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Preface

According to the World Health Organization, approximately a third of the world
population is latently infected with Mycobacterium tuberculosis (M. tb [LTBI]),
with an estimated 9 million individuals with active tuberculosis (TB). It is estimated
that approximately 2 million individuals die each year from active TB. In particular,
14.4% of these individuals have HIV and M. tb coinfection. Approximately 50-60%
of these individuals with HIV and M. tb coinfection are from sub-Saharan Africa.
HIV and M. b coinfection continue to burden health-care systems in developing
countries in both African and Asian subcontinent.

M. tb infection begins when individuals inhale infectious aerosol droplets con-
taining M. tb. The inhaled bacilli are phagocytized by alveolar macrophages which
are believed to provide the first line of defense against M. b infection. TNF released
by M. th-infected macrophages is responsible for the formation and maintenance of
granuloma, a critical immune response required to restrict and localize M. tb infec-
tion in the lungs, thereby preventing systemic dissemination of M. tb infection to
other parts of the body.

Studies have shown that the T-helper 1 (Thl) subset of CD4+ T cell immunity
plays an important role in augmenting the effector functions of macrophages to
combating M. tb infection. It is believed that 90% of the healthy individuals mount
an effective immune response against M. tb infection in the lungs, causing the bac-
teria to become dormant inside the granuloma, and this condition is referred to as
LTBI

M. tb is one of the leading causes of death in HIV-infected individuals. Chronic
stages of HIV infection are usually accompanied by a progressive decline in the
number of CD4+ T cells, which leads to disruption in the macrophage effector func-
tions and weakened granulomatous responses against M. tb causing active TB. In
HIV-TB coinfected individuals, M. tb can also systemically disseminate to other
parts of the body to cause extrapulmonary TB. Recent evidence indicates that indi-
viduals with type 2 diabetes are increasingly susceptible to M. tb infection. Elderly
individuals and chronic smokers are also at high risk for acquiring M. b infection.

Understanding the effects of chronic conditions such as HIV, diabetes, chronic
cigarette smoking, and aging, in dampening the immune responses will provide
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valuable information on the protective effector mechanisms that are key for defense
against M. tb infection. This textbook provides a detailed review covering recent
advances on topics such as:

1. Diabetes and TB

2. TB immunodiagnosis

3. Granulomatous responses to Mycobacterium tuberculosis infection

4. Animal models for tuberculosis

5. Host-directed therapies for tuberculosis

6. Cigarette smoking and increased susceptibility to tuberculosis

7. Coinfection with Mycobacterium tuberculosis and HIV

Pomona, CA, USA Vishwanath Venketaraman
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Diabetes and Tuberculosis

Blanca I. Restrepo

Diabetes mellitus is characterized by hyperglycemia due to defects in insulin secre-
tion, insulin response, or both (American-Diabetes-Association 2014). Type 1 and
type 2 diabetes (T2D) patients have a higher morbidity and mortality from pulmo-
nary infections, with tuberculosis (TB) being a prominent example (Muller et al.
2005; Shah and Hux 2003). In this chapter the focus is mostly on T2D which is the
most prevalent form. The worldwide increase in the prevalence of T2D in low- and
middle-income countries where TB is most endemic is a recognized reemerging risk
and challenge to TB control (Ottmani et al. 2010). Individuals with T2D have three
times the risk of developing TB, and there are now more individuals with TB-T2D
comorbidity than TB-HIV coinfection (Jeon and Murray 2008; Ronacher et al.
2015). The frequent co-occurrence of diabetes (type 1 or type 2) and TB was first
described centuries ago by the Persian philosopher Avincenna. The comorbidity was
a frequent topic in the medical literature in the first half of the twentieth century, but
its notoriety was reduced with the introduction of insulin treatment for type 1 diabe-
tes and antibiotics for TB (Boucot et al. 1952; Morton 1694; Root 1934; Silwer and
Oscarsson 1958). In the 1980s, the publications on joint TB-T2D began to reappear
with the number of publications on TB and T2D rising exponentially in contempo-
rary times as the global prevalence of T2D among adults has continued to rise
(Fig. 1). Diabetes is predicted to reach 642 million worldwide by 2040 with most
(80%) of the patients living in low- and middle-income countries where TB is also
endemic (International-Diabetes-Federation 2015). The World Health Organization
has identified T2D as a neglected, important, and reemerging risk factor for TB
(Ottmani et al. 2010). In this chapter, “T2D” will refer mostly to type 2 diabetes since
it is the most prevalent form, but type 1 diabetes in children has also been associated
with TB (International-Diabetes-Federation 2015; Webb et al. 2009). This chapter
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Fig. 1 Historical perspective of the association between TB and diabetes based on the number of
publications. Most of the literature on the comorbidity was published between the 1940s and
1960s, but thereafter the topic lost notoriety with the improved control of type 1 diabetes with
insulin and the implementation of antibiotics that could effectively cure most TB patients. In the
1980s, HIV emerged and continues to be the most notable risk factor for TB. But in contemporary
times there have been improvements in HIV treatment and a notable increase in diabetes world-
wide “pandemic,” resulting in an exponential increase in the number of publications on the topic

provides an overview of the epidemiology of TB-T2D, the impact of T2D on the
clinical presentation and outcomes of TB, and the underlying biology that favors the
co-occurrence of both diseases.

Epidemiology

Risk of TB development among TB patients. Obesity has increased worldwide
due to population aging, urbanization and reduced physical activity, resulting in an
increasing prevalence of type 2 diabetes (Hu 2011). About 80% of the 415 million
estimated T2D cases globally are from low- and middle-income countries, and its
prevalence is projected to continue rising over the next 30 years, particularly in
regions with high TB incidence (International-Diabetes-Federation 2015) (Fig. 2).
It is well accepted that T2D increases the risk of TB. A recent systematic review and
meta-analysis of 44 studies found that T2D increases the risk of TB by two- to four-
fold (Al-Rifai et al. 2017). There is wide variation between studies worldwide with
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Fig. 2 Convergence of countries with highest burden of TB and T2D worldwide. Among the 10
countries with the highest number of diabetes patients worldwide, 6 are also among the 22 high-
burden countries that contribute 80% of the TB cases worldwide. (Updated from Restrepo (2007))

risk ratios ranging between 0.99 and 7.83. This illustrates the complexity of study-
ing T2D as a risk factor for TB given the heterogeneity in T2D populations world-
wide, methods for T2D diagnosis which range from self-reported (least sensitive) to
oral glucose tolerance test (more sensitive), and also in study designs (Kornfeld
et al. 2016). These risk ratios can be affected by the T2D patient’s age, access to
healthcare, level of glucose control, and T2D complications and medications. For
example, the co-occurrence of T2D with other host characteristics can synergize to
increase TB risk among T2D patients, as suggested for T2D plus smoking, micro-
and macro-vascular complications of T2D, host metabolism, and even the social
environment (Kuo et al. 2013; Lonnroth et al. 2009; Reed et al. 2013). Differences
in the risk ratios are also observed between study designs (Al-Rifai et al. 2017;
Huangfu et al. 2017). This heterogeneity calls for the need for study designs that
include a thorough characterization of T2D and other host factors, and with multi-
variable analysis in order to reach conclusions that are comparable between
studies.

As studies on the epidemiology of TB-T2D increase worldwide, certain regions
display particularly high prevalence rates of T2D among TB, including South India
(54%), the Pacific Islands (40%), and northeastern Mexico (36%) (Kornfeld et al.
2016; Restrepo et al. 2011; Restrepo et al. 2007; Viney et al. 2014). However, devel-
oped countries can have subpopulations with similar hotspots, as is the case of US
communities adjacent to Mexico where the T2D prevalence among TB patients is
nearly 40% (Restrepo et al. 2011). The co-occurrence of TB-T2D is projected to
continue increasing: A longitudinal analysis of 163 countries reported a parallel
increase in TB incidence and T2D prevalence (Goldhaber-Fiebert et al. 2011). In
Mexico, longitudinal analysis reported increases in the prevalence of TB-T2D
among TB patients over an 8- or 12-year period of time of 2.8% and 83%, respec-
tively (Abdelbary et al. 2016; Delgado-Sanchez et al. 2015).
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Contribution of T2D to TB control: Population attributable fraction. The
reported contribution of T2D to TB (population attributable fraction) was estimated
to be 13% worldwide (generally between 10% and 20%) but can vary substantially
(Lonnroth et al. 2014). For example, in the UK, the general population attributable
risk is 10%, but rises to 20% in Asian males (Walker and Unwin 2010). In countries
where TB and T2D are endemic such as India or Mexico, the population attributable
fraction reaches at least 20% (Ponce-De-Leon et al. 2004; Stevenson et al. 2007b).
In the Texas-Mexico border, the population attributable fraction is 28% for all adult
TB cases, but rises to 51% among TB patients who are 35-60 years old. In this
region, HIV contributes to only 3—-6% of the adult TB cases (Restrepo et al. 2011).
Therefore, even though T2D confers a significantly lower risk of TB at the individ-
ual level (threefold) when compared to HIV (>20-fold), in communities like these
where the sheer number of T2D patients is high, the contribution of T2D to TB can
be higher than HIV (Getahun et al. 2010). A study using dynamic TB transmission
models to analyze the potential effects of T2D on TB epidemiology in 13 countries
with high burden of TB concluded that stopping the rise of T2D would avoid 6 mil-
lion (95% CI 5.1, 6.9) incident cases and 1.1 million (1.0, 1.3) TB deaths in these
countries in 20 years (Pan et al. 2015). Thus, every community worldwide needs to
evaluate the prevalence of T2D and its contribution to TB. This information is vari-
able between regions and critical to guide for the most efficient use of limited
resources for TB control programs.

