes bacterial load and inflammation were
observed in mice following imatinib administration. Importantly, this drug was
effective when applied as a therapeutic or prophylactic agent. Moreover,
co-administration of imatinib with licensed TB drugs rifabutin or rifampicin led to a
pronounced suppression in markers of bacterial infection and replication [124].
Preliminary results reported in this investigation highlighted that imatinib might be
conveniently applied as a prophylactic or therapeutic drug to inhibit bacterial
proliferation. This drug also provides additional versatility as it targets the host
kinase enzymes and may be co-administered with first-line anti-TB agents to induce
enhanced antibacterial activity [124]. These drug properties are crucial, particularly
in combating diseases caused by various DR-M. tb strains. The Src tyrosine kinase
protein is a distinguished type of enzyme that is involved in catalyzing the phos-
phorylation of tyrosine moieties in other tyrosine kinases. This host protein is
essential for mycobacterial pathology, particularly bacterial persistence in infected
host cells [125]. For this reason, potent anti-Src compounds may be applied to
inhibit bacterial survival and dissemination, and the utility of this therapeutic
approach has previously been tested [125]. Application of the anti-Src molecule
(AZD0530) triggered a substantial decrease in the replication and persistence of the
virulent H37Rv, MDR, and XDR strains in cultured mammalian cells. Impres-
sively, markers of bacterial replication and persistence were also markedly sup-
pressed in guinea pigs infected with H37Rv, MDR, and XDR pathogens following
treatment of these animals with AZD0530 [125]. Valuable therapeutic evidence
recovered from this undertaking indicates that AZD0530 may be utilized to erad-
icate TB infection in vitro and in vivo by suppressing Src activity in both sus-
ceptible and DR-M. tb strains.

Protein tyrosine phosphatase (PtpA) is involved in dephosphorylation and is
secreted by M. tb during infection. This protein binds to the host H+-ATPase
complex in the vacuole to inhibit acidification of the phagosome and prevents
phagosome-lysosome interaction [126, 127]. By contrast, PtkA catalyzes the
phosphorylation of PtpA and results in enhanced dephosphorylation activity [128],
and the same operon encodes these two protein molecules [129]. Previously, the
bacterial wild-type PtkA and mutant DPtkA strains were explored for their ability to
infect and survive in host macrophages [130]. The outcome of this investigation
was that the wild-type strain efficiently infected and displayed effective intracellular
persistence in the T helper-1 macrophage model. However, the DPtkA mutant
produced a significantly poor infection profile, displayed poor intracellular survival
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in host cells, and was incapable of inhibiting phagocytosis and phagosome acidi-
fication [130]. Compared to the wild-type PtkA, upregulation of PtpA gene
expression and enhanced production of TrxB2 (i.e., a substrate for PtkA phos-
phorylation) were reported in the mutant DPtkA strain. These results inevitably
provided evidence that PtkA is important for establishing bacterial infection, in-
tracellular survival, preventing phagocytosis, and phagosome acidification [130],
and may, as such, serve as an ideal molecular target to combat TB infection.

Pulmonary TB infection remains one of the critical public health concerns. The
emergence and spread of DR mutants enable the pathogen to continue the infection
cycle, and it has been noted that chromosomal mutations that alter drug targets are
responsible for inducing DR in M. tb. The benefit of phosphorylation on the
multifunctional RecA serine 207, which modulates DNA damage response in
mycobacterial species, has been established [131]. It was demonstrated that after
DNA damage, RecA serine 207 was phosphorylated, leading to the deactivation of
pathways responsible for triggering DR. This was achieved by specific suppression
of the LexA coprotease catalytic activity of RecA without altering its essential
strand exchange or ATPase enzymatic function. This protein component was found
to interact with the cytoplasmic membrane during DNA damage response in bac-
terial cells. Cardiolipin subsequently exerts its function by solely suppressing the
coprotease activity of the unmodified, but not that of the phosphorylated RecA
serine 207 [131]. This confirmed that bolstering pathways susceptible to epigenetic
manipulation may decrease microbial infections and the emergence of DR
mycobacterial pathogens.

3 Discussion

Since the advent of antibiotic production, several microbial diseases have been
treated and eradicated following the timeous application of these antimicrobial
molecules. Thus, different antibiotic drugs have been synthesized to treat a broad
range of bacterial infections. However, improper clinical use, over-prescription, and
non-compliance to treatment schedules resulted in the development of DR micro-
bial strains. These microorganisms can tolerate, persist, and replicate even after
being exposed to conventional therapeutics intended to abolish or diminish their
virulence. The survival of these microbial pathogens is mainly driven by the
presence of DR genes that have been intrinsically developed by the pathogen after
inducing selection pressure on the therapeutic agent or acquired from other
microorganisms via horizontal gene transfer. Taken together, all these factors
necessitated the development of novel antibiotics, combination therapy [132–134],
and the utilization of powerful antibiotics [135–137]. Unfortunately, various
pathogens have massively evolved advanced survival strategies that enable them to
persist even after being exposed to powerful antibiotic groups such as carbapenems
[138–140].
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Epigenetic processes induce a change in gene expression without modifying the
genomic DNA sequence. The pathogen M. tb is one of the microorganisms that
exploit epigenetic mechanisms to invade host cells, persist, proliferate, and induce
resistance to different antibiotic agents. Indeed epigenetic markers such as acety-
lation [110, 112–114], DNA methylation [55, 63–65], and phosphorylation [124,
125, 130, 131] have been widely exploited by M. tb to advance pathogenicity by
triggering DR. Following infection, this bacterial pathogen utilizes epigenetic
mechanisms to alter the chromatin structure and accessibility, DNA–protein inter-
actions, protein-protein communication, and binding affinity. This results in a
remarkable change in the gene expression and protein synthesis profiles. These
drastic cellular alterations lead to successful reprogramming of the host cellular
systems and signaling pathways. As a consequence, epigenetic processes allow M.
tb to manipulate critical pathways that regulate both innate and adaptive immune
responses. This results in improved bacterial virulence, persistence, and resistance
to various antibiotic classes [74, 131, 141–144].

Epigenetic modifications such as DNA methylation occurs at a DNA level. As a
result, genetic traits induced by this epigenetic mechanism may be replicated during
the DNA replication cycle and transmitted to RNA during transcription. Ultimately,
these genetic alterations embedded in host genes may potentially be transferred to
proteins during protein synthesis. This results in the production of protein mole-
cules with distinct catalytic and functional characteristics [145–147]. On the other
hand, epigenetic processes such as acetylation and phosphorylation are PTMs that
manifest after protein synthesis and have a marked effect on protein function and
catalytic capabilities [96, 97, 112, 120, 148, 149]. Encouragingly, previous and
recent investigations have demonstrated that the utilization of antimicrobial agents
that target and disrupt microbial-induced epigenetic processes are capable of sup-
pressing, inhibiting, and reversing the devastating clinical manifestations caused by
DNA methylation [55, 63–65], acetylation [110, 112–114], and phosphorylation
[124, 125, 130, 131]. Therefore, epigenetic therapy has been developed to target
and suppress microbial [125] or host molecular targets [124] that play a key role in
advancing epigenetic-mediated change in host gene expression. Clinically, the
versatility of epigenetic drugs in targeting the host or microbial therapeutic targets
is essential for disease treatment and minimizing the development of DR strains.
Identification and comprehensive characterization of target genes that are amenable
to several epigenetic modifications are critical for the synthesis of new and potent
antimicrobial drugs. Moreover, detection and disruption of microbial genes that
initiate a cascade of epigenetic reprogramming events in the host cells may serve as
valuable molecular targets for both disease treatment and diagnostic applications.

Alternative treatment approaches that include the clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (cas9) and RNA
interference (RNAi) may be employed to inhibit the expression of virulent genes
and eradicate the emergence of DR microorganisms. The RNAi process occurs
naturally in eukaryotes and is responsible for modulating gene expression. The
molecules that partake in various RNAi steps include microRNAs (miRNAs),
precursor miRNAs (pre-miRNAs), and primary-microRNAs (pri-miRNAs). Partial
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base-pairing between the RNAi substrate molecules and the target mRNA results in
suppression of protein synthesis. Oppositely, accurate base-pairing causes mRNA
degradation. The use of molecules that closely resemble miRNAs, pre-miRNAs, or
pri-miRNAs triggers the RNAi mechanism. Consecutively, this represses target
gene expression. Accordingly, artificial short hairpin RNAs (shRNAs) designed to
replace pre-miRNAs are applied to silence viral [150] and M. tb gene expression
[151, 152].

Correspondingly, synthetic small interfering RNAs (siRNAs) synthesized to
resemble miRNAs have previously been used to knockdown gene expression in M.
tb [153–155], DR B. subtilis [156], and DR cancer diseases [157–159]. Conversely,
CRISPR-cas9 is a gene-editing mechanism employed to create mutations in the
DNA after DNA repair has been established. The newly-formed mutations greatly
compromise the stability and functionality of target DNA and result in the gener-
ation of defective RNA and protein molecules. For this purpose, the CRISPR-cas9
strategy has been used to induce transcriptional repression in M. tb [160, 161] and
DR bacterial pathogens [162, 163]. Both RNAi and CRISPR-cas9 approaches may
be specifically tailored to disrupt the expression of virulence genes required for host
invasion and replication. Remarkably, various delivery systems have been devel-
oped to facilitate the efficient transportation of effector molecules responsible for
RNAi or CRISPR-cas9-mediated target gene knockdown. Indeed, viral and
non-viral delivery methods have been utilized to protect effector molecules from
enzymatic degradation, thus increasing their half-life in the circulation and causing
prolonged therapeutic activity in target host cells and tissues. The non-viral delivery
mechanism is generally preferred; it is relatively safe as opposed to viral vectors
that tend to persist in the host cells.

Ingestion of foods containing nutrients that inhibit or suppress epigenetic
mechanisms is another feasible method of combating bacterial infection, survival,
dissemination, and emergence of DR pathogens. Consumption of food with
bioactive nutrients can reverse epigenetic modifications introduced by microor-
ganisms [164]. In particular, foods rich in betaine, folate, choline, and vitamin B12
can alter the degree of methylation in DNA and histone proteins. Certain molecules
produced following 1-carbon metabolism may regulate DNA and histone methy-
lation profiles. These molecules include S-adenosylhomocysteine, which suppresses
the activities of DNA methyltransferases and S-adenosylmethionine. Consequently,
foods containing bioactive nutrients and nutritious supplements capable of modu-
lating the amount of S-adenosylmethionine and S-adenosylhomocysteine may be
applied to control the level of histone and DNA methylation. Vitamin H (biotin)
plays a crucial role in the biotinylation of histones, while vitamin B3 (niacin) is
involved in the acetylation and ribosylation of histone proteins [164]. Furthermore,
consumption of foods containing high levels of vitamin D has been demonstrated to
repress markers of M. tb replication by regulating the DNA methylation profile in
cultured mammalian cells and mice [165] as well as in TB patients [166].
Accordingly, bioactive nutrients contained in certain foods such as genistein and
catechin block the catalytic function of proteins involved in epigenetic mechanisms
[164]. The application of efficient and novel immunostimulatory agents is another
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strategy to counter bacterial invasion. This will trigger and equip the host immunity
to provide protection against pathogenic M. tb strains irrespective of their drug
susceptibility or resistant profiles.

4 Conclusion

In conclusion, a combinatorial approach involving the application of novel
antimicrobial compounds, epigenetic molecules in conjunction with immunostim-
ulatory agents, and ingestion of foods containing nutrients capable of targeting and
eradicating epigenetic effects on the host cellular machinery may be the most
effective therapeutic strategy to counter M. tb invasion, pathogenicity, persistence,
and emergence of DR mutant strains. Specifically, ingestion of bioactive nutrients
naturally present in most vegetables and fruits effectively arms the host immunity,
neutralizes microbial invasion, and eradicates the pathogen from circulation. This
natural and cheap source of vitalizing immune agents is particularly important for
individuals residing in rural and other underdeveloped regions.

Core Messages

• Infection by M. tb and other microbial agents induce epigenetic changes in
infected individuals.

• Epigenetic processes regulated by M. tb include DNA methylation,
acetylation, and phosphorylation.

• Chemical groups added during epigenetic modification change the DNA
accessibility and chromatin structure.

• Epigenetic marks reprogram the host cellular machinery leading to altered
gene expression and protein synthesis levels.

• Altered cellular function impairs the host's immunity and promotes the
development of DR microorganisms.
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45Multiomics Integration of Tuberculosis
Pathogenesis

Jae Jin Lee, Philip Sell, and Hyungjin Eoh

Unity, not uniformity, must be our aim. We attain unity only
through variety. Differences must be integrated, not annihilated,
not absorbed.

Mary Parker Follett

Summary

Advances in high-throughput technology have made it possible to quantitatively
monitor changes in multiple sets of biological molecules under different
environmental stresses. Microbial adaptation to stresses can be monitored by
genomics, transcriptomics, proteomics, and metabolomics. When combined, the
resulting multiomics approach provides a much more comprehensive perspective
of biological systems than using any single omics alone. Integrated multiomics
has improved our understanding of the complex adaptive mechanisms of
pathogens and allows for more accurate predictions of pathogenic outcomes.
A vast amount of research has been carried out on tuberculosis (TB)
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pathogenesis. These studies decipher the biological molecules, pathways, and
components of Mycobacterium tuberculosis (M. tb), the etiological agent of TB,
involved in the adaptive strategies required for virulence. This chapter
summarizes our current knowledge drawn from studies investigating the
metabolic adaptation of M. tb and its survival in different phenotypic states.
The collective interpretation of diverse but essential metabolic networks in M. tb
will provide new insights for more effective TB interventions.

Graphical Abstract

Multiomics integration of tuberculosis pathogenesis
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1 Introduction

Tuberculosis (TB) research continues to persevere towards developing efficient
treatment. Despite continuous advances in research technology to reveal TB
pathogenesis, Mycobacterium tuberculosis (M. tb) remains a formidable foe against
the countless therapies that have been invented to date [1–3].

The hallmark of M. tb pathogenesis is its ability to adapt to various antimicrobial
environments identified within hosts. M. tb can replicate even under an intact
immune system; soon after recruitment, functional immune cells release reactive
oxygen species (ROS) and reactive nitrogen intermediates (RNI), then in response,
M. tb slows its replication rate, which enhances the phenotypic heterogeneity within
the population [4–12]. Adequate immune responses recruit various immune cells,
which convene into a multicellular structure called a granuloma which functions as a
trap to keep unclearedM. tb bacilli within a restricted area [13, 14]. The interior of the
granuloma is full of biochemical stresses, including hypoxia, nutrient starvation, low
pH, and accumulation of ROS and RNI, wherein the majority ofM. tb bacilli resides
in the non- or slowly- replicating state by limiting its replication [15–20]. Thus,
granuloma formation is a critical innate immune strategy [21, 22]. As a counter-
measure, inside the granuloma, M. tb survives by shifting to a non-replicating per-
sistent (NRP) state. Infected individuals with properly functioning immune systems
may present clinically asymptomatic where M. tb mostly lives in an NRP but a
metabolically active state. The NRP state ofM. tb is phenotypically tolerant to nearly
all TB antibiotics because they target cellular processes active only during replication
[23–27]. This phenotypic quiescence and drug tolerance explain long TB treatment
durations, which provides favorable conditions for the emergence of drug-resistant
(DR) mutations [28–36]. Moreover, this NRP population serves as a reservoir for
disease reactivation [37, 38]. A study at Cornell University using an NRP-TB mouse
model showed that M. tb bacterial burden was undetectable after bactericidal
antibiotic treatment, but reactivation occurred in response to immunosuppressive
agents, such as glucocorticoids, in the absence of new infections [39–41].

Although immunological and biochemical stresses slow its replication, a sig-
nificant portion of M. tb continues to replicate throughout infection in mouse
models [9, 42]. This implies that the bacillary number in the NRP state is largely
maintained by balancing the number of replicating, non-replicating, and dying
bacilli at the site of infection under the active immune system in a state of phe-
notypic heterogeneity. Within granulomas, M. tb is trapped inside macrophages or

45 Multiomics Integration of Tuberculosis Pathogenesis 939



in extracellular niches at necrotic centers of granulomas. M. tb can also be found in
the upper lobe of the lung on the inner cavity epithelium, where they can exit the
NRP state [43–46]. Thus, the physiological understanding ofM. tb bacilli in various
phenotypic states is the unmet clinical and scientific need to develop more powerful
therapeutic interventions.

As a unicellular organism, diversity is key for M. tb to survive harsh conditions
[47, 48]. Diversity in a microbial population has been considered an important
strategy to maximize adaptation in rapidly changing environments through metabolic
flexibility and mutual interaction with neighboring siblings. M. tb always retains a
level of metabolic diversity; subpopulations that encode identical genetic information
can exhibit phenotypic heterogeneity [9–11, 49, 50]. This strategy allows M. tb to
secure its species as a bet-hedging tactic [51–53]. This heterogenous population is
typically composed of a randommixture of phenotypic states from fully replicating to
completely NRP [53, 54]. Consequently, M. tb relies on nongenetic mechanistic
strategies, including optimization of cellular fitness and metabolic shifts, which are
difficult to elucidate by analyzing a single set of biological molecules.

Whole-genome sequencing was first conducted to uncover the Haemophilus
influenzae genome in the mid-1990s [55, 56]. This served as a milestone in systems
biology, but the volume of data went beyond a complete interpretation at the time.
Bioinformatic tools have been co-developed to understand relevant genetic infor-
mation among copious data. Details on transcription of genetic information to
mRNA, subsequent translation into proteins, and finally, the substrates and products
of protein complexes all must be included to reach a more comprehensive repre-
sentation of the data. The nuanced intermediates involved in metabolic networks are
all crucial to holistically understanding microbial pathogenesis [57–59].

This chapter provides the characteristics associated with phenotypic hetero-
geneity of M. tb that have been validated by the multiomics approach. We focus on
the metabolic activities essential for survival in each major phenotypic state:
replicating, NRP, and reactivation. All cellular processes stem from the foundation
of metabolism, thereby making metabolism an explication of pathogenicity. This
perspective will direct efforts in a more sophisticated way to better develop effective
treatments and strategies to address the M. tb pandemic and quell its widespread
transmission.

2 Multiomics Integration to Study M. Tuberculosis
Pathogenesis

2.1 Multiomics Technology as a Window to Visualize
M. Tuberculosis Physiology

The whole-genome sequence of M. tb H37Rv was first published in 1998 [60]. This
genomics study identified over 3900 open reading frames, of which less than 50%
were annotated with known functions. Manipulating gene function using gene
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knockouts aided in defining the essential pathways for M. tb growth and adaption to
adverse environments [61, 62]. Single-gene knockout methods have been used
alongside global methods, such as transposon (Tn) mutagenesis, to inactivate genes.
Tn libraries were generated by random insertion within the M. tb genome and
monitored for essentiality in the presence of selective conditions. DNA microarrays
were then used to map Tn abundance, termed Tn site hybridization (TraSH).
Sassetti et al. applied the TraSH method using a bacteriophage vehicle and suc-
cessfully identified 614 genes essential for in vitro growth [63, 64]. These genes are
involved in biosynthesizing amino acids, cofactors, and nucleic acids, including
many unknown functions.

Conditional expression methods use an inducible promotor (TetON or TetOFF)
to investigate genes' essentiality and functions. This strategy was used by Sch-
nappinger et al. to control 474 genes by Tet regulation which identified greater than
8.5 million chemical-genetic interactions [65–67].

More recently, Clustered Regularly Interspaced Short Palindromic Repeats
Interference (CRISPRi) was applied to essential gene screening in mycobacterial
genomics [68–70]. This system works by targeting dCas9 nuclease, with non-
functional nuclease activity, to M. tb genes with a sgRNA (single guide RNA).
When the dCas9-sgRNA complex is formed, transcription of targeted genes is
stalled by sterically blocking access of RNA polymerase to the promotor. The level
of gene silencing is determined by sgRNA length and sequence, which makes it
possible to study the impact of essential gene depletion where traditional approa-
ches to completely knock out genes would be lethal to M. tb. The CRISPRi-dCas9
system was also used to generate an approximately 90,000 sgRNA library, enabling
high-throughput platforms to screen for essential genes [68]. Rock et al. used
sgRNA to make M. smegmatis folate metabolism hypomorphs to show the essen-
tiality of this pathway for replication [69]. CRISPRi is a useful tool for genetic
studies, but a potential caveat is the off-target effects from nonspecific interactions
of dCas9.

Studying the M. tb transcriptome adds another avenue to connect genomic
information [71]. Transcriptomics can take snapshots of gene expression levels in
M. tb during adaptation to various environments, making it an excellent method to
explore M. tb pathogenesis. Beyond understanding M. tb physiology, transcrip-
tomics has been useful in assigning gene function and essentiality, discovering drug
targets, and exploring an antimicrobial’s mode of action [72–75]. Transcriptomics
has identified the intermediary pathways required by intracellular M. tb to utilize
host lipids: the b-oxidation pathway, glyoxylate shunt, methylcitrate cycle (MCC),
and cholesterol metabolism [65, 76–81]. Another transcriptomics study found
induction of glutamate synthase (GltB) and glutamate decarboxylase (GadB) as an
adaptive strategy to counteract intracellular acidification arising from MCC acti-
vation [82]. Transcriptomics profiling of in vitro NRP models revealed significant
remodeling in electron transport chain (ETC) activities [83, 84]. Combining tran-
scriptomics with gene essentiality datasets offers a beginning to the multiomics
understanding of TB pathogenesis.

45 Multiomics Integration of Tuberculosis Pathogenesis 941



Metabolomics is the holistic evaluation of metabolite networks in an organism or
system of biological study. It is crucial for understanding the metabolic processes
underlying M. tb adaptation to adverse environments [57, 85–90]. Carvalho et al.
aerobically grew M. tb in the presence of fully 13C labeled glycerol, acetate, or
glucose and analyzed the 13C enrichment of each metabolite in central carbon
metabolism (CCM) pathways [91]. They demonstrated that M. tb could
co-catabolize multiple carbon substrates simultaneously through glycolysis and the
tricarboxylic acid (TCA) cycle. This co-catabolism is mediated by the compart-
mentalization of each carbon component to a distinct metabolic direction [92].
A study led by Agapova et al. observed that M. tb could also utilize multiple amino
acids as nitrogen sources [93]. Serafini et al. found a new role of MCC as a source
of propionyl-CoA and cell wall lipids through the reverse direction by assimilation
of pyruvate and lactate [94]. Additionally, Dutta et al. used metabolomics to
compare wild-type and Rel-deficient M. tb to verify that the Rel stringent response
regulator functions in M. tb’s transition to the non-replicating, quiescent NRP state
[95]. As such, metabolomics defines metabolic networks and helps pinpoint the
essential pathways used in the adaptive strategies of M. tb.

2.2 Metabolic Networks of M. Tuberculosis in Diverse
Phenotypic States

2.2.1 Actively Replicating State

Permissive Carbon Sources
Intracellular pathogens acquire nutrients needed to generate energy and biomass
from the host [96]. It is technically challenging to study intracellular M. tb physi-
ology due to the indirect nature of all experimental trials; earlier methods to probe
main carbon sources largely relied on infection with auxotrophs [97]. Zimmerman
et al. integrated information from metabolomics and transcriptomics data to reveal
that intracellular M. tb utilizes up to 33 different nutrients from the host, of which
three are solely used for biomass and the remaining 30 for ATP biosynthesis [98].
These included various subclasses of lipids such as monoacylglycerols and phos-
phatidylinositol phosphate, suggesting that M. tb is exposed to various nutrients
within macrophages.

The foregoing multiomics integration of intracellular M. tb datasets pinpointed
cholesterol as one of the most prevalent permissive carbon sources by detecting
4,5-9,10-diseco-3-hydroxy-5,9,17-tri-oxoandrosta-1(10),2-diene-4-oic acid (DSHA)
accumulation. Since DSHA is a non-mammalian metabolite, it is degraded from
cholesterol byM. tb. Supporting this, during infection, they observed host cholesterol
levels decrease by * 80% and depletion of other cholesterol derivatives [99].

Simultaneous consumption of multiple carbon and nitrogen sources illustrates
that M. tb has evolved highly modular metabolic networks that adapt to nutri-
tionally adverse environments. Genomics studies have demonstrated that M. tb
lacks the classical phosphotransferase (PTS) and carbon catabolite repression
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(CCR) system–canonical adaptive strategies used to consume external carbon nu-
trients, especially by gram-negative and gram-positive bacteria [60, 91]. Hence, the
metabolic network topology of M. tb is evolutionarily designed for optimal and
unique pathogenesis.

Cholesterols
Although M. tb can simultaneously co-catabolize multiple carbon and nitrogen
sources, accumulating genomics studies designate cholesterol as the most probable
carbon source for M. tb growth and even survival in the NRP state from various
in vitro and in vivo models [100–102].

Mce (mammalian cell entry) membrane proteins (Mce1-4) import lipid sub-
stances into M. tb (Fig. 1). Pandey et al. identified Mce4 as the major import route
of cholesterol [103]. Mce4 is thought to confer M. tb pathogenesis by promoting its
intracellular growth, whereby mce4 deficient M. tb replicates poorly in media with
cholesterol as a sole carbon substrate and in mice [104]. Multiple transcriptomics
and proteomics analyses showed significantly higher expression of mce1–mce4
transcripts and their protein levels in later stages of growth than in the early
exponential stage, indicating growth phase-dependent functionality of Mce pro-
teins. The functional essentiality of Mce4 was supported by the enhanced expres-
sion level of mce4 in M. tb while residing within macrophages [105].

Once imported, M. tb degrades cholesterol to exclusively biosynthesize pyru-
vate, acetyl-CoA, propionyl-CoA, and succinyl-CoA, all precursor substrates of
CCM pathways (Fig. 1) [96]. Combining metabolomics and transcriptome analysis
by RNA-Seq from M. tb during infection determined overlapping metabolic net-
works, enzymes, and metabolites, several of which belonged to cholesterol
degradation pathways [98, 106]. The final products of cholesterol degradation are
now acknowledged as key metabolic intermediates required to fuel M. tb CCM,
including the TCA cycle, glyoxylate shunt, MCC, methylmalonyl-CoA pathway,
and gluconeogenic pathway (Fig. 1) [107, 108]. Propionyl-CoA is an initial sub-
strate for the methylmalonyl-CoA pathway and MCC [109]. Biosynthesis of
methyl-branched polyketide lipids and long-chain fatty acids occurs in the
methylmalonyl-CoA pathway. The methylmalonyl-CoA and MCC pathways fuel
CCM intermediates, thereby balancing toxic effects associated with cholesterol
consumption, propionyl-CoA accumulation, and biosynthesis of essential inter-
mediary metabolites of the TCA cycle [81, 109, 110]. Indeed, M. tb bacilli deficient
in isocitrate lyase (ICL), the last enzyme in MCC, stopped replication and died from
an accumulation of toxic intermediates and starvation of essential TCA cycle
intermediates [80, 81]. Isotope metabolomics of M. tb deficient in ICL (D ICL)
proved this vulnerability by showing that metabolic defects in D ICL stemmed from
the conversion of the MCC into a dead-end pathway. Subsequent accumulation of
MCC intermediates, such as 2-methylcitrate and 2-methylisocitrate, led to altered
NADH/NAD + ratio, membrane potential, and intracellular acidification [81].

Vitamin B12-dependent shunting of propionyl-CoA through the
methylmalonyl-CoA pathway minimizes the MCC intermediate-mediated toxicity
while biosynthesizing lipids including sulfolipid-1 (SL-1) and phthiocerol
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dimycocerosate (PDIM) [81, 82, 109]. M. tb enhances the biosynthesis of PDIM
and SL-1 when residing inside the host by coupling to catabolic cholesterol
metabolism. This metabolic channeling is associated with M. tb pathogenesis
because PDIM is known to aid in the recruitment and invasion of macrophages at
the site of infection and help evade immune responses by masking cell surface
PAMP (pathogen-associated molecular pattern) molecules [111, 112].

Lee et al. performed metabolomics analysis with BCG (Bacillus Calmette–
Guérin), a live TB vaccine strain, and M. tb H37Rv after culturing in media con-
taining propionate or inside the macrophages [82]. The results supported an
essential role of MCC in optimal intracellular replication and M. tb pathogenesis.
They also observed an increase in glutamate synthase (GltB/D) activity, converting

Fig. 1 Metabolic networks of replicating M. tb. M. tb membrane protein, Mce 4 (Mammalian Cell
Entry), is used to import cholesterol. Cholesterol serves as a substrate of b-oxidation that leads to
the biosynthesis of acetyl-CoA, propionyl-CoA, and pyruvate. These metabolites are substrates of
the TCA cycle, glyoxylate shunt, methylcitrate cycle, methylmalonyl-CoA pathway, and
gluconeogenesis. Acetyl-CoA is a substrate of the TCA cycle and subsequent production of
NADH, a reduced electron carrier required for the production of ATP via electron transport chain
(ETC). The set of FASI and FASII activities is required for the biosynthesis of mycolic acids
(MA). Mycolic acids are condensed with trehalose to produce trehalose dimycolate (TDM), one of
the most prevalent PAMPs (pathogen-associated molecular pattern). Hexose P, glucose phosphate
and its isomers; MAs, mycolic acids; TMM, trehalose monomycolate; AG, arabinogalactan; SUC,
succinate; TAG, triacylglycerol; PDIM, phthiocerol dimycocerosate. (Created with BioRender.
com)
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glutamine to glutamate and GABA (c-aminobutyric acid), as a metabolic effort to
neutralize MCC intermediates and propionyl-CoA mediated toxicity. Indeed,
increased GltB/D activity improved the survival of D ICL cultured in media con-
taining propionate. Metabolic networks in M. tb are interconnected such that MCC
intermediates or propionyl-CoA mediated toxicity on ETC and bioenergetics can be
corrected by GltB/D activity in nitrogen metabolism, an example of the process
termed metabolic adaptation. Collectively, the metabolic plasticity of M. tb required
for permissive carbon uptake and consumption is thus accepted as a hallmark of its
pathogenesis.