T2D versus transient hyperglycemia. Most studies on TB-T2D are observational
with few cohorts available from countries that have nationwide health information
systems that permit studies with 100,000s of participants (Al-Rifai et al. 2017;
Restrepo and Schlesinger 2014). All cohorts to date indicate that T2D develops
before TB, and those with further characterization of the T2D patients suggest that
itis not T2D in itself, but rather poorly controlled T2D that increases TB risk (Baker
etal. 2012; Kuo et al. 2013; Leung et al. 2008). Cross-sectional studies also support
the concept of T2D preceding TB, with chronic T2D patients (median 7 years) that
present other T2D complications prior to TB development (Abdelbary et al. 2016;
Restrepo et al. 2011; Stevenson et al. 2007a). This highlights the missed opportuni-
ties for preventing TB among T2D patients who have presumably been in contact
for years with their healthcare providers. However, TB-T2D patients should be dis-
tinguished from TB patients with transient hyperglycemia secondary to the inflam-
mation induced during TB (Boillat-Blanco et al. 2016). The distinction between
T2D and transient hyperglycemia can be established once the TB patient is no lon-
ger febrile. Nevertheless, assessment of hyperglycemia at the time of TB diagnosis,
whether it is T2D or transient hyperglycemia, can be helpful to detect patients at
risk for adverse outcomes (Boillat-Blanco et al. 2016).

Contribution of TB and T2D on new T2D diagnosis. It is estimated half of the
patients with T2D in developing countries are not aware of their T2D diagnosis. The
higher risk of T2D among TB patients has expanded the role of TB clinics as hubs
for new diagnosis of T2D worldwide, with high variations in T2D awareness
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between countries (2% in south Texas, USA, and up to 37% in Chennai, India)
(Kornfeld et al. 2016; Restrepo et al. 2011). Most importantly, the newly diagnosed
T2D patients with TB (versus previously diagnosed T2D) have a different profile:
they are more likely to be males, younger patients, and with lower HbAlcs
(Abdelbary et al. 2016; Kornfeld et al. 2016; Restrepo et al. 2011). This highlights
the importance of TB clinics to reach males who are not as likely to be in contact
with the healthcare system when compared to females, or to identify patients who
are at an earlier stage of their T2D before the presentation of additional and irrevers-
ible micro- and macro-vascular complications of T2D. As more T2D patients are
diagnosed, the next public health challenge for low- and middle-income countries
where both diseases are most likely to converge is to provide immediate attention to
TB treatment, but also the long-term care required for T2D in order to avoid its
chronic and life-threatening complications.

Clinical Aspects

Nearly all studies comparing the clinical presentation of TB-T2D patients versus
TB-no T2D find that those with T2D comorbidity are more likely to present with
pulmonary (versus extrapulmonary), cavitary (versus noncavitary), and sputum
smear-positive TB at diagnosis. Furthermore, during TB treatment the TB-T2D
patients take longer to convert from sputum smear-positive to smear-negative. Some
studies, but not others, find that TB-T2D patients are more likely to present with
drug-resistant and multidrug resistant TB (Fig. 3).

Pulmonary versus extra-pulmonary TB. About 70-80% of the TB patients have
pulmonary TB, with the remaining proportion presenting only extrapulmonary

Relapse
No TB No TB
/ Cure T2D
Mtb-naive . .
[ — :l / Reinfection
subject exposed Iﬂ'— —> T8 Treatment Death
to PTB patient T2D(?) 20 120
TB: T2D (vs no T2D) TB treatment: T2D (vs no T2D)
LTBI: T2D (vs no T2D) « " Cavities Delayed Mtb clearance
1 risk of LTBI (?) +  PTB (vs EPTB)
False-negatives LTBItests (?) | [+ > Smear-positive
/N contagiousTB?
MDR-TB?

Fig. 3 Role of T2D on the development and treatment of TB. M. tuberculosis-naive individuals
who have T2D have a threefold higher risk of TB. This may be primary or reactivation TB. T2D
patients may also be more likely to develop or persist with latent TB infection (LTBI), although
this is not confirmed (*“?”"). The TB-T2D host is more likely to present with clinical characteristics
associated with enhanced TB transmission, but the impact of disease spread in the community has
not been systematically studied (bottom text box; “T2D?”). TB treatment outcomes include cure,
treatment failure, or death. T2D increases the risk of failure or death. Among presumably cured
individuals TB relapses may also be more likely to occur. PTB pulmonary TB, EPTB extrapulmo-
nary TB, LTBI latent TB infection
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involvement that is usually attributed to immune compromise that allows hematog-
enous dissemination of M. tuberculosis. This is the case for TB patients with HIV-
AIDS (Leeds et al. 2012) or taking TNF blockers (Harris and Keane 2010). In
contrast, TB-T2D patients are less likely to present with extrapulmonary TB (Leung
et al. 2008; Reis-Santos et al. 2013; Restrepo et al. 2007; Viswanathan et al. 2012).
A possible explanation is that T2D is characterized by a dysfunctional immune
response with hyper-reactive cell-mediated response to M. tuberculosis. This cell-
mediated response may be suboptimal for containing M. tuberculosis growth within
the lung but effective for preventing its dissemination to the periphery (Kumar et al.
2013b; Restrepo et al. 2008a; Walsh et al. 2010). Another possible explanation is a
compromised sentinel function in alveolar macrophages, but not peripheral macro-
phages, in diabetes (Martinez et al. 2016).

Cavitary and smear-positive TB. TB-T2D patients are more likely than TB-no
T2D to present with smear- positive and cavitary TB. Both observations are related.
The cell-mediated response induced by M. tuberculosis results in the formation of
pulmonary granulomas (tubercles) that are thought to be a double- edged sword for
the host (Guirado et al. 2013). Granulomas initially limit M. tuberculosis growth,
but in hosts in whom M. fuberculosis continues to replicate, these structures undergo
central caseation with rupturing and spilling of thousands of viable bacilli into the
airways. This “cavitary TB” is associated with sputum smear- positivity (Restrepo
2007; Russell 2007; Viswanathan et al. 2012). The high bacillary burden (based on
higher positive smears) in TB-T2D patients at the time of TB diagnosis is consistent
with their delayed smear conversion from positive to negative (Perez-Navarro et al.
2017; Restrepo et al. 2008b; Viswanathan et al. 2014). The combination of higher
PTB, cavitary TB, and smear-positive TB at diagnosis and during treatment predicts
that TB-T2D patients are more infectious and for a longer period of time, than
TB-no T2D (Behr et al. 1999). If confirmed, this would be yet another public health
implication for the TB-T2D comorbidity.

Drug and multidrug resistant (MDR) TB. The relationship between drug-
resistant and MDR TB in T2D is unclear and with conflicting results between stud-
ies (Abdelbary etal. 2016; Basharetal. 2001; Fisher-Hoch et al. 2008; Gomez-Gomez
et al. 2015; Hsu et al. 2013; Magee et al. 2013; Magee et al. 2015; Perez-Navarro
et al. 2015; Subhash et al. 2003; Wang and Lin 2001). In a meta-analysis, the preva-
lence of drug-resistant or MDR TB among recurrent TB cases was not significantly
higher in TB-T2D patients (OR 1.24, 95% CI 0.72, 2.16) (Baker et al. 2011).
However, these findings are based on only four studies and a limitation is that most
of the countries with a high incidence of TB only do DR testing after the initial
empiric treatment with first-line drugs fail (Abdelbary et al. 2017). Therefore,
appropriate testing for MDR TB among the entire population at the time of TB
diagnosis (not just those with treatment failures) is required in order to understand
the circumstances under which MDR TB and T2D may synergize.
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TB Treatment Outcomes in TB-T2D Patients

Some observational studies have reported an association between TB-T2D and
adverse TB treatment outcomes, including delays in mycobacterial clearance, treat-
ment failures, death, relapse, and reinfection (Fig. 4) (Baker et al. 2012; Jeon et al.
2012; Jimenez-Corona et al. 2013)

Delays in sputum smear clearance and treatment failure. TB-T2D versus TB-no
T2D patients are more likely to remain sputum smear-positive after completion of
the intensive phase of treatment, and this outcome is an early predictor of treatment
failure (sputum smear or culture positivity at 5 months or later during treatment),
which is also more likely in TB-T2D versus TB-no T2D (Baker et al. 2011; Jimenez-
Corona et al. 2013; Viswanathan et al. 2014).

Death. In a systematic review and meta-analysis of contemporary literature, Baker
et al. concluded that the risk of death from TB or any other cause in 23 unadjusted
studies was nearly twofold (RR 1.89; 95% CI 1.52-2.36), and this increased to 4.95
(95% CI 2.69-9.10) in 4 studies that adjusted for age and potential confounders
(Baker et al. 2011). But not all studies find an increased risk of death in T2D patients
(Abdelbary et al. 2017; Jimenez-Corona et al. 2013; Viswanathan et al. 2014). It has
been suggested that death in TB-T2D may be from complications of T2D, and not
necessarily from TB (Prada-Medina et al. 2017; Reed et al. 2013), even though tran-
sient hyperglycemia at the time of TB diagnosis has been shown to predict treatment
failure and death in patients from Tanzania (Boillat-Blanco et al. 2016).

Relapse and reinfection. TB-T2D patients also appear to have a higher risk of
relapse. The review by Baker et al. reported a nearly fourfold risk of relapse in
TB-T2D versus TB-no T2D (RR 3.89; 95% CI 2.43-6.23) (Baker et al. 2011). A
prospective study in southern Mexico with 1262 TB patients characterized for

Mtb-naive host exposed to Mtb LTBI TB
T2D (vs no T2D): T2D (vs no T2D): T2D (vs no T2D):
*  Mtb phagocytosis by * U Th1, Th17,Th2 Peripheral blood:
mononuclear cells < Ji-10 * " plasma heme-oxygenase-1 and angiogenic factors
« 1 expression of HLA-DR - «  pro-inflammatory cytokines - « A Thland Th17
* N PDL-1expression « @ CD8, but with higher * " poly-functional CD4 and CD8 T cells

*  Delayed (and cytotoxicity markers * P pro-inflammatory cytokines
compromised?) T-cell + { Anti-microbial peptides * AMli10
priming and activation o MIL-22 *  T-regulatory cells
U Mtbkilling (?) Note: Most studies did not control < JIL-19, 122
for potential confounders, *  Anti-microbial peptides (?)
including older age in TB-T2D Lungs:

*  MIL-10and LIFN-y

Fig. 4 Dysfunctional immunity in T2D hosts at different stages of the natural history of TB. As
the natural history of TB evolves in the T2D host, so does the immune response with characteristics
that contrast with the non-T2D host. The M. tuberculosis-naive hosts have a delayed and underper-
forming innate response. The level of responsiveness of the pro-inflammatory or anti-inflammatory
immune response is also lower in individuals with LTBI, although many of these studies did not
control for confounders, including the older age of the T2D patients compared to no T2D. Once the
TB patient develops T2D, there is an “exaggerated” response in peripheral blood, but this may be
tampered in the lungs. Details are provided in the text
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M. tuberculosis genotypes further distinguished between relapses and reinfections
and found higher adjusted odds of both outcomes in T2D versus no T2D (OR = 1.8
for both recurrence and relapse) (Jimenez-Corona et al. 2013).

Underlying Biology for the Association Between TB and T2D

The most plausible link between T2D and TB is the presence of a dysfunctional (not
necessarily immunocompromised) immune response that is ineffective for clearing
Mtb. The most likely underlying mechanism is chronic hyperglycemia (poorly con-
trolled glucose with high HbAlc) and its metabolic consequences, which include
the deleterious accumulation of reactive oxidative species (ROS) (Fig. 5) (Lagman
et al. 2015). The chronic upregulation of glucose can lead to the abnormal accumu-
lation of glucose intermediates and to excessive reactive oxidative species via dif-
ferent pathways. These include advanced glycation end products (AGE) like methyl

Glucose

14 Glucose-6-P \

— Fructose 1:6-bi-P
Polyol pathway / l
Hexosamine metabolism Glyceraldehyde 3-P
PKC activation

1:3 bi-P-glycerate

Methylglyoxal l
Glyc£tion Pyruvate

(* AGE, RAGE)

( 1\
TCA cycle
- l J
s .
ROS < OX|dat|ve.
l L Phosphorylation

Inflammation(“meta-inflammation”)

Fig. 5 Diabetes is associated with accumulation of glycolysis intermediates that favor oxidation
and inflammation. Hyperglycemia is associated with the accumulation of glycolysis intermediates
that lead to increase in various pathways: (i) polyol pathway, (ii) formation of AGEs and upregula-
tion of its receptor, RAGE, (iii) activation of protein kinase C isoforms, and (iv) increased hexos-
amine pathway. These pathways, as well as the overproduction of reactive oxidative species (ROS)
in the mitochondria, favor the formation or accumulation of ROS, which further increases the
occurrence of these pathways. The overproduction of ROS is believed to be the underlying mecha-
nism for T2D complications, including the chronic inflammation and vascular complications char-
acteristic of these patients. These pathways are also likely to underlie the dysfunctional immunity
to M. tuberculosis, and hence, the higher susceptibility of its patients to TB



Diabetes and Tuberculosis 9

glycoxal are highly reactive and can bind and modify immune response molecules
(e.g., antibodies, complement), although the impact on function is still unclear
(Goetze et al. 2012; Stirban et al. 2014). Excess AGE may also promote constant
stimulation of its scavenger receptor, RAGE, leading to aberrant stimulation of
phagocytes with activation of NFkB and NADPH oxidase (Brownlee 2001).
Excessive NADPH activity leads to the accumulation of reactive oxidative species
and contributes to oxidative stress. The excessive accumulation of glucose interme-
diates also leads to uncoupling of the oxidative phosphorylation reactions in the
mitochondria, which result in excessive generation of superoxide anion and down-
stream reactive oxidative species, further contributing to the oxidative status that
characterizes patients with diabetes (Giacco and Brownlee 2010). A summary of the
key innate and adaptive components of the immune response to M. tuberculosis is
provided elsewhere in this book, and in this chapter we focus on the description of
altered responses in the host with T2D.

Immune Response Studies in TB-Naive Hosts with T2D

The early events after inhalation of M. tuberculosis by a TB-naive host are critical
determinants of disease outcome. Innate immunity is incapable of restricting bacil-
lary replication but plays a pivotal role in activating the adaptive response that con-
trols infection. Recapitulation of these early events is not possible in humans, so
data is based on in vitro studies with TB-naive hosts or evaluation of the initial
events following M. tuberculosis infection in animal models of TB-T2D.

The macrophage system includes circulating monocytes, tissue macrophages
(alveolar macrophages in the lungs), and dendritic cells. In the T2D host, studies
unrelated to TB indicate these phagocytic cells have impaired phagocytic, chemo-
tactic, and bactericidal capacity and have an altered phenotype (Fernandez-Real and
Pickup 2012; Pickup 2004). A few studies in TB-naive humans are beginning to
show a similar phenotype when challenged with M. tuberculosis. Most studies find
that monocytes or monocyte-derived macrophages from healthy individuals with
poorly controlled T2D (versus non-T2D or T2D with good glucose control) have
significantly reduced association (binding and phagocytosis) of M. tuberculosis
(Gomez et al. 2013; Lopez-Lopez et al. 2018). We find that this defect appears to be
attributed to alterations in the diabetic monocyte itself as well as in serum opsonins
for M. tuberculosis, particularly the C3 component of complement which mediates
M. tuberculosis phagocytosis (Gomez et al. 2013; Restrepo et al. 2014). Lopez-
Lopez and collaborators find that the lower phagocytosis of diabetic MT2Ds is
dependent on the use of more virulent strains of M. tuberculosis (Lopez-Lopez et al.
2018). Another study (LTBI status not indicated) reported that the monocytes from
participants with T2D and deficient serum vitamin D (but not T2D alone), allowed
for higher M. tuberculosis growth. This reduced capacity for M. tuberculosis growth
containment was associated with diminished nitric oxide production and not with
antimicrobial peptide expression (Herrera et al. 2017). Studies in diabetic mice con-
firm the findings in humans. Murine alveolar macrophages also have a reduced
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uptake of M. tuberculosis in the first 2 weeks of infection (Martinez et al. 2016;
Martinez and Kornfeld 2014). This reduced phagocytosis has been associated with
diminished expression of cell surface receptors (CD14, MARCO) and is unique to
alveolar macrophages (versus peritoneal or bone-marrow derived macrophages).
This reduced sentinel function results in the late delivery of M. tuberculosis by anti-
gen- presenting cells to the lung draining lymph nodes and delayed initiation of
cell-mediated immunity, resulting in higher M. tuberculosis burden as the infection
progresses (Vallerskog et al. 2010). Together, the findings in diabetic humans and
mice indicate an under-performing innate immune response during the initial
encounter with M. tuberculosis. Since the efficient phagocytosis and priming of the
adaptive immune responses are necessary to activate the cell-mediated immune
response that restricts initial M. tuberculosis growth (Vallerskog et al. 2010), these
delays are postulated to contribute to the higher risk of T2D patients for M. tubercu-
losis infection and persistence (Fig. 3).