Antibiotic Targets of Actively Replicating M. Tuberculosis
Mycolic Acid Synthesis
Isonicotinic acid hydrazide, or isoniazid (INH), has been studied extensively and is
a main component of the conventional first-line TB drug regimen. INH is signifi-
cantly more potent in killing replicating M. tb than all other TB antibiotics [113–
116]. The antimicrobial kinetics of INH was delayed by around four days, during
which accumulated INH could not be washed from INH-susceptible M. tb while it
could be washed away from resistant bacilli [116]. The accumulation of INH within
INH-susceptible strains was accompanied by a wrinkled cell surface phenotype and
a loss of its acid-fastness, a bactericidal phenotype specifically shown after INH
treatment. Jacobs et al. characterized M. smegmatis mutants resistant to INH to find
the drug target to be InhA, an NADH-dependent enoyl-ACP reductase [117–119].
InhA is part of the type II fatty acid synthesis pathway (FAS II) for mycolic acid
biosynthesis (Fig. 1). The missense mutations found in these mutants at inhA and
katG (catalase-peroxidase) conferred an order of magnitude increase of INH min-
imal inhibitory concentration (MIC). They could be rescued by replacing wild-type
inhA through allelic exchange [120]. Inversely, the degree of INH resistance can be
predicted by identifying the mutations of inhA, although missense mutations at
other genes, including kasA or katG, must also be considered. A study confirmed
that INH specifically inhibits the InhA step in the FAS II pathway by
two-dimensional clustering of whole protein expression profiles of M. tb after INH
treatment. Wilson et al. used a microarray hybridization to confirm that the mode of
action of INH is associated with FAS II by showing operonic clustering of the
genes encoding FAS II (Rv2243–Rv2247) and FbpC (Ag85C) as interacting
partners.

INH effects on M. tb mycolic acid biosynthesis and its specificity to actively
replicating M. tb suggest that the metabolic activities linked to mycolic acid
biosynthesis are essential for M. tb replication and survival.

Membrane Energetics
Energy production from the ETC occurs via oxidative phosphorylation (OXPHOS),
a ubiquitous and essential metabolic pathway for M. tb replication [121, 122].
Nutrients are used to fuel OXPHOS and subsequently generate an electrochemical
gradient, called the proton motive force (PMF), that serves as a major source of
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intracellular protons and ATP by driving ATP synthases (Fig. 1). In M. tb, the
generation of the PMF is mediated by the proton-pumping components of ETC,
including cytochrome bc1-aa3 complex and, albeit a less exergonic reaction,
cytochrome bd oxidase [84, 123, 124]. Recently, the discovery of small molecules
targeting proton-pumping components in M. tb ETC has targeted the cytochrome
bc1 subunit [125–127]. The lead compounds to date are a series of imidazopyridine
amides. The most promising drug candidate of the series, Q203, is currently in
phase II clinical trials under the FDA Investigational New Drug Application [128].

The discovery of bedaquiline (BDQ), a mycobacterial F1F0-ATP synthase
inhibitor, validated OXPHOS as an essential component for survival in the repli-
cating state [129–131]. BDQ became an important TB drug to treat multidrug-
drug-resistant (MDR) or extensively drug-resistant (XDR) TB patients. BDQ
showed an unusually slowed time-dependent killing termed as weak-early bacte-
ricidal activity, where the four log10 reductions in bactericidal phase just began four
days after treatment following a period of bacteriostatic activity only [129, 132–
135]. Transcriptomics and proteomics analysis of M. tb treated with BDQ observed
induction of around 39 genes that belong to the dormancy regulon [135]; these
genes may function to counteract damaged F1F0-ATP synthase, which would
explain the temporal maintenance of bacteriostatic viability during initial exposure.
Recent genetics studies using Staphylococcus aureus and Escherichia coli showed
that ATP depletion is a signal that triggers bacterial dormancy and persistence
[136–140]. The early bactericidal activity of BDQ differs depending upon the
carbon substrates available in the media. Fermentable energy sources can be con-
sumed for ATP biosynthesis through glycolysis or OXPHOS. However, M. tb
cannot break down fatty acids by glycolysis, so in this case, ATP production solely
relies on OXPHOS. M. tb displayed increased susceptibility to BDQ when cultured
in media containing fatty acids as the only source of carbon [135]. A recent
metabolomics study led by Wang et al. validated BDQ’s effect on M. tb in a
replicating state with the combination of direct ATP biosynthesis inhibition via
interfering with F1F0-ATP synthase activity and indirect metabolic consequences
arising from hundreds of annotated ATP-dependent reactions including glutamine
synthase activity [141].

2.2.2 Non-Replicating Persistent State

Alternate Carbon Sources
NRP M. tb downregulates activities of key components in the ETC, which
decreases OXPHOS activity and ATP biosynthesis to approximately 10% to that of
its replicating counterparts [83, 142, 143]. The notable characteristic of NRP M. tb
is its phenotypic drug tolerance or nonheritable resistance, which allows persistence
under effective chemotherapies [31, 144–147]. This is largely because antibiotics
that effectively kill replicating M. tb are no longer effective in killing NRP M. tb
(Tables 1 and 2). For this reason, the physiology of NRP M. tb has emerged as a
central feature of its pathogenesis [26]. Sarathy et al. used an established in vitro
nutrient starvation NRP model to measure the intracellular level of diverse anti-TB
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antibiotics such as fluoroquinolones, rifampin, and linezolid; they found that pen-
etration in NRP state bacilli was significantly lower than in replicating bacilli [148–
150]. Efflux pump inhibitors were used to confirm that reduced accumulation of
antibiotics within the bacilli was independent of efflux processes [151]. Recent 13C
isotope metabolomics studies using the in vitro biofilm culture system also showed
that the relationship between the enrichment of NRP populations and the ATP
biosynthesis and consumption rate of external carbon sources is inversely

Table 1 Antibiotics targeting actively replicating M. tb

Sites of
action

Antibiotics Mechanisms of action

Cell wall Isoniazid Inhibits nicotinamide adenine dinucleotide (NADH)-
specific enoyl-acyl carrier protein (ACP) reductase
involved in the fatty acid synthesis

Ethambutol Inhibits arabinosyl transferases involved in cell wall
biosynthesis

D-Cycloserine Inhibits synthesis of peptidoglycan and cell wall
maintenance

Ethionamide Inhibits the inhA gene product enoyl-ACP reductase

Prothionamide

SQ109 Inhibits the MmpL3 TMM exporter

DNA
replication

Moxifloxacin Inhibits the ATP-dependent enzymes topoisomerase
II (DNA gyrase) and topoisomerase IVGatifloxacin

Levofloxacin Inhibits the DNA-gyrase, which in turn inhibits the
relaxation of supercoiled DNA

Transcription Rifampin Inhibits the activity of the essential rpoB gene
product b-subunit of DNA-dependent RNA
polymerase

Rifabutin

Rifalazil

Rifapentine

Translation Amikacin Inhibits protein synthesis by binding to the conserved
A site of 16S rRNA in the 30S ribosomal subunitKanamycin

Streptomycin

Capreomycin Inhibits protein synthesis by interacting with the
ribosome

Clarithromycin Inhibits protein synthesis by binding to the 50S
ribosomal subunit

Linezolid Inhibits protein synthesis by binding to 23S rRNA in
the early phase to prevent proper binding of
formyl-methionine tRNA

Cytoplasmic
process

Para-aminosalicylic
acid (PAS)

Acts as a metabolic precursor (prodrug) that
generates a toxic dihydrofolate analog that
subsequently inhibits DHFR (dihydrofolate
reductase) activity

ATP
synthesis

Bedaquiline Inhibits mycobacterial F1F0-ATP synthase by
binding to proton pump subunit
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proportional [34]. Similar findings were observed in otherwise permissive M. tb
adapting to hypoxic conditions [142, 143], suggesting that NRPM. tb can withstand
adverse environmental stresses by depleting its ATP level to restrict the uptake of
external antibiotics and carbon sources.

Existing knowledge ofM. tb in an NRP state derives from experimental models of
varying physiologic relevance and, despite controversial debates, almost all evi-
dence includes alteration in ETC activity. Even NRP M. tb needs a basal metabolic
activity level sufficient to maintain an energized membrane potential, PMF, and core
cellular processes [83, 142, 152]. For example, when biosynthesizing low levels of
ATP, NRP M. tb must continuously recycle the reducing equivalent, NAD+, to
maintain the PMF. A study using isotopologue analysis and metabolomics examined
the change of CCM pathway intermediates during transitioning into NRP state [142,
152], confirmed by a significant change in the NADH/NAD+ ratio. As a compen-
satory mechanism, NRP M. tb initiates a fermentative respiratory strategy by net
incorporation of CO2 and active secretion of succinate by activating a reversed TCA
cycle (Fig. 2). Another metabolomics work measured TCA cycle intermediates
during the NRP state metabolism shift to show the critical role of succinate. How-
ever, fatty acids were provided to mimic conditions relevant to the host. Eoh et al.
discovered that the glyoxylate shunt mediates hypoxia adaptation by contributing to
the biosynthesis of succinate and glycine as an end product of the glyoxylate shunt,
which is divergent from its traditional role in fatty acid metabolism required for
active replication (Fig. 2) [142].

Transcriptomics studies using nutrient starvation identified the general depletion
of genes associated with aerobic ETC components, suggesting metabolic changes
that are similar to those during hypoxic adaptation [153–155]. These include
upregulation of ICL and fumarate reductase with downregulation of F1F0-ATP
synthase and type I NADH dehydrogenase (Ndh1). Separate transcriptomics and

Table 2 Antibiotics targeting non-replicating persistent (NRP) M. tb

Antibiotics Mechanisms of action

Bedaquiline Inhibits mycobacterial F1F0-ATP synthase by binding to proton pump
subunit

Pretomanid
(PA-824)

Generates the ROS

AM-0016 Causes cell envelope damage and rapidly collapses membrane potential (A
novel xanthone-based antibacterial)

Pyrazinamide Pyrazinamide enters bacteria and is converted into POA. Under acidic pH,
POA accumulates inside the cells and causes a deenergized membrane and
acidification of the cytoplasm

Rhodanine
(D155931)

Targets dihydrolipoamide acyltransferase (DlaT) activity

TCA1 TCA1 is activated by decaprenyl-phosphoryl-b-D-ribofuranose
oxidoreductase DprE1 and MoeW, enzymes involved in the cell wall and
molybdenum cofactor biosynthesis
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proteomics studies of M. tb following treatment with INH and linezolid displayed
dysregulated pathways, including lipid metabolism, cell wall processes, interme-
diary metabolism, and ETC activity [156–158]. The expression profile of genes in
CCM and ETC suggests a significant overlap in the adaptive strategies used by
NRP M. tb in response to nutrient starvation, hypoxic environment, or even
antibiotic treatment [156, 159]. Multiple studies of chronic phase M. tb infection in
mice and humans showed altered gene expression in aceA, narK2, nuo, nadC,
menA, lld2, and ppdK, involved in respiration, and aceA and echA15, involved in
lipid metabolism, that paralleled results found from in vitro hypoxia, nutrient
starvation, or antibiotic treatment models. The significant overlap of genes

Fig. 2 Metabolic remodeling occurring within NRP M. tb. When adapting to biochemical
stresses, M. tb restricts the uptake of external carbon sources, including cholesterol, while
depleting its ATP level. Host fatty acids are still used as the primary source of the glyoxylate
shunt, methylcitrate cycle, and methylmalonyl-CoA pathway. Methylmalonyl-CoA pathway
contributes to host immune evasion through biosynthesis of phthiocerol dimycocerosate (PDIM).
Meanwhile, NRP M. tb utilizes preexisting trehalose to fuel glycolysis and the pentose phosphate
pathway (PPP) as an alternate source for ATP and antioxidants. Shunting trehalose towards the
biosynthesis of glycolysis and PPP intermediates results in depletion of TDM content, which
allows for the stealth invasion under an intact immune system. Without O2, nitrate (NO3) or
fumarate can be an alternate electron acceptor for NRPM. tb, but none of them could supportM. tb
growth. Extra-biosynthesis of succinate (SUC) is secreted as an end product, which serves as an
electrogenic process used to maintain membrane potential and ATP biosynthesis(Created with
BioRender.com)
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identified from all of these studies is largely restricted to the ETC, indicating that
the ETC is a general sensor of stresses. We speculate that NRP M. tb uses ETC
activity to sense environmental stresses and then restrict the penetration of toxic
metabolites for securing survival through adaptive metabolism. Accordingly, NRP
M. tb can endure significantly limited support from external nutrients.

Two independent metabolomics studies, using NRP M. tb recapitulated under
the in vitro biofilm system and hypoxia, validated the contribution of preexisting,
intrinsic M. tb metabolites as an alternate carbon source [34, 143]. Metabolic
profiling specific to NRP M. tb and multivariate pathway mapping ranked the
trehalose metabolism and glycolysis as the two top pathways. Targeted metabo-
lomics showed the depletion of trehalose with a reciprocal accumulation of glucose
phosphate, an initial substrate for intermediates of the pentose phosphate pathway
(PPP) and glycolysis. This suggests that preexisting trehalose is an internal source
of carbon substrates to fuel PPP and glycolysis while transitioning into NRP M. tb.
The PPP and glycolysis are replenished by preexisting trehalose that serves as an
alternative source of ATP, NADPH, and antioxidants to compensate for ATP
depletion and limited external carbon sources (Fig. 2). Genetic experiments to
interfere with trehalose carbon consumption confirmed that the lack of catabolic
trehalose activity invoked M. tb hypersensitivity to INH and BDQ.

The Center for Disease Control and Prevention (CDC) predicted that lengthy TB
treatment could be shortened significantly by the addition of antimicrobials that
target the NRP subgroup within phenotypically heterogeneous populations of M. tb
[160]. Known stringencies include nutritional deficiency, ROS, RNI, acidic,
hypoxic, and membrane perturbing stresses. Understanding the essential cellular
processes during NRP transition in response to the stringent environments will
provide insights into the desperately needed improvements to existing TB
chemotherapies.

Trehalose
Transcriptomics and proteomics studies commonly indicate trehalose metabolism
as one of the essential activities required for survival of NRP M. tb [161–163].
Trehalose is a natural, nonreducing glucose disaccharide with an a, a-1,1-glycosidic
linkage [a-D-glucopyranosyl-(1 ! 1)-a-D-glucopyranoside] [164]. Soon after its
discovery, trehalose has been appreciated as a bioprotectant of stress in many
biological systems.

Trehalose in M. tb is most widely recognized as a structural component of cell
wall glycolipids, like trehalose dimycolate (TDM; cord factor) that also performs
essential immunomodulatory functions [34, 165–167]. Another example is SL-1
which has major implications for the pathogenesis and transmission of TB [168,
169]. It was found that trehalose auxotrophs of M. smegmatis lose their viability in
media lacking free trehalose, suggesting the important role of free trehalose in M.
tb. Free trehalose has been suspected of having two main functions: stress pro-
tection and intracellular carbon storage. M. tb likely uses trehalose in both ways. In
a replicating state, M. tb utilizes trehalose as a carbon source and as a substrate for
the biosynthesis of cell envelope glycolipids such as TDM and SL-1. A recent
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metabolomics study confirmed that trehalose could also serve as an intracellular
storage compound that is internally mobilized during the transition to the NRP state
(Fig. 2) [34, 143]. Furthermore, shunting trehalose towards the biosynthesis of
CCM intermediates for energy production resulted in depletion of TDM and, pre-
sumably, SL-1 content. Indeed, the incubation of NRP M. tb cells fixed with
paraformaldehyde and mouse bone-marrow-derived macrophages (BMDM)
showed the diminished ability of induced pro-inflammatory cytokine secretion by
BMDM [143]. This result correlates immunoreactivity with the shift in M. tb tre-
halose metabolism during NRP state survival.

Antibiotic Targets of Non-Replicating M. Tuberculosis
Altered Membrane Bioenergetics
The essentialities of bioenergetics and the ETC have been proven in studies with
NRP M. tb adapting to hypoxia. M. tb is an obligate aerobic bacterium, but
mounting experimental evidence demonstrates that within granulomas, where O2

content is below 1% and nitric oxide (NO) content is dramatically elevated, both
intracellular and extracellular spaces serve as niches that are colonized by M. tb
[146, 170–172]. Microbiological and biochemical studies suggest that M. tb cannot
replicate under hypoxic conditions; however, by shifting its metabolism, it can
survive as non- or slowly replicating for decades when oxygen content is at even
below 0.06% (NRP phase 2 in Wayne in vitro hypoxia model) [26, 173]. Genetic
studies showed upregulation of proline dehydrogenase in NRP M. tb adapted to
nutrient starvation [154, 174, 175]. Proline dehydrogenase and pyrroline-5-
carboxylate dehydrogenase are involved in proline degradation to biosynthesize
glutamate and transfer four electrons to the ETC. In these steps, FAD is reduced to
FADH2, which is coupled to the reduction of NAD+ to NADH, an important
electron donor for NRP M. tb.

M. tb modulates oxidase expression to adapt its ETC according to varying
oxygen availability [176, 177]. Under low oxygen conditions and high NO content,
while transitioning into NRP state, cytochrome bd oxidase expression is upregu-
lated [174]. Transcriptomics of intracellular M. tb showed downregulation of Ndh1,
ATP synthase, and menaquinol-cytochrome c oxidase compared to those of repli-
cating counterparts to affirm less demand for generation of energy in the NRP state.
On the other hand, nitrate oxidase, Ndh2, and fumarate reductase were shown to be
upregulated in the NRP state, suggesting that NRP M. tb maintains the ETC and
OXPHOS by shifting the functional activity of its components. Sustaining ETC
activity is critical for energy generation and recycling of NAD+ in the NRP state.

Alternate electron acceptors are required for NRP M. tb metabolism when O2 is
not present. Nitrate (NO3) and fumarate have been studied as potential alternatives
for NRP M. tb electron acceptors, but none of them could support the M. tb growth
(Fig. 2) [83, 152, 178, 179]. This finding suggests that in the absence of O2, the
ETC in NRP M. tb plays a more critical part in redox homeostasis and disposal of
reducing equivalents. Biosynthesis of NO3 by oxidation of NO and NarK mediates
the import of NO3. Intriguingly, the expression of narK2 and narU is upregulated in
anaerobic conditions to secure an alternative electron acceptor. Transcriptional
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control of narK2 is regulated by the DosR/DevR dormancy regulon, which is
influenced by environmental changes in O2, NO, and CO levels. The M. tb genome
contains the narGHJI (Rv1161-Rv1164) operon, which encodes a putative mem-
brane-bound nitrate reductase complex. Expression of this operon is not upregu-
lated under hypoxic or nutrient starvation conditions in M. tb. An alternate role of
NarGHJI is to maintain the redox balance in NRP M. tb adapted to hypoxia.
Sohaskey et al. have shown that NO3 helped M. tb rapidly adapt to oxygen
depletion [43, 180, 181].

Recent metabolomics studies using 13C tracing experiments showed a TCA
cycle shift in NRP M. tb induced by hypoxia, provoking the biosynthesis of extra
succinate as a product of active secretion [142, 152]. The overproduction and
secretion of succinate are essential to maintain the NRP viability by acting as an
anaplerotic precursor to downstream TCA cycle intermediates and serving as an
electrogenic process to maintain membrane potential and ATP biosynthesis
(Fig. 2). The essentiality of succinate for membrane bioenergetic function in NRP
M. tb was proved by in vitro and mouse model studies of succinate dehydrogenase
(Sdh1), the membrane anchor for the second ETC component [179, 182–185]. The
essentiality of ETC, membrane bioenergetics, and accompanied redox homeostasis
is supported by the clinical outcomes of BDQ, delamanid (OPC-67683), and pre-
tomanid (PA-824), which cause ETC poisoning by the accumulation of NO from
deazaflavin dependent nitroreductase (Ddn) activity, thereby effectively killing
NRP M. tb [146, 186–189]. Similar antimicrobial activity targeting NRP M. tb with
the aforementioned compounds has also been observed in both animals and humans
[190] (Table 2).

2.2.3 Exiting from the Non-Replicating Quiescent State

Carbon Sources
Integration of molecular typing with epidemiological studies proved that in most
cases, the same strain was responsible for both initial infection and disease relapse
found in low-TB burdened areas, suggestive of reactivation. On the other hand,
reinfection was implicated in higher-TB burdened countries where various strains
were associated with disease relapse [191–193]. Latently infected hosts will pro-
duce a positive TB skin test, although they have no clinical symptoms. These
latently infected individuals that are immune-competent have a 10% risk of disease
reactivation during their lifetime. This chance increases in individuals with a
compromised immune system. Common examples of immune systems impairments
include co-infection with HIV and/or treatment with immunosuppressive agents,
such as TNF-neutralizing drugs. An estimated one-fourth of the world population is
latently infected, a huge reservoir for possible reactivation [194, 195].

Some useful in vivo reactivation models ofM. tb include rabbits and guinea pigs.
Cost-effective in vitro experimental strategies have been attempted; nonetheless,
knowledge about NRP reactivation and underlying mechanisms for NRP transition
to replicating state is limited. Most multiomics studies of reactivation have
employed the NRP M. tb adapted to hypoxia [196, 197]. Transcriptomic analysis
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using this process showed that reactivation altered several pathways, such as
restoration of DosR regulon-mediated transcriptional remodeling, DNA repair, ETC
activity, and cell wall biosynthesis. Interestingly, a recent biochemical study pro-
voking NRP M. tb reactivation by K+-limiting conditions showed a transcriptional
activation in two stages:

i. initial de novo mRNA synthesis, activating cell defense mechanisms and lipid
metabolism;

ii. secondary active cell proliferation through inducing central metabolism reac-
tions [198].

Although we intuitively assume the transition from NRP state to active repli-
cation is reflected by resuming bacterial growth, we cannot assume the metabolic
activities required to exit from the NRP state should be identical to those required in
the replicating state. Two recent metabolomics studies showed accumulation of
glycolysis, aminosugar biosynthesis, and PPP intermediates in NRP M. tb adapted
to hypoxia with a decrease in the upstream disaccharide, trehalose [34, 143]. These
accumulations were later proven to promote de novo peptidoglycan synthesis for
opportunistic reactivation (Fig. 3). This study demonstrated that the accumulation
of these metabolites acts as an anticipatory metabolic action to provide a sufficient
carbon source required for successful reentry into the normal cell cycle.

A separate metabolomics study of NRP M. tb under hypoxia also validated the
role of succinate as a potential carbon source used to exit the NRP state (Fig. 3)
[142, 152]. Some of the unused succinates are stored, which may later be used to
quickly resume carbon flow downstream of the TCA cycle accompanied with
NADH and ATP synthesis upon reaeration. Since the succinate/fumarate redox
couple midpoint potential is almost neutral (e0` = + 0.03 V), it can help redox
balance by fermentation product accumulation through fumarate reductase. Succi-
nate serves as the bridge between fermentative and oxidative metabolic states by its
wide range of ability to maintain ATP synthesis and membrane potential and feed
the TCA cycle.

Potential Antibiotic Targets Preventing Reactivation of
Non-Replicating M. Tuberculosis
Succinate Dehydrogenase
Succinate oxidation is coupled to quinone reduction by succinate dehydrogenases
(Sdh). Sdh assists in the biosynthesis of TCA cycle intermediates and the genera-
tion of the PMF. There are two Sdh complexes found in the M. tb genome:
Rv0249c-Rv0247c (Sdh1) and Rv3316-Rv3319 (Sdh2) [179, 182]. Sdh complexes
have been an attractive target for antifungal agents, including oxadiazole carbo-
hydrazide and thiazole carboxamide [199, 200]. Recent metabolomics and bio-
chemical studies showed that 3-nitropropionate (3NP) is an inhibitor of M. tb Sdh
by targeting the dicarboxylate-binding site of the subunit A [122, 142]. Treatment
of 3NP did not cause a reduction but rather an accumulation of succinate in the
TCA cycle, confirming that 3NP is a specific Sdh inhibitor and not an ICL inhibitor.

45 Multiomics Integration of Tuberculosis Pathogenesis 953



Treatment of 3NP in NRP M. tb adapted to hypoxia resulted in a time-dependent
delayed regrowth upon reaeration, suggesting the functional essentiality of accu-
mulated succinate as an initial carbon source required for exit from the NRP state.
Sdh is an appealing potential drug target to prevent M. tb reactivation.

UDP-N-Acetylglucosamine 1-carboxylvinyltransferase (MurA)
A metabolomics study using hypoxic M. tb identified accumulation of a discrete set
of intermediates in the early portion of glycolysis and aminosugar biosynthesis
pathway, including glucose phosphates and UDP-N-Acetyl Glucosamine
(UDP-GlcNAc) [143]. During reaeration, following metabolic labeling with
13C-acetate during hypoxia, only the unlabeled fraction of foregoing intermediates
exhibited time-dependent depletion with reciprocal induction of UDP-N-Acetyl
Muramic acid (UDP-MurNAc) by condensing UDP-GlcNAc with newly synthe-
sized PEP. This is the first committed step of de novo peptidoglycan biosynthesis
that is catalyzed by MurA [201]. These findings link the hypoxia-induced

Fig. 3 Initial carbon source candidates required for M. tb reactivation. Some of the unused
succinates facilitate the resumption of carbon flow through the TCA cycle and accompany
biosynthesis of NADH, leading to the generation of proton motive force and ATP. M. tb also uses
intermediates from the aminosugar biosynthesis pathway as substrates of MurA, the rate-limiting
step of peptidoglycan biosynthesis. Other than succinate and aminosugars, triacylglycerol
(TAG) is also a potential carbon source used by M. tb to exit the NRP state. (Created with
BioRender.com)
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accumulation of glycolysis and aminosugar biosynthesis pathway intermediates to
carbon substrates used to reinitiate peptidoglycan biosynthesis of M. tb upon
reaeration. MurA serves as a potential drug target to block the reactivation of NRP
M. tb because it catalyzes a critical step in the anticipatory metabolic response.

3 Conclusion

Metabolic remodeling promotes M. tb pathogenesis through multiple and compli-
cated operations that go far beyond the energy generation and macromolecule
biosynthesis required for replication. These include biochemical regulatory func-
tions to maintain viability such as nutritional homeostasis, membrane bioenergetics,
allosteric regulation, antioxidant activity, and extrinsic factors required for survival,
such as antibiotic tolerance and host immune interaction. Accumulating evidence
supports that metabolic remodeling leads to cellular adaptation in a
phenotype-specific process. It is important to recognize that metabolic remodeling
is responsible for the diverse phenotypic roles in M. tb pathogenesis. The advent of
integrated multiomics technologies allowed direct measurements, replacing the
indirect inferences made from sequence homology methods. Not only is the
knowledge of M. tb pathogenesis greatly expanded by these technologies, but more
complex questions can be addressed through the interpretation of vast datasets
using computational bioinformatics-based modeling. For example, the pharmaco-
logical objective is to target metabolically and phenotypically heterogenous M. tb
populations containing bacilli from replicating to NRP states and subsequent
reactivation. Working towards the answers, it is imperative to recognize concep-
tually novel approaches to identify previously unprecedented new TB interventions.

Core Messages

• Population diversity is an adaptive strategy to environmental changes by
metabolic flexibility and mutual interaction.

• Enhancing phenotypic heterogeneity is a bet-hedging tactic against intact
immune systems and antibiotic stresses.

• The phenotypic diversity of M. tb can be monitored by genomics, tran-
scriptomics, proteomics, and metabolomics.

• Multiomics integration can provide a much more powerful comprehensive
knowledge than using single omics alone.

• Multiomics analysis of M. tb metabolism aids in novel TB therapeutics
discovery to cure drug-resistant TB patients.
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46Lung Microbiome in Tuberculosis

Jorge Cervantes

Messieurs, c’est les microbes qui auront le dernier mot
Gentlemen, it is the microbes who will have the last word.

Louis Pasteur

Summary

The lung microbiota serves as a barrier providing resistance to colonization by
respiratory pathogens, while maturing and maintaining the respiratory immune
system’s balance. Studies on changes occurring in lung microbial communities
associated with tuberculosis (TB) continue to emerge. As anti-TB treatment is a
prolonged antibiotic treatment that requires multiple drugs, it may bring not only
long-term detrimental effects on the microbiome, but these, in turn, may affect
the treatment outcome. The study of how the lung’s microbiota interacts with M.
tb infection could open the door for a potential role of probiotics in TB treatment
and prevention.
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Graphical Abstract
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1 Introduction

Tuberculosis (TB) remains a public health threat, despite the global strategies in
place aiming to eliminate it [1]. Global efforts to reduce and eradicate TB have to
face many obstacles, including the rapid emergence of drug-resistant (DR) strains,
as well as the limited efficacy of BCG as a vaccine for pulmonary TB [2]. The
immunological response in the lung after exposure to Mycobacterium tuberculosis
(M. tb) with the formation of a stable granuloma [3] is of utmost importance in

Lung microbiome in tuberculosis. Adapted with permission from the Association of Science and
Art (ASA), Universal Scientific Education and Research Network (USERN); Made by
Nastaran-Sadat Hosseini
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determining whether this exposure results in a successful infection or a protective
immunity. Several studies have demonstrated the important role that the host mi-
crobiota has in the immune system, its development, maintenance, and in contin-
uously directing an effective immune response against infections. Advancing our
understanding of the interactions occurring between the bacterial communities
present in the lung might help develop improved ways for the diagnosis, treatment,
and prevention of pulmonary TB.

2 The Lung Microbiota in Tuberculosis

The lung microbiota refers to the diverse microbial communities present in the
lower respiratory tract. In health, the lung microbiota resembles that one of the
oropharynx and probably originates from microaspirations occurring at night [4].
Several studies on the lung microbiota in humans have shown that its diversity and
composition can be affected by multiple factors, including antibiotic therapy,
environmental factors, and socio-demographic factors. The lung microbiota not
only provides resistance to colonization by respiratory pathogens but also plays a
role in the maturation and maintenance of homeostasis of the immune system in the
lung [5]. The alteration or dysbiosis of the airway microbiota, observed in patients
with pulmonary TB, suggests that it could play a significant role in the different
pathophysiological processes occurring in TB [6].

Studies describing changes in lung microbial communities associated with TB
continue to emerge [7, 8]. These are, however, still limited in number, and the
results they provide are inconsistent and sometimes conflicting. Sampling
methodologies, and differences associated with the geographic origin of the studies,
along with inherent immunogenetic factors, may be partially responsible for the
contrasting results [6, 8]. Nevertheless, a diminished diversity in the lung micro-
biota in TB patients appears to be a common denominator [7, 9–11].

As summarized in Table 1, some reports describe a significant reduction in the
abundance of the genus Streptococcus along with an increased abundance of
Mycobacterium in TB patients [9, 10, 12]. Streptococcus, Neisseria, Prevotella, and
Veillonella are in co-abundance in TB patients. Actinomyces, Fusobacterium,
Leptotrichia, Prevotella, Streptococcus, and Veillonella were previously proposed
to represent major genera in the TB sputum microbiota [13]. Prevotella,
Gammaproteobacteria, Streptococcus, Neisseria, Selenomonas, Bifidobacterium,
and Haemophilus have been largely seen in healthy controls [9, 12, 14]. A recent
report showed overrepresentation of Anoxybacillus in TB patients, while Prevotella,
Alloprevotella, Veillonella, and Gemella were enriched in M. tb-negative patients
[11].