Immune Response Studies in Individuals with LTBI and T2D

There is growing literature for studies in individuals with LTBI and T2D (LTBI-
T2D) versus LTBI-no T2D, with a summary provided in Fig. 3. Most studies have
been done in Chennai, India, and suggest that at baseline there are diminished fre-
quencies of TB-specific pro-inflammatory (Thl and Th17) and anti-inflammatory
(IL-10 and Th2) cells (Kumar et al. 2014; Kumar et al. 2016a). The in vitro stimula-
tion of CD4-positive cells with mycobacterial antigens also results in lower secre-
tion of pro- and anti-inflammatory cytokines. A similar observation is reported for
CDS8-positive T cells, but curiously, these cells have increased expression of cyto-
toxic markers in LTBI-T2D (Kumar et al. 2016b). In studies using whole blood, the
addition of neutralizing antibodies to IL-10 and TGF-f abrogated the difference
between LTBI by T2D status (Kumar et al. 2016a). A study in Mexico reported
lower expression of antimicrobial peptides, specifically Cathelicidin LL-37,
Defensin A-1, and Defensin B-4 in LTBI-T2D (Gonzalez-Curiel et al. 2011). Thus,
the studies in India and Mexico suggest lower levels of pro-inflammatory responses
that could favor the progression from LTBI to TB in diabetic patients. A study in
Tanzania, Africa, among healthy controls (neighborhood controls to TB patients)
reported that those with T2D (vs non-T2D) had a lower proportion of QFT-positives
and lower levels of IFN-y secreted in response to mycobacterial antigens. However,
after adjusting for confounders the differences between study groups did not reach
significance (Faurholt-Jepsen et al. 2014). Of note, in the studies in India and
Mexico the participants with T2D were older and had difference in dyslipidemias
when compared to no T2D, but there was no reporting of the adjusted estimates.
Together, these studies suggest that lower levels of pro-inflammatory cytokines in
T2D can favor progression from LTBI to TB in T2D, but further studies are required
to understand the impact of lower anti-inflammatory cytokines as well, and the
potential confounding effect of age and dylipidemias to these findings.
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Most of the immunological studies assessing the association between TB and T2D
have compared TB patients with T2D (TB-T2D), versus no T2D (TB-no T2D) with
a summary provided in Fig. 3. Baseline (plasma) levels of cytokines are higher in
TB-T2D (vs TB-no T2D), including Th1 (IFN-y, TNFa, IL-2), Th17 (IL-17A), Type
2 (IL-5), pro- inflammatory (IL-1b, IL-6, IL-18), and anti-inflammatory (IL-10)
(Kumar et al. 2013a). Plasma levels of TB-T2D patients are also characterized by
heightened levels of heme oxygenase-1, an indicator of oxidative stress, and of
angiogenic factors (VEGF-A, C, D) and its soluble receptors (VEGF-R1, R2, and
R3) (Andrade et al. 2014; Kumar et al. 2017a). Antimicrobial peptides are report-
edly higher, lower, or similar by T2D status, depending on the study (Gonzalez-
Curiel et al. 2011; Kumar et al. 2017b; Zhan and Jiang 2015). Thus, baseline levels
of cytokines in T2D and pre-T2D are characterized by a balanced upregulation of
pro- and anti-inflammatory cytokines. An exception is the IL-20 family of cyto-
kines, notably IL-19 and IL-22, which have lower expression (Kumar et al. 2015a).
This is interesting given the beneficial metabolic effects of IL-22 (Dalmas and
Donath 2014; Hasnain et al. 2014).

The response of blood cells from TB-T2D to M. tuberculosis antigens in vitro is
also characterized by a hyper-inflammatory response in most studies. Namely, stim-
ulation of cells in whole blood or peripheral blood mononuclear cells (PBMCs)
with mycobacterial antigens results in higher Th1 and Th17 responses (except IL-
22), including higher IFN-y, IL-2, GM-CSF, and IL-17 secretion (Kumar et al.
2013b; Restrepo et al. 2008a; Walsh et al. 2010) (Fig. 6 for IL-2 and IFN- y).
TB-T2D cases also have a higher frequency of single- and double-cytokine produc-
ing CD4+ Thl cells in response to M. tuberculosis antigens (for IFN-y, TNF-a, or
IL-2) (Kumar et al. 2013b). There is also expansion of CD8 T cells and NK cells
(Kumar et al. 2015b). However, some studies report apparently different results. In
Indonesia or Tanzania, researchers found no differences in IFN-y responses to
mycobacterial antigens in TB patients by T2D status (Stalenhoef et al. 2008;
Blanco-Boillat in press). Furthermore, in Tanzania the researchers found that IFN-y
secretion by CD4+ T cells was lower in TB- T2D versus TB-no T2D in response to
the nonvirulent vaccine strain, M. bovis BCG. While they conclude that the lower
Th1 response to the live bacteria versus the purified antigens (ESAT-6 and CFP-10)
was due to the need for antigen processing in the former, but not the later, it is also
possible that this difference is attributed to other experimental factors such as the
absence of ESAT-6 and CFP-10 in M. bovis BCG, which are virulence factors
known to affect immune responses in M. fuberculosis. Accordingly, in TB-naive
hosts with T2D, Lopez- Lopez found differences in the response of diabetic MT2Ds
that appeared to vary by M. tuberculosis virulence status, although sample size was
small in this study (Lopez-Lopez et al. 2018).There are some distinctive feature of
the study from Tanzania versus the other studies that could also contribute to reduced
IFN-y secretion in the former study: (i) T2D classification was carefully done by
excluding anyone with transient hyperglycemia detected at the time of TB diagnosis,
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Fig. 6 Higher IFN-y secretion in response to PPD in TB patients with high HbAlc (versus normal
HbA 1c) despite their T2D status. Whole blood from TB patients +/— T2D was incubated with puri-
fied protein derivative (PPD) from M. tuberculosis and after 18-24 h the secretion of IFN-y was
quantified by ELISA in the culture supernatants. Results are shown in scatter plots where each
circle represents one TB patient. The horizontal line indicates the median IFN-y level. The vertical
line at the HbA1c level of 6.2% of total hemoglobin indicates the upper limits of normal (/eft) and
elevated (right) HbAlc level. IFN-y values are provided in natural log (Ln) scale. (Adapted from
Restrepo et al. (2008a))

(i1) most of the T2D patients were taking hypoglycemic agents or insulin (despite
this they still had poor glucose control), (iii) their algorithm for assessment of IFN-y
secretion by flow cytometry subtracted any background cytokine levels, (iv) they
used frozen (vs fresh) PBMCs for the experiments, and (v) their sample size was
small and included TB-T2D and LTBI-T2D participants. These variations in results
reinforce the importance of additional studies to understand the role played by indi-
vidual hosts and experimental factors that influence the differential responses in the
patients with T2D.

Studies in Individuals with TB and T2D Using Alveolar Macro phages

The hyperactive responses in peripheral blood contrast with the results from few
studies conducted at the site of infection (in bronchoalveolar lavage) where TB-T2D
patients appear to have reduced activation of immunity; one reported a lower pro-
portion of activated alveolar macrophages (Wang et al. 1999), and another higher
anti-inflammatory (IL-10) and lower pro-inflammatory (IFN-y) cytokines (Sun
et al. 2012). The impact of the host compartment (peripheral blood versus lung)
requires further study. In diabetic mice, a reduction in M. tuberculosis phagocytosis
is only observed in alveolar macrophages, but not resting peritoneal or bone marrow-
derived macrophages (Martinez et al. 2016). However, as M. tuberculosis replicates
in these mice, there is higher pulmonary M. tuberculosis burden and more extensive
inflammation with higher expression of pro-inflammatory cytokines like IFN-y in
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the lungs (Cheekatla et al. 2016; Martens et al. 2007; Vallerskog et al. 2010;
Yamashiro et al. 2005). These findings in the lungs of mice resemble the hyper-
response to M. tuberculosis antigens in the peripheral blood of TB-T2D (versus
TB-no T2D) patients, with similar findings in the guinea pig model of TB-T2D
(Podell et al. 2014).

Together, most of the studies in TB-T2D hosts suggest a normal or even exagger-
ated pro-inflammatory response, when compared to no T2D, but further studies are
needed to understand observed differences between studies. There are several pos-
sible explanations for the contribution of dysfunctional immunity to these adverse
treatment outcomes. (1) The higher Thl and Th17 response is only present in the
peripheral blood of TB-T2D patients, while anti-inflammatory responses that facili-
tate M. tuberculosis growth only occur in the lungs. (2) There is a higher production
of pro-inflammatory cytokines like IFN-y in the lungs of humans (as observed in
mice), but it is not effective for downstream activation of macrophages or cytotoxic
T cells that ultimately kill M. tuberculosis. (3) The hyper-reaction to M. tuberculosis
antigens may be deleterious and contribute to lung tissue damage with more severe
TB and the higher frequency of death in TB-T2D patients. (4) The inflammatory
response in T2D is suitable for controlling M. tuberculosis, and the higher risk of
TB in the T2D host is mostly imparted by a delayed or inefficient early innate
response. These possibilities are not mutually exclusive and understanding the com-
plex balance in the timing, type, and intensity of the response in TB-T2D will help
improve the clinical management of TB patients.

Host-Directed Therapies for TB in T2D Patients

Current TB research interests include the identification of host-directed therapies
that synergize with antibiotics for effective M. tuberculosis elimination. The goal of
these host-directed therapies is to boost immune mechanisms that diminish excess
inflammation to reduce lung tissue damage and limit M. tuberculosis growth.
Coincidently, the most common medication for type 2 diabetes, metformin, is one of
the candidates for TB host-directed therapy (Zumla et al. 2015). Preliminary findings
suggest metformin may be beneficial for TB control by reducing the deleterious
inflammation associated with immune pathology and enhancing the anti-mycobacte-
rial activity of immune cells (Singhal et al. 2014). Additional studies are now required
to further elucidate the underlying relationship between metformin and M. tubercu-
losis killing, with careful assessment of the risks involved by adding anti-inflamma-
tory medications like metformin to the TB regimen (Restrepo 2016).

T2D patients are also characterized by dyslipidemia, and another candidate drug
for host-directed therapy are statins, which lower cholesterol and may contribute to
M. tuberculosis containment by diminishing the formation of lipid bodies inside M.
tuberculosis-infected macrophages (and additional effects of statins on immunity)
(Lai et al. 2016; Parihar et al. 2014; Su et al. 2017).
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Finally, T2D and TB patients are also characterized by higher oxidative stress
(Fig. 4), and in one study this was associated with reduced expression of IL-12, a
key cytokine for promoting Thl responses to M. tuberculosis (Tan et al. 2012).
Consistent with these findings, the aT2Dinistration of reduced glutathione in lipo-
somal presentation appears to be effective in vitro for decreasing the survival and
intracellular growth of M. tuberculosis. Liposomal GSH also decreased the over
expressed levels of pro-inflammatory cytokines secreted from in vitro generated
granulomas from individuals with T2D (Islamoglu et al. 2018). A clinical trial to
evaluate the effectiveness of liposomal GSH is currently underway (Venketaraman,
personal communication).

Concluding Remarks

The higher prevalence of T2D in low- and middle-income countries where TB is
endemic has been identified as one of the factors that will hinder the global TB tar-
get of 90% reduction in TB incidence by 2035 (Odone et al. 2014). Several chal-
lenges need to be addressed: How can we prevent the development of TB among
T2D patients? This will require the stratification of the millions of T2D patients
who have LTBI, into those who have higher TB risk. Such stratification will require
the combination of clinical, epidemiological, and immunological markers in order
to develop models for tailored and cost-effective recommendations for LTBI treat-
ment. Glucose control appears to be a major factor associated with TB risk and
adverse TB treatment outcomes in the clinical setting (Jorgensen and Faurholt-
Jepsen 2014), and with altered immunity in the basic science studies. Glucose con-
trol is also the mainstay for the prevention of other T2D complications (DCCTRG
et al. 1993).

However, other conditions associated with T2D, such as dyslipidemias, or the
presence of other known risk factors for TB unrelated to T2D, such as smoking, are
likely to be important and have been poorly characterized on T2D patients.
Furthermore, the apparently simple goal of achieving good glucose control among
T2D patients, particularly in low- and middle-income countries, is a major chal-
lenge that will require a multidisciplinary approach. Epidemiological, clinical, and
basic science research should guide the identification of simple and measurable risk
factors for TB development at the individual level, and the public health and health-
care systems should make policy and adopt these findings. Only then will we be
able to stratify TB risk with more precision for targeted TB prevention among the
millions of T2D patients at risk for TB.
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Introduction

TB remains one of the world’s deadliest communicable diseases with an estimated
2 billion infected with the etiologic agent Mycobacterium tuberculosis (M. tb.). In
approximately 90% of the infected individuals the infection remains quiescent (or
latent; LTBI), and about 10% develop active disease in their lifetime. There are
approximately 10.4 million new TB cases per year, and 1.7 million die (World
Health Organization 2017). A majority of the TB patients have pulmonary TB
(PTB). Extrapulmonary TB (EPTB), that may affect organs other than lung (e.g.,
bone, skin, nervous system, urinogenital system), accounts for approximately
15-25% of all TB cases but in some regions, it may be over 40% (World Health
Organization 2017; Pollett et al. 2016; Kulchavenya 2014). EPTB is often without
pulmonary symptoms, and since most of the existing diagnostic tests are sputum
based they are impractical for its detection. In addition to adult TB, children are
highly vulnerable to infection with M. tb. The global burden of pediatric TB
(PED-TB) was estimated to be approximately half a million or 6% of the TB burden
worldwide; in high burden settings, 10-20% of all TB cases are thought to occur in
children (World Health Organization 2013). National TB programs in endemic
countries report low coverage of TB-care in children mainly due to the difficulty in
diagnosis. Children often present with nonspecific symptoms, and diagnosis is com-
plicated due to difficulty in obtaining sputum which is currently the main diagnostic
specimen. Young children with PTB do not produce sputum, and therefore invasive
methods such as nasopharyngeal or gastric aspirates are required for pulmonary TB
testing; pediatric extrapulmonary TB is another major challenge. Like many other
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infectious diseases, active TB has long been known to have disproportionate occur-
rence in males (Guerra-Silveira and Abad-Franch 2013; Clarke et al. 1956; Frieden
et al. 2000). Recent data from the endemic countries show that there may be twice
as many males than females with active disease among the TB patient population
(Nhamoyebonde and Leslie 2014; Rhines 2013). A variety of factors may influence
this gender bias including differences in exposure to other pathogens, sex hormones
and their role in modulating the response of the immune system, genetics etc.
(Nhamoyebonde and Leslie 2014). It has been reported that even after factoring in
a higher exposure of males, due to social conditions in the TB endemic countries
that increase the likelihood of M. tb. transmission, the worldwide gender bias in
active TB is primarily influenced by host biology (Nhamoyebonde and Leslie 2014).

Why TB is still on the rise compared to the two other major infectious diseases,
AIDS and malaria: TB has surpassed AIDS in the total number of worldwide
deaths (World Health Organization 2017). Among the three biggest infectious dis-
ease killers, according to the most recent count in 2016, TB caused approximately
1.7 million deaths, and AIDS and malaria caused 1.0 and 0.44 million deaths,
respectively, both of which are trending down while TB deaths have been omi-
nously on the rise (World Health Organization 2017; World Health Organization
2016). The main obstacles in eradication of TB are the following: undiagnosed dis-
ease, delayed diagnosis, limited understanding of the disease at molecular/cellular
level, poor healthcare facilities, and lack of infrastructure in TB endemic countries.
TB is generally curable, but in practical terms, the key problem is the current diag-
nostic methods such as acid-fast bacilli (AFB) microscopy and chest X-ray (CXR),
and even state-of-the-art molecular tests (e.g., GeneXpert®) have been inadequate
in providing capability or capacity to efficiently detect active TB patients in high
disease burden countries. The resulting poor detection rates lead to mismanagement
of infectious cases, further spread of infection, and possible development of drug
resistance. In high burden countries, healthcare systems will substantially benefit
from rapid, accurate, and cost-effective TB detection. Immune biomarker-based
blood tests are promising with several advantages: (i) Blood, as opposed to sputum,
provides a better testing specimen for all kinds of TB including EPTB and PED-TB,
and not only adult PTB, (ii) blood tests enable rapid testing in a high-throughput
format, (iii) are suitable for point-of-care testing, (iv) since M. tb. is not a blood-
borne pathogen, blood is safer to handle than sputum (containing live, infectious M.
tb bacilli), and (v) blood-based tests are cost-effective.

Current Diagnostics

There are a number of test types for the detection of active TB. Diagnosis of active TB
in high burden countries is primarily based on sputum smear AFB microscopy and
chest X-ray (CXR). When proper clinical laboratory conditions exist, the bacterial cul-
ture method is used on sputum samples. AFB microscopy has a low sensitivity
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(30-70%), and specificity ranges from 93% to 98%. Due to the simplicity and ease of
use, CXR is a popular choice. However, the sensitivity ranges from 67% to 77%, with
specificity around 50% (Al Zahrani et al. 2000). The culture method is the gold standard
for detection of M. tb.in patient sputum. The major drawback of the cumbersome solid
culture procedures is that M. 1b. is a slow growing organism, requiring about 4-8 weeks
to obtain results; therefore, it is not used in routine TB diagnostics in clinical settings.
Faster, more automated versions of the culture test in liquid media (Mycobacteria
Growth Indicator Tube (MGIT) and BacT/ALERT) reduce the time-to-results to
10-14 days; however, for some samples it may still take as long as 8 weeks to obtain the
final result, and it is also expensive. Culture has been estimated to confirm only 80-85%
of TB cases but with a high specificity of 98% (Anonymous 2000). Because of bio-
safety, contamination, and logistical issues, culture necessitates the presence of a BSL2
facility for culturing and a BSL3 for culture manipulation, that are rare in resource poor
countries (World Health Organization 2007). Several molecular-based diagnostic meth-
ods for detecting M. tb. have been introduced over the last several years with marginal
impact on worldwide TB diagnostics. Methods such as nucleic acid amplification tests
(NAATs) (Safianowska et al. 2012) and loop-mediated isothermal amplification
(LAMP) (Kumar et al. 2014) are also considered as rapid and accurate with improved
sensitivity and specificity, but they require infrastructure and investment which is not in
affordable range for endemic countries, a majority of which are resource poor. Cepheid’s
molecular test for TB diagnostics (Xpert MTB/RIF or GeneXpert®) was endorsed in
2010 by the WHO to be used as an initial diagnostic for those individuals suspected of
having MDR-TB or HIV-associated TB (World Health Organization 2010). A key limi-
tation is that this assay has a capacity of 20 samples per day in the typical 4 cassette
configuration. This low-throughput capacity for testing the high volumes that are
needed in endemic countries may result in longer wait times for the patient.