Two meta-analyses have been conducted to compare the composition of the lung
microbiota of TB patients with that of healthy controls. The first one concentrated
on lower respiratory tract microbiota composition (i.e., sputum or broncho-alveolar
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lavage). TB patients had an increased abundance of Caulobacter henricus, Acti-
nomyces graevenitzii, Rothia mucilaginosa, andM. tb, whereas healthy controls had
Tumebacillus ginsengisoli, Propionibacterium acnes, and Haemophilus para-
haemolyticus as distinct species signatures [7]. Additionally, R. mucilaginosa
served as the connecting link amongst many other bacterial species in close
proximity toM. tb infections, as shown using network analysis of co-abundance [7].
A second, more recent meta-analysis found that Veillonella, Rothia, and Leu-
conostoc were exclusively found in TB patients, while Lactobacillus,
Gammaproteobacteria, Haemophilus, and Actinobacillus were only found in
healthy controls [12].

Even the microbiome present at distal sites from the lung can exert an important
function in respiratory health. Pathogens like Helicobacter hepaticus can affect
microbiota integrity and decrease resistance to M. tb [15]. The gut–lung axis is
bidirectional, allowing for the flow of microbial products, endotoxins, metabolites,
and immune mediators–cytokines–into the circulation through the intestinal niche.
The implications of the disturbances to the lung-gut microbiota caused by M. tb are
crucial, as lung inflammation can impact the microbiota in the lung and the gut and
vice versa [15]. The host microbiota plays a crucial role in the prevention of M. tb
lung colonization in the early stages of infection [16]. A reduced number of
Streptococcus, Haemophilus, and Neisseria appear to be involved in developing a
Th1-response in TB patients [17]. Modulation of the Th1-response seems important
in maintaining the integral structure of the granuloma [3].

3 The Lung Microbiota in Antituberculous Treatment

Anti-TB treatment (ATT) for four to nine months that comprise several medications
is now used to manage TB. Although ATT can effectively kill M. tb, they have
important side effects, such as liver toxicity. Any short course of antibiotics can
cause long-term gut microbiota perturbations [18]. While effectively targeting

Table 1 Genera associated with active tuberculosis (TB) and healthy lower respiratory tract

Possible core genera in TB Active TB Healthy controls

Actinomyces,
Fusobacterium,
Leptotrichia, Prevotella,
Streptococcus, and
Veillonella [13]

Anoxybacillus,
Streptococcus, Neisseria,
Prevotella, Veillonella,
Caulobacter, Actinomyces,
Rothia, Leuconostoc [7, 11–
13]

Prevotella, Lactobacillus,
Gammaproteobacteria,
Actinobacillus,
Streptococcus, Neisseria,
Selenomonas,
Bifidobacterium,
Tumebacillus,
Propionibacterium,
Haemophilus, Alloprevotella,
Veillonella, and Gemella [7,
9, 11, 12, 14]
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M. tb, prolonged use of antibiotics causes considerable damage to the commensal
bacteria. ATT may have long-term detrimental effects on the host microbiome of
patients under treatment [8, 19]. Furthermore, changes in the lung microbiota may
even be associated with treatment outcomes [14].

The most extensively used anti-TB medications, e.g., isoniazid, rifampicin, and
pyrazinamide, have been demonstrated to impact the gut microbiota composition in
animals [20]. This poses the concern that overuse of antibiotics could potentially
become a risk factor for reactivating latent or treated TB [21].

As multidrug-resistant tuberculosis (MDR-TB) continues to grow as a major
global concern [22], so has the search for new antibiotics and alternative approaches
to fight TB [16, 23].

4 Future Prospects

Our understanding of the mechanisms by which M. tb infection (and the antibiotic
treatment to eradicate it) alters the lung’s microbiota could open the possibilities for
a potential role for the use of probiotics as adjuvant TB treatment and prevention
[16, 24]. New information on the interactions between the lung microbiota with
alveolar epithelial cells, innate immune cells, and subsequent adaptive immune
responses [25] could provide clues on the pathogenesis of M. tb infection and
prompt new therapies for protection.

5 Conclusion

The lung microbiome exhibits changes in microbial communities associated with
TB. Lung microbiota alterations linked to prolonged antibiotic treatment required to
cure TB have long-term detrimental effects and may affect treatment outcomes.

Core Messages

• The lung microbiome exhibits changes in microbial communities associ-
ated with TB.

• Lung microbiota alterations linked to prolonged antibiotic treatment
required to cure TB have long-term detrimental effects and may affect
treatment outcomes.

• Advancing our knowledge of the lung microbiome in TB can help to
develop better approaches to diagnose, treat, and prevent this disease.
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47The Correlation of Microbiota
and Host Epigenome in Tuberculosis

Samira Tarashi, Mir Davood Omrani, Arfa Moshiri, Abolfazl Fateh,
Seyed Davar Siadat, and Andrea Fuso

As you start to walk on the way, the way appears.

Rumi

Summary

Tuberculosis (TB) infection still represents a relevant global health issue affecting
millions of patients worldwide, although some may remain undiagnosed and
untreated. The diagnosis, treatment, and control strategies of TB may not be as
effective as they should be. In this regard, the role of the microbiota community
and epigenetic mechanisms in TB infection can be fundamental but not widely
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deciphered. It appears that the development of microbiota and epigenetics analysis
can be operative for innovative and more effective control strategies and targeted
therapeutics of TB infection. Hence, an overview of the correlation between
microbiota community and epigenetic mechanisms occurring upon TB infection
can represent an opportunity to improve control of TB infection while stressing
that additional evaluations are necessary to uncover this correlation.

Graphical Abstract

Keywords

Epigenetics � Microbiota � Mycobacterial methyltransferase � Mycobacterium
tuberculosis

The gut-lung axis, epigenetics, and immunity in tuberculosis
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1 Introduction

Mycobacterium tuberculosis (M. tb) mostly affects the lungs and induces tuber-
culosis (TB), an infectious disease. Historically, TB is defined as one of the dev-
astating epidemiological challenges in the health system. The latest World Health
Organization (WHO) report has indicated 9.96 million new TB cases in 2020 [1].
Among all the newly infected cases by M. tb, about 15% could not receive efficient
treatment. Each case of active TB can infect ten to 15 people annually [2]. Besides,
an epidemiological report predicted that without effective control and treatment of
M. tb, this bacterial agent could infect almost 225 million individuals during 1998–
2030 [3]. Hence, rapid detection and impressible treatment are two major objects
for TB infection control [4]. Nevertheless, despite the intense research on TB, the
control of this infection is still largely suboptimal, and the mechanisms of its
progression cannot be completely explained. Therefore, deciphering novel strate-
gies to amend TB control is of great relevance. WHO has recently introduced the
top priority target product profiles (TPPs) to rapidly recognize TB infection [5].
These contain non-sputum-based tests to quickly diagnose TB infection to start the
most efficient treatment on the same day. Thus, introducing distinctive and specific
biomarkers for rapid and correct detection may be a crucial need. It has been
recently shown that the specific microbiota pattern and epigenetic mechanisms at
each stage of TB infection should be more evaluated as a novel and potential
biomarker [6, 7]. Nevertheless, a few biomarkers based on microbiota and epige-
netic marks are currently included in clinical inquiries. Besides, in order to limit the
global TB burden, the WHO announced the End TB Strategy [8]. It is typically
highlighted that a combined interface of microbiota and epigenetic mechanisms
rather than just the effect of a single infectious agent may cause TB infection. Taken
together, microbiota and epigenetic analyses may be useful to achieve this goal. The
human microbiota and the epigenetic mechanisms, as interesting new fields, have
important implications for more successful and effective diagnosis, treatment, and
control of TB infection.

The human microbiota is involved in the immune system's maturation and
development, including immunomodulation, triggering M. tbreactivation from
latent form, transmission, antibiotic resistance, and disease severity. Subsequently,
the dysbiotic microbiota community is a significant issue in the M. tbpathogenesis,
and its evaluation may upgrade control strategies of TB infection in the future.
Hence, consideration of the microbiota community in different aspects of TB
infection can be important for better detection of this disease. In recent years,
increasing studies have been focused on different parts of the correlation between
microbiota and TB infection. On the other hand, several bacterial by-products have
been reported as central regulatory factors with the potential to active epigenetic
alterations and, consequently, the host transcriptional profile [9]. It is well estab-
lished that these by-products are important messengers in the interactions between
microbiota and host cells [10]. In addition to the critical involvement of microbiota
in different epigenetic alterations to maintain homeostasis, several pathogens also
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induce these alterations in the host cells or even their genome modulating the
severity of the disease and escaping the host defense mechanisms [11]. M. tb is one
of the classic examples of those pathogens that may epigenetically modify the host
genome for its survival. Overall, considering the possible association between
epigenetic mechanisms and TB progression represents an interesting area. A study
of the correlation of microbiota community and epigenetic mechanisms may assist
in revealing important evidence about TB severity and host susceptibility [12, 13].
However, various features of the correlation inside the microbiota community,
epigenetic alterations, and TB infection are not fully uncovered. An overview of the
interaction between the microbiota communities and the epigenetic alterations
occurring in TB infection will be outlined in the next section. This object sheds new
light on how the association between the microbiota communities and epigenetic
mechanisms is associated with TB infection.

1.1 Human Microbiota and Tuberculosis

Initially, Lederberg and McCray introduced the concept of human microbiota [14],
which referred to the microbial community in habitats of different human body sites
such as the gut, oral cavity, vagina, skin, and lower respiratory tract [15]. The entire
genome of this bacterial community is introduced as the microbiome [16]. The
healthy microbiota community and related metabolites play a beneficial and crucial
role in maintaining a healthy state by imprinting metabolism and immunity to the
host [17]. An imbalance in the normal microbiota community, named dysbiosis, is
associated with various pathogens’ impaired immune system function and colo-
nization [18]. Although numerous studies have investigated the potential associa-
tion between TB infection and variations in the respiratory and gut microbiota, the
mechanisms and causative factors associated with the development of TB infection
have not been widely addressed [19], and recent evidence highlighted epigenetic
alterations might be important in this correlation. Figure 1 presents a schematic
view of the gut-lung axis and the importance of induced epigenetic mechanisms by
microbiota and M. tb in homeostasis and TB infection.

Some evaluations used animal models to confirm the feasible role of gut
microbiota in TB infection. For example, it is shown that a special strain of Heli-
cobacter may affect the outcomes of TB infection [20]. Winglee et al. studied mice
infected by M. tb until death and stated a significant decrease in the Bacteroidetes
and Clostridiales in the gut microbiota during infection [21]. Besides, the micro-
biota community has evaluated several human studies in different stages of TB
infection. The main bacterial genera specified in recurrent TB infection include
Collinsella, Streptococcus, Prevotella, Bacteroides, and Escherichia, which are not
meaningfully different from the new TB cases [22]. Recent findings show that the
abundance of mycobacteria was significantly reduced one month after treatment,
and some of the associated pathways to a healthy gut microbiota were improved
[23]. It is shown that treatment changed the taxonomic microbiota composition
without changing total diversity. Depleting Bacteroides and increasing
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Faecalibacterium, Ruminococcus, and Eubacterium species are confirmed in cured
TB patients [24]. Also, a better assessment of the immune status is suggested in
HIV patients, which may activate immunity against M. tb, anti-TB treatment, and
infection control [25]. Specifically, the respiratory microbiota suppresses immune
responses against M. tb and enhances its risk, particularly in HIV patients, by
producing short-chain fatty acids (SCFAs), such as propionate and butyrate. These
studies provide a paradigm example to show why respiratory and gut microbiota
changes are associated with the severity of the inflammatory response in the lungs.
In general, dysbiotic respiratory microbiota causes an impaired immune response
and creates a favorable condition for the proliferation and growth of various
pathogens that can cause further inflammation and dysbiosis (Fig. 1) [26]. M. tb is
identified as one of the most complex pathogens that may quickly colonize a subject
after the respiratory microbiota dysbiosis; its chronicity and progression may
contribute to the greater development of dysbiosis [26]. Like the respiratory
microbiota, dysbiosis of the gut microbiota is also correlated with the development
of multiple diseases [27]. Growing evidence demonstrates the close immunological
link between the respiratory and gut microbiota, described as the gut-lung axis. The
concept of the gut-lung axis represents the regulatory impact of respiratory
microbiota on gut immunity and vice versa. In this regard, disruption of the gut
and/or respiratory microbiota communities is linked with the altered immune re-
sponses and the TB infection severity (Fig. 1) [28]. The microbiota’s by-products
(endotoxins, metabolites, and extracellular vesicles (EVs), etc.) are released into the
bloodstream, thus connecting the respiratory and gut niches. In this way, it is
possible that they pass through the liver and in consequence, activate some immune
cells such as macrophages and neutrophils, i.e., the most important cells activated in
TB infection [29]. Moreover, the lymphatic system obstruction in the gut-lung axis
decreases the release of multiple cytokines (interleukin (IL)-10, IL-1b, and vascular
endothelial growth factor (VEGF), etc.) in the lungs [30]. This evidence suggests
that the study of both respiratory and gut microbiota can be fundamental in the
pathogenesis, prevention, and treatment of TB infection by epigenetic mechanisms.
Nevertheless, little is known about the effect of epigenetic mechanisms in the
gut-lung axis on TB infection. Altogether, the protective effect of the gut microbiota
against lung infections and the related epigenetic alterations could become a
promising field of research to improve control strategies of TB infection.

2 Human Microbiota and Epigenetics

The total number of microorganisms that normally inhabit our mucosal surfaces is
greater than the number of eukaryotic cells (about 1013 cells) in the human body.
The microbiota community impacts homeostasis state and disease progression and
changes over the lifetime. The gut habitat of each individual includes on average
300 to 500 different bacterial species. Various interactions between host cells and
microorganisms are likely evaluated in no other places as significant as the
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gastrointestinal tract. The normal gut microbiota by these pathways has homeostatic
roles beyond the traditional concepts such as defense against potential pathogens
and fermentation of indigestible nutrients [31]. It is proposed that such pathways
directly impact the well-being of the gastrointestinal tract. It is now mostly defined
that exposure to bacteria induces epigenetic alterations and may explain to some
extent homeostatic maintenance or disease progression.

The term “epigenetic” derives from the Greek word “epigenesis,” which means
“above genetics/genesis.” Waddington first coined the term in 1942 as a biological
phenomenon with no direct relationship between the genotype of a gene and its
phenotype [32]. Epigenetic mechanisms modify gene function remarkably without
any direct change in the DNA sequence [33]. Several epigenetic mechanisms,
including chromatin remodeling, histone alterations, DNA methylation, and
RNA-based regulation, are today well characterized. Generally, evaluation of the
epigenetic mechanisms helped to solve complex relationships and molecular
mechanisms related to different cellular processes in complex and multifactorial
diseases by deciphering the functioning of genes. In the frameshift of infectious
diseases, epigenetic studies allowed us to understand better how microorganisms
earn protection from host immunity [34]. Epigenetic mechanisms govern most
health indicators and a wide variety of infections and disorders. However, the extent
of various epigenetic mechanisms for the development of human diseases is
underestimated compared to genetic variation. Despite that, epigenetic alterations
may be proved as better biomarkers than genetic factors [35]. Therefore, the
assessment of epigenetic mechanisms in the homeostatic states and different
pathologies represents an opportunity to introduce useful biomarkers with great
potential for prevention, diagnosis, and even identification of new targets for
medical therapy [36].

The microbiota community may impact epigenetic mechanisms and makeup
even before birth [37]. Formerly, the fetus was presumed to remain in a sterile
condition, and the microbiota community forms only during and after birth. This
dogma is in stark contrast to numerous studies [38, 39]. Early exposure to micro-
biota appears to play a major role during fetal life and may effectively maintain
hemostasis or risk of subsequent disease, possibly with inherited epigenetic alter-
ations [40]. The microbiota is considered an important part of normal human
physiology because its microbial genome allows for multiple metabolic processes

cFig. 1 A schematic figure of the correlation between microbiota, epigenetics, and tuberculosis.
a The effect of M. tuberculosis (M. tb)inhalation on the lung microbiota and epigenetics. The
immune cells surround M. tuberculosis and form a granuloma, while M. tb induces dysbiosis,
suppressing immune responses in the lung. The microbiota and M. tb can increase epigenetic
alterations to reach their suitable conditions; b The induced epigenetic alterations upon TB
infection. M. tb may epigenetically affect its genome by producing different mycobacterial
methyltransferases (presented in Fig. 2 in detail). In addition,M. tb epigenetically changes the host
genome to increase its susceptibility; c The immunologically relationship between the gut and
respiratory microbiota by the gut-lung axis. The gut microbiota in both dysbiotic and homeostatic
status can affect the respiratory microbiota by the gut-lung axis. This axis is bidirectional. The
induced epigenetic alterations by gut microbiota to maintain homeostasis are presented on the right
side
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beyond the capabilities of the host genome. It is also well known that the natural
microbiota plays an important role in regulating the gut immune system [37]. As
mentioned, the mass production of biologically active molecules as a result of direct
production and a digestive process is known as one of the hallmarks of the gut
microbiota. These by-products are crucial for maintaining the interaction between
the microbiota community and host cells. These types of molecules include but are
not restricted to neurotransmitters, chemical moieties, SCFAs, and simple gases,
which act as proven epigenetic mediators [33, 37]. In other words, the microbiota
can affect epigenetic regulation of host cells by producing metabolites directly or
indirectly by stimulating signaling cascades that cause epigenetic alterations in
different genes. In the natural human gut, dominated bacterial phylae include
Proteobacteria, Firmicutes, Actinobacteria, and Bacterioidetes that are involved in
the several metabolites production. SCFA (propionate, acetate, and butyrate) are
some of the end by-products of gut microbiota fermentation in the presence of
complex carbohydrates or other indigestible nutrients [41]. Among them, butyrate
is very important for inducing epigenetic alterations (Fig. 1). Butyrate induces H3
histone acetylation at the Foxp3 gene locus. Foxp3 chiefly regulates differentiation
pathways of naïve CD4 + T cells into Treg cells which are important for regulating
gut immunity [42]. On the other hand, intestinal stem cells (ISCs) are situated
between intestinal epithelial cells that regulate epithelial cell differentiation and
proliferation by ISC-related genes. Commensal gut microbiota helps suppress
ISC-related genes by inducing DNA methylation. Intestinal epithelial cells inher-
ently produce several histone deacetylases (HDACs) to adjust the epithelial com-
position and gut barrier function. In addition, the normal microbiota epigenetically
suppresses the epithelial TLR4 expression to provide an opportunity for better
microbiota community formation under normal conditions [37, 43]. However,
current knowledge is still limited and only a small amount of information on the full
spectrum of microbiota's effects on the human body has been investigated. Indeed,
the study of epigenetic alterations in the immune response to M. tb and microbiota
can solve an important mystery about host susceptibility.

3 Microbiota, Epigenetics, and Tuberculosis

The examples above indicated that numerous produced metabolites by microbiota,
mainly gut microbiota, can stimulate epigenetic mechanisms and affect the immune
responses [44]. This means that microbiota can potentially cause several disorders
by inducing these epigenetic mechanisms [13, 45]. Like many other pathogens, M.
tb has the potential to modify the host epigenome [46]. Modifying the host tran-
scriptional profile may be induced by altering the epigenome in TB infection [6],
but the involved epigenetic mechanisms are not yet completely clarified [35].
Recently, the crosstalk between the epigenetic mechanisms and TB infection has
been extensively depicted [6]. This paper has reviewed the knowledge on the
histone epigenetic alterations and DNA methylation, as well as miRNA-based
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regulation occurring in TB infection. Examining the relationships between different
epigenetic mechanisms in the progression of TB may help reveal important data on
host susceptibility and the pathogenesis of TB infection. To more clarify these
associations, a study has hypothesized that the profile of DNA methylation of the
peripheral blood mononuclear cells in active TB patients and treated TB individuals
is different from those in the control group. Identification of novel epigenetic
alterations related to early infection, infection development, treatment responses,
and outcome of active TB infection and developing new epigenetic targets for more
efficient diagnosis and treatment have been declared as some of the purposes of this
study [12]. However, the various aspects of the relationship between epigenetic
mechanisms and TB infection are still unclear. Many epigenetic mechanisms affect
the activity of involved genes in the immune responses during TB infection. Most
epigenetic mechanisms associated with TB infection immunomodulation include
methylation and acetylation of the core histone tails, DNA methylation, and
miRNA-based regulation [6]. Although numerous bacterial by-products retain the
ability to cause various epigenetic alterations in host cells, only a few amounts of
molecules have been identified with epigenetic impacts upon TB infection. Among
them, Eis, LpqH, ManLAM, and ESAT-6 have been studied more [35, 47]; their
epigenetic functions will be explained in the following paragraphs.

3.1 Histone Epigenetic Alterations in Tuberculosis

Chromatin-remodeling and histone epigenetic alterations are post-translational and
reversible epigenetic mechanisms that may interact with important cellular pro-
cesses [48]. The chromatin structure is highly dynamic because it is involved in
several cellular processes (usually transcription and DNA replication) with active
regeneration by activating chromatin remodeling and histone-modifying enzymes
[49]. Histone-modifying enzymes can direct different covalent alterations like
sumoylation, deamination, proline isomerization, ubiquitylation, ADP ribosylation,
methylation, acetylation, and phosphorylation, frequently on the protruding
N-terminal tails of the core histones. Most of the important histone-modifying
enzymes are included, e.g., histone demethylases (HDMs), histone methyltrans-
ferases (HMTs), histone deacetylases (HDACs), and histone acetyltransferases
(HATs) [35]. The core histones include H2A, H2B, H3, and H4 that form a sur-
rounded octamer by 147 base pairs of DNAs (1.7 turns), identified as a nucleosome.
The nucleosome is the major chromatin unit that repeats at approximately every 200
base pairs (bp) of the DNA sequence. In addition, the histone H1 linker fortifies
nucleic acid molecules around core histones to compact DNA by circling the
nucleosomes on top of each other [50]. Certain changes (such as hyperacetyla-
tion or hypomethylation) of alkaline histones neutralize the positive charge of these
proteins to some extent, which is essential for interaction with negatively charged
strands of DNA, and destabilize the binding of histones to DNA. As a result, these
alterations cause the chromatin to relax and increase gene expression. The acety-
lation of histones by HATs increases space between nucleosomes and therefore

47 The Correlation of Microbiota and Host Epigenome in Tuberculosis 985



activates chromatin, while the deacetylation of these proteins by HDACs suppresses
the gene expression. To generalize, increasing chromatin compaction and sup-
pression of gene expression may have been associated with histone methylation and
histone deacetylation. Methylation of histones activates or represses gene expres-
sion based on the position of the target amino acid. Several studies evidenced
chromatin remodeling and histone epigenetic alterations in TB infection induced by
mycobacterial metabolic products to modify transcriptional profiles, possibly
reducing innate and adaptive immune responses [6]. The ESAT6 may induce his-
tone acetylation in the CIITA promoter I locus and histone methylation at the lysine
4 of the H3 histone site (H3K4me), which leads to regulating CIITA and IFN-c
expression using chromatin-remodeling complexes [51]. CIITA regulates the
expression of different genes involved in the antigen presentation in macrophages,
such as the MHC class II gene [52]. The majority of studies in the field of histone
modification and TB infection have reported differential histone methylation or
acetylation on promoters associated with the immunogenic genes [6]. Several
mycobacterial proteins with histone-modifying activity, like SET8, SUV39H1,
Rv2966c, Rv1988, and Rv1198, have been recognized for inducing histone epi-
genetic alterations during TB infection [6].

Histone acetylation has also been well defined in TB infection. Acetylation of
lysine residues of core histone tails may highly stimulate gene expression [53]. In
contrast, M. tb uses histone deacetylases and subsequently reduces gene expression
[46]. For instance, LpqH acts as a mycobacterial factor and a TLR2 agonist and
reduces the presentation of antigens to T cells by CIITA histone deacetylation in the
promoter region [54]. Moreover, Eis is an acetyltransferase protein that effectively
acetylates free histones (such as histones not attached to the nucleosomes) and
represses the ERK1/2-JAK pathway in T cells [55]. Overexpression of matrix
metalloproteinases (MMPs), in particular MMP-1 and MMP-3, and degradation of
the pulmonary extracellular matrix has been described upon TB infection. The
regulation of expression of such MMPs is related to histone acetylation [56]. Also,
evidence shows mycobacterial suppression of IFN-c-dependent HLA-DR gene
expression by the histone deacetylation complex formation in its promoter [57].
Histone methylation usually modifies arginine or lysine residues, leading to acti-
vation or suppression of gene expression, respectively [58]. Its modification also
depends on the degree of methylation of the residual lysine. Altogether, histone
epigenetic alterations establish the differences in functions and dynamics of the
chromatin. For example, tri-methylation (not mono- or di-methylation) of H3 lysine
9 (H3K9me3), H4 lysine 20 (K4K20me3), and H3 lysine 27 (H3K27me3) sup-
presses gene expression. In contrast, tri-methylation of H3 lysine 4 (H3K4me3) and
mono-methylation of H3 lysine 9 (H3K9me1), H3 lysine 27 (H3K27me1), and H4
lysine 20 (K4K20me1) is associated with active chromatin [53, 59].

In addition to evaluating histone epigenetic alterations at various cell lines, some
studies have demonstrated acetylation changes in MtHU, histone-like proteins
purified from M. tb cells [60–62]. Acetylation of MtHU suppresses its ability to
bind to DNA and facilitates chromatin in the host cell reprogramming and intra-
cellular bacterial survival [62]. In total, histone epigenetic alterations are very
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complex, and the outcome of gene transcription depends on various epigenetic
factors that synergistically function with histones and regulate the fate of gene
expression [59]. Also, epigenetic modification in M. tb cells, besides in host cells, is
interesting.

3.2 DNA Methylation in Tuberculosis

Before 1980, Ginder and McGhee demonstrated that DNA methylation is important
in regulating gene expression [63]. DNA methylation modulates various physio-
logical cellular processes and multifactorial disorders [64, 65]. DNA methylation is
the almost irreversible and more stable epigenetic mechanism, unlike other epige-
netic mechanisms. The enzymes involved in this mechanism are the DNA
methyltransferases (DNMTs), expressed by host cells or microorganisms [66, 67].
Three families of DNMTs perform DNA methylation in eukaryotic cells: DNMT1,
DNMT2, and DNMT3 [68]. Several studies showed the function and the mecha-
nisms of action of eukaryotic DNMTs [68–70]. In brief, DNMT1 is involved in the
maintenance of DNA methylation during cell proliferation. DNMT3a and DNMT3b
are usual primers of DNA methylation. DNMT3b is also responsible for most
non-CpG methylation [70]. Finally, it shows that DNMT2 acts as an RNA-specific
methyltransferase and is unable to induce methylation in DNA [71]. Prokaryotic
DNMTs are not as complex as eukaryotes. They are almost three times smaller than
their eukaryotic homologs. As a matter of fact, more methyltransferases are present
in prokaryotes, and it seems that eukaryotic DNMTs are probably reminiscent of
ancestral prokaryotic methyltransferase [72]. DNMTs induce methylation at carbon
n◦ 5 cytosines (C5) by transferring methyl groups (-CH3) from the cofactor
S-adenosylmethionine (SAM) [46]. These alterations alter the chromatin's
three-dimensional (3D) structure at specific binding sites for several transcription
factors and affect gene expression. It is reported that approximately 70–80% of all
CpG islands in the human genome are methylated [68]. The CpG islands are
identified as CpG-rich regions. Nearly 50% of them are around the transcription
start sites (TSSs) and in the promoter of most housekeeping genes [73]. Never-
theless, CpG methylation has also been reported from gene promoters lacking the
CpG-rich regions, leading to more dynamic methylation variability and less stable
gene silencing in these cases [6, 74].

Tarashi et al. reported in vitro and in vivo evaluations about the DNA methy-
lation profile in M. tb-infected cells as well as in TB patients compared to the
control groups [6]. The results indicated that M. tb often causes CpG islands DNA
methylation at enhancer sites and promoter of various main genes involved in the
immune responses that may enhance the host susceptibility to TB infection. For
example, aberrant methylation of the VDR gene is well known to increase this host
susceptibility [75]. Likewise, the TLR2 promoter hypermethylation can suppress its
expression in TB infection [76]. As aforementioned in the previous section of this
chapter, such epigenetic alterations have suppressed TLR4 by commensal micro-
biota to form a normal microbiota community. Both these mechanisms result in the
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suppression of the immune system, but, despite inducing similar epigenetic alter-
ations, the final effect of M. tb is negative while the effect of the microbiota is
positive on the human body. Another investigation reported the profile of DNA
methylation of inflammatory genes in the cell lines infected with M. tb [77].
Activation of inflammasome protein complex NLRP3 is regulated through DNA
methylation in TB infections [78]. It is also indicated that dysbiosis during some
disorders such as colorectal cancer (CRC) may decrease the function of inflam-
masomes by DNA methylation and therefore increase inflammation [37]. In addi-
tion, CD82 expression is controlled by the hypomethylation promoter in TB
infection [79]. CD82 is a significant factor in the intracellular growth and patho-
genesis ofM. tb virulent strains. Moreover,M. tb has been shown to induce aberrant
methylation throughout the whole host cell genome, especially in the non-promoter
regions [80]. In general, it looks that aberrant DNA methylation often occurs in
low-density CpG regions such as distal regulatory regions or enhancers in TB
infection, rather than high-density CpG regions and promoters [6]. Pacis et al.
attained great results by evaluating the DNA methylation profile of the whole
genome caused by TB infection in monocyte-derived DCs [81, 82]. These results
emphasized the DNA methylation effect on the expression of immune genes and
confirmed the theory of trained immunity. This theory points to a stronger and
faster response to secondary infections due to the existence of memory cells in the
innate immune system [83].

Besides, the role of bacterial DNA methylation in the presentation of particular
methylation marks in the genome of bacteria has recently been considered [84]. The
association between DNA methylation and inducing antibiotic resistance has been
attracted much attention as a new model in the TB research field [85]. Thus, these
reports bring new hope for the fight against TB infection. It is probable that an
amended assessment of DNA methylation profile can be beneficial for developing
well-organized control strategies of TB infection, and evaluation of different
DNMTs can offer a great advantage in this manner.

3.2.1 Mycobacterial Methyltransferases
The methylation process regulates numerous cellular processes according to
metabolic status. This process is catalyzed by different methyltransferases that
transfer a methyl group from SAM to the proteins, lipids, nucleic acids, and sec-
ondary metabolites. It is predicted that more than 1% of human genes encode
various methyltransferases, while in the M. tb genome, despite a genome reduction,
this number has increased to 3% [67]. Sharma et al. identified 17 hypothetical genes
encoding proteins with methylase activity in M. tb [86]. These genes have been
identified by sequence analysis of the binding domains of the SAM gene. In gen-
eral, about 121 different methyltransferases have been coded by the genome of M.
tb [87], which employs several substrates, including DNA, RNA, protein, mediators
of mycolic acid biosynthesis, and other fatty acids. Therefore, mycobacterial
methyltransferases can be classified into five categories: DNA methyltransferases
(DNMTs), RNA methyltransferases, protein methyltransferases, mycolic acid
methyltransferases, and other methyltransferases. Figure 2 presents different
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categories of mycobacterial methyltransferases. It is well known that DNMTs and
protein methyltransferases may be a part of epigenetic alterations, but there is some
evidence that also announced the term of RNA epigenetics. RNA epigenetics refers
to the enzymes, including RNA methyltransferases, that post-transcriptionally
modify different RNAs [88]. Understanding the function of different mycobacterial
methyltransferases might represent a new frontier in TB and epigenetics research.

3.2.2 Mycobacterial DNA Methyltransferases
The GC-rich genome of M. tb (about 65%) may be the main reason that DNA
methylation is introduced as the only identified mechanism in prokaryotes that
heritably regulates expression patterns, whereas there are several mechanisms for
this purpose in the case of eukaryotes. DNA methylation in M. tb represents a
growing area of interest [6, 67]. The adenine and cytosine residues often methylate
in the DNA sequence to form N4-methylcytosine (4mC), N6-methyladenine
(6 mA), and 5-methylcytosine (5mC). In prokaryotes, 6 mA formation has been
confirmed as an important regulatory mechanism of gene expression through epi-
genetic alterations, but some reports have suggested that cytosine methylation also
plays a fundamental role in prokaryotes [89, 90]. Although in most eukaryotes,
cytosine methylation is a well-established mechanism of gene expression [91].
Several M. tb strains such as H37Rv, H37Ra, and M. smegmatis express no DNA
adenine methyltransferase (Dam) or DNA cytosine methyltransferase (Dcm) [92].
Dam and Dcm are the main methyltransferases in several prokaryotes [93]. How-
ever, analysis of the mycobacterial genome has clarified a significant amount of
6 mA and 5mC, highlighting DNMTs other than Dam and Dcm in M. tb [94]. So
far, about 121 different mycobacterial methyltransferases have been identified, and
five of them are characterized to be mycobacterial DNMTs [87]. The genes coding
mycobacterial DNMTs are Rv1317c, Rv1316c, Rv3263, MamB, and Rv2756c.
Rv1317c contains two co-operonic DNMTs in M. tb ada operon that have the
potential to certify the survival of M. tb during alkylation stress. The fused protein
AlkA and AdaA (Rv1317c) and a separate protein AdaB/OGT (Rv1316c) are coded
by ada operon. Exposure to nitrogen and oxygen radicals and alkylation stress are
usual in unfavorable surroundings, which may induce devastating effects on the
genome. M. tb has adopted AdaB/OGT to neutralize O6-methylation of guanine,
one of the major mutagenic lesions in the alkylation stress, and AlkA and AdaA for
removal of methyl groups [95]. In addition, AdaB/OGT repairs DNA damage at O6-
alkylated guanine and inhibits mutations associated with O6-alkylguanine (T15S
and R37L) in mycobacterial DNA. These mutations were observed in correlation
with defects in alkylated DNA repair [96].

cFig. 2 Mycobacterial methyltransferases. Mycobacterial methyltransferases modify the methy-
lation pattern of the mycobacterial genome (presented on the right side) and host cell (presented on
the left side) based on conditions. Different mycobacterial methyltransferases have shown in
different colors: mycobacterial DNA methyltransferases in yellow; mycobacterial RNA methyl-
transferases in purple; mycobacterial Protein methyltransferases in red; mycobacterial mycolic acid
methyltransferases in green and other mycobacterial methyltransferases in white. Multifunctional
mycobacterial methyltransferases have been specified with a star
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Besides, an interesting point to discuss is the importance of DNA Methylation in
epigenetic regulation. The three mycobacterial DNMTs, MamA (Rv3263), MamB,
and HsdM (Rv2756c), are responsible for epigenetic regulation, and none of them
are interestingly associated with restriction endonucleases. MamA (mycobacterial
adenine methyltransferase) is well characterized, which induces methylation of the
CTGGAG sequence in the mycobacterial genome to affect the expression of several
genes. It has been highlighted that MamA deletion is related to reducing M.
tbsurvival in hypoxic conditions as physiological stress. Therefore, MamA is a
critical mycobacterial mediator of adaptation to various physiological stresses [97].
In addition to the identified mycobacterial DNMTs, MTSP11 (Rv3204) was also
introduced as a possible mycobacterial DNMT. High homology has been identified
between Rv3204 and other bacterial DNMTs and detected in several Mycobac-
terium lineages other than M. tb, such as M. leprae, M. smegmatis,M. bovis, and M.
marinum [98]. Actually, mycobacterial DNMTs play an important role in deceiving
the host and warranting its survival even in detrimental conditions.

3.2.3 Mycobacterial RNA Methyltransferases
In total, 17 RNA methyltransferases have been reported from the genome of M. tb
[87]. These enzymes are involved in the methylation of rRNA, tRNA, and mRNA
nucleotides at specific positions. RNA methyltransferases affect translation initia-
tion, post-transcriptional maturation, pre-mRNA processing, and antibiotic resis-
tance [99]. After transcription, the rRNAs modification is a highly conserved
phenomenon in almost every kingdom of life, and this modification usually occurs
by RNA methylation in prokaryotes. These types of alterations intensify the
functional interaction of ribosomes. Rv2118c is a mycobacterial tRNA methyl-
transferase and forms N1-methyladenosine of a highly conserved adenine nucleo-
tide at position 58 in the TWC loop, which helps to stabilize tRNA in M. tb [100].
This modification of tRNA acts as a virulence factor and determines growth in
pathogens. Another category of RNA methyltransferase is related to the methyla-
tion of 16SrRNA in M. tb. Rv2966c targets 30S ribosomes near the P-site and
methylate guanidine 966 (G966) of the 16S rRNA. In addition, Rv2966c epige-
netically affects the genome of host cells and modulates the host machinery. Such a
dual nature of some proteins results from the multiple functional domains presence,
which can switch their task specifically in special environments. There is such an
interesting feature in mycobacterial methyltransferases as well. In order to further
elucidate Rv2966c in the host cells, Sharma et al. evaluated the function of
Rv2966c as a secretory mycobacterial protein that interacts not only with the host
genome but also with the histone proteins, H3 and H4. Its DNA methylation
activity is principally included induction of 5mC in non-CpG regions of host cells
[86]. Rv2372c methylates the N3 position of uridine1498 (U1498) of the 16S
rRNA. The methylated U1498 is present at the ribosomes decoding center, and a
mutation in U1498 may inhibit the interaction of the first peptide with ribosomes
during translation [87]. Rv3919c (gidB), as the other example of 16SrRNA
methyltransferase, is associated with streptomycin resistance in M. tb.Streptomycin
is an aminoglycoside antibiotic that binds to the accuracy center of the small
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ribosomal subunit and inhibits protein translation. Rv3919c methylates the N7
position of guanine 518 (G518) of the 16S rRNA and stabilizes the 16S rRNA
during protein translation. It is indicated that mutations in the gidB gene decrease
streptomycin resistance in M. tb clinical isolates [101].

Besides Rv3919c, other RNA methyltransferases also play a notable role in the
antibiotic resistance ofM. tb. The ribosomes of the cells are the target of most of the
antibiotics, and mutations in these target sites lead to antibiotic resistance. Rv1988
(erm) is a significant example of macrolide-lincosamide-streptogramin (MLS) re-
sistance in M. tb isolates. Rv1988 has been introduced as a member of the ery-
thromycin resistance rRNA methylase (erm) family, which encodes 23SrRNA
methyltransferase [102]. In addition, Rv1694 (tlyA) is a 23S/16SrRNA methyl-
transferase with a dual substrate activity (16S and 23S rRNA). Its mutation is
interestingly involved in resistance to capreomycin. Capreomycin is a cyclic
aminoglycoside-like peptide antibiotic that binds the ribosome at the interface of its
small and large subunits. Optimum binding of capreomycin and its activity results
from proper methylation by Rv1694. Rv1694 methylates cytosine 1409 (C1409)
and cytosine 1920 (C1920). C1409 is located at the decoding center of the 30S
subunit of 16S rRNA, and C1920 is in a highly conserved region of the 50S subunit
of ribosome 23S rRNA [103].

3.2.4 Mycobacterial Protein Methyltransferases
Protein methylation by adding the methyl group to the amino acid residues of lysine
or arginine of a protein sequence is a type of post-translational modification.
Methylation of histone proteins by HMTs has been broadly studied, which epige-
netically activates or suppresses the expression of particular genes. M. tb induces
methylation of its own proteins in addition to proteins of host cells. Laminin-
binding protein (LBP) and heparin-binding haemagglutinin (HBHA) are
mycobacterial adhesives involved in the interaction of M. tb with the
non-phagocytic cells when are methylated. A complex methylation pattern has been
identified in lysines of the HBHA active domain at its C terminal, which suppresses
proteolysis and impacts the immune characteristics of this protein [104]. In addi-
tion, methylation of mycobacterial histone-like protein HupB, which belongs to
MtHUs, at lysine 138 (K138) accrues by mycobacterial histone methyltransferase
SUV39H1. This epigenetic modification is involved in the survival of M. tb inside
the host cells [60].

Finally, mycobacterial protein methyltransferases may methylate proteins of host
cells. Rv1988, in addition to the induction of antibiotic resistance by its RNA
methyltransferase activity, epigenetically modulates the host cell machinery by
methylation of histones. Rv1988, which is present only in the pathogenic species
Mycobacterium, is part of the secretory mycobacterial virulence factor. This en-
zymatic protein methylates H3 histone at arginine 42 (H3R42) and then represses
the expression of the host genes involved in the immune system to TB infection
[105]. Rv2966c is another multifunctional methyltransferase in M. tb. After
infection, this protein localizes to the host nucleus and interacts with histone H3,
H4, and nucleophosmin (NPM1). NPM1 is a histone chaperone and is involved in
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transcriptional regulation. The nuclear localization of Rv2966c may result from its
interaction with NPM1. Moreover, Rv2966c can interact with specific H3 and H4
histone epigenetic alterations and is associated with chromatin in the genomic
regions of ARNT2, GRK5, and H2AFY2. Therefore, it is concluded that the
multifaceted nature of Rv2966c allows it to interact with the host chromatin at
different levels [86]. Rv1198 has been involved in regulating MHC-II and CIITA
expression by inducing H3 lysine 9 methylation (H3K9me) in the M. tb-infected
macrophages [106]. Finally, overexpression of SET8 as an H4 lysine 20 (H4K20)
methyltransferase is reported during TB infection. SET8 involves the modulation of
immune evasion strategies [107].

3.2.5 Mycobacterial Mycolic Acid Methyltransferases
Known mycobacterial methyltransferases also methylate other substrates, not nec-
essarily involved in epigenetic mechanisms but involved in the host response.
Mycolic acid is a long-chain fatty acid (C60–C90) that shapes mycobacteria's in-
soluble cell wall skeleton. It has been widely established that mycolic acid is changed
by the addition of methyl groups, methoxy groups, ketones, and cyclopropane rings
in pathogenic mycobacteria. A family of AdoMet-dependent methyltransferases
produces structural variation in mycolic acid. AdoMet-dependent methyltransferases
facilitate the transfer of a highly specific methyl group from the SAM to a number of
biological targets in the cell [108]. To date, eight distinct mycolic acid methyl-
transferases have been considered in M. tb that can alter mycolic acid. The main
mycolic acid methyltransferases include MmaA1 (Rv0645c), MmaA2 (Rv0644c),
MmaA3 (Rv0643c), MmaA4 (Rv0642c), CmaA1)Rv3392c(, CmaA2 (Rv0503c),
UmaA (Rv0469), and PcaA (Rv0470c / UmaA2). cma1 gene in M. tb produces
cyclopropane mycolic acid synthase (Cmas1), which qualifies M. smegmatis to
produce mycolic acid-containing cyclopropane in large amounts [109]. A strong
homology between known regions for SAM binding has been identified in different
SAM-dependent methyltransferases, and the cma1 gene has been detected [110].
Similarly, the cma2 gene was revealed based on the cma1 sequence. Remarkably,
four additional genes, including mma1, mma2, mma3, and mma4, were identified by
the similarity of DNA hybridization to a cma1 probe in M. tb [111]. The mma1
overexpression in M. tb leads to the presence of trans cyclopropanes from nearby
methyl branches. The product of the mma2 gene is similar to cma2, which changes its
proximal position by the cyclopropanation enzyme. The purpose of this similar
function is ambiguous. The mma4 product adds the hydroxyl group at the distal
position of mycolic acid, whereas an enzyme is encoded by mma3 that methylates the
hydroxyl group to form a methyl ether [67]. Generally, various mycolic acid struc-
tures organize the characteristic of the thick membrane rich in lipids in M. tb that,
along with arabinogalactan and peptidoglycan, forms an impermeable cell envelope.
Accordingly, this particular type of methylation is involved in modulating the
immune response and pathogenesis of M. tb.
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3.2.6 Other Mycobacterial Methyltransferases
Evidence has highlighted the importance of mycobacterial methyltransferases in the
biosynthesis of main components of M. tb. For instance, biosynthesis of a con-
stituent lipid of the mycobacterial cell wall, tuberculostearic acid (TSA), is cat-
alyzed by TSA methyltransferase, UfaA (Rv0447c). This TSA methyltransferase
catalyzes the transformation of a methyl group from SAM during biosynthesis of
TSA or, in other words, 10-methylstearic-acid [112]. Phthiotriol/phenolphthiotriol
dimycocerosates methyltransferase (Rv2952) is another mycobacterial methyl-
transferase that is involved in the biosynthesis of glycosylated phenolphthiocerol
dimycocerosates (PGL) and phthiocerol dimycocerosates (DIM). In addition,
methylation of phenolic glycolipids has been induced by Rv2954c, Rv2955c, and
Rv2956 expression in M. tb [113]. Such methylation processes impart a significant
pathogenic characteristic during TB infection. In total, the activity of methyl-
transferases has not been widely considered in M. tb, but the available data in the
kinds of literature point to the potential roles of different mycobacterial methyl-
transferases in enabling theM. tbsurvival in various extreme environments and even
involving the multidrug resistance development and maintaining the diversity [67].

3.3 MiRNA-Based Regulation During Tuberculosis Infection

miRNAs are part of the non-coding RNA family, commonly thought of as an epi-
genetic mechanism because they retain the ability to regulate biological processes [46].
These conserved miRNAs were firstly reported in 2001 [59]. Many such regulatory
RNAs can bind specifically to different target mRNAs encoded by the host genome
and act as an endogenous gene silencer post-transcriptionally [114]. Increasing evi-
dence highlighted the role of commensal microbiota in modulating host gene
expression and maintaining homeostasis by miRNAs [115, 116]. It is interesting, if not
surprising, that true crosstalk can occur between the host and the commensal micro-
biota community. Indeed, microRNAs from the host also can selectively control the
microbiota function. Regulation of microbiota gene transcription and their growth may
result from the entrance of miRNAs to some of them, such as Fusobacterium nu-
cleatum and Escherichia coli. It is confirmed that the host secreted miRNAs also
feedback on the microbiota to maintain the homeostasis [115]. Apart from normal
processes, the role of different miRNAs has also been studied in the progression of
many infections. Bacteria display some strategies based on the induction of specific
miRNA expression to escape from the host immune responses. Focusing on M. tb,
numerous pieces of evidence confirmed the manipulation of host miRNA profiles to
adjust immune genes involved in TB infection [117, 118]. As a matter of fact,
identification of miRNAs profile under different conditions (homeostasis by com-
mensal microbiota or TB infection) opens new doors to evaluate potential new
biomarkers related to the diagnosis, disease monitoring, and different therapeutic
markers in TB infection. Consequently, further evaluations are important to understand
better the regulatory role of miRNAs and more mechanisms that may not yet be
revealed regarding the relationship between miRNAs in TB infection [119].
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4 Conclusion

Nowadays, growing evidence of the importance of human microbiota and epige-
netic mechanisms in TB infection is compelling. However, the role of these issues
during infection should be better explained. Besides, a huge number of mycobac-
terial methyltransferases have received considerable attention in the areas of epi-
genetics and TB infection. In general, commensal microbiota and pathogens play
important roles as epigenome regulators, and epigenetic strategies can be charac-
teristically used to fight for survival and maintain homeostasis. Such data may
change the current perspective of TB infection and help determine the stratification
of the different stages of TB infection and develop useful diagnostic tools for more
efficient prevention and treatment. Finally, understanding the potential of the mi-
crobiota community and epigenetic mechanisms as a biomarker will enable the
development of more effective management strategies for combating TB infection.
Therefore, further research is needed to clarify the correlation between microbiota,
epigenome, and TB infection.

Core Messages

• TB infection may result from the combined interaction of microbiota and
epigenetics, not just an infectious agent effect.

• The term “epigenetic” introduces a biological phenomenon without
directly linking a genotype and its phenotype.

• Commensal microbiota and M. tb can use epigenetic strategies to fight for
survival or maintain homeostasis.

• More than 3% of the M. tb genome is predicted to encode
methyltransferases.

• The study of the correlation between microbiota and epigenetics can be
fundamental for effective TB infection control.
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48The Pathogenesis and Progression
of Sarcoidosis from the Standpoint
of Tuberculosis

Yoshinori Kawabata

The important thing is not to stop questioning; curiosity has its
own reason for existing.

Albert Einstein

Summary

Tuberculosis (TB) is a systemic necrotizing granulomatous disease caused by
Mycobacterium tuberculosis that mainly affects the lungs. Sarcoidosis is a
systemic non-necrotizing granulomatous disease that also mainly affects the
lungs and intrathoracic lymph nodes. In this review, the pathogenesis and
progression of sarcoidosis are discussed from the standpoint of TB. Both
diseases have similar pathogenesis: epithelioid cell granuloma is formed by
activated macrophage function and T helper type 1 cell activity. TB shows early-
and late-onset disease after latent infection. Large amounts of persuasive data
from human and animal experiments support Propionibacterium acnes
(P. acnes) as the causative agent of sarcoidosis. Drug-related sarcoidosis and
sarcoidosis seen in patients with acquired immunodeficiency syndrome during
active antiretroviral therapy are also reviewed. The author understands
sarcoidosis to be an aerogenous infection caused by P. acnes, for which cellular
immunity is necessary to control, as with TB. This understanding is different
from the hypothesis of Eishi in which granuloma formation causes the disease
(endogenous allergic infection). Antibiotic therapy may be an additional choice
for patients with unresolved sarcoidosis in the near future.
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Graphical Abstract
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1 Introduction

Epithelioid cell granuloma formation is the pathological feature shared by tuber-
culosis (TB) and sarcoidosis, although TB also causes caseous necrosis. Both
diseases present with lympho-hematological dissemination into the thoracic lymph
nodes and systemic organs. The cause and pathogenesis of TB are clear, even if the
exact mechanism requires further investigation, while those of sarcoidosis are not
well elucidated yet. This review attempts to explain the cause, pathogenesis, and
progression of sarcoidosis compared to that of TB.

Simplified schema of sarcoidosis pathogenesis. Ordinarily, macrophages can control antibody-
attached Propionibacterium acnes(P. acnes) by phagocytosis. However, macrophages in sarcoidosis
cases cannot control antigen-attached P. acnes, and the microorganisms proliferate in the
macrophages. Mainly with the help of CD 4+ cells, macrophages phagocytosing P. acnes transfer
into epithelioid cell granulomas (ECGs). When P. acnes is sterilized by these ECGs, the granulomas
finally disappear. If ECGs cannot sterilize P. acnes, fibrosis progresses around these granulomas
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2 Pathogenesis of Tuberculosis

2.1 Human Pathology

TB is caused by Mycobacterium tuberculosis (M. tb) inhalation, and less than 10%
of infected persons develop TB. The pathology of TB was mostly established by the
1950s [1–4]. Following primary infection, a continuous process occurs in which
alveolar macrophages (A Mus) engulf M. tb, but M. tb can proliferate in AMus,
which results in cell death (limit is up to 40 Mtbs per one Mu) [5], and this process
continues. AMus engulfing M. tb move to the intrathoracic lymph nodes and
sometimes enter the bloodstream (lympho-hematological dissemination). Cellular
immunity develops around six weeks after primary infection; the tuberculin reaction
and interferon-gamma release assay (IGRA) become positive, and a few patients
show the early onset of TB [1–4, 6]. The primary focus (with/without subsequent
nearby, aerogenous foci) and intrathoracic lymph node lesions (the primary com-
plex) suddenly undergo caseous necrosis following exudation in which necrotic
lung tissue structure is preserved as confirmed by elastic tissue staining or reticulin
fiber staining. The caseous necrosis is soon surrounded by an epithelioid cell layer
and later by fibrosis, and progression of the tuberculous lesions stops [1–4, 7].
Large numbers of M. tb are contained in this exudative type of caseous necrosis [2,
3, 8]. Lympho-hematological dissemination also ceases at this time. These phe-
nomena are thought to be mainly due to T helper type 1 (Th1) cell activity and
activated Mu function [9–11]. After establishing cellular immunity, M. tb bacteria
spilling out from areas of caseous necrosis are engulfed by activated AMus. They
can be contained in epithelioid cell granulomas without further M. tb growth [2].

There are two types of TB: early-onset and late-onset. Early-onset disease
indicates:

• the failure of containment at the primary focus with cavitation;
• intrathoracic lymph node swelling;
• lympho-hematological dissemination called early miliary tuberculosis; and
• pleuritis.

The ratio of each lesion reported among patients in Japan and Sweden was 47%
and 62% for intrathoracic lymph node swelling, 36% and 25% for intrathoracic
lymph node swelling + pulmonary lesions, and 17% and 3% for pulmonary lesions
only, respectively [6, 12] (Table 1). The patients in Sweden suffered from a con-
centrated infection with symptomatic onset.

Except for the small percentage of patients with early-onset TB, the remaining
infected persons develop the latent infection. Most incidences of chronic onset are
of chronic pulmonary TB. Previously, the original location of chronic pulmonary
TB was thought to be the primary focus [2–4, 13] or the hematogenously dis-
seminated focus [14–16] in the lung apex. The reason for this apical predisposition
has been discussed for quite some time, but it remains unresolved [9]. Iwasaki
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stated that the primary focus in the upper lobe did not heal easily and showed
concentric enlargement (due to necrosis following productive reaction, which
means the fibrous capsule undergoes necrosis) and aerogenous spreading (due to
lysis of necrotic material) to the nearby lung [2].

Presently, latent infection is thought to be the static state worldwide. However,
these theories were recently questioned because of positive IGRA testing performed
at the time of latent infection. To explain positive IGRA results and the protective
effect of preventative anti-tuberculosis drugs for latent infection cases, two new
theories were proposed [17, 18]. Both theories emphasize that M. tb resides in
foamy AMus without being attacked by cellular immune functions, and these
foamy AMus somehow move to the apex and subsequently form tuberculous
lesions. Hunter et al. proposed a three-act play (caseous pneumonia to cavitation)
[17], and Cardona proposed a dynamic reinfection hypothesis (repeated endoge-
nous reinfection with final necrotizing granuloma formation at the apex and cavi-
tation) [18]. Up to now, Hunter et al.’s theory has been supported [19], but how can
foamy A Mus containing M. tb survive, and how can M. tb proliferate at the apex
under preserved cellular immunity? These questions need to be explained in both
theories. Recently, a hypothesis of necrosis-associated extracellular clusters was
proposed [20]. Meanwhile, I proposed dynamic reactivation of the primary focus or
an aerogenously spreading focus due to repeated softening (liquefaction, lysis) and
necrosis following a proliferative/productive reaction (Fig. 1a–d) referring to
Iwasaki’s observation [2], and finally, this enlarged necrotizing granuloma reaches
membranous bronchioles with subsequent softening and cavitation (Fig. 1e–g) [21].
Softening begins with the infiltration of neutrophils [2–4], but the cause of this
softening is unclear. Focal, repeated reactivation, as in my theory, stimulates cel-
lular immunity, which causes the IGRA test to remain positive. Table 2 provides
comparative data to explain the above hypotheses.

Whatever the pathogenesis, cavitation is the beginning of most chronic pulmonary
TB at the apex, followed by intrapulmonary aerogenous spreading. Other types of
late-onset TB are extrapulmonary and late-onset miliary TB. Both result from reac-
tivation of old, latently infected, necrotizing granulomas originally disseminated

Table 1 Initial radiological changes of early-onset tuberculosis

Japan Sweden

Subjects 2328 65

Discovery method Health screening Fever onset

Tuberculin reaction All positive All positive

Incubation period Within three months 31–46 days

Fever – 65 (100%)

Lymph node swelling 3.6% (47%) 34 (62%)

Lymph node swelling + Lung infiltration 2.8% (36%) 16 (25%)

Lung infiltration 1.3% (17%) 2 (3%)

Erythema nodosum – 12 (18%)
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hematogenously at the time of the primary infection, and miliary TB is suspected to
result from direct invasion of reactivated lesions into the bloodstream.

Patients with a marked decrease of CD4 + cells, such as that caused by advanced
acquired immunodeficiency syndrome (AIDS), cannot produce well-formed epithe-
lioid cell granulomas or caseous necrosis, and large numbers of M. tb increase in the
lesions [22, 23]. There are many reports of anti-tumor necrosis- a (TNF-) treatment
reactivating latent (TB) infection [24–28]. Especially, Gómez-Reino et al. reported
that the estimated incidence of TB associated with infliximab in rheumatoid arthritis
patients was 1893 per 100,000 in the year 2000, whereas the annual incidence of TB

Fig. 1 Pathological findings of pulmonary tuberculosis: a, a 5-mm-sized encapsulated caseous
lesion found by chance at the time of lobectomy for lung cancer. Deposition of calcification was
noted in various forms (arrow). Hematoxylin–eosin (HE) staining, � 20; b, a fibrous capsule
around snowman-shaped, fused caseous lesions underwent necrosis (called necrosis following
productive reaction), forming a 5-mm-sized enlarged lesion. Elastica van Gieson stain, � 20; c,
multiple areas of caseous necrosis showing disruption of reticulin fibers (s: softening and lysis)
surrounded by dense collagen and increased reticulin fibers (c). Reticulin fiber staining, � 200; d,
remaining Langerhans-type giant cell in the fibrotic capsule (wall). HE staining, � 800; e, a
macroscopic feature of an approximately 17-mm-sized caseous lesion communicating with one
bronchiole (arrow); f, a panoramic microscopic feature of (e) showing the discharge of necrotic
material into the draining bronchiole. The red arrow indicates the orifice of the bronchiole, and the
black arrow in the inset indicates the epithelioid cell granuloma of the capsule. Reticulin fiber
staining; g, loss of lung tissue in the area of softening and increased collagen fibers and reticulin
fibers in necrosis (necrosis following productive reaction, part of the image in f). Reticulin fiber
staining, � 40
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in inhabitants and rheumatoid arthritis is much lower [26]. The subject of exogenous
reinfection tuberculosis will be omitted.

In this review, I will emphasize the role of Th1 cells and activated Mus for
protective immunity. However, there are other modifiers of the inflammatory pro-
cess, such as Th 17 cells, T helper type 2 (Th2) cells, Th1/Th2 balance, CD8 cell
subset, regulatory T cells, innate immunity (including Mu differentiation to M1 and
M2), and dendritic cells, which are not addressed in this review.

2.2 Animal Experiments in Tuberculosis

Animal experiments using primates opened a new era in understanding human TB.
Various results were reported using cynomolgus macaques infected with small
numbers ofM. tb introduced via the airway. Caseous necrosis occurred quickly during
granuloma formation at four weeks after infection together with the development of
cellular immunity typical for the production of IFN-c and also when the numbers of
M. tb rose to around 104 per one focus [29]. This model resulted in active TB, latent
TB infection, and endogenous reactivation [30], and it could also reproduce the
immune-depleted state [31, 32]. The character of the second infection was different
from that of the first infection, as cellular immunity was already established [33].

3 Causes, Pathogenesis, and Progression of Sarcoidosis

Many recent review papers [34–37], except for one review in 2017 [38], have
considered sarcoidosis to be an immune-inflammatory granulomatous disease of
unknown etiology, rather excessive immune response to unknown antigens or an
autoimmune disease. Sarcoid granuloma development has been linked to an
immune response triggered by microorganisms or products, according to a study by
Inaoka et al. [36].

Table 2 Comparative data concerning sources of chronic pulmonary tuberculosis

Origin Location Size
(diameter)

Numbers of
M.
tuberculosis

Progression
Apical predisposition

Foamy cells Foamy cells 15 lm Up to 40 Granuloma or lipid
pneumonia to caseous
pneumonia with
subsequent cavitation

Hematogenous
apical spread

Granuloma ± necrosis 300 lm Small
numbers

Primary focus Necrotizing granuloma 3 mm 104 CFU
(primates)

Enlargement by repeated
lysis and necrosis with
subsequent cavitation
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3.1 Causative Agents

The histological feature of sarcoidosis is well-formed epithelioid cell granulomas
similar to one type of tuberculous lesions. M. tb has been suspected of being the
causative agent for quite some time now [39, 40]. Meta-analysis has also supported
M. tb as a candidate for the causative microorganism [41, 42]. However, the
essential weak points in these suppositions are that M. tb remains to be cultured
from sarcoid lesions, and the presence of M. tb causes TB, not sarcoidosis.

In contrast, Propionibacterium acnes (P. acnes) has been cultured from sar-
coidosis patients’ lymph nodes at a high incidence (76–90%) and high concentra-
tion. However, P. acnes was also cultured from non-sarcoidosis patients’ lymph
nodes at a low incidence (20–57%) and low concentration in 1978 and 1984,
respectively, in Japan [43, 44]. P. acnes, a ubiquitous gram-positive anaerobe found
across body sites, is considered an indigenous bacterium (i.e., normal bacterial
flora) [45, 46], and the numbers of C. acne in hair follicles increase rapidly around
puberty and peak at age 15–19 years [47]. P. acnes is suspected of causing acne
vulgaris [48]. Because of its presence in the normal bacterial flora and because
lymph nodes in non-sarcoidosis cases contain P. acnes, this microorganism has not
been accepted as a causative agent of sarcoidosis until recently.

When a specific microorganism such as P. acnes is considered to be the cause of
sarcoidosis, two questions have to be answered:

i. why do only limited numbers of people get sarcoidosis?
ii. is granuloma formation a form of protective immunity as in tuberculosis and

leprosy or an allergic reaction as in berylliosis?

3.2 P. Acnes and Culture with Inflammatory Cells

Cell cultures have shown that human polymorphonuclear leukocytes cannot kill
P. acnes in any incubation mixture but that human monocytes reduce P. acnes
viability in the incubation of serum from patients with acne vulgaris [49]. Another
study showed that P. acnes can survive in human Mus but cannot replicate or
escape [50]. These results suggest that most human Mus can kill P. acnes or control
its infection with the help of the antibody to P. acnes, whereas polymorphonuclear
leukocytes cannot kill P. acnes even with the help of the antibody when P. acnes
infects or invades the lungs.