Standard of practice and its limitations: In clinical settings, in most endemic coun-
tries, the frontline TB diagnostic test is AFB microscopy which suffers from low
and variable sensitivity (Fig. 1a). Culture is sparingly used because of the long wait
time for results. As a consequence, the percentage of bacteriologically confirmed
cases in most TB endemic countries is underwhelming, typically around 50%, while
half of TB patients depend solely on clinical diagnosis (World Health Organization
2015). Clinical diagnosis in turn depends on the training and experience of the phy-
sician and quality of CXR findings suggestive of TB, both of which vary widely
from country to country and clinic to clinic.

Limitations of sputum as the diagnostic specimen: Sputum has been the main focus
of TB diagnostics for a long time and continues to be so for the development of new
diagnostics. The first limitation is that sputum is not an appropriate diagnostic spec-
imen for EPTB which is estimated to account for approximately 15-25% of all TB
cases (likely an underestimate since EPTB is difficult to diagnose). In addition,
children often have difficulty producing proper sputum sample; PEDTB accounts
for 6-20% of TB. Therefore, in roughly a third of all TB cases, sputum is not a
practical diagnostic specimen.
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Immune Responses in TB Patients

The outcome of M. b. infection is increasingly viewed as a spectrum ranging from
LTBI with no symptoms (noninfectious) to full blown active disease (infectious)
(Esmail et al. 2012; Barry 3rd et al. 2009). The host immune responses play a piv-
otal role in determining the infection or disease status over this spectrum which
broadly results in one of the following outcomes: (i) the infection may be cleared in
the exposed individual, (ii) infection remains contained in well-formed lung granu-
lomas leading to a latent state which happens in a majority of infected individuals
(about 90%), (iii) breakdown of granuloma leading to progression from latency to
active-disease (10% of infected) where the disease may range in severity from sub-
clinical (with little to no symptoms) to overtly morbid (morbidity itself may range
in severity from mild to extremely debilitating). The immune responses in the
infected host typically remain strong even after the spectrum has shifted from
latency to active disease. These immune responses are a rich source of TB immuno-
logical biomarkers (Walzl et al. 2011).
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Cytokines and chemokines: TB is increasingly viewed as an imbalance of host
immune responses that transition from protection against M. tb. infection to dis-
ease resulting in immunopathology leading to active disease (Kaufmann and
Parida 2008; Dorhoi et al. 2011; Modlin and Bloom 2013). In the initial stages of
infection, where M. b. infects the lung, it is taken up by alveolar macrophages and
dendritic cells (DCs), triggering an inflammatory response (Sasindran and
Torrelles 2011; Pieters 2008). This is followed by the recruitment of monocytes
and polymorphonuclear neutrophils to the site of infection; these cells express
diverse antimicrobial effector molecules to activate macrophages and escalate the
inflammatory process (Korbel et al. 2008). Antigen presenting DCs activate T
lymphocytes in the lymph node, which then migrate to the site of infection and
proliferate, leading to the formation of granulomas, a hallmark of M. tb. infection
(Sasindran and Torrelles 2011). About 10% of infected individuals exhibit active
TB, whereas the remaining M. tb. infected people harbor M. tb. in a dormant
(latent) state without clinical symptoms. In a small proportion of individuals with
latent infection, the bacterium may reactivate months or years later and produce
disease (Kleinnijenhuis et al. 2011). In active pulmonary TB, areas of high lym-
phoid cell activity, arranged in tertiary lymphoid structures develop around lung
granulomas and have been suggested to mimic lymphoid organs in their function
(Kaufmann and Parida 2008). To define pathologic mechanisms of TB, the roles
of cytokines and chemokines have been extensively studied (Kaufmann and
Parida 2008; Dheda et al. 2010). Cytokines are immunomodulating agents
secreted by specific cells of the immune system that mediate interactions between
cells and are thus required for an integrated response to a variety of stimuli in
immune and inflammatory processes (Feghali and Wright 1997). Cytokines are
grouped in different classes such as interleukins, lymphokines, and cell signaling
molecules. They play a role in many important biological activities, including cell
proliferation, activation, death, and differentiation. In TB, cytokine/chemokine
dynamics play a key role in the disease outcome (O’Garra et al. 2013). Consistent
with the observation of gender bias in active TB patients, studies in other infec-
tious diseases where more prevalent and severe disease occurred in males in com-
parison to females have been reported, and the bias appears to be related to
differential immune responses due to the influence of sex hormones on the
immune system, exerted through cytokines/chemokines (Nhamoyebonde and
Leslie 2014; Marriott and Huet-Hudson 2006; Bernin and Lotter 2014). Similarly,
in TB, influence of sex hormones on the immune system appears to reflect the
gender bias toward males in the pathogenesis of active disease (Nhamoyebonde
and Leslie 2014).

Cytokines/chemokines can be pro- or anti-inflammatory, are involved in both
paracrine and autocrine pathways, and are grouped into different classes, such as
interleukins, lymphokines, chemokines, and cell signaling molecules (Dinarello
2000). Proinflammatory cytokines help in the control of M. tb. infection, but they
also play a crucial role during the chronic (latent) infection stage, dictating the
pathogenesis of the disease (Flynn and Chan 2001). Tumor necrosis factor alpha
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(TNF-a), interleukin-12 (IL-12), and gamma interferon (IFN-y) are central
cytokines in the regulatory and effector phases of the immune response to M.
tuberculosis (Boom et al. 2003). Alveolar macrophages and dendritic cells release
inflammatory cytokines such as TNF-a, IL-12, and IL-23 along with a variety of
chemokines, including C-C motif ligand 2 (CCL2), CCLS5, and C-X-C motif
ligand 8 (CXCLS). The Th1 response, important for granuloma assembly, is trig-
gered by the production of IL-12 and IL-23 by DCs (Sasindran and Torrelles
2011). Activated T cells regulate this flow of inflammatory events by secreting
IFN-y and IL-2, which activate alveolar macrophages to produce a variety of
substances involved in growth inhibition and killing of mycobacteria (Cooper
2009). Immune responses to M. tb. infection are downregulated by the produc-
tion of anti-inflammatory cytokines such as IL-4, IL-10, and transforming growth
factor p (TGF-B) (Sharma and Bose 2001). In TB patients, patterns of cytokines
and chemokines detected in the blood circulation can provide evidence of infec-
tion and/or disease without direct analysis of tissue from the affected organ(s)
(e.g., lung biopsy). In TB patients, patterns of cytokines and chemokines detected
in the blood circulation can provide evidence of infection and/or disease without
direct analysis of tissue from the affected organ(s) (e.g., lung biopsy) (Yu et al.
2012; Mihret et al. 2013). It has been reported that these patterns are different in
male and female patients, for example, female patients contain significantly
higher levels of CXCL9 (MIG) and CXCL10 (IP-10), while males contained
higher levels of PDGF-BB (Chavez et al. 2016).