3.3 Comparison of P. Acnes in Sarcoidosis Patients
and Non-sarcoidosis Cases

I compared various cases of sarcoidosis and non-sarcoidosis to determine whether
P. acnes is the causative bacterium (Table 3).
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The Eishi group vigorously studied the relationship between P. acnes and sar-
coidosis following previous Japanese reports that P. acnes was cultured from lymph
nodes in patients with sarcoidosis, as stated previously [43, 44]. Ishige et al.
reported that P. acnes DNA was found in 80% of sarcoidosis patients’ lymph nodes
and in 20% of non-sarcoidosis lymph nodes [51]. They extended these findings and
also studied European patients. In patients from three European countries, a high
incidence (82–100%) of P. acnes DNA was found in the sarcoidosis patients,
whereas a low incidence (19–66%) of P. acnes DNA was found in the control
cases, and the amount of DNA was statistically higher (greater than log1) in the
sarcoidosis patients than in the control cases [52]. Hiramatsu et al. reported that
P. acnes DNA was found in bronchoalveolar lavage (BAL) cells from 70% of
sarcoid patients and from 23% of controls by polymerase chain reaction (PCR), and
P. acnes DNA was found in the cytoplasm of 0.2–2.8% of AMus from three
sarcoidosis patients [53]. In BAL cells from sarcoidosis patients, the mean amount
of P. acnes DNA was substantially greater than that found in controls, according to
Ichikawa et al.’s research [54]. Ichikawa et al. used a more sensitive method than
Hiramatsu et al. [53, 54]. The lung is at the frontline of infection, and P. acnes
begins to increase in the AMus. So, it is reasonable for there to be around a
three-fold difference (60:21 genomes) between patients and normal persons in the
AMus as frontline cells and a more than log1 difference between the internal organs
(mediastinal lymph nodes).

Around puberty, most young people suffer from acne vulgaris. An antibody
against P. acnes was observed in 100% of young patients with acne vulgaris and in
40% of young normal controls. Patients with acne vulgaris positive for P. acnes
showed a significantly higher titer than negative patients, and the titer generally
correlated with the severity of the acne vulgaris [55]. Schupp et al. reported that
P. acnes-IgGs but not that of the anti-P. acnes-IgAs were significantly increased in
the BAL fluid of sarcoidosis patients compared with that of healthy volunteers [56].
Cellular immunity to P. acnes was noted only in sarcoidosis patients [57, 58].
Meanwhile, Ishige et al. reported that P. acnes was cultured from the lung (50%),
mediastinal lymph nodes (73%), gastric lymph nodes (50%), and intestinal lymph
nodes (25%) from non-sarcoidosis cases, but the numbers cultured were small
compared with those of sarcoidosis patients [59]. Recently, a meta-analysis has also
supported P. acnes as a candidate for the causative microorganism rather than M. tb
[42].

Table 3 Comparative data between sarcoidosis patients and non- sarcoidosis cases

Culture of P. acnes P. acnes DNA Antibody Cellular
immunity

Sarcoidosis
patients

High incidence and
high numbers

High incidence and
high amount

100% and
high titer

Positive

Non-sarcoidosis
cases

Low incidence and
small numbers

Low incidence and
a small amount

High %
and low
titer

Negative
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In summary, the antibody and P. acnes itself (whether revealed by culture or
DNA testing) were found at a high incidence and high titer, numbers, or amounts in
sarcoidosis patients, and at a low incidence and low titer, numbers, or amounts in
non-sarcoidosis cases, and cellular immunity against P. acnes was only noted in
sarcoidosis patients (Table 3). How can these results be explained? I propose a
simplified schema of sarcoidosis pathogenesis in Graphical Abstract to explain the
two previous questions. I suppose the essential difference between sarcoidosis and
non-sarcoidosis cases might lie in the ability of Mu. Mu in non-sarcoidosis cases
can control P. acnes inhaled into the lung through the assistance of the antibody to
P. acnes. In some cases, P. acnes can survive in Mu as a latent infection in various
organs, including the lymph nodes. Even with repeated inhalation, Mu of
non-sarcoidosis cases can control P. acnes. Contrastingly, Mu of sarcoidosis
patients cannot control P. acnes and frequently permit its proliferation, which is
why the high antibody titer and high antigen numbers persist in sarcoidosis patients.
This may be related to some deficiency of innate immunity (mainly Mu function).
Sarcoidosis patients need to develop cellular immunity with the help of CD4 + cells
and enclose proliferating P. acnes by forming epithelioid cell granulomas.
Although most patients can sterilize P. acnes in the granulomas, a small number of
patients cannot do this, thus leading to the subsequent progression of fibrosis around
granulomas and new granuloma development.

3.4 Animal Experimental Data

Extrapulmonary sensitization of P. acnes in mice led to pulmonary granulomas,
which were treated with antibiotics, according to Nishiwaki et al. [60]. Werner and
colleagues found that intratracheal instillation of P. acnes into mice caused gran-
ulomatous lesions. There was an increase in the frequency and size of granulo-
matous lesions in mice lacking in the adaptor of innate immunity [61]. Intravenous
P. acnes injection into sensitized rabbits generated extensive and widespread lung
granulomatous nodular lesions in only three days, according to Ichiyasu et al.’s
study [62]. It is clear that P. acnes can cause granulomatous lesions somewhat
resembling the epithelioid cell granulomas seen in sarcoidosis and that antibiotics
can alleviate them. Unfortunately, no animal experiments have succeeded in pro-
ducing continuous epithelioid cell granuloma formation or latent infection with
endogenous reactivation [63, 64].

3.5 Genetic Predisposition

The incidence and mortality of sarcoidosis vary [65–67]. Genetic predispositions,
including human leucocyte antigen (HLA), were studied vigorously [68–72].
Among sarcoidosis patients, genetic differences were found between patients with
Löfgren’s syndrome and non-Löfgren sarcoidosis and between patients with
Löfgren’s syndrome [73–76].
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Nucleotide-binding oligomerization domain (NOD) 1 plays a role as a pattern
recognition receptor for bacterial peptidoglycan. Allelic discrimination of NOD1
was found in Japanese sarcoidosis patients [77]. This variation causes recognition
impairment of intracellular P. acnes. Another genetic risk factor for sarcoidosis was
also reported [78].

3.6 Histological Findings of Sarcoidosis and Correlation
with P. Acnes

The unit lesion of epithelioid cell granuloma is about 300 lm in size and is a
well-defined nodule composed of epithelioid cells and lymphocytes.
Ultra-structurally, the not mature epithelioid cell is rich in the rough endoplasmic
reticulum, whereas the mature epithelioid cell is rich in Golgi apparatuses and
storage vesicles [79]. CD4 + cells are located rather diffusely in the nodule, small
numbers of CD8 + cells are located at its periphery, and B cells are scant around
the nodule [80, 81] (Fig. 2a–e). CD4 + cells are mainly of the Th1 subtype and
produce interleukin-2 and interferon-c [82]. Reticulin fibers proliferate around and,
in the granuloma, and the degree depends on the stage of the granuloma (Fig. 2f).
The fate of granulomas alternates between hyalinization and resolution [83].
Granulomas are present in lymphatic routes of the lung—around bronchovascular
structures, bronchial submucosal tissues, interlobular septa, and the visceral pleura
—and tend to conglomerate in the lungs [81, 83–87].

The presence of P. acnes in the lesions was found pathologically. Negi et al.
investigated this immunohistochemically using specific antibodies for P. acnes (PAB
antibody and TIG antibody) [88]. Immunohistochemistry using the PAB antibody
revealed a high percentage of small round bodies within sarcoid granulomas of the
lungs and lymph nodes examined from two countries. Many small round bodies were
observed in the immature granulomas, whereas only a few or none were present in
the mature granulomas (Fig. 3a). In non-granulomatous areas, many small round
bodies were found in AMus (Fig. 3b) and Mus of paracortical lymph nodes from
sarcoidosis patients and some from non-sarcoidosis cases. Brown-colored, large,
spheroidal, acid-fast Hamazaki-Wesenberg (HW) bodies were noted in 50% of the
sarcoid and 15% of the non-sarcoid lymph nodes. Both PAB and TIG antibodies
reacted with HW bodies in the sarcoid lymph nodes. Electron microscopy showed
that HW bodies had a single bacterial structure and lacked a cell wall suggestive of
the bacterial L form [88]. Immunohistochemical proof of P. acnes was also reported
in the granulomas of many extra-thoracic organs [89–92].

Recently, Suzuki et al. reported that small round bodies attached to IgA and IgM
were abundantly detected at a high percentage in sinus Mus of sarcoid lymph node
samples compared with non-sarcoid samples [93]. They speculated that:

• P. acnes are endogenously reactivated microbiota in the lung and lymph nodes;
• P. acnes proliferate (the L form produces many round bodies) in Mus and

perforate the Mus;
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• IgA and IgM attach to the surface of round bodies; and
• then the round bodies are engulfed by Mus.

Due to delayed-type hypersensitivity, epithelioid cell granulomas are formed to
control P. acnes. Eishi stated that sarcoidosis is an endogenous allergic infection
due to P. acnes [94], and the above data support this hypothesis. Regardless of the
different viewpoints concerning the role of granuloma formation, P. acnes is closely
correlated with sarcoidosis. Leheste et al. support P. acnes as a causative agent of
sarcoidosis with reservation [95]. I support the etiological role of P. acnes. Still, I
speculate that only sarcoidosis patients have to drive cellular immunity to control
the proliferation of P. acnes because even with the help of antibodies and com-
plements, Mus cannot control engulfed P. acnes, as stated in Section “Comparison
of P. Acnes in Sarcoidosis Patients and Non-sarcoidosis Cases”. I understand that
sarcoidosis is an exogenous infection due to P. acnes, which requires cellular

Fig. 2 Histological features of sarcoidosis in the lymph node: a, the lymph node is filled with
granulomas. Hematoxylin–eosin staining (HE), panoramic view; b, each epithelioid cell
granuloma is well-formed and composed of epithelioid cells with an unclear border. HE, � 200;
c, diffuse infiltration of CD4 + cells into the granulomas. Immunostaining using an anti-CD4
antibody. � 200; d, peripheral infiltration of CD8 + cells in the granulomas. � 200; e, Infiltration
of CD20 cells only around the granulomas. � 200; f, granulomas are surrounded by fine reticulin
fibers and mild reticulin fibers in the granulomas (mainly proliferative-stage granuloma) using
reticulin staining, � 100
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immunity, as in TB. It is outside the scope of this review to consider the
immunopathogenesis of sarcoidosis, including various inflammatory cells, gene
expression, cytokines, and others.

3.7 Early-Onset Sarcoidosis Following Primary Infection
and Disease Patterns

Intrathoracic sarcoidosis is grouped or staged as follows:

i. stage 1, swelling of bilateral hilar and mediastinal lymph nodes (BHL);
ii. stage 2, BHL + the lungs;
iii. stage 3, the lungs only without fibrosis; and
iv. stage 4, the lungs with fibrosis with/without non-fibrous shadows in 1961 [96]

Fig. 3 Intra-alveolar granulomas and proliferation of P. acnes in the lung as evidenced in a patient
with drug-induced sarcoidosis [120]: a, small numbers of round bodies are noted in the immature
epithelioid cell granuloma. Immunostaining using a specific antibody for P. acnes (PAB antibody
stain by Dr. Eishi), � 200; b, macrophages are studded with many small round bodies.
Immunostaining using PAB antibody, � 600; c, nodular-shaped conglomerated epithelioid cell
granulomas in the lung. Hematoxylin–eosin staining (HE), panoramic view; d, one granuloma
located at the periphery is clearly located in the alveolar lumen. HE, � 200; e, the location of this
granuloma in the alveolar lumen was confirmed by immunostaining using an anti-keratin
antibody, � 200

1014 Y. Kawabata



As indigenous bacteria, P. acnes is a microbe residing on the skin and in other
areas, including the mouth [50, 95]. As stated earlier, P. acnes was cultured from
the lungs of non-sarcoidosis cases (50%) [59], and thus, P. acnes might be
repeatedly inhaled. The initial age of primary infection is unclear, but I speculate
that it might be around puberty. Many children suffer from acne vulgaris around
puberty [55], and they will burst pimples or scratch hair dandruff containing many
P. acnes bacteria, thus releasing them into the environment. Of course, there are
many chances to inhale P. acnes in crowded public spaces as their incidence
increases in certain seasons [73, 97].

Iwai et al. reported that epithelioid cell granulomas were only found in the lungs
and intrathoracic lymph nodes in 23 of 320 sarcoidosis autopsy cases. Some
showed granulomas at an early, proliferative stage in the bilateral lungs and
intrathoracic lymph nodes [98]. These cases were speculated to have early onset of
sarcoidosis. Their findings indicated that the causative agent (P. acnes) first entered
the lungs, where AMus engulfed it and then spread to the intrathoracic lymph
nodes, similar to the primary infection with M. tb except for the bilateral
involvement.

There is no definite concept of early-onset sarcoidosis yet. However, I suppose
that early-onset sarcoidosis corresponds to stage 1 (BHL), roughly to stage 2
(BHL + the lungs), and a part of stage 3 (the lungs only) (Fig. 4). Health screening
data can be used to detect early-onset sarcoidosis. Nagai et al. reported that people
in their 20 s had the greatest incidence (> 50%) of BHL ± the lungs compared with
other ages, and in the 1960s, health screening revealed an incidence of 55% in
20-year-olds and 36% in 10-year-olds [99]. However, the incidence in 10-year-olds
gradually decreased by age, which was somewhat related to a decrease in school
mass screenings. Izumi reported on the incidence of radiological patterns of
symptom-free sarcoidosis found by health screenings, in which BHL was 77%;
BHL + the lungs was 18.4%; and the lungs only was 4.5% (these ratios somewhat
resembled those of early-onset TB shown in Table 1), and found that spontaneous
remission of BHL occurred within five years in 97% of those screened [100]. It is
not clear from Izumi’s paper whether the lung-only cases showed an alveolar
pattern or reticular pattern along the lymphatics. Nevertheless, it is speculated that
most early-onset sarcoidosis cases showed only BHL in Japan. Nowadays, no such
data are available because Japan stopped health screening in youth because of
radiation damage and the overall decrease in intrathoracic TB. In Sweden, mainly
through health screening (57% by health screening and 10% by chance), BHL was
detected in 73%, BHL + the lungs in 21%, and the lungs only in 6% of the subjects
aged 14–44 years, and spontaneous remission of BHL had occurred in 82% within
five years [101]. Shigematsu et al. compared 20 cases of pulmonary acinar shadows
with BHL with 20 cases of reticulonodular shadows without BHL. Age was not
statistically different between the two groups. The former group showed almost
total spontaneous regression in 67% within nine months, and 100% had
intra-alveolar granulomas (Fig. 3c–e) [102]. This group can be considered to have
early-onset sarcoidosis because the granulomas were located in the alveolar space
(aerogenous spreading) and not in the lymphatic routes. Battesti et al. also reported
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33 cases of sarcoidosis (mean patient age, 28 years) showing infiltrative shadows
and 27 also showing BHL. The infiltrative shadows always disappeared, with or
without steroid treatment [103]. They concluded that alveolar sarcoidosis (granu-
lomas in the alveolar space) is a distinct, acute form of sarcoidosis [102, 103].
These reports can be considered indicative of the early-onset form of pulmonary
sarcoidosis following primary infection. Quite rarely, acute onset showing alveolar
shadows and BHL with hypoxia was reported [104, 105], but it is not clear whether
these persons inhaled large amounts of causative agents.

BHL is one of the features of Löfgren’s syndrome, and the prognosis is good
even if patients present with the symptoms of fever, erythema nodosum, and pol-
yarthralgia. Löfgren’s syndrome also seems to be a form of the early-onset of
sarcoidosis, even if the mean age of the patients is 30 to 40 years old, that shows
somewhat excessive cellular immunity (a lung accumulation of CD4 + T cells
expressing a particular T-cell receptor for an antigen) and relation to a genetic factor
(HLA-DRB1*03 positivity) [73–75, 97, 106]. Authors reporting on Löfgren’s
syndrome speculated that the incubation period might be around one month [73,
97]. Some hypersensitivity reactions might be related to acute alveolar sarcoidosis
and Löfgren’s syndrome because they both present similar symptoms and show
marked improvement with steroid therapy. Iwai et al. also reported cases of
early-stage systemic dissemination [98], which may be a counterpart of early-onset
miliary TB.

In summary, patients with a disease pattern of BHL only, BHL + the lungs with
infiltrative shadows (with intraluminal granulomas), and infiltrative lung shadows
seem to have early-onset sarcoidosis and have a good prognosis.

3.8 Chronic Sarcoidosis, Mainly Pulmonary Sarcoidosis

There is no concept of late-onset sarcoidosis similar to that of TB, and the relative
ratio of late-onset sarcoidosis compared with early-onset sarcoidosis is presently
unclear as health screenings are no longer performed anymore. Izumi reported that
among sarcoidosis cases found from 1963 through 1986, 60% were asymptomatic
cases found during health screening, 3% were found by chance during examinations
for other unrelated diseases, and 37% were found based on symptoms [100]. Most
incidences of stage 3 and all of stage 4 might correspond to chronic pulmonary
sarcoidosis (Fig. 4). Here, chronic pulmonary sarcoidosis is discussed as the main
candidate of late-onset, chronic sarcoidosis. Patients with chronic pulmonary sar-
coidosis showing extensive reticulonodular shadows are generally seriously ill.
Pathological findings of end-stage pulmonary sarcoidosis showed moderate to
severe fibrosis mainly along lymphatic routes with upper lobe shrinkage, focal
vascular stenosis, bronchial stenosis, bronchial dilatation, and even honeycombing
or multiple cysts [86, 87, 107–109]. Histologically, epithelioid cell granulomas
remained in the areas of fibrosis, but mostly, granulomas underwent atrophy or
hyalinosis, and the degree of interstitial inflammation was mild to moderate [98,
107–109]. It is thought that sarcoidosis fibrosis originates in a state of chronic,
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uncontrolled inflammation and is helped by pro-fibrotic genetic characteristics and
immunological responses [110, 111].

There are many unanswered areas concerning the development of chronic pul-
monary sarcoidosis. It is unclear whether endogenous reactivation occurs sometime
after latent infection or gradual, ongoing progression occurs from the beginning of
infection with or without a mild, unrecognized BHL stage (Fig. 4). The presence of
HW bodies was reported in the lymph nodes of sarcoidosis patients, as stated earlier
[88, 94], so some sarcoidosis patients do appear to go through a stage of latent
infection. It is well known that the main location of the granulomas in the lungs is
along the lymphatic routes, but the essential point is how this lymphatic spreading
takes place. In M. tb infection, lymphatic spreading stops after the development of
cellular immunity [1, 2]. Further, the intrapulmonary lymphatic route is used only
temporarily as a route of passage, and usually, no granulomas are noted in the
pulmonary lymphatic system in chronic pulmonary tuberculosis. So, do A Mus that
engulf P. acnes remain for a long time in the lymphatics without the development
of cellular immunity, or are there repeated airway inhalation with subsequent
lymphatic spreading? Then, following the proliferation of P. acnes and the
development of cellular immunity, are epithelioid cell granulomas formed at these

Early onset

Chronic onset

BHL

BHL+lungs

Lungs

Frequency

Time course

Fig. 4 Speculated natural courses of sarcoidosis. Analogous to tuberculosis, sarcoidosis also can
be divided into early-onset and chronic onset. Bilateral lymph node (BHL)-only cases show good
prognosis as with Löfgren’s syndrome, whereas BHL + the lungs cases show a somewhat
protracted course, but cases associated with infiltrative pulmonary shadows have a good prognosis.
Lungs-only cases that show infiltrative shadows also have a good prognosis. Whether a BHL stage
is present in the natural history of chronic onset has not been well studied, but the clinical course is
chronic and generally protracted with progressive fibrosis, and pulmonary shadows are
characterized by diffuse reticulonodular shadows along lymphatic routes
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locations due to endogenous reactivation, or can the AMus engulfing P. acnes
move into the lymphatics even after cellular immunity develops (secondary com-
plex formation)? Under normal conditions of cellular immunity, small numbers of
M. tb are contained and killed in the granulomas, and they usually regress without a
trace [2]. Spontaneous regression of BHL in sarcoidosis patients might follow the
same process. Fibrosis around granulomas is considered wall formation to prevent
the proliferation of microorganisms in the granuloma. Future studies will need to
investigate why some patients show a continuous progression of fibrosis and
structural remodeling of the lungs even after granuloma formation and to elucidate
the genetic factors that result in the inability to kill P. acnes and stop inflammation
(Graphical Abstract).

3.9 Drug-Related Sarcoidosis and Sarcoidosis in Treated
Cases of AIDS

There are many review articles on drug-induced sarcoidosis, which is generally
considered a paradoxical reaction or the development of autoimmune disease [112–
115]. There are many reports of sarcoid-like granulomatosis in patients treated with
anti-TNF-a [116–118]. Daïen et al. reported that the median time between
anti-TNF-a introduction and granulomatosis diagnosis was 18 (range 1–51) months
and that lymph node and/or lung involvement was observed by computed tomog-
raphy scanning of the chest in eight of ten patients, with improvement in all patients
after discontinuation of drugs with or without steroids [116]. They also reported that
P. acnes, but not M. tb, was cultured in one case and speculated that the incidence
of sarcoid-like granuloma was 1/2800 (35.7/100,000) among treated patients.
Isshiki et al. also reported the immunohistochemical presence of P. acnes in the
granuloma [118]. Anti-TNF-a treatment significantly affects both innate and
adaptive immune responses to various pathogens [119]. So, as another explanation,
due to the suppression of CD4 cells but also Mu function, patients become sus-
ceptible either to early-onset sarcoidosis or to endogenous reactivation of P. acnes
in Mus. Eishi also speculated that latently infected P. acnes might be reactivated by
anti-TNF-a treatment, resulting in sarcoidosis in certain susceptible subjects among
those treated [94]. Figure 3 shows bilateral nodular shadows in a patient under-
going anti-TNF-a treatment. Clear intra-alveolar growth of granulomas was noted
(Fig. 3d, e), with numerous round bodies embedded in the Mus (Fig. 3b) and small
numbers of round bodies in the granuloma (Fig. 3a) as shown by anti-PAB antibody
staining (this case was reported without immunostaining [120]). This might be a
case of early-onset sarcoidosis following anti-TNF-a treatment.

Judson et al. reported a high incidence of sarcoidosis (154/100,000) following
anti-CD25 antibody therapy [121]. In addition, sarcoidosis was induced by immune
checkpoint inhibitors and by interferon-a and b treatment [122–125]. These drugs
are not supposed to reduce Mu function or Th1 cell function, so investigation of the
causative mechanisms is mandatory.
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The development of sarcoidosis was also reported after antiretroviral therapy in
AIDS patients [126–130], which, fortunately, can now be controlled by antiretro-
viral therapy. Approximately 75% of the human immunodeficiency virus (HIV)-
infected patients showed sarcoidosis have CD4 cell counts above 200 cells/mL.
Most show a significant decrease of HIV viral load and radiological findings similar
to those of non-AIDS sarcoidosis cases [129]. The association of sarcoidosis is
interpreted as immune reconstitution inflammatory syndrome [126, 129, 130]. HIV
can infect both CD4 + cells and Mus and causes immunodeficiency of both cell
types [131–133]. I speculate that with some functional recovery of CD4 + cells and
Mus, the significant proliferation of P. acnes in Mus can be controlled through
epithelioid cell granuloma formation. Diffuse histiocytosis containing high numbers
of non-tuberculous mycobacteria is a well-known pathological feature of the
immunodeficiency state [134–137].

In both of the above instances, I would hope that immunostaining using an
anti-PAB antibody can be performed to confirm whether P. acnes is present in the
granuloma. Then, we can settle the issue of whether secondary sarcoidosis is either
of infectious origin or is a paradoxical immunological reaction or an immune
reconstitution inflammatory syndrome.

3.10 Sarcoidosis Therapy

P. acnes has been the major antigen for sarcoidosis development [35, 36, 56, 93, 94,
138–141]. First published in 1999, it indicated that the symptoms and/or evidence
for corticosteroid therapy are controversial [142]. Systemic therapy is less evident
in pulmonary and extrapulmonary diseases. To treat pulmonary sarcoidosis, experts
recommend 20–40 mg prednisolone per day [142, 143]. Various immunosuppres-
sive and cytotoxic agents, including anti-TNF-a have been used with varying
degrees of improvement, but they are complicated by side effects [144–149] and
even failure [150]. The above concept might continue to be accepted for some time.
Recently, Le et al. explained that targets could be extended to prevent fibrosis (M2
macrophage polarization) and not just suppress Th1-type inflammation [151].

In cutaneous sarcoidosis, minocycline treatment resulted in a good response
(improvement in 20/27 and 10/12 patients, respectively), and an immunomodu-
lating effect or an anti-infectious effect was speculated [152, 153]. In addition, there
are anecdotal reports of antibiotic therapy for sarcoidosis resulting in improvement
[154–156]. The Japanese Antibacterial Drug Management for Cardiac Sarcoidosis
(J-ACNES) trial was recently started in 2018 [157]. Yamaguchi et al. reported that
minocycline therapy was less effective than doxycycline therapy for sarcoidosis
(skin: 18.8% vs. 30.6%, systemic symptoms: 18.2% vs. 34.8%) and showed more
complications (40.3% vs. 25.5%) [158, 159]. From a different standpoint, Drake
et al. reported effective antimycobacterial therapy for sarcoidosis [160, 161], but
there have been no subsequent reports. I speculate antimycobacterial therapy might
also be effective for P. acnes.
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I think that P. acnes is the causative agent of sarcoidosis based on the data from
the Eishi group, and I also think that granuloma formation is a protective reaction—
not a hypersensitivity or allergic reaction—because granuloma formation reduces
the numbers of P. acnes [88]. The Eishi group also indicated some protective role
of granuloma formation [94]. Only limited, small numbers of infected patients
progress to disease, mainly presenting as BHL. Without health screening, most
cases at the BHL stage might be overlooked. When BHL + pulmonary shadows or
pulmonary shadows alone do not regress during follow-up, prompt, appropriate
antibiotic therapy might be another treatment choice as antibiotics can kill or reduce
the numbers of P. acnes with subsequent disappearance of granulomas. When the
pulmonary shadows become fibrotic and irreversible, antibiotic therapy might not
be effective. However, I would not deny using prednisolone, immunosuppressive
drugs, or antifibrotic drugs as supplementary drugs.

3.11 Remaining Subjects

It is suspected that patients with sarcoidosis have some defect of Mu function [77],
and I speculate this is so, but it needs to be confirmed by a cell culture system
(using control blood monocytes and patient blood monocytes co-cultured with
P. acnes with/without antibody to P. acnes and complement). As M. tb antigen was
previously confirmed from sarcoidosis lesions [40–42], the reason for this finding
needs to be clarified in the future. An animal model that presents active disease,
latent infection and re-exacerbation is needed, as it can be used to examine drug
effects and understand pathogenesis, among others. As the locations of chronic
pulmonary sarcoidosis are predominantly via lymphatic routes, the reason why
cellular immunity cannot prevent lymphatic spreading needs to be clarified.
Unfortunately, the data on anti-P. acnes antibiotic therapy are scant, and
wide-ranging trials are indicated using patients with unresolved lesions and not
end-stage lesions to confirm whether antibiotics should be the drug of the first
choice.

4 Conclusion

The etiology of sarcoidosis still has not been clarified. However, from the ample
confirmative evidence presented by the Eishi group, we must accept that the eti-
ology of sarcoidosis is P. acnes. The mechanism of epithelioid cell granuloma
formation might be similar to that of M. tb infection. Still, there are some essential
differences between M. tb infection and P. acnes infection. M. tb infection causes a
primary complex with caseous necrosis in almost all those infected and leaves them
IGRA positive. In contrast, histological traces of P. acnes infection are not clear,
and there is no cellular immunity to P. acnes except in sarcoidosis patients. Chronic
pulmonary TB generally begins with cavity formation at the apex and spreads
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aerogenously, whereas chronic pulmonary sarcoidosis predominantly shows a
generalized spread along lymphatic routes. I hope antibiotic therapy may help
prevent deaths from uncontrolled sarcoidosis in the near future.

Core Messages

• It is unique to think about the pathogenesis of sarcoidosis from
the viewpoint of tuberculosis.

• Evidence shows Propionibacterium acnes as the causative agent of
sarcoidosis.

• Antibiotic therapy can be considered as a treatment for progressive sar-
coidosis.
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49Tuberculosis: A Historical and Global
Bioethical Perspective

Kirubel Manyazewal Mussie

MEDICINE means Mercy - Empathy - Dare - Integrity - Care -
Ingenuity - Nobility - and Ethics.

Abhijit Naskar

Summary

Tuberculosis (TB) is an ancient disease that has been a global health problem for
centuries. Why and how such a curable disease has been allowed to exist for
many centuries and to damage billions of lives and to overwhelm economies and
health systems in many countries is a question worth asking from an ethical
point of view–especially from a global bioethical framework which engages
itself with, among other things, the moral understanding and description of
complex elements within global health catastrophes such as TB. To contribute
towards such a broader inquiry, this chapter briefly historicizes TB and discusses
the factors, treatment, and control of TB from a bioethical perspective. TB has
always been intertwined with wider socioeconomic, cultural, ethical, and
political facets of human living. In addition to patient-level ethical questions
such as liberty and human rights, a moral inquiry of TB extends to including a
critical analysis of policy and program-level interventions. Such a global and
complex pandemic deserves much attention from bioethics. The overwhelmingly
strong and hence agonizing bond between medicine and the market should be
challenged by any means. The greed of big, profit-driven drug research
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institutions and pharmaceutical companies remains a challenge to global
bioethics and a reminder of one of humanity’s failures to make the universe a
fair place for its inhabitants, especially for the marginalized and vulnerable. To
lessen such seemingly inevitable problems, a global sense of ethics and morality
should be mainstreamed in as many corners of the world as possible.

Graphical Abstract

Keywords
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1 Introduction

TB, an airborne disease caused by Mycobacterium tuberculosis (M. tb), is pointed
out as a threat to global health security [1], causing nearly ten million illnesses and
1.6 million deaths annually [2]. Global interest to address TB has remained high
ever since the World Health Organization (WHO) declared a global emergency of
TB in 1993 [3]. Through and with other organizations such as the International
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Union Against Tuberculosis and Lung Diseases (IUATLD) or the Global Fund, the
WHO has been working to address TB as a public health problem. This has initiated
global cooperation to fight the disease. WHO reports a 47% decline in TB mortality
rate since 1990 [4]. Nevertheless, many have been suffering from a curable disease.

The WHO adopted the ambitious “End TB Strategy,” which envisions a world
free of TB by 2035 [5]. However, previous global TB strategies tracked a lesson that
implementations were insufficient for an effective outcome. Following the 1993’s TB
as a global health emergency, the WHO invented a TB management strategy called
directly observed therapy short-course (DOTS). This strategy adheres to:

political commitment; microscopy services; drug supplies; surveillance and monitoring
systems and use of highly efficacious regimens; and direct observation of treatment [6].

Even though the practicability and effectiveness of the whole DOTS strategy
have always been controversial [7, 8], the last component in particular, directly
observed therapy, has always been a topic of discussion in connection with ethics,
morality, and human rights [9, 10]. TB, in general, is one of the most important but,
at the same time, neglected global health topics in bioethics [11]. This chapter
contributes to addressing this gap. It begins by briefly presenting a historical per-
spective on TB, emphasizing those historical events that can lay the ground to better
understand the ethical aspects. Then, it discusses the various ethical problems in
connection with the risk factors, treatment, and control of TB.

2 A Historical Perspective

TB has historically been one of the worst health catastrophes the human species has
suffered from. Archaeological evidence shows that illness from TB among human
beings dates back at least 5000 B.C. The number of deaths it resulted in the past
two centuries is only around one billion [11]. Such a long historical account of TB
provides a broader perspective compatible with its complex nature. This is espe-
cially important if one wants to draw a global bioethical perspective, which global
pandemics like TB necessitate.

In her book Spitting Blood: The History of Tuberculosis, Helen Bynum argues
that the root of today’s TB is some 300 million years [12]. She discusses the two
major categories in the group of Mycobacterium tuberculosis complex (MBTC),
which namely are M. tb and M. bovis. Human beings host the earlier while the latter
dwells among animals. Even though M. tb is older than M. bovis, horizontal
transmission of TB occurred when ancient communities consumed M. bovis from
animals through milk, meat, and other animal products [12].

Therefore, the long-lasting interaction between animals and human beings is a
crucial event in the history of TB. According to [13], archaeological studies show
that TB was also present amongst Egyptians 5500 years ago. It had lived with the
ancient Israelites when they were under the Egyptians 3700–3300 years ago.
A review by Daniel [14] on the history of TB shows that east Africa was.
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the ancestral home of both tubercle bacilli and its human hosts.

Beginning with the Hippocratic School, which considered TB as a hereditary
instead of infectious disease, the process of formulating “pulmonary phthisis” as a
clinical issue passed through the period of Aristotle, the Indian literature in 1500
BC, and ancient Rome medicine in the fifth century AD [12]. TB has lived in our
society for a long time, hence connected to different aspects of human life. This old
but ‘ever-fresh’ disease is deeply rooted in the history of human living.

The term “tuberculosis” came into existence not before the ancient world exerted
efforts to describe the disease using various words and concepts. The biblical
perspective, for instance, used the word “consumption” in explaining TB amongst
the Israelites living in the land of Ancient Egypt [13]. The reason why TB is not
clearly stated in both the Old and New Testament books is, according to what
Herzog [15] tells us in a thematic review series of the history of TB, because the
bible deals mainly with rural and sparsely-settled populations, whereas TB is a
disease of big and crowded cities. However, there existed different names and ways
to describe the disease. Hippocrates (460–370 BC), for example, discusses the
archaic term “phthisis”–the Greek word for “consumption” [15]. “Phthisis” was
seen as a common but deadly disease. The following quote from Herzog’s work
illuminates this:

Hippocrates also wrote something that no physician would dare to write today: he warned
his colleagues against visiting consumptives in an advanced stage of the disease, since the
patient would in any case die, thereby damaging the physician’s reputation [15].

Although TB was a tragic disease that caused many deaths, society romanticized
it, and people attached aesthetic images to it. The TB patient with a pale face was
seen as an attractive person–described as a fortunate “consumptive” with bright
eyes, clean skin tone, and a delicate body [14, 16]. It was a matter of interest for
some people to be bestowed with the “beauty” of TB and die of it. Symptoms of the
disease were attached to beauty and attractiveness.

Major achievements in developing TB diagnosis started to emerge in the nine-
teenth century. Robert Koch (1843–1910) laid the ground for the bacteriology ofM.
tb [17]. He unveiled the mysterious phantom; he found out the bacteria that caused
the disease with different names: consumption, phthisis scrofula, and the white
plague, to mention some. In 1882, Koch concluded that there was one cause for this
disease, and he named this cause “tuberculosis bacillus” [14, 17]. His work not only
added a new word–“tuberculosis bacillus”–into the medical vocabulary but also
marked a transition from “consumption” to “tuberculosis.” In 1895, 13 years after
Koch introduced his TB bacillus, another scientific news came from the world of
physics. The German mechanical engineer Wilhelm Conrad von Röntgen (1845–
1923) discovered X-rays which later made radiography of the chest and other body
parts of TB patients possible [15]. Later in 1921 followed the development of TB
vaccines (Bacillus Calmette-Guérin, or BCG) by the French bacteriologists Albert
Calmette and Camille Guérin [14].
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One of the major developments in the treatment of TB was sanatorium care.
Such institutional care was designed to isolate TB patients by keeping them in a
place to receive accommodation and medical treatment. Some sanatoria were built
in higher landscapes [15], and some were luxurious, looking like “hospital-hotels”
but depressing for the patients [12]. Providing a good diet and care in the sanatoria
helped the patients recover quickly. Despite these benefits, however, such institu-
tional care had some drawbacks. Many patients discharged from the sanatoria died
of the disease in a few years, and the long-term results of the sanatoria were
depressing [15]. In addition, there was carelessness towards patients’ feelings.
A doctor’s word was much more important than that of the patient’s, which resulted
in considering those patients who do not comply with doctors’ commands as having
deviant behavior [12]. Some sanatoria were built in “immune places” in Asia–
places where consumption does not exist–and this is considered one of the reasons
for a high TB burden in the region [15].

In the era of the WHO, especially around the end of the twentieth century,
interest to address TB globally increased. Through and with other organizations, the
WHO started to address TB as a public health problem, which initiated global
cooperation in fighting the disease. One event after the other emerged; for example,
the invention of DOTS in 1995, the Stop TB Initiative in 2000, and the End TB
Strategy in 2014 [18]. This resulted in the development of projects, procedures,
declarations, and work coalitions, all aiming at systematically addressing a disease
that challenged health systems in the world, particularly the fragile ones in
resource-scarce countries.

Attention towards drug resistance (DR) in TB treatment grew stronger in the
1940s [19]. Studies concerning anti-TB drug resistance and its factors started to
emerge. In not more than two decades after the introduction of the first effective
anti-TB drug in 1943,

the advent of every new drug led to the selection of mutations conferring resistance to it
[19].

The WHO launched the DOTS (Directly Observed Treatment, short-course) in
1995 as a solution to stop TB. This new tool was supposed to help address the
problem of DR by increasing patient compliance to TB treatment. Thus, DOT ‘be-
came the new mantra’ which countries were to incorporate into their TB programs in
particular and health policies in general [12]. Today, nearly 25% of the world’s
population is infected with latent TB [20], and TB is reported as the world’s ninth
biggest killer [21]. Either because of treatment interruption or by acquiring DR strains
directly from a DR-TB patient, the bacteria become resistant to first-line drugs and
thus require time-consuming and costly treatment procedures [20, 22–24].

As can be drawn from a historical perspective on TB, the wider socioeconomic
and cultural factors that ignite today’s TB in the developing world are similar to
those that were prevalent many decades ago. Human history depicts factors facil-
itating the spread of TB: for example, living in a confined and crowded space,
burial practices, and human migration and settlement [12, 15]. TB has never been
confined to conventional medicine; it has never been a matter of clinical concern
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only. It has always been involving the world in its entirety, connecting with many,
if not all, aspects of life and living. Why and how such a curable disease has been
allowed to exist for many centuries and damage billions of lives and households,
and to overwhelm economies and health systems in many countries is a question
worth asking from an ethical point of view–especially from a global bioethical
framework which engages itself with, among other things, the moral understanding
and description of complex elements in global health catastrophes such as TB.

3 TB Through the Lens of Global Bioethics

Bioethics as a concept has existed for several thousands of years. Ten Have claims
that informal bioethics emerged with the human race [25]. Elaborating this, Leonard
Chuwa writes:

the notion of bioethics has existed for as long as the art of medicine has existed. …Among
indigenous peoples all over the world, bioethics has always been part and parcel of their
daily lives [26].

However, only after the 1970s, bioethics appeared as a discipline when V.
R. Potter introduced the term in his work Bioethics: Bridges to the Future, pub-
lished in 1971 [27]. The term “bioethics,” however, was coined in 1926 by Fritz
Jahr, after the two Greek words bios (meaning life) and ethos (meaning behavior)
[28]. Bioethics can simply be understood as a study of the ethical implications of
health-related life sciences. The definition and scope of bioethics have been
improving since its inception through the influences of ethical and philosophical
perspectives and disciplines. Today, bioethics is mostly perceived as a field of study
dealing with ethical and legal issues relating to healthcare provision and biomedical
research [27], particularly among vulnerable populations groups such as, for
example, children [29], older patients [30, 31], and refugees [32, 33].

A few years after the formal genesis of bioethics, global concerns about ethical
issues started to emerge. This led to the birth of global bioethics. Global bioethics
cannot, and should not, be understood as the globalization and international
application of a sole normative framework and set of moral principles. One of the
most important aims of global bioethics is rather, as Leonard Chuwa asserts, the
cultivation and recognition of indigenous cultures and social values [26]. As a
traditional bioethical perspective started to stumble in the face of growing cultural
pluralism and complexities in the life sciences, the need for a broader and synthetic
global ethical approach grew stronger. In addition to global phenomena such as
colonization, the two world wars, globalization, and international trades, global
pandemics such as TB laid the basis for the genesis of global bioethics [26].

TB is often spoken of from the pulpit of biomedicine as an airborne disease
caused by bacteria that transmits from one person to another when people do not
heed preventive measures such as isolation of TB patients and proper sanitization of
hands and equipment. In the case of DR-TB, much emphasis to seek explanation is
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given to patient adherence to medication. However, on the other hand, several
scholars assert that TB is a disease of poverty [34–38]. Poor living conditions take
the greatest share from the factors of TB. Good evidence for this fact is the TB trend
among the once less developed and, as a result, TB challenged communities and
countries. For example, due to crowded and poor living conditions, people in
Liverpool suffered greatly from TB towards the end of the twentieth century [39].
Similarly, Lawn and Zumla write:

Tuberculosis continued to cause many deaths in London during the nineteenth century and
accounted for up to 25% of deaths in Europe. The death toll from TB began to fall as living
standards (housing, nutrition, and income) improved early in the twentieth century, well
before the advent of antituberculosis drugs [40].

Thus, the inevitable vulnerability of poor populations to TB is an ethical concern,
especially if seen from a global bioethics viewpoint that advocates for fair life and the
wellbeing of the inhabitants of the universe. In the words of Leonard Chuwa,

the vicious circle of poverty and disease, which dehumanize the poor, is doubly unethical [26].

Another factor exacerbating human vulnerability to TB is the disease being one
of the most underfunded but deadliest global pandemics. In its Ethics guidance for
the implementation of the End TB Strategy developed in 2017, the WHO asserts
that eliminating TB from the world needs US$ 2 billion every year globally [41].
However, TB research remains underfunded (always below US$ 700 million per
year), and the slow progress in TB research raises ethical and human rights con-
cerns which the international community should act on [41].

Infectious diseases such as TB do not get the needed attention from pharma-
ceuticals, thereby leaving the poor–which constitute the majority of the world’s
population–for more ostracism and marginalization [26]. Such a lack of political
commitment increases and complicates the risk factors of TB. In the same docu-
ment, the WHO adds that the role of the international community and aid organi-
zations should go beyond providing TB drugs and should also include supporting
local governments with strengthening TB programs and health systems [41].

One of the principles of the End TB Strategy is.

protection and promotion of human rights, ethics, and equity [5].

Thus, treatment and control of TB have ethical implications. Treatment of TB
does not involve clinical interventions only. It also involves public health inter-
ventions such as isolating the TB patient and enforcing direct health worker
observation of treatment adherence. Isolating TB patients is known for positively
impacting the fight against TB [42]. Thus, as Michael Selgelid asserts,

we should not overestimate the importance of biomedical or ‘narrow public health’ inter-
ventions such as isolation, but we should not underestimate their importance either [11].

Regardless, such TB treatment and control mechanisms have always been eth-
ically questionable, especially in terms of social justice and patient autonomy.
Forcing the TB patient to isolate, especially in the case of DR-TB, can easily be
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seen as an act of violating human rights. Additionally, if we know that TB is a
disease of poverty and that the poor constitute the majority of the world’s popu-
lation, TB control measures such as quarantine and isolation are simply acting of
protecting and favoring the privileged few at the expense of the many poor.

Another important TB treatment measure is directly observed therapy (DOT),
which can simply be defined as an act of observing a TB patient while s/he
swallows TB drugs [43]. When patients are diagnosed with TB, they start a
treatment course (DOTS), which involves treating patients with first-line TB drugs
for six to nine months. TB patients in this treatment course are expected to com-
mute to TB clinics every day for at least two months and swallow TB drugs in the
presence of a healthcare provider. If the given health system has enough resources,
then DOT will take place at the TB patient’s living place, or the TB patient will be
hospitalized during the entire treatment course. This incurs high costs and creates
ethical dilemmas within low-income countries. For example, in Ethiopia, a country
identified by the WHO as one the high TB burden countries globally [20], this
challenge is reflected upon in the country’s national TB care and control training
manual. Stating that TB patients in their initial treatment phase must take TB drugs
with the presence of a healthcare provider, the document further notes that there
would be a need to hospitalize some patients who cannot visit TB clinics on a daily
basis but the cost of this is beyond the country’s capacity [44].

The main purpose of DOT is to ensure that patients adhere to TB treatment,
thereby preventing the development of DR and other complications that could result
from non-adherence. Arguments supporting DOT are built based on the idea that
ensuring public health is critical when finding solutions to diseases. From this point
of view, nudging and even coercion are justifiable if doing so can protect society from
health threats [45]. Nonetheless, such measures appear ethically questionable from a
global bioethical perspective. For TB, it is not patient adherence that is most
important. It is rather distributive justice [11]. Before requiring patients their full
adherence, there are unmet challenges and needs, whether due to negligence or
resource scarcity. For example, diagnostic tools have always been scarce [46], and the
health side effects of anti-DR-TB drugs have always been tremendous [47]. In
addition, the long-lasting treatment courses (two years in the case of DR-TB, for
example) burden patients with psychosocial and economic challenges [48]. Given the
lack of funding and cooperation from the international community to address TB, it is
plausible to claim that the possibilities for a less burdensome treatment course and
less toxic drugs have not been widely explored. Research on TB drugs is slow–only
two new TB drugs have been approved in the last 40 years–and this slow develop-
ment has caused TB patients to experience lengthy treatment courses, side effects
from toxic drugs, and other problems that complicate patient adherence [41].

Thus, from a social justice perspective, the current TB treatment strategies
appear questionable as they stand. When it comes to treating TB patients, especially
implementing the DOTS strategy, strategies should be context-sensitive. This can
partly be done by healthcare workers who interact with TB patients. Improvising
such strategies can help address ethical questions. Not only when there is resource
limitation, as Livingston [49] and Prince, Otieno [50] write, do health workers
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improvise; but also, if they intend to provide quality care [51]. Mol et al. [52] use
the term tinkering and believe in “good care” as a

persistent tinkering in a world full of complex ambivalence and shifting tensions.

Literature shows that health workers compromise the strict implementation of
protocols and guidelines for different reasons [53]. In relation to this, Molterer et al.
[54] mention that tinkering helps create a balance between obeying rules and
obeying context, thereby providing flexibility within guidelines. This implies the
need to wipe the lens through which we define care ethics and to examine the
idolatry towards TB treatment strategies.

We find a similar direction from Beauchamp and Childress’s Principles of
Biomedical Ethics. The authors assert that rules need continuous arrangements and
contextualization–a process called ‘progressive specification’–to handle ethical
dilemmas [55]. Such a process may require justification. In the case of TB patients,
there are more than enough reasons to justify this. TB treatment strategies burden
TB patients who are mostly in poverty. More than 95% of TB cases and deaths
occur in low and middle-income countries [11]. Going to TB clinics every day
requires, for example, a good transportation facility and stable employment that
permits employees in such cases. Additionally, the medications require that patients
follow a nutritious diet–a lifestyle that hardly co-exists with poverty. Thus, it is
worth noting that the very clinical practice context that TB strategies serve can
(perhaps should) shape their rules and principles. After all,

principles, rules, obligations, and rights are not wooden standards that disallow compromise
[55].

Regarding patient autonomy, the context we refer to when we raise ethical
questions is important. TB is mostly a problem of the South and particularly
sub-Saharan Africa [56]. Thus, the ethical question that we raise in connection with
TB within, for example, an African context, should depend on Ubuntu ethics,
referred to as”.

a set of values central among which are reciprocity, common good, peaceful relations,
emphasis on human dignity, and the value of human life as well as consensus, tolerance,
and mutual respect [57].

Thus, the claim that a TB patient is autonomous and can decide for her/himself
can be compromised even when the patient is capable of decision-making. As
Chikezie Onuoha argues,

many of the assumptions implicit in the Western framework that make claim to universal
validity may not be shared by non-western cultures:

for example,

within most western societies, the principle of autonomy sometimes implies that every
person has an atomistic right to self-determination’ whereas this is different in most African
culture where ‘the person is viewed as a relational self’ and therefore, ‘inter-dependence
rather than individualism provides the basis for moral decisions [58].
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This is not to mean that TB treatment measures should be practiced in a way that
suppresses individual freedom and disrespects persons. It is rather to mean that TB
programs should become comprehensive–that they should place the TB patient in
his/her environment and collaborate more with other bodies to raise the needed
resources. TB strategies are resource-demanding for both TB control programmers
and patients. Once communal welfare is achieved, and the health workforce in
resource-scarce settings is strengthened [59–61], TB patient autonomy will be much
easier to deal with within a non-Western context.

4 Conclusion

TB is one of the contemporary global bioethical problems. In today’s increasingly
interconnecting and globalizing world, analyzing such an ancient and global
problem using local, exclusive norms is insufficient. Instead, broader transnational
perspectives and solutions are needed. Speaking from a strict global bioethical
perspective, the international community ought to create and maintain a global
platform for discussing, budgeting, and acting to fight TB. Biomedical interventions
appear insufficient to address such a complex and global problem as TB. Inter-
ventions should extend to socioeconomic and political facets of life. The interna-
tional community and pharmaceutical companies have the ethical obligation to fight
TB even though TB is not a problem of the influential and privileged few. The
overwhelmingly strong and hence agonizing bond between medicine and the
market should be challenged by any means. The greed of pharmaceutical compa-
nies remains a challenge to global bioethics and a reminder of one of humanity’s
failures to make the universe a fair place for its inhabitants. To abate such seem-
ingly inevitable problems, a global sense of ethics and morality should be main-
streamed in as many corners of the world as possible.

To the ignorant human, the vulnerability of the poor is a sign of an individual or a specific
health system’s failure. To the humane human, it is rather a sign of humanity’s failure to
maintain wellbeing within the global family–universe.

Kirubel Manyazewal Mussie

Core Messages

• TB is a disease that is thousands of years old but continues to kill millions
of lives every year.

• TB demands more than biomedical interventions.
• TB is a poorly discussed topic in bioethics, even though it is one of the

deadliest global pandemics.
• The solution for diseases of poverty such as TB is also found within the

true sense of global bioethics.
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50The Problem of Tuberculosis: Myths,
Stigma, and Mimics

Alisha Kamboj, Michael Lause, and Kamal Kamboj

The biggest disease today is not leprosy or tuberculosis, but
rather the feeling of being unwanted.

Mother Teresa

Summary

Tuberculosis (TB) is a major global public health problem. TB is caused by
Mycobacterium tuberculosis (M. tb). Although the most common organ infected
are the lungs, it can infect all body tissues and organs. As per World Health
Organization (WHO) data from 2018, M. tb infected ten million people and was
the cause of mortality for about 1.5 million people worldwide. It is often termed
the “disease of the poor,” and low-income nations bear a significant disease
burden. The disease burden is greatly compounded by rampant misconceptions
and significant stigma associated with this entity. These factors, in addition to
TB’s notorious role as the “second great imitator”–for frequently mimicking or
masquerading a variety of infectious and non-infectious medical conditions–may
contribute to delays in care-seeking, diagnosis, management, and adherence to
the therapeutic regimen. Herein, we dispel commonly held myths, discuss the
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stigma linked with the disease and its psychosocial consequences, and delve into
the many mimics that complicate the evaluation of TB. Ultimately, our goal is
that this discussion may enable individuals, communities, and systems to impart
improved care for patients with TB worldwide.

Graphical Abstract

Keywords

Autoimmune disorders � Infectious diseases � Malignancies � Mimics � Myths �
Non-tuberculous mycobacteria � Stigma � Tuberculosis

Common myths about tuberculosis (TB)
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1 Introduction

Tuberculosis (TB) is an infectious illness that is a significant public health issue as
well as a leading cause of morbidity and death globally. According to the World
Health Organization (WHO), in 2018, TB infected nearly ten million people and
caused death in about 1.5 million cases. Moreover, nearly 1.7 billion people–
amounting to one-quarter of the global population either have TB infection or are at
risk of acquiring active infection. Twenty-two countries account for 80% of all TB
cases, and 17 of these are resource-poor nations [1, 2]. These nations face real
challenges in the control and containment of the disease. The link between disease
and poverty is well-established, and TB is often called the “disease of the poor.”
Poor living conditions and overcrowding promote the transmission of the disease
[3]. TB is an opportunistic infection, and the risk of acquiring the disease is about
20–30 times higher in people with human immune deficiency (HIV) infection than
those without HIV. The two potentiate each other leading to increased mortality.
Additional risk factors include malnutrition, diabetes, and tobacco use.

The causative organism of TB is Mycobacterium tuberculosis (M. tb). The most
common organ infected is the lungs, leading to a pulmonary form of the disease
(PTB). However, besides the lungs, the disease can manifest in almost any body
organ and cause extrapulmonary TB (EPTB).

Lack of education and awareness about the cause of infection has led to many
misconceptions and myths about TB. Further, the stigma associated with the disease
often hinders individuals from seeking early diagnosis and proper treatment, which
affects their quality of life and aids in the unchecked spread of infection. The
existence of TB with other medical comorbidities like diabetes or HIV infection
adds to human suffering and mortality [4–7]. Both HIV and diabetes impair the
immune response and propagate latent TB infections.

Clinically, TB may mimic other infections and disease conditions, posing a real
challenge for the clinicians to impart proper disease treatment and management.
While it is now mostly a treatable and curable disease, non-compliance with drug
therapy and the use of spurious or low-quality drugs has led to the surfacing of
drug-resistant (DR), multidrug-resistant (MDR), and extensive drug-resistant
(XDR) strains of TB worldwide, posing new challenges in the WHO’s strategy
of controlling and finally eradicating this disease. Anti-TB drugs may exhibit
adverse reactions, and drug-drug interactions are also seen in patients receiving
treatment for other ailments. Improved living conditions and increased education
about TB, along with concerted public health measures, will be crucial to help
people get over the fear of TB and help eradicate this disease.
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2 Tuberculosis-Related Myths

TB is commonly referred to as a “bad” disease that brings shame and misery to the
community. Several myths are associated with this disease; these myths are often
encountered more frequently in low socioeconomic communities. Lack of educa-
tion, poor health knowledge and awareness, and inadequate understanding of the
disease have led to these myths. People who believe in these myths rely on tra-
ditional remedies instead of established treatment practices [8–13] (Graphical
Abstract).

2.1 Tuberculosis Is a Curse

TB is often considered a “curse” on a family. In many settings, individuals believe
it is caused by witchcraft or the breaking of cultural rules and beliefs. The disease
often affects multiple generations of the same family, propagating this belief.
However, ever since the famous discovery by Dr. Robert Koch, it has been
established that TB is caused by M. tb.

2.2 Tuberculosis Is Hereditary

As the disease commonly affects multiple members of the same family, there is a
common belief that TB is acquired genetically. The truth is that the spread of TB
mostly occurs via inhalation of the bacterium, and families living close to one
another have a greater chance of getting exposed to and acquiring the infection.

2.3 Tuberculosis Is Incurable

The scare behind the word “tuberculosis” has led to the misconception that there is
no treatment for this disease, and it will eventually lead to death. This is a
misunderstanding as there are multiple medications that can prevent and treat TB
very effectively. A better understanding of the disease process and current thera-
peutic agents has made this task possible.

2.4 Tuberculosis Is a Disease of the Lungs

For the general public, the most common symptom associated with TB is
“coughing.” This has led to another myth that TB is a disease only of the lungs. It is
true that TB of the lungs, i.e., PTB, is the most common clinical manifestation of
this disease; nevertheless, TB can cause extrapulmonary manifestations and affect
almost any organ or tissue in the body. The extrapulmonary manifestations of TB
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are most commonly noted in the brain, kidney, spine, skin, lymph nodes, gas-
trointestinal and genitourinary tract, and bones. The bacteria can also find their way
into the bloodstream and get disseminated into multiple organs, causing “military”
TB, a potentially fatal form of the disease.

2.5 Tuberculosis Can Be Acquired Through Kissing or Sexual
Contact

A common misconception is that one may contract TB by kissing or engaging in
sexual activity with an infected individual. However, TB is primarily acquired via
inhalation of tubercle bacilli via aerosol infection. When a person with TB speaks,
coughs, sneezes, the tubercle bacilli are released into the air, which may persist for
many hours. Inhalation of these bacteria by other people leads to infection. The
spread of TB has not been shown to occur through touching, kissing, sexual
intercourse, sharing bedding, toilet seats, or sharing toothbrushes. The same aerosol
dissemination of TB is seen in drug-susceptible and DR forms.

2.6 Tuberculosis Is Spread Through Sharing Utensils or Food

Some individuals assume that this illness may be transferred by exchanging utensils
or food with an infected person due to a lack of knowledge of the infectious
process. The myth relates to the fear associated with the disease, and there is no
scientific basis for this belief. The fact is that TB is not spread by sharing utensils,
drinking containers, or touching bed linens.

2.7 Tuberculosis Is Spread by Mosquitoes

Like many infectious diseases, people sometimes think that mosquitoes carry M. tb
and transmit the infections. However, there is no rationale for this misconception.
Unlike many parasitic, bacterial, and viral infections transmitted by mosquitoes and
other arthropod vectors, the fact is that M. tb infection is not acquired through a
mosquito bite.

2.8 All Patients with Tuberculosis Are Infectious

The scare of TB has led many in the general public to believe that all patients
diagnosed with TB are infectious and thus capable of spreading the disease. It is
true that most people with active PTB are responsible for transmitting the disease as
M. tb released in the air while coughing and sneezing can be inhaled by those close
to the infected individual. However, persons suffering from EPTB are less likely to
transmit infections.
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2.9 One Can Get Tuberculosis Only Once

Many people think that once a person acquires a TB infection, he/she becomes
immune to subsequent exposures. However, exposure to the disease does not
provide lifelong immunity to the infected individuals. Malnutrition and a depressed
immune system are major factors that put an individual at a greater risk of
re-infection or reactivation of latent TB.

2.10 Tuberculosis Infection Always Leads to Disease

There is a common misconception that TB infection always leads to symptomatic
disease. However, many individuals infected with TB may remain asymptomatic.
The immune system of the person exposed to M. tb determines if there will be overt
TB infection or not. This is seen in latent TB infections, which may never manifest
as active infections in immunocompetent individuals.

2.11 Tuberculosis Is a Problem in Developing Countries

People living in developed nations often think that TB is a disease in underde-
veloped nations. While it is true that developing nations account for the majority of
TB cases, the disease remains a cause of concern in developed countries as well.
Often, travelers and immigrants from endemic regions constitute the most positive
cases in developed nations. These infected individuals present a source of infection
to the general public. However, such nations can control and contain the spread of
TB by following better infection control methods, implementing sensitive diag-
nostic tools, and augmenting treatment strategies.

3 Tuberculosis-Related Stigma

There is often a strong stigma associated with TB, which can have widespread
psychosocial consequences. TB is stigmatized because of its association with
poverty, low social class, and malnutrition. This stigma has a tremendous impact on
the overall health and well-being of the infected individuals. Persons having TB can
develop feelings of shame, disgust, and guilt for no fault of their own. These
feelings can lead to stress, anxiety, and depression and compel them to undertake
risky behavior. Infected individuals are often deemed undesirable or disvalued by
society and face social discrimination. Persons diagnosed with TB may have a fear
of losing their job and suffer from a lack of intimate relationships with their part-
ners. Women may fall victim to the unique stigma associated with TB [14]. They
face the wrath of society in addition to obstacles with marriage prospects,
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employment opportunities, and marital issues, including rejection by their partners.
They are often negatively labeled by society for suspected disreputable behavior
and infidelity as the cause of the disease [15–19] (Fig. 1).

The stigma associated with TB greatly contributes to TB diagnosis and treatment
delays and hinders efforts to control this disease. Infected individuals try to conceal
the disease by delaying seeking evaluation focused on diagnosis and management
of the disease. Such individuals may also not be adherent to the treatment regimen
and follow-up. TB stigmatization contributes to the spread of the disease.
Non-adherence to drug therapy is responsible for DR. Individuals with DR-TB have
an even higher risk of associated stigmatization. Migrants and refugees in devel-
oped countries are often denounced as labeled disease carriers. TB is also stig-
matized because of its close link to HIV, particularly in HIV endemic areas [20, 21].
Increasing awareness about the cause of TB and longitudinal support programs for
individuals with TB and at-risk community members may help reduce TB-related
stigma.

4 Conditions that Mimic Tuberculosis

TB is the “second great imitator” after syphilis, as it can mimic or masquerade
various infectious and non-infectious medical conditions. TB can imitate diseases
caused by many non-tuberculous mycobacteria (NTM) and bacterial, fungal, par-
asitic, and viral pathogens. In addition, some autoimmune disorders and malig-
nancies share common symptoms and are often confused with TB, complicating
management and care [22] (Table 1).

Fig. 1 Different forms of tuberculosis-associated stigma
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4.1 Non-tuberculous Mycobacteria

NTM constitute a vast group of organisms within the genus Mycobacterium. These
are ubiquitous microorganisms in the environment that can cause infections in
humans. Several NTMs, including M. avium complex, M. chelonae, M. fortuitum,
M. gordonae, M kansasii, M marinum, and M. xenopi, may present with some of
the classic symptoms associated with PTB infection, namely cough, fever, weight
loss, anorexia, night sweats, hemoptysis, fatigue, and loss of appetite [23]. In
addition, clinical manifestations that mimic TB may be seen with non-tuberculous
mycobacterial infections of bone, skin and soft tissue, and other organs in the body
[24, 25]. Accurate identification of NTMs is crucial for decreasing morbidity and
mortality. However, it is seldom undertaken in resource-poor settings. The problem
is compounded by the false positivity of:

• tuberculin skin test in infections with M. avium complex, M. kansasii;
• gamma interferon assays in infections with M. kansasii and M. marinum [26];

and
• genetic probes in infections with M. celatum, M. kansasii,M. avium, and M.

riyadhense [27–29].