Antibodies: For decades, cell-mediated immunity by T cells (involving cyto-
kines/chemokines) and mononuclear cells had come to be known as the main
host immune response in TB immunity as well as in shaping the spectrum of
infection and disease. Antibodies were not considered important. This general
theme was borne out in studies done in TB patients and experimentally infected
animal models (e.g., mouse, guinea pig). However, in the recent years, the value
of humoral immune responses in TB immunity has emerged as an important
aspect of host response, based on a number of studies highlighting the role of B
cells and antibodies. These studies have shown that in addition to cell-mediated
immunity, humoral immunity plays a major role (Lu et al. 2016; Achkar et al.
2015). Critically, these studies have demonstrated the importance of the coopera-
tive roles of innate, humoral, and cellular immune responses. B cells, and their
influence on the TB immunity through the production of antibodies, are now
considered important players in the host defenses (Lu et al. 2016; Achkar et al.
2015). In addition to production of antibodies crucial for TB immunity, B cells
may also contribute to immune responses through antigen presentation and cyto-
kine production (Achkar et al. 2015). A functional role of antibodies in TB was
recently reported suggesting Fc-receptor-mediated antibody effector function;
this study further demonstrated that antibody profiles in LTBI and active disease
are distinct, revealing the functional role of antibodies in latency and disease
(Lu et al. 2016).
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Rationale for the Development of Novel
Immunodiagnostic Tests

Infected individuals and TB patients mount immune responses that play an important
role in latency and disease. These responses can be exploited for development of novel
immunodiagnostic tools. Tuberculin skin test (TST) developed a century ago (and still
actively used in many parts of the world) takes advantage of the host responses in
infected individuals. However, the test suffers from sensitivity and specificity issues.
Modern, more refined, in vitro versions, that have been developed to avoid measuring
immune responses to BCG vaccination and nontuberculous Mycobacteria (NTB), are
called interferon-y release assays (IGRA). In IGRAs, blood is exposed to antigens
(e.g., ESAT-6 and CFP-10) specific for M. tb. complex. T cells in the host blood
exposed to M. tb. infection respond by producing IFNy that can be measured. IGRAs
have high sensitivity but do not discriminate between immune responses in LTBI and
active disease (Farhat et al. 2006). Therefore, in TB endemic countries, where LTBI
may be common in the general population, IGRAs are not suitable for routine TB
diagnostics. Host immune responses, in addition, produce antibodies and cytokines/
chemokines that are released into the circulation, and can be assayed without stimula-
tion of blood. In addition, detection of antibody responses against M. tb. antigens,
carefully selected to avoid nonspecific interactions (associated with BCG vaccination,
NTB infection, and LTBI elicited background immune responses), can be used for
diagnostic purposes for active TB, by the use of highly sensitive and specific immuno-
assays. It has been demonstrated in several studies that well-defined profiles of anti-
bodies specific to active disease, detected by the multiplex immunoassay formats, may
have utility for the development of TB diagnostic tools (Khan et al. 2011; Kunnath-
Velayudhan et al. 2010; Lyashchenko et al. 2007; Lyashchenko et al. 2017).

Limitations of the current antibody based Immunoassays for TB: Several antibody
based serology tests have been introduced. The lack of affordable, rapid, and precise
diagnostic tools and the ease of serology assays have led to the use of a large num-
ber of commercial serological tests, in the lateral flow (immunochemistry) and
ELISA formats (Singh and Katoch 2011). Serology tests for active TB are based on
antibody recognition of antigens of M. tb. There are a large number of commercially
available serological tests; 60 tests in the lateral flow (immunochemistry) format
and 13 in the ELISA format (Singh and Katoch 2011). The key to accurate diagno-
sis using serology is the correct choice of antigen(s) that are able to differentiate
between active disease, latent infection, LTBI, and BCG vaccination while main-
taining high sensitivity and specificity. Importantly, individual TB patients generate
antibodies to different M. tb. antigens, and therefore, development of good serology
tests requires combinations of several antigens. For this reason, a majority of the
current serology based tests, which typically contain one or two antigens, suffer
from low sensitivity. Furthermore, a majority of the serology tests in the market
have not been extensively tested and clinically validated and are therefore unreliable
for TB diagnostics (Flynn and Chan 2001; Boom et al. 2003; Cooper 2009; Sharma
and Bose 2001; Yu et al. 2012; Mihret et al. 2013; Chavez et al. 2016).
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Novel Antibody-Based Immunoassays

The attractiveness of serology tests is that they are simpler to perform, faster to
results than sputum- based methodologies such as microscopy, culture, or PCR, and
lack the infectious sputum component. However, the current commercial serology
tests have poor performance with inconsistent sensitivity and specificity (Steingart
et al. 2007a). For these reasons, the World Health Organization (WHO) issued a
negative recommendation on existing serology tests based on a systematic evidence-
based process. However, it is important to note that the negative recommendation
only applies to serology tests that are currently on the market (Singh and Katoch
2011; Steingart et al. 2007a; Anonymous 2011; Dowdy et al. 2011; Steingart et al.
2009; Steingart et al. 2011; Steingart et al. 2007b). It is therefore important to
develop new tests taking advantage of the advances in scientific knowledge and
availability of newer technologies. TB serology tests that are based on sound scien-
tific principles and proper clinical validation and address the limitations to over-
come the sensitivity and specificity challenges of the existing ones would be useful
in curtailing the spread of TB. A major challenge in the use of antibodies in TB
patients for diagnostic purposes is that not all TB patients make antibodies to the
same M .tb. antigens. The knowledge of M. tb. genome and the details of open-
reading frames have been helpful in a systematic search for the useful antigens for
the development of multiplex panels for TB serology. The complete genome
sequences of M. tb. (H37Ryv, virulent laboratory strain) have been determined (Cole
et al. 1998). More recently, specific and sensitive TB diagnostic tests have been
developed by taking advantage of advances in sequencing and annotation of the M.
tb. genome which has revealed approximately 4,000 open-reading frames (http://
genolist.pasteur.fr/TubercuList/).

Development of new antibody tests: A comprehensive study of the entire proteome
of M. tb. has highlighted antigenic potential of individual proteins reacting to sera
from TB patients collected from several countries around the world. This study
revealed that a limited number of proteins expressed by the entire genome of M. b.
react to sera from TB patients, thus narrowing down the number of useful antigens
to 13 (Kunnath-Velayudhan et al. 2010). These results suggest that although the
traditional immune-assay formats (e.g., ELISA, Western Blot) are not practical for
use in TB diagnostics since several antigens are required for high sensitivity, mod-
ern technologies that enable multiplexing can be employed for TB serology. Indeed
multiplex approaches have enabled successful development of serological tests for
TB on a range of technology platforms (e.g., protein chip array, lateral flow, micro-
bead suspension array) (Khan et al. 2011; Kunnath-Velayudhan et al. 2010;
Lyashchenko et al. 2007; Lyashchenko et al. 2018; Kunnath-Velayudhan and
Gennaro 2011; Khan et al. 2008; Khaliq et al. 2017). Panels of multiple M. tb. anti-
gens detect antibodies in TB patients to yield high sensitivity in serological testing.
A variety of technology platforms (e.g., protein chip array (PCA), microbead sus-
pension array (MSA)), have been developed and studied (Kunnath-Velayudhan
et al. 2010; Khaliq et al. 2017). In these multiplex assays, the detection of antibodies


http://genolist.pasteur.fr/TubercuList/
http://genolist.pasteur.fr/TubercuList/

Recent Advances in Tuberculosis Immunodiagnostics 31

to even a single antigen out of the entire panel gives a positive result for TB. It is
important to note that in separate studies performed in TB patients, many of the
antibody panels (antigens) were found to be common, while a few others are differ-
ent (Table 1). The differences could be due to antigen presentation in each technol-
ogy platform. In PCA (a two-dimensional platform), epitope presentation is likely
to be different than the MSA platform where antigen-coupled microbeads are sus-
pended in liquid and are therefore likely to be exposed to sample in all directions.
Another suspension bead array platform (Cytometric Bead Array (CBA), Becton
Dickinson) performed very similar to MSA (unpublished, this author). Studies in
animal models are shown (Table 1) and discussed further in more detail below.
Briefly, results in nonhuman primate and rabbit models displayed similarities in the
antibody profiles with many antibodies in common. Importantly, profiles in the two
animal models share similarities with TB patients for a number of common antibod-
ies. Together, the results in TB patients and animal model studies suggest that
humoral immune responses against M. tb. are similar, and the antibody profiles
shown represent a majority of the important antibodies. Therefore, a panel of
selected M. tb. antigens, that can detect specific antibodies in a majority of TB
patients but not in nontuberculous respiratory diseases, could be developed and
clinically validated for TB diagnostics that would be superior in sensitivity to not
only the currently marketed TB serology tests but also AFP microscopy (low sensi-
tivity), the first-line TB diagnostic test recommended by WHO.

Antibody-based immunoassays in animal models: Several experimental animal
models are available for studying TB (e.g., nonhuman primates, guinea pig, mouse,
rabbit, and others). The nonhuman primate model represents human TB most
closely (Flynn et al. 2003; Flynn 2006). Studies on experimentally infected nonhu-
man primates have been performed to demonstrate the utility of antibody profiling
in characterization of humoral immune responses in infection and disease
(Lyashchenko et al. 2007; Khan et al. 2008). More recently, it has been demon-
strated that multiplex profiles of anti-M. tb. antibodies are useful in the detection of
active disease in natural TB outbreak as well as in experimentally infected nonhu-
man primates (Table 1) (Ravindran et al. 2014). In addition to the use of nonhuman
primates as an animal model for TB research, TB is a serious concern in the health
management of primate colonies, and animals used in research are required to be
routinely tested for TB a few times a year. To that end, the above multiplex antibody
detection assay has been clinically validated and commercialized through Research
Animal Diagnostics, Charles River (Wilmington, MA), for TB monitoring in animal
colonies (manuscript in preparation, this author). In addition, antibody profiles have
been studied in the experimental rabbit model. Rabbit model of pulmonary TB also
manifests various stages of disease pathology consistently, and closely, to human
TB (Converse et al. 1996; Subbian 2015). Antibodies against M. tb. antigens, to
assess their utility in characterizing the host immune responses in a rabbit model of
pulmonary TB by multiplex immunoassays, have been studied; a profile of antibod-
ies similar to those in TB patients and monkey model have been reported (Table 1)
(Dehnad et al. 2016). Profiles of antibodies useful in TB diagnostics in other animal
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Table 1 Diagnostically valuable antibody profiles in TB patients and animal models (nonhuman
primate and rabbit)