NTMs are often resistant to traditional anti-TB drugs, which can lead to dev-
astating consequences in the setting of misdiagnosed TB infections.

Table 1 Diseases that mimic tuberculosis

Diseases Examples

Non tuberculous
Mycobacteria

Mycobacterium avium complex, M. chelonae, M. fortuitum, M.
gordonae, M. kansasii, M. marinum, and M. xenopi

Bacterial Infections Leprosy, cat scratch disease, syphilis, tularemia, nocardiosis,
melioidosis, brucellosis, Mycoplasma pneumonia

Fungal Infections Histoplasmosis, blastomycosis, coccidioidomycosis,
paracoccidioidomycosis, aspergillosis

Parasitic Infections Paragonimiasis, hydatidosis, dirofilariasis, ascariasis, toxocariasis,
hookworm infections, schistosomiasis, strongyloidiasis, filarial
infections, leishmaniasis, and amebiasis

Viral Infections Severe acute respiratory syndrome coronavirus 2 (COVID-19),
congenital cytomegalovirus

Autoimmune
Disorders

Sarcoidosis, granulomatosis with polyangiitis, Crohn’s disease,
rheumatoid arthritis

Malignancies Lymphoma, ovarian cancer, lung cancer, colon cancer, ocular cancer
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4.2 Bacterial Infections

Some bacterial diseases can be clinically confused with TB due to similarities in
presenting signs and symptoms. These include leprosy, cat scratch disease (CSD),
syphilis, tularemia, nocardiosis, and melioidosis. The causative organism for
leprosy is Mycobacterium leprae. Patients with leprosy who are on treatment with
glucocorticoids are at an increased risk of acquiring TB of the lungs. Therefore,
these patients should be carefully monitored for developing TB [30]. Systemic CSD
is caused by a gram-negative bacterium called Bartonella henselae. CSD may
present with granulomatous manifestations that can mimic TB. Francisella
tularensis, a gram-negative coccobacillus, is the causative agent for tularemia.
Subacute and chronic stages of this infection can present with cough, fever,
hemoptysis, weight loss, and mediastinal lymphadenopathy, thus often mimicking
TB. Nocardiosis is caused by Nocardia, a gram-positive bacillus. Clinical symp-
toms and radiologic findings of pulmonary, cutaneous, and disseminated nocar-
diosis can include cavitary lesions that are difficult to differentiate from TB.
Melioidosis, a disease caused by Burkholderia pseudomallei, may present radio-
graphic findings similar to TB, including small irregular disseminated nodular
densities mostly in the upper lobes. Treponema pallidum, a gram-negative bac-
terium, is the causative agent of syphilis. Soft tissue pulmonary nodules (gummas)
seen with endemic syphilis present a diagnostic challenge because of their close
resemblance to TB. Brucellosis is caused by a gram-negative coccobacillus Bru-
cella spp. Both TB and brucellosis are granulomatous diseases and mimic one
another [31]. Mycoplasma pneumonia is caused by the bacterium Mycoplasma
pneumoniae, a small rod that lacks a cell wall. Pleural effusions seen during this
infection closely resemble those seen with TB [32].

4.3 Fungal Infections

Fungal infections are a cause of concern, especially in immunocompromised
patients. Disease conditions caused by some fungal infections can imitate TB and
vice versa. These diseases include those caused by dimorphic fungi (histoplasmosis,
blastomycosis, coccidioidomycosis, and paracoccidioidomycosis) and aspergillosis.
Histoplasma capsulatum is the causative organism for histoplasmosis, a disease
endemic in Ohio and Mississippi river valleys. Chronic cavitary pulmonary histo-
plasmosis with preferential involvement of upper lobes may be confused with TB.
Likewise, gastrointestinal histoplasmosis, an uncommon disease, may be misdi-
agnosed as TB [33–35]. Blastomycosis is common in Ohio and Mississippi river
valleys and is caused by Blastomyces dermatitidis. The clinical presentation with
chronic pulmonary blastomycosis includes chronic cough, weight loss, hemoptysis,
and night sweats, which are typical PTB symptoms [36]. Further, upper lobe
cavitation seen in the two diseases may be clinically indistinguishable. Coccid-
ioidomycosis is caused by Coccidioides immitis. This disease is prevalent in diverse
areas worldwide. Radiological findings of pulmonary coccidioidomycosis include
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pneumonia, cavitary lesions, and pulmonary nodule, which can be confused with
TB [37, 38]. Paracoccidioidomycosis is common in Central and South America.
It is caused by Paracoccidioides brasiliensis. Chronic pulmonary or disseminated
paracoccidioidomycosis may mimic TB [39]. Aspergillosis is caused by the fungus
Aspergillus which has a ubiquitous presence. Radiological findings observed with
invasive pulmonary aspergillosis and TB, especially in immunocompromised
patients, are often indistinguishable and can present a diagnostic challenge even for
the experienced radiologist [40]. The course of treatment for fungal infections and
TB is drastically different. Hence, an incorrect diagnosis can result in significant
morbidity and mortality.

4.4 Parasitic Infections

Parasitic infections have a worldwide occurrence and are seen both in immuno-
competent and immunocompromised hosts. Parasitic diseases that can often be
confused with TB and vice versa include paragonimiasis (Paragonimus wester-
mani), hydatidosis (Echinococcus granulosus), dirofilariasis (Dirofilaria immitis),
ascariasis (Ascaris lumbricoides), toxocariasis (Toxocara canis), hookworm
infections (Ancylostoma duodenale and Necator americanus), schistosomiasis
(Schistosoma spp.), strongyloidiasis (Strongyloides stercoralis), filarial infections
(Wuchereria bancrofti and Brugia malayi), amebiasis (Entamoeba histolytica), and
leishmaniasis (Leishmania spp.). Pulmonary manifestations of many of these par-
asitic infections present with cough, fever, and hemoptysis, symptoms that closely
resemble those of PTB [41–45]. Symptoms resulting from infections in sites other
than the lungs may resemble EPTB or miliary TB. A classic example is amebic
colitis being confused with gastrointestinal TB [46].

4.5 Viral Infections

Severe acute respiratory syndrome coronavirus-2 (COVID-19) presents with cough,
fever, increased sputum production, dyspnea, hemoptysis, and nausea and can
sometimes be confused with TB. COVID-19 is also associated with a significant
amount of stigma. A slight delay in proper diagnosis can have serious implications.
While TB has a longer and slower incubation period, COVID-19 is a rapidly
progressive infection, particularly among the elderly and immunocompromised
individuals [47, 48]. Another example of a viral mimicker is congenital cytome-
galovirus (CMV), which can present in a similar way as congenital TB [22].

4.6 Malignancies

Several types of malignancies can often be confused with TB. While management
of the malignancy varies depending on cancer type and organ involved, mainstays
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of treatment include radiation and chemotherapy. These therapies can cause
immunosuppression and drastic structural changes in the lungs. Lymphoma is a
malignancy of the lymphatic tissue. The clinical symptoms of lymphoma overlap
with TB, i.e., loss of appetite, weight loss, night sweats, and low hemoglobin. The
two diseases also share common radiological features [49]. PTB and lung cancer
often coexist in areas where TB is endemic. Chronic inflammation processes in the
lungs that occur during TB infection increase the risk of lung cancer. Both diseases
exhibit common radiological findings like pulmonary cavitary and nodules [50].
Differential diagnoses of the two diseases can sometimes be challenging, and an
accurate diagnosis is warranted for proper disease management. Gastrointestinal TB
may mimic peritoneal cancer, while TB involving the genitourinary tract can mimic
ovarian cancer [51, 52]. Ocular TB can masquerade as an ocular tumor [53, 54]. TB
can also masquerade as squamous cell carcinoma and colon cancers [55–57].

4.7 Autoimmune Disorders

Sarcoidosis, a chronic inflammatory multi-organ medical condition of unclear eti-
ology, presents with the appearance of immune system cells forming granulomas in
a variety of organs and most commonly involves the lungs. Clinical symptoms
associated with sarcoidosis include fever, anorexia, weight loss, fatigue, and
anorexia, and patients with this condition may be misdiagnosed as TB initially.
Furthermore, the two diseases share many radiological findings. The overlapping
clinical manifestations and imaging findings present a diagnostic challenge [58–60].

Wagener’s granulomatosis is a rare autoimmune condition characterized by
anti-neutrophil cytoplasm antibodies that lead to vasculitis of the small and
medium-sized blood vessels. Granulomatosis with polyangiitis and TB exhibit a
considerable overlap of features, often leading to misdiagnosis [61, 62].

As seen in Crohn’s disease, Inflammatory bowel conditions may present with
clinical symptomatology similar to that seen in gastrointestinal TB and hence is an
important differential diagnosis. Differentiating these conditions is very important
as immunosuppressive drugs that may be used to treat Crohn’s disease can activate
TB [63, 64].

Rheumatoid arthritis is an autoimmune disease that primarily affects the joints but
can also cause damage to other body organs. Arthritis associated with TB and
rheumatoid arthritis follow the chronic disease course and can have similar clinical and
radiological findings, making distinguishing these two conditions difficult [65, 66].

5 Conclusion

TB continues to cause immeasurable human suffering, particularly among people
with low socioeconomic status worldwide. The disease also greatly impacts
national economies worldwide. Despite global initiatives undertaken by the WHO
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toward eradicating this disease, we remain a long way away from this goal. As
poverty and TB are closely associated, eliminating the former would facilitate the
eradication of not only TB but many other infectious diseases. Stigmatization is a
great barrier to the containment of many diseases, and TB is no exception.
Stigmatization of TB patients carries vast impacts on the psychological health and
quality of life of affected individuals [67]. Public health initiatives towards
decreasing stigmatization and discrimination of TB patients are warranted. Further,
national and international efforts towards imparting awareness about TB, especially
among poor and backward communities, will go a long way towards achieving
control of this human health menace.

Social injustices and inequalities are the root causes for all human miseries, and tuberculosis
is no exception.

Alisha Kamboj, Michael Lause, Kamal Kamboj.

Core Messages

• TB remains a major global public health problem.
• Myths and stigma associated with TB greatly impact its control.
• TB and its mimics pose a diagnostic challenge for clinicians.
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Summary

The authors of Tuberculosis: Integrated Studies for a Complex Disease were
asked how they would see the future of their field 30 years later. This Chapter
presents the authors’ views on the situation of tuberculosis in 2050.
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1 Introduction

Tuberculosis (TB) has been a disease for centuries with various challenges [1]. Like
other places where challenges and opportunities come together, TB challenges were
the inspiration for the scientific community to mobilize different groups for the
purpose of interest. For example, with the emergence of drug resistance, there has
been a huge volume of research on the discovery of new medicines and drug
delivery methods and the repurposing of old drugs [2, 3]. Moreover, to enhance the
capacity to detect TB cases, studies have sought diagnostics and biomarkers, with
much hope recently expressed in the direction of point-of-care tests [4].

Despite all such efforts as being highlighted in 50 Chapters of this volume, we
are still writing about TB and thinking about how to fight this old disease–implying
that the problem of TB might be complex, so calling the need for an integrated
science to deal with multiple dimensions in a simultaneous and effective manner.
We are not the first one; there have been proposed integrated platform for TB
research, integrated prevention services, integrated models for drug screening,
integrated imaging protocol, integrated understanding of the disease pathogenesis,
integrated control models, integrated mapping of the genome of the pathogen, etc.
[5–12], to name some.

These integrated jobs date back decades ago. So, a question arises: why is there a
disease named TB yet? It might be due to the fact that this integration has happened
to a scale that is not global, and so TB remains to be a problem, especially in
resource-limited settings.

Hope Tuberculosis: Integrated Studies for a Complex Disease helps to globalize
the integrated science of TB.

2 TB and Related Conditions

2.1 TB and Tobacco Use

There have been many achievements in the field of TB over the last three decades.
However, the TB organism is changing its genetic nature due to our lack of sus-
tained efforts. Moreover, the unprecedented times of the COVID-19 pandemic have
stalled the gains made over the last years in reducing the TB disease burden around
the world. Further, tobacco users are more susceptible to the severity and pro-
gression of TB, more so among individuals suffering from COVID-19. However,
despite the existence of a TB-tobacco framework, integrated interventions are finite,
and their implementation is limited. The countries need to tackle TB-tobacco for
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synergistic outcomes and upscale the integrated framework in maximum settings.
This could give momentum to the endgame of two major public health concerns
resulting in achieving the goals of SDGs (Sonu Goel, Garima Bhatt 2020).

2.2 TB and Drug Use

There has been a long history of the adverse health consequences of criminalized
psychotropic drugs, including links between such drug use and a range of infections
transmitted through nonsterile acts of drug use (e.g., HIV and hepatitis C) and
through overlaps between drug use and adverse social and structural contexts and
policies (e.g., TB). TB, drug use, and associated adverse consequences (e.g.,
overdose) and other linked infectious epidemics continue to cause significant and
preventable morbidity and mortality. Advances in integrated science, medicine, and
public health bring together the insights of diverse yet complementary disciplines to
enrich the study and understanding of multi-level fundamental causes of illness and
disease. Integrated science, medicine, and public health also create the tools and the
knowledge base to move the world from a predominate focus on efficacious
interventions to the expanded implementation of interventions with population-
level effectiveness needed to reach the goals of the elimination of TB, the elimi-
nation of HIV and the elimination of the harms and adverse consequences of
criminalized psychoactive drug use (Ashly E Jordan, David C Perlman 2020).

2.3 TB and Cancer

When we look at cancer cases with a projection after 30 years, we can predict that
there will be a much greater increase in cancer frequency because the average life
span and the ratio of chronic diseases in cancer patients will increase as a result of
the development of diagnosis and treatment methods in cancer patients. Therefore,
mortality and morbidity associated with TB will increase. We believe that the aging
world population, many environmental factors, viruses full of new and atypical
unknowns, and stress may be the most important reasons for the increase in cancer
prevalence. At the same time, new agents to be used in cancer patients will cause
more immunosuppression, so this will increase the incidence of TBC in this pop-
ulation. These negative thoughts can perhaps be turned into positive ones to some
extent. How does? There is no doubt that these increased morbidity and mortality
rates can be reduced with the developments in TB treatment and extended screening
programs. With rapidly advancing technology, however, advances in molecular
biology and genetics and bioengineering innovations, many new agents will come
up with better results in the clinic, considering that we have achieved longer life-
times in metastatic disease in many cancers. However, we think that full control of
cancer can be achieved with genetic engineering, epidemiology, and prevention
studies. Again, environmental problems and poor use of environmental resources
may create a very troublesome process for TB, which continues to be an important
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health problem. If patients with immunosuppressed cancer are affected by TB and
the frequency of TB increases, the development of lung cancer on the basis of TB
may form the basis of a future health problem in a vicious circle. In our opinion,
adding many other scientific fields to the multidisciplinary understanding of med-
icine at the same time can minimize the incidence of TB and cancer and the
negativities they will create together (Yaşar Barış Turgut, Alican Tahta, Özgür
Tanrıverdi 2020).

3 Resistance and Drug Discovery

Thirty years later (Integrated Science TB 2050), there might be a huge advancement
in technologies and strategies to overcome the problem of resistance. Doctors and
clinicians may be able to better schedule the anti-TB treatment (ATT). It might be
possible that the ATT will become short, affordable, and less toxic. Advancements
in computational approaches may also accelerate the discovery and development
process of new anti-TB drugs. The mortality rate owing to TB may decrease, and a
smaller number of cases might be observed (Himanshu Verma, Shalki Choudhary,
Om Silakari 2020).

3.1 A New Vaccine

According to the United Nations Agenda, the world should be free of TB by 2050.
However, global leadership and adequate economic investment are needed to
eradicate TB and other infectious diseases that threaten and will threaten humanity.
This purpose is only possible through adequate universal health coverage, espe-
cially in third world countries, which, in turn, can protect nations from potentially
catastrophic health costs produced by drug-resistant TB. In the next decades, there
will surely be enough research and development to design novel anti-TB drugs that
control active infection, including latent infection, which have been the bottleneck
in the fight against TB in the last 50 years. However, during this time, the tubercle
bacillus will most likely generate resistance against those new anti-TB compounds,
which will force this effort to start again. The greatest hopes for TB control might
lie in the development of a new prophylactic vaccine, which will only be possible if
there is a true political will to stop TB and other neglected diseases, and it is not a
profit opportunity for pharmaceutical companies (Paola Santos, Milena
Maya-Hoyos, Marcela López-R, Cristian Rosales, Vanessa Vásquez, Andrés
Varón, Bibiana Chavarro-Portillo, Nelson E. Arenas, Carlos Y. Soto 2020).
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3.2 De Novo Drug Deisgn

De novo drug design has established itself as an efficient method for the devel-
opment of potent and selective inhibitors for different classes of biological targets.
The ever-growing wealth of structural data on therapeutic targets will certainly
further enhance the importance of de novo design for the drug discovery process.
Advancements in structural biology techniques such as cryo-electron microscopy
for the high-resolution structure of M. tb therapeutic targets with the inhibitors,
along with molecular simulations, will definitely play a crucial role in drug
designing in the near future.

3.3 OMICs

The ambitious plans to eradicate TB will demand continuous efforts for the next
30 years, mainly due to the limited access to medicines in developing countries.
Future challenges to be overcome include the development of new drugs active
against resistant strains and latent TB, new therapeutic regimens shorter than the
current treatment, design of new personalized therapies that consider
bio-psycho-social issues of each patient, mainly in the presence of co-infections
and/or comorbidities. In the upcoming years, advances in host-direct therapy will
allow improvement of the immune response against the bacilli. This approach will
work synergically with the novel drugs in order to mitigate the infection. With the
OMICs development, novel targets will be described and validated, bringing a
horizon of possible pharmacological interventions. The therapeutic arsenal will be
constituted by distinct options with high specificity and low toxic profile; however,
the access to these new advances will not be able to reach all those patients in the
developing countries; being necessary to establish new approaches not only to
guarantee the use of these new drugs but also to allow the right use and the
monitoring of those new drugs (João Lucas Prates, Guilherme Felipe dos Santos
Fernandes, Cristhian N. Rodríguez-Silva, Jean Leandro dos Santos 2020).

3.4 A New Targeted Therapy

A deadly disease like TB has been afflicting mankind for thousands of years, and
despite so much progress made in the field of medical sciences, we have not
succeeded in eradicating the scourge of the disease from our society. The main
culprit is the biological makeup of the bacteria which can devise safety mechanisms
to evade anti-TB drugs and survive in a dormant state for a very long time.
Developing new therapeutics for curing the disease by circumventing the
resistance-developing mechanisms or novel molecules with entirely new mecha-
nisms of action are the only options available to medicinal chemists. Drug-resistant
TB, especially in immunocompromised patients, is a big challenge. The ultimate
goal is the complete eradication of the disease by the year 2050. DprE1 is a new
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druggable target present in the bacterium which has no parallels in the human host.
A substantial quantum of research work has been done to develop DprE1 inhibitors
as potential anti-TB drugs. Some molecules have already cleared the pre-clinical
stages of drug development and entered into different phases of clinical trials.
Artificial intelligence (AI) and simulation techniques can play important roles in
new drug discoveries for treating TB. DprE1 inhibitors provide a ray of hope for
achieving the laid down target of eradicating the deadly disease in the near future
(Mange Ram Yadav, Prashant R. Murumkar, Monica Chauhan, Rahul B. Ghuge,
Rahul R. Barot 2020).

4 Pathogenesis

4.1 Lung Microbiota

Studying how Mycobacterium tuberculosis (M. tb) infection and its treatment alter
the lung’s microbiota could open the door for a potential role of probiotics in the
treatment and prevention of TB. New information on the role of the lung micro-
biota, its interaction with the alveolar epithelial cells, and the innate immune re-
sponses and subsequent adaptive immune responses could provide clues on the
pathogenesis of M. tb infection and prompt new therapies for protection. In the
future, characterization of the microbiome will not only be extremely fast but
probably very inexpensive. This will lead to accessible and affordable personalized
medicine, where the use of probiotics or bacteria-derived products will be part of
new and better therapeutic strategies to treat and prevent diseases like TB (Jorge
Cervantes 2020).

4.2 Mutagenesis

Niels Bohr is believed to have said: “Prediction is very difficult, especially if it’s
about the future.” Still, it can be helpful to think about existing problems that are
either clamoring for a solution or showing great promise. It is highly desirable to
extrapolate mutation rates of M. tb living in the human body from those measured
in vitro. Ingenious mathematical models should one day be invented that are based
on human physiology and microbiology. It would also be satisfying and of practical
importance that mathematical methods are found that allow the fluctuation protocol
and sequencing-based methods to complement each other. Finally, it is expected
that biological technology advances will continue to stimulate innovative investi-
gators to devise mathematical models that address what is missing in the existing
models according to the distinctive purposes and characteristics of an investigation
(Qi Zheng 2020).
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4.3 Epigenetics

Epigenetic mechanisms play an important role in regulating gene expression and
maintenance of normal cellular processes. These mechanisms alter gene expression
levels without inducing genetic mutations. Microorganisms target some of the
epigenetic processes to attenuate the host immune system and promote the emer-
gence of drug-resistant pathogenic strains. Therefore, an appropriate host mRNA
transcription profile is essential for maintaining regular gene expression and protein
synthesis levels. Accordingly, therapeutic molecules that target epigenetic mecha-
nisms such as DNA methylation, acetylation, and phosphorylation are critical for
restoring and maintaining normal gene expression and protein production levels. It
is envisioned that further research in the field of epigenetics will, in the future,
unravel new vital cellular pathways and essential substrate molecules thereof.
Notably, the discovery of new pathways and molecular targets such as DNA, RNA,
and virulent proteins may be applied as markers that may be employed diagnos-
tically and therapeutically. Ultimately, this is pivotal for disease detection and
treatment as well as for preventing the emergence of drug-resistant microbial
pathogens (Musa Marimani, Aijaz Ahmad, Adriano Duse 2020).

In the past decade, clinical bacteriology has undergone important changes with
the introduction of “human microbiota” and “epigenetic modifications.” In the
future, introducing an effective biomarker for rapid prognosis, diagnosis, treatment,
and control strategies will be an urgent need to cope with new threats from
infectious microorganisms and emerging pathogens. Hence, the goal of many sci-
entists is to understand the importance of human microbiota and epigenetic mod-
ifications better so that they improve human health; but different aspects of their
association are not fully understood. Many studies have shown that certain infec-
tious agents and commensal microbiota can change the epigenetic status of their
own genome as well as mammalian host cells during infection and symbiosis.
Epigenetic mechanisms are pivotal in regulating gene expression during cellular
response to extracellular stimuli. Bacterial infections have a profound effect on the
host epigenome, which triggers susceptibility to diseases. Nonetheless, the human
microbiota and epigenetic modifications era bring exciting discoveries and chal-
lenges that can potentially be included in health programs. Improvement of mul-
tidisciplinary collaborations such as the cooperation of physicians, clinical
microbiologists, and scientists of other research fields may lead to profound
changes in this regard. Besides, the development of related technologies such as
whole-genome sequencing (WHS) of microbiome and epigenome on a large scale
and bioinformatics techniques can be advantageous to reach the goal of human
health improvements (Samira Tarashi, Mir Davood Omrani, Arfa Moshiri, Abolfazl
Fateh, Seyed Davar Siadat, Andrea Fuso 2020).
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5 Diagnosis

Since the goal is to achieve full elimination of TB by 2050, defined as less than 1
case per million people per year, designing new tools for accurate, rapid diagnosis
of both active and latent TB is critical. Moreover, effective new vaccines are needed
to achieve the long-term vision of TB elimination, particularly in areas of high
HIV/AIDS prevalence with a high rate of drug resistance. The ‘Test and Treat’
strategy is a key element of the End TB Strategy. We need better drugs to deal with
the TB threat, and more commercial incentive to develop new drugs is needed.
Furthermore, discovering better technologies for preventing TB and speeding the
process of diagnosis as well as monitoring treatment is highly required. Micro-
fluidics might be an important tool for commercial product development in TB
diagnostics. Microfluidic approaches based on molecular or cellular biomarkers
using microchip diagnostics might meet the requirement of TB diagnosis (Shima
Mahmoudi, Babak Pourakbari, Setareh Mamishi 2020).

Quick and effective identification of TB effusions is still a challenge. ADA has
stood the test of time, but it is plausible that in geographical areas where this assay
is not available, alternative biomarkers with similar accuracy, such as interleukin 27
(IL27) or unstimulated interferon-gamma (IFNc), might find a place for diagnostic
purposes. More studies on the potential advantages of combining biomarkers (e.g.,
ADA plus IL27), particularly in older populations, are needed. However, the best
hope is the improvement of rapid molecular assays that also help to detect muta-
tions associated with drug resistance. Their application on sputum and pleural fluid
samples will become routine, even though the low bacillary burden of TB effusions
will presumably prevent the development of extremely sensitive NAAT. Ran-
domized controlled trials on shorter anti-TB regimens and the role of therapeutic
thoracenteses are expected to become available in the near future (José M. Porcel,
Laura Porcel 2020).

TB has been a burden to mankind for millennia and remains the top infectious
killer worldwide. In the last few years, momentum has been created to End TB
(e.g., End TB strategy, 2018 UN High-Level Meeting). However, the progress is
recently threatened by the COVID-19 pandemic, which takes much of the attention
and resources. As a result, the COVID-19 response efforts have exerted clear
drawbacks on TB control. Modeling studies suggest that a few months of lockdown
can interrupt services for many more months and throw back the entire TB control
efforts by years. Our work highlights how innovation is used to improve medical
diagnostics and its impact in TB high burdened countries. Thus, we can safely
anticipate that scent- or volatile organic compound (VOC)-based tests can play a
greater role in TB and other diseases detection in the future. However, a technology
alone unlikely makes a difference as it needs an entire ecosystem of services to
make use of innovation in the field and to move forward from innovation to
application, validation, and impact. Future focus, in the light of not only COVID-19
but also other health challenges, is needed to combine services for various diseases,
make them truly patient-centered, and be instrumental in reaching universal health
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coverage for all (Negussie Beyene, Georgies Mgode, Robert Burny, Cynthia D.
Fast, Christophe Cox, Lena Fiebig 2020).

We see an increasing importance of the role of diagnostic microdevices in the
fight against TB. It can be expected that in 30 years, the diagnostic process in
microdevices will be fully automatic, free from human intervention and its associ-
ated risks. The tendency we observe towards the use of low-cost, widely available,
and portable components such as lab-on-paper platforms or mobile phone cameras
will be fully established in the future. Its combination will enable the use of these
technologies in the point-of-care of low-income countries, where they are needed the
most. The automatization in the manufacturing process of these microdevices is also
of great importance in order to upscale the production of sufficient chips to cover the
diagnostic needs. During the next years, the industry will approach an automatiza-
tion of chip manufacturing, allowing a mass-production (Marina Cañadas-Ortega,
Clara Gómez-Cruz, Juan José Vaquero, Arrate Muñoz-Barrutia 2020).

6 Extrapulmonary TB

6.1 Tubercular Uveitis

Uveitis consists of more than 30 entirely different disease entities that could not be
differentiated by a single diagnostic test. Diagnosis is derived from a combination
of good history taking, general physical and ophthalmological examinations, and
staged and tailored workup that consists of multimodal ancillary tests. A useful
parameter to determine the natural clinical course and the treatment response are
also not available. It is even trickier in tubercular uveitis (TBU), where obtainingM.
tb from ocular tissue as a gold-standard diagnosis is challenging to do. Conse-
quently, diagnosing TBU could be untimely because TBU is mainly diagnosed by
excluding the other disease entities. Further, it needs four to six weeks of response
to ATT to corroborate the diagnosis. We need well-defined diagnostic tests to
confirm a TBU promptly to be confident and quick in starting the ATT and whether
it is necessary to add steroid or immunosuppressive treatment. It is essential
because of the potential for hepatotoxicity and drug resistance of ATT. Clinically,
TBU may be a spectrum of a disease caused by a direct infection at one end (e.g.,
choroidal granuloma with good response to ATT alone) and immune response at
the other end (e.g., serpiginous-like choroiditis that needs immunosuppression).
Immunologically, the increased expression of particular type 1 IFN genes might
represent the direct infection spectrum, while the increased production of IFNc and
tumor necrosis factor-alpha (TNFa) might represent the immune response spec-
trum. These immune responses in all levels of biological processes are consequently
potential to become diagnostic biomarkers. They should be explored from in-
traocular fluid or tears (less invasive) or peripheral blood to recognize TB as the
cause, understand the clinical course, and predict response to ATT (Rina La Distia
Nora, Wandya Hikmahwati, Ikhwanuliman Putera 2020).
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7 Elimination

To achieve TB elimination globally, increasing awareness and training for
healthcare providers about collaborative approaches with TB patients will be
indispensable. To fully maintain TB patients in their treatment plan, improving their
understanding of the disease at the beginning of ATT and increasing support from
their peers and family members will be very imperative. In every solution, vul-
nerable populations such as imprisoned and migrants must be considered to
decrease the spread of drug-resistant TB. A comprehensive family-based approach
is required to improve the screening of children for TB. To effectively control TB in
children, new drugs with proven efficacy and reduced toxicity, new diagnostic
techniques, and effective vaccines are needed. For the worldwide elimination of TB,
the multiple stakeholders of the international community should work together in
the selection of the best and complete care for TB patients. Furthermore, a strong
commitment of all government officials will be needed to support any research
projects which are targeted at the development of new diagnostic tools, efficacious
vaccines, and better anti-TB drug regimen options. At the patient level also, every
patient needs to consider these conditions to control TB, take all their medication as
ordered, attend all their appointments, always cover their mouth with a tissue when
they cough or sneeze, and wash their hands after coughing or sneezing (Mohammed
Assen Seid 2020).

TB is continuously presenting new challenges as a global health hazard. In
present times, health designs focus on the diagnosis and control of active disease,
which is the “tip of the iceberg.” Co-infection with HIV, the emergence of mul-
tidrug resistance, and diabetes are deterrents to effective disease control. However,
rapidly evolving molecular diagnostics and genomic sequencing of the mycobac-
terium have helped in a better understanding of the biological behavior and epi-
demiology of this daunting ailment. Further research to develop tools that can
reliably identify latent infections and predict their future course is prudent to
rationalize preventive therapy. Rapid development in the field of genomics can help
to master the epidemiologic evolution and heterogeneity in response and
host-pathogen interaction. A multidisciplinary approach to developing efficient
vaccines, effective treatment, and global commitment toward socioeconomic sup-
port, strengthening health facilities, and improving public awareness can promise
the elimination of the disease worldwide by 2050 (Richa Sinha, Rahul 2020).

The search for new drugs targeting TB has witnessed a phenomenal change in
recent times, which resulted in multiple drugs entering the clinical pipeline.1 This
strengthened the internationally agreed target for TB elimination by 2050, where the
annual incidence would be less than one case per million population. However, it
also means a * 1000-fold reduction in incidence in about 30 years, corresponding
to a * 20% annually. The current global TB incidences are falling at about 2% per
year, and the projected aim may seem unrealistic. However, the scientific community
is working towards finding drugs that should treat TB in ten days, similar to the

1 https://www.newtbdrugs.org/pipeline/clinical.

51 Tuberculosis: Integrated Studies for a Complex Disease 2050 1083

https://www.newtbdrugs.org/pipeline/clinical


treatment of other bacterial infections. Ideally, these drugs should be equally
effective against multidrug-resistant and extensively drug-resistant TB, have no
drug-drug interaction issues, be effective with once-a-day oral dosage, and have
good safety and tolerability. We believe that in addition to a better vaccine than BCG
that works in only 15–40% of children and possibly not at all in adults, the following
will bring us closer to the TB elimination target by 2050:

i. high-quality early diagnosis and proper treatment in line with the Stop TB
Strategy;

ii. implementation of both national and international health-system policies; and
iii. investment in promotion and intensification of both drug and vaccine research

(Vinayak Singh, Nicole Cardoso, Stanislav Huszár 2020).

Detecting and treating latent TB infection combined with highly potent prophy-
lactic vaccines will ultimately be needed to eradicate TB. TB control currently depends
on the early detection of individuals that spread the disease in the community–indi-
viduals with pulmonary TB that have high bacillary loads in aerosols expelled into the
air by their cough, sneeze, and even their exhaled breath. Sputum specimens–even a
set of a spot and early morning specimen–may be the best option to be used as a gold
standard to test novel strategies and technologies, but they are cumbersome and
problematic in their own right, as they are cooperation-dependent. Tongue scrapings
potentially provide full identification of M. tb with molecular methods-based drug
susceptibility testing through next generation sequencing. Point-of-care breath tests
help in the screening process but fail this full identification that is necessary to confirm
the diagnosis and tailor treatment. With potentially toxic drugs like the injectable
amikacin and linezolid, therapeutic drug monitoring using limited sampling remains
necessary to optimize outcomes and reduce toxicity, but these potentially toxic
compounds should be replaced by equally effective but less toxic compounds.
Inhaled TB drugs should be further tested and added to reduce the period of time that
patients need to be isolated. Duration of therapy will not be likely to be reduced below
six months of treatment, but relapses may be further reduced by adding therapeutic
vaccinations. Testing vaccines in the context of multidrug-resistant TB provides a
platform to bring novel (therapeutic, as well as pre- and post-exposure prophylactic)
highly effective vaccines to the market. With timely diagnosis by active case finding,
adjuvant surgical treatment will eventually become redundant, but host-directed
therapy will continue to be beneficial, based on the detection of genetic polymor-
phisms that predict an exacerbated, paradoxical inflammatory response, as reported for
Mycobacterium ulcerans infection. In 30 years from now, we can and will defeat TB,
the captain of all men of death (Tjip S van der Werf, Yvette A de Reus, 2020).

Limiting TB incidence, mortality, and the socioeconomic burden has become
more challenging with the emerging threats of TB, HIV co-infection,
multidrug-resistant TB, and extensively drug-resistant TB. These challenges require
sustainable financing, health system strengthening, research and innovations, and
leadership to develop a collaborative and accountable environment at all tiers
(Sobia Faisal 2020).
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Global initiatives in controlling the TB epidemic by employing the revolutionary
strategy of directly observed treatment, short-course (DOTS) developed during the
latter half of the last millennium have proven instrumental in saving millions of
lives worldwide. High TB burden countries, including India and Kenya, have uti-
lized this strategy to reverse the trend in the progression of the epidemic and bring
about a significant reduction in the incidence and mortality of the disease. The
international initiatives in health since the last decade have maintained a firm focus
on social determinants of health, equity, and universal access, which is a promising
sign. We envision that the nations of the world which continue to bear the brunt of
this age-old epidemic would resolve to translate this international agenda into action
by introducing a paradigmatic shift in their TB action plan–from a disease control
model to a health promotion model. This could only be achieved through initiatives
to address the fundamental health determinants in the population, including poverty
eradication, ensuring food security, and provision of better living and working
conditions for all, especially the poor and the marginalized. Such a shift would
provide the much-needed impetus toward realizing our dream of a TB-free world
(GK Mini, Sapna Mishra, Jinbert Lordson, Malu Mohan 2020).

By 2050, the world should have eliminated (less than one case per million
population) neglected diseases such as TB according to the sustainable develop-
ment goals. From the current progress, this seems unlikely, but some progress was
in place before the COVID-19 pandemics. Current progress indicates that by 2050,
an effective vaccine to prevent new TB infections, much shorter regimens for TB
prevention, and treatment of susceptible and drug-resistant TB will be available.
Likewise, point-of-care tests for risk of progression from infection to active disease
in those born before the vaccine will be accessible to all contacts and other vul-
nerable populations. M-health applications will be widely used for the prevention of
TB reemergence. An effective, short, and safe regimen for drug-resistant TB will be
available. Computational intelligence will be used to predict disease and prognosis
and interpret and integrate clinical and laboratory information. Researchers will
concentrate their efforts on developing innovative health-promoting technologies,
and governments will warrant universal access to all innovative technologies. This
may include precision medicine approaches, such as genetic evaluation of hosts and
pathogens. As shown by the COVID-19 pandemic, continual funding for research
and implementation must be a priority (Anete Trajman 2020).

TB is a curable disease, but the problem is the persistence of a huge pool of
infected persons, some of which will develop the disease. Prevention has long been
neglected under the assumption that the mere treatment of patients with active
disease would be sufficient to control the number of cases. It appears that screening
exposed persons for infection and preventive treatment of infected persons is a part
of the global strategy for the control of TB and will contribute to the expected
decline of TB worldwide. New tools for the detection of infection and shorter and
more efficient preventive treatment are needed to achieve this in the future
(Jean-Pierre Zellweger 2020).
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M. tb might be controlled to a great extent, about one case per million that too
among the people below the poverty line or with an impaired immune system. It
would be possible as:

i. the people shall be aware of the dreadful virulence of M. tb and stabilizing the
immunity to combat TB by taking healthy foods;

ii. the integrated ligand and structure-based drug design will definitely be useful
in developing some potential chemotherapeutics to combat TB including
multidrug-resistant and extensively drug-resisatnt TB;

iii. there would be the availability of early detection of TB testing kit and a shorter
duration treatment to eliminate dormant bacilli for major impact on TB control;

iv. an effective vaccine for both pre- and post-exposure patients, including those
who are HIV-positive, may be available to radically change TB’s profile at the
mass population-level; and

v. the situations arising out of pandemic COVID-19 shall be well addressed to
ensure and safe guard the TB prevention (Sisir Nandi, Mridula Saxena, Anil
Kumar Saxena 2020).

8 Challenges

Based on the World Health Organization (WHO) TB control programs and tech-
nology developments, as well as gene therapy, there is hope that this historically and
cruel illness will be brought under control. But still being researched, the literature
has a number of limitations either on disease diagnosis, progression, early diagnosis,
treatment, and ideal treatment outcomes with survival. At present, there are chal-
lenges to recognize the pathological agent by routine screening. PCR, which is
currently being used and has been giving reliable results in clinical samples from
suspected TB persons collected in a non-invasive manner. The molecular test,
despite being negative for blood, was positive in bone aspirate and urine. Though
there are many diagnostic options, the early detection of disease and referral to a
specialist service for rapid diagnostic investigation are measures that help with
patient prognosis. Moreover, there is lacking consensus, based on well-controlled
trials, about dealing with a child with TB (spondylitis, Pott’s disease, spinal arthritis,
etc.). There are debatable concerns such as the length of therapy, the role of corti-
costeroids, and when surgery should be recommended (Amer Hayat Khan 2020).

8.1 Pediatric TB

TB has been with humanity since its inception. Over time, there have been
advances in the knowledge of pathophysiology, diagnosis, and treatment. On the
other hand, new challenges have arisen, including the emergence of AIDS at the
end of the twentieth century, the appearance of multidrug-resistant strains of M. tb
in addition to the huge population contingent most vulnerable to TB who live in
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conditions of poverty. The WHO proposes strategies for disease control by 2035
published in the document TB End Strategy. And what to expect from science for
the next 30 years, especially in pediatric TB? The emphasis on research involving
children is fundamental. The development of a vaccine that prevents all forms of
TB would be welcome, but it does not seem easy. It would be useful to have simple
and low-cost diagnostic tests that can be highly sensitive to diagnose the pau-
cibacillary forms of active TB that commonly affect children. However, even with
the advancement of science, I consider the training and qualification of profes-
sionals essential for the rapid diagnosis of the disease, in addition to the urgent need
to reduce social inequalities around the world. In this sense, the effective and
universal application of health actions that are already known today for the control
of TB should deserve attention from all countries (Christiane Mello Schmidt,
Claudete Aparecida Araújo Cardoso, Rafaela Baroni Aurílio, Maria de Fátima
Pombo Bazhuni Sant´Anna, Clemax Couto Sant´Anna 2020).

8.2 TB—An Opportunistic Infection

With the introduction of more biological agents and their increasing use for a
variety of inflammatory conditions, further study is needed to identify and char-
acterize the risks of opportunistic infections like TB. The use of biologics that
increase the risk of reactivation of TB, like TNFa antagonists, can hinder efforts to
eliminate TB, particularly in more developed countries where its usage is more
common. Reducing this risk through improved latent TB infecion diagnostics and
testing strategies remains an important goal (Rachel K. Lim, Dina A. Fisher,
Stephen K. Field 2020).

8.3 Failure to Meet Commitments by 2035

Despite the tremendous success in TB control, around three million incident TB
cases are missed (either undetected or unreported) each year. These missed cases
not only increase the existing pool of the diseased but also remain a source of TB
transmission in the community. “Find treat and cure” all TB victims is the key to
halting the epidemic along with other required preventive approaches. During the
past two decades, TB remained on the priority agenda of global public health
advocates, which resulted in an average decline of 1.6% per annum in TB incidence
from 2000 to 2018. Although the declining trend gives hope, the pace of decline is
insufficient to meet the End TB targets and commitments by 2035.

8.4 Non-tuberculous Mycobacteria

Non-tuberculous mycobacteria are an emerging class of uber-resistant pathogens
causing high morbidity and mortality worldwide. As the number of clinical TB
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infections continues to decrease, their increasing identification is alarming clini-
cians across the spectrum. The following are fervent wishes pertaining to NTMs:

• Notifiable infections across healthcare systems;
• Urgent discovery, development, and rapid deployment of accurate, sensitive

diagnostic tests; and
• Urgent discovery, development, and rapid deployment of potent antimicrobials

specific to NTM

These wishes, if implemented, would entail a possible control of the NTM
infections, without which these bacteria possess the potential to rapidly overwhelm
healthcare systems worldwide (Mohammad Naiyaz Ahmad, Satyaveni Malasala,
Nanduri Srinivas, Arunava Dasgupta, Sidharth Chopra 2020).

8.5 Medical Ethics

Informal bioethics was born together with the human race long before the birth of
formal medicine. We can see that bioethics, as a formal discipline, has gone through
a tremendous evolution: from narrow medical ethics to a broader, global sense of
ethics, from the narrow “I” to the broad “we.” Traditional bioethics is known for its
overwhelming focus on (individual) autonomy. But this has constantly been proved
insufficient to meet the health needs of the universe. A broader sense of bioethics
has been advocated for since the birth of global bioethics as a topic towards the end
of the twentieth century. Therefore, this positive development will continue, and the
increasing cultural pluralism will give more opportunities for bioethics to broaden
and advance. Instead of contextualizing and globalizing dominant ethical princi-
ples, future bioethics will (and must) engage with exploring and illuminating
indigenous ethical values. Reasoning based on principles should continue to grow
weaker, and relationships should grow to matter. This will give more opportunities
for learning and acknowledging others’ perspectives. Future bioethics should
continue to stimulate interdisciplinary and new ways of thinking about health and
illness. This will help the discipline address at least one risk: the risk of collapsing
back to medical ethics (Kirubel Manyazewal Mussie 2020).

8.6 Unhealthy Lifestyle

I am not optimistic about the future. Science has to benefit the people. Nowadays,
we are suffering from new microorganisms such as COVID-19, global warming
complicated by sea-level rise, severe rainstorms, intense typhoons and a significant
increase in forest fires, and destruction of the earth, including that of tropical rain
forests and coral reefs, among other threats. We have to stop neoliberalism as the
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final stage of capitalism. Only when we can change our economic system for people
so that they can coexist communally with the earth and its creatures will we see a
future for human beings. We can live without consuming so much energy, take
advantage of local production for local consumption, and eat more vegetables.
Then, we can be healthy without succumbing to adult diseases and cancers and can
die peacefully without medicine except for those who really need it. My hope in the
future is that we will be able to diagnose diseases without invasive procedures
(Yoshinori Kawabata 2020).

8.7 Myths and Stigma

The mission of the WHO to reduce the burden of TB by 95% by the year 2035 is
both promising as well as challenging. The next 30 years are likely to see the
development of faster diagnostic tests and newer and maybe more potent drugs to
treat TB. However, despite this progress, it is unlikely there will be much progress
towards the eradication of poverty, social injustice, inequality, and illiteracy. Fur-
thermore, myths and stigma about TB will still be there in one form or another, and
so will be the problem of non-compliance and drug resistance. Due to the com-
plexities of issues involved, it seems rather unlikely that TB will be totally eradi-
cated during the next three decades (Alisha Kamboj, Michael Lause, Kamal
Kamboj 2020).

Imagine a patient coming from a rural area of some developing country and
suspected of suffering from TB. This patient provides a sputum sample to the
medical staff, the respective diagnosis is made by WGS, and the presence ofM. tb is
confirmed. In addition, the presence of mutations that confer resistance to rifam-
picin and isoniazid is identified. This is a new patient but carrier of a
multidrug-resistant M. tb strain and diagnosed in less than a week. Based on this
diagnosis, the patient is provided with individualized treatment, which consists of a
cocktail of a new set of antibiotics administered through a controlled-release epi-
dermal patch. The patient is expected to be cured in less than four to six weeks.

Undoubtedly, the integration of the knowledge generated in the last years in the
different fields related to the fight against TB and drug-resistant TB will allow the
development of significant and innovative advances and the establishment of
optimistic scenarios in the medium and long term, as shown in the previous
example. The only remaining challenge is to bring these scientific advances closer
to the poor, who are the most affected by this disease. Such is the magnitude of the
challenge that will face the attention and resolution of this disease, which has
accompanied humanity practically since its debut as a society (Damián Pér-
ez-Martínez, Paulina Mejía-Ponce, Cuauhtémoc Licona-Cassani, Everest de Igar-
tua, Gustavo Bermúdez, Diana Viveros, Roberto Zenteno- Cuevas 2020).
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9 Treatment

9.1 Inhalation Techniques

For long of its existence, humanity has been plagued with TB. Since the discovery
of antibiotics, there has been a reprieve because a cure for latent TB infection and
active TB disease was available to patients from all walks of life. As antibiotic
resistance has grown in recent decades, the drug-resistant forms of TB are now
becoming a bigger problem, along with the co-infection with other diseases such as
HIV, HPV, and malaria. The regimens for drug-resistant forms of TB can involve
significant doses and harsh side effects. The use of an inhalation technique not only
directly treats a pulmonary infection but also can result in a rapid increase in serum.
By lowering doses significantly, there exists a chance to use other species, such as
the copper ion, to treat the infection. We anticipate that these notions in delivery
and composition will evolve over the next many decades (Thomas Manning, Jenu
Thomas-Richardson, Courtney Johnson, Krupesh Patel, Yatri Thaker, Govind
Thomas-Richardson, Dennis Philips, Greg Wylie 2020).

9.2 Nutrition

TB spread will gradually decline if the proper concentration is given to the nutri-
tional status. And due to the current pandemic situation, the usage of face masks has
become an essential aspect of daily life. This face mask usage and proper personal
hygiene may alleviate the spread of TB within 2050. Furthermore, nutritional
packages and supplementation with vitamins will enhance the immunity status
among the susceptible population. Respective authorities must implement strategies
to overcome malnutrition in vulnerable populations such as infants, children, and
pregnant women. A healthy, nourished status will be ideal for overcoming such
infectious diseases. Hence by 2050, there must be an extremely significant level of
decrease in TB spread (Vijey Aanandhi Muthukumar, Praveen Devanandan,
Ranadheer Chowdary Puvvada 2020).

9.3 Bronchoscopy

Interventional bronchoscopy has been under exponential growth of new ideas,
technologies, and inventions for the last two decades. Research progress in this
particular area is moving so fast that in the near future, we can expect further
development in different directions, including:

i. Endobronchial ultrasound will increase its abilities for precise diagnostics of
mediastinal and pulmonary lesions, moving to more and more therapeutic
indications for TB and lung cancer;
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ii. AI systems, which are now on preliminary clinical assessment, will become
irreplaceable assistants for bronchologist, improving diagnostic yield and
making the investigation more comfortable both for patient and operator; and

iii. High-definition bronchoscopy systems will be replaced by systems of even
higher resolutions (4K-6K-8K or even more) with multiple additional image
filters, allowing doctors to detect even the smallest changes in the bronchial
mucosa.

Along with an increase in the optical resolution of bronchoscopes, their
maneuverability will significantly increase, mostly due to a decrease in the diameter
of the endoscope, which will “shed light” on previously inaccessible areas of the
bronchial tree and thus further expand possibilities for endoscopic diagnostics and
treatment (Ilya Sivokozov, Atadzhan Ergeshov 2020).

9.4 Precision Medicine

The past several years have seen advancements in population pharmacokinetics
software and the advent of precision medicine. As technology continues to evolve,
a more individualized approach to medical treatment is becoming a reality—par-
ticularly in more developed countries with large resources. In the near future, a
person’s genetics, environmental factors, as well as socioeconomic factors will be
combined with her or his clinical attributes to inform clinical judgment for the
purposes of customizing a patient’s drug treatment. Utilizing a precision medicine
approach, combining more precise drug dosing with more efficient drug resistance
prediction models will lead to fewer adverse events and an increase in efficacy. The
timeframe in which technology will allow for a truly individualized approach
depends on a number of unknowns, but the future is promising (Ashlan J. Kunz
Coyne, Anthony M. Casapao, Eric F. Egelund 2020).

9.5 Surgery

TB may remain to persist in the new form after three to four decades. The current
form of infection may get extinguished; however, newer forms of multidrug-
resistant and extensively drug-resistant forms may emerge as the immunosup-
pressants are used for varied pathologies. Surgery may continue to play a role in the
therapy of severe cases; however, minimally invasive modalities of surgical oper-
ations may take over the conventional forms of surgery. The ever-advancing
pharmaceutical industry and research may bring about a wonder drug that might
revolutionize the management of this infection (Ashish Gupta 2020).
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9.6 Adjunctive Immunotherapy

We believe that TB will remain one of the major public health problems worldwide
due to the high prevalence of drug-resistant TB forms and the HIV/AIDS pandemic.
Humanity will search for novel approaches in the development of new anti-TB
drugs with bacteriostatic and bactericidal effects onM. tb. As a result of their action,
super drug-resistant M. tb forms will appear. Novel treatment regimens will develop
against the background of the emergence of new anti-TB drugs. They will include
diverse combinations of anti-TB drugs and various durations of treatment. Such
changes in the treatment approaches will be reflected in WHO guidelines and
national recommendations in countries where the TB burden remains high. It can be
assumed that national guidelines in each country will take into consideration
national features of TB epidemiology and personalized approaches to each and
every TB patient in combination with effective medical staff training and TB
treatment using the most innovative strategies. We are of the opinion that adjunctive
immunotherapy can be one of such innovative approaches, which will provide the
opportunity to survive patients with severe TB forms and increase treatment
effectiveness for TB patients (Dmytro Butov, Valeriy Myasoedov, Anton Tka-
chenko, Tetiana Butova 2020).

10 Animal TB

For decades, bovine TB eradication efforts have been largely successful in most
developed countries. However, significant obstacles threaten to hinder many efforts.
Wildlife reservoirs, which transmit Mycobacterium bovis to cattle, represent an
immense impediment. Eliminating a disease from a wild population presents social
and scientific challenges. It is likely that addressing wildlife-cattle transmission will
require a vaccine. In view of the vast resources that have been expended in the
search for a new human TB vaccine to replace the century-old BCG strain, an
efficacious vaccine for either wildlife or cattle is a demanding challenge. However,
with ever-expanding vaccine platforms and high technology delivery systems, the
challenge is likely surmountable. During the early years of eradication, disease
prevalence was high, and most cattle herds were less than 100 head. Today, disease
prevalence is low, and herds may number in the tens of thousands. Diagnostic
assays and herd disposition practices that worked in the early years are not practical
or effective today. The preferred herd disposition (whole herd depopulation) is not
financially possible in herds of 20,000 heads or more. Diagnostic tests (or com-
binations of tests) which are both highly sensitive and highly specific, thus allowing
for the removal of all infected animals (and only infected animals) with confidence,
will be required. Even today, we see advances in bovine immunology and bacterial
genomics that will identify novel targets for creative diagnostic platforms.
Improved understanding of disease pathogenesis, host immune response, and
pathogen genomics promise to one day bring bovine TB eradication efforts to a
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successful conclusion (Mitchell V Palmer, Carly Kanipe, Jason E Lombard,
Paola M Boggiatto 2020).

The point-of-care tests ia subject that will undergo extensive development and,
in the near future, can bring us very useful analytical tools for clinical practice. The
development of new, simple, portable, and accurate diagnostic methods to be used
near the patient (in a vet clinic or on a remote livestock farm), in addition to
conventional analyzes, can increasingly reduce the time for clinical decision-
making. Further up, new and more effective vaccines, individualized treatments and
new therapeutic solutions, nanotechnology, robotics, and “big data” software in
support (or making) the diagnosis and treatment will be part of the daily life of
veterinary medicine. The human veterinarian of the future will have new and fas-
cinating challenges (Hélder Quintas, Justina Prada, Maria da Conceição Fontes,
Ana Cláudia Coelho, Isabel Pires 2020).

11 Integrated Science

The initiative taken by Prof. Nima Rezaei, in the form of the Integrated Science
book series published by Springer, is a really commendable and a great way of
portraying love for science. The work of students, researchers, clinicians, and
academicians exhibited in this book series will inspire many more and bring them
closer. This book series is a great platform that is growing day by day and even-
tually will reach great heights. Its success will be considered a yardstick to measure
the success of similar ventures by others in coming years. The book series will
showcase some of the groundbreaking research by great minds and raise the
standards of the Integrated Science book series. The Integrated Science book series
will act as a medium of convergence of different workforces from different disci-
plines to one point of bright illumination, giving away the secrets of science. This is
an unstoppable universal force and a boon for the medical fraternity (Sagar Mali,
Anushka V Devnikar, Arvind Natarajan 2020).

11.1 Future Epidemics

Although mathematical models can provide some useful predictions relating to new
infections and new epidemics, the future remains essentially unpredictable. We
have to rely on real-time identification of events, be able to track their course
precisely, and respond in real-time. This requires widespread and thorough
surveillance systems, global organization, and coordination of local, national, and
international health systems. Clinical practice and treatment have to develop new
approaches in real-time. The feasibility of a large public infrastructure for phar-
maceutical and related biomedical innovations, across the entire drug cycle, through
research, development, production, and distribution must be established. There is a
worldwide decrease in the number of health professionals. Notably, there are fewer
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and fewer experts in infectious diseases. This is particularly true in low and
middle-income countries. The teaching of medical microbiology and immunology
has to be improved, incorporating advances in education and learning technologies
to rekindle interest in the field (Gianluca Quaglio, Damiano Pizzol, Giovanni Putoto
2020).

11.2 Implementation Research

Implementation research (IR) is one of the growing and interesting fields of
research because of its important role in knowing the reason behind the success and
failure (bottlenecks) of any program. Findings from IR are now used by various
programs to effectively implement the interventions and for further scale-up. Many
programs implemented either by national and international development partners as
well as government bodies are now interested in including IR along with their new
programs to know the bottlenecks during implementation and also for exploring the
barriers and facilitators for scaling up of the program. To achieve the ambitious goal
of controlling TB globally, the importance of conducting IR in the TB program will
further increase with time. Thirty years later, IR will be one of the important parts
not only of the national TB program but also of all health and public health
programs across the globe (Basant Joshi 2020).

11.3 Ophthalmology

The future of ophthalmology is expected to be different from the current landscape.
Ophthalmologists will face significant challenges in the way they practice. The
current era of technology and innovations will dominate and influence the oph-
thalmology practice. As expected, tiny, well-designed, and connected instruments
and the accompanying apps may make it possible to undertake eye examinations
anywhere in the world. It would not be surprising very soon to see unprecedented
advances in diagnostic and intervention techniques. Advances in imaging modali-
ties may make it possible to diagnose and treat diseases that were tough to address
in the past (Samir S. Shoughy, Khalid F. Tabbara 2020).

11.4 Neurosurgery

The future of neurosurgery will be defined by advanced imaging, neuronavigation
with heads-up display, and functional neurosurgical procedures. The degree of
spatial understanding and localization of pathology will be much more precise than
at present and will create opportunities for decreased disruption of normal tissue
with complete eradication of oncologic pathologies. Neuromodulation of key tar-
gets in the brain will define neurosurgery, treating many more diseases than are
thought possible today. Currently, there are very few targets within the brain for
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neuromodulation, with several promising avenues now being developed for neu-
rological disorders. Patients suffering from stroke or spinal cord injury may soon
experience neurological recovery of their bodily functions through neurostimulation
(Alexander E Braley, Walter A Hall 2020).

11.5 Genomics and Molecular Epidemiology

In the last decade, the use of genomics and molecular epidemiology as a tool to
understand the biology of the pathogen and to trace transmission across the host
population has been rising exponentially, partially the result of constantly
decreasing sequencing prices. It is foreseen that this decrease will continue for the
next few years, and in three decades, it is expected that WHS will become a
standard approach for any pathogenic agent in public health. This outstanding
increment of genomic data conjugated with improved bioinformatics tools will
allow, in real-time, to sequence pathogen genomes, trace transmission chains and
detect the emergence of strains with specific features such as enhanced virulence
and drug resistance. A glimpse of such an approach is visible already, directed at
the fight against the current COVID-19 pandemic where, by the time of this writing,
the mark of two million sequenced genomes worldwide of the virus responsible for
the disease is being achieved. In the case of Mycobacteria-related diseases in a
30 years period, while the control measures of these pathogens pioneered several
genomic approaches, they will likely be fully eradicated before the full potential of
genomics applied to pathogenic agents is on the verge of being achieved (Teresa
Rito, Osvaldo Inlamea, Olena Oliveira, Raquel Duarte, Pedro Soares, Margarida
Correia-Neves 2020).

11.6 Integrated Computational Approaches

Integrated computational approaches such as in silico selection of putative
metabolite and substrate mimics and further hit selection for designing the inhibi-
tors based on the in vitro activity and transcriptional profiling [13] can accelerate
the process. Combining bioinformatics data from databases like TBCyc, SRI’s
BioCyc collection [14], and Pathway Logic models [15] for M. tb are useful to
identify new molecules. One of the bottlenecks in drug discovery is the occurrence
of drug resistance in M. tb. The advent of machine learning approaches and WGS
would help in identifying mutations and predicting antimicrobial resistance [16].
Machine learning models use single-point data and dose response data and further
combine bioactivity and cytotoxicity data to assist in drug designing of M. tb. These
methods will also predict the sensitivity and specificity of the designed drugs [17].

Apart from various new technologies, innovative diagnostic tools will also be
helpful in the rapid diagnosis of TB infection. The inception of novel treatments
like phage therapy due to the fast increase of multidrug-resistant TB could eradicate
this deadly pathogen. Phage therapy can be considered as an adjunct to drug
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treatment alone or in combination for drug-resistant TB [18] (Ankit Ganeshpurkar,
Ravi Singh, Meenakshi Singh, Ashok Kumar, Sushil Kumar Singh 2020).

11.7 AI

The rapid advances in high-throughput tech opened up the integration of a large
amount of multiomics data on a single-cell level. Since Alexander Flemings (1928)
found the first antibiotic from fungus, nature has become fond of antimicrobial
agents. In the past decades, a handful number of new antibiotics have been intro-
duced in the TB field because traditional drug screening methods are extremely
labor- and time-consuming. In the future, computer-based in silico simulation and
machine learning algorithms will become a popular method to screen novel
antibiotics. AI-based drug screen and lead compound designing will be of great
potential. Recently, the Collins group announced powerful deep learning in
silico-based drug screening platform by which they identified one compound with
an unconventional mode of action that fights infections with drug-resistant bugs
[19]. The drug screening platform is now experiencing a paradigm shift, aiming at
AI-based in silico simulation that will replace in vitro testing and time-consuming
high-throughput assays. Ultimate success in the TB drug screening field requires a
complete picture of the M. tb multiomics makeup. Thus, an AI-mediated drug
screening platform necessitates careful integration of multilayers of information,
multiomics measurements of the transcriptome, proteome, and metabolome, as well
as comprehensive information on available nutrients, lifecycle, and environments.
The translation of the M. tb-specific dataset into multiomic integration will allow
secure data sharing in large databases and strong computational infrastructure,
serving as a basis of AI-mediated drug screening platform (Jae Jin Lee, Philip Sell,
Hyungjin Eoh 2020).

12 Conclusion

This Chapter presented the authors’ views on the situation of TB in relation to
tobacco use, drug use, and cancer, along with thoughts about the problem of resis-
tance and drug discovery, highlighting the need for a new vaccine, de novo drug
design, OMICs, and a new targeted therapy; pathogenesis involving lung microbiota,
mutagenesis, and epigenetics; diagnosis; extrapulmonary TB; prevention, elimina-
tion, and control; challenges, such as pediatric TB, TB as an opportunistic infection,
failure to meet commitments by 2050, non-tuberculous mycobacteria, medical ethics,
unhealthy lifestyles, myths and stigma; treatment options, e.g., inhalation techniques,
nutritional strategies, bronchoscopy, surgery, precision medicine, and adjunctive
immunotherapy; animal TB; integrated science of TB, comprising future TB-related
thoughts of epidemics, implementation research, genomics and molecular epidemi-
ology, integrated computational approaches, and AI.
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Core Messages

• TB is a complex disease.
• Integrated studies are required to tackle the challenge of TB in relation to

tobacco use, drug use, cancer, and HIV.
• Integrated studies can promote drug discovery and understanding the TB

pathogenesis using OMICS technologies.
• Integrated studies should be globalized to increase the chance to meet

commitments to eliminate TB by 2050.
• Integrated studies of TB mainly involve implementation research, geno-

mics and molecular epidemiology, and computational approaches.
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