TB Nonhuman Nonhuman

TB patients patients primate TB primate

(PCA) (MSA) outbreak experimental Rabbit

(Kunnath- (Khaliq (MSA) (MSA) experimental
Antibodies | Velayudhan et al. (Ravindran (Ravindran et al. | (MSA) (Dehnad
(antigens) | et al. 2010) 2017) et al. 2014) 2014) et al. 2016)
Rv3881 X X X X
Rv0934 X X X X X
RV3804c |X X X X X
Rv2031c X X X X X
Rv3874 X X X X
Rv1860 X X X
Rv1984c X X
Rv1980c X X
Rv1886¢ X X X X
Rv2875 X X
Rv3841 X X X
Rv1926¢ X
Rv3616¢ X
Rvl4llc X
Rv3864 X
Rv0632c X
Rv2873 X
Rv3875 X X X
Rv3874— X X X
3875
Rv0831 X
Rv2220 X
Rv0054 X
Rv1099 X
Rv0129c X

MSA Microbead suspension array, PCA Protein chip array — two-dimensional

species, for example, elephants, cattle, and various species of deer, infected with
M. tb. or M. bovis, have also been extensively studied and their utility in TB diag-
nostics has been demonstrated (Lyashchenko et al. 2017; Lyashchenko et al. 2018;
Waters et al. 2017). Of particular value is the antibody profiling in cattle with TB,
even when the animals were nonreactive to TST (Waters et al. 2017).

Cytokine/chemokine — immunoassays in  unstimulated blood from TB
patients: Pulmonary TB is an inflammatory disease with involvement of many
cytokines/chemokines (Kaufmann and Parida 2008; Dorhoi et al. 2011; Dheda et al.
2010). Direct measurement of cytokines/chemokines in patient plasma offers more
practical means to study host immune responses in active TB than in stimulated
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blood, as in the format represented by IGRAs (Yu et al. 2012; Mihret et al. 2013).
In addition, it offers an opportunity to investigate a more natural perspective on the
immune responses in active disease. It has been demonstrated by multiplex analysis
that amounts of ten cytokines/chemokines could be readily quantitated in plasma
samples from active TB patients (Ravindran et al. 2013). Of these, a profile of nine
cytokines/chemokines dominated the patient plasma consisting of IL-18, IFNy,
CXCL10, CXCL9, GCSF, IL-6, CXCLI1, VEGF, and PDGFBB. An interesting
observation in this study was that samples from patients with weak humoral response
(low levels of antibodies against only a few M. tb. antigens) contained higher
amounts of cytokines/chemokines in a larger proportion of patients, while patients
with stronger humoral response (high levels of several antibodies) contained fewer
cytokines/chemokines and in low amounts. These results suggest that among TB
patients, those individuals who mount a strong humoral response contain weaker
cytokine/chemokine responses and vice versa. Measurements of cytokines/chemo-
kines could also be valuable as biomarkers to monitor efficacy of therapy in TB
patients. Cytokines/chemokines are small, fragile proteins and therefore, a decrease
in their amount may reflect a corresponding reduction in TB-related lung inflamma-
tion in patients responding to successful therapy (Chavez et al. 2016; Riou et al.
2012). TB treatment is drawn out (6 months) during which period it is difficult to
monitor treatment efficacy and patient compliance (Munro et al. 2007). It has been
shown that in blood samples taken from patients under anti-tuberculous therapy
(ATT) at the time of TB diagnosis (0 month) and over several months during the
treatment (2 and 4 months) several cytokines/chemokines displayed drastic reduc-
tion in majority of the successfully treated patients as early as 2 months post-
treatment, despite differences in the amounts in male and female patients at the time
of diagnosis; amounts decreased further at 4 months post-ATT (Chavez et al. 2016).
These results suggest that clinically validated cytokine/chemokine immunoassays
could be useful in the clinical follow-up of patients on ATT, to monitor treatment
success at early time points. An early identification of treatment failure may indicate
patient noncompliance to ATT or suggest multidrug resistance (MDR).

Future Directions for Blood-Based TB Diagnostics

There is an urgent need for the development of new diagnostic tests that are not only
sensitive and specific but also deliver a diagnostic capacity required in TB endemic
countries, particularly in those with high disease burden. It is important to note that
many other nontuberculous respiratory diseases (e.g., chronic obstructive pulmonary
disease (COPD), chronic bronchitis, lung cancer) have clinical presentation similar to
TB and patients suffering from these diseases are generally considered to be TB sus-
pects. In clinical settings in endemic countries, approximately 10-20% of TB sus-
pects get diagnosed with TB. Therefore, to find 10 million new TB cases worldwide
every year, 50—100 million TB suspects need to be tested. To deal with such stagger-
ing numbers of patients, high-throughput testing systems are needed. Because
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Fig. 2 Tuberculosis diagnostics landscape

majority of TB patients live in the 22 high-burden countries, most of which are
resource poor, the new diagnostic tests must also be cost-effective. The current land-
scape of TB diagnostic tests is shown in Fig. 2. Sputum culture is the gold standard
and all other diagnostic tests are benchmarked against it. The difficulty is that the gold
standard itself is about 85% sensitive (Anonymous 2000). This means that a diagnos-
tic test benchmarked only against culture and determined to have 100% sensitivity is
likely not to be more than 85% sensitive. An additional difficulty is that because
approximately 15-25% of TB is EPTB and 6-20% is PEDTB, broadly a third of the
world’s TB cannot be detected by sputum-based tests. These limitations add up and
using sputum-based tests may result in missing about 40-50% of all TB cases. Under
these considerations, it is hard to avoid the conclusion that the most accurate of spu-
tum-based tests may not detect much more than 50-60% of all TB cases.
Blood-based tests use a sample specimen that represents systemic circulation,
whereas sputum specimen represents only the pulmonary component. In addition,
blood-based immunodiagnostic approach can deliver high-throughput tests with
adequate capacity, at a low cost. However, TB serology tests are not free of contro-
versy. This is largely due to the low sensitivity and specificity problems of the exist-
ing tests that are not rigorously validated. As discussed in detail above, several
studies have demonstrated that multiplex serology is a promising option where a
panel of selected M. tb. antigens can be used to detect antibodies in serum or plasma
of patients such that if a sample contained antibodies against one of the validated
antigens, the patient would be positive for active TB. In this regard, a field study
using 11 M. b. antigens, selected for the detection of active TB, performed in two
endemic countries, India (ranked first with 27% of world’s TB — 2.8 million new
cases per year) and Pakistan (ranked fifth worldwide), has demonstrated high
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sensitivity (91% overall sensitivity) (95% and 88% sensitivity in AFB microscopy
positive and negative TB patients, respectively) and specificity (96% specific in
COPD patients) (Khaliq et al. 2017). Similar overall antibody profiles with similar
results were obtained in a separate study performed in Uganda (Shete et al. 2017).
Importantly, in the multiplex serology study performed in Pakistan which included
microbiologically unconfirmed TB patients (negative by sputum-based AFB
microscopy and culture), this test demonstrated 87% sensitivity. For the clinical
diagnosis of these TB patients, the subjects were monitored for response to ATT in
follow-up clinical examinations, and at the conclusion of 6 months of Directly
Observed Treatment Short-Course (DOTS) when they were declared cured of TB
(Khaliq et al. 2017). It is critical that more studies be performed where microbio-
logically (sputum based) unconfirmed, clinically diagnosed TB patients are included
in the trials. A summary of results and comparison of the multiplex serology test
that included microbiologically unconfirmed but clinically diagnosed TB patients,
with other leading TB diagnostic tests, are shown in Table 2. Based on these results,
a clinical validation trial for all forms of TB (PTB, EPTB, and PEDTB) has been
initiated in India after approval of the study plan by the Indian Council for Medical
Research (ICMR, Delhi). Under the guidance of ICMR, the trial is being performed
at three different sites in India and is expected to be concluded in 2019. Upon clini-
cal validation and the final approval, the multiplex serology test would be posi-

Table 2 Comparison of sensitivity and specificity of multiplex TB serodiagnostic panel containing
11 antigens to established sputum-based tests

Multiplex TB Cepheid Xpert
serodiagnostic panel Sputum smear MTB/RIF (Boehme
(11 antigens) microscopy Culture et al. 2010)
AFB** culture* | 95% 100% - 98%
sensitivity
AFB,™ culture* | 88% 0% 100% 72%
sensitivity
AFB,™ culture~ | 87% 0% 0% 0%
sensitivity
Sensitivity 91% 30-70% 100% 92%
(overall) (85%)
Specificity 96% 93-99% 98% 99%
Time to results |2 h 2 days 2-8 weeks |2 h
Patient 360° 20 slides/tech® | — 20
throughput/day
Patient sample | Blood Sputum Sputum Sputum
source
Approx. price | $5-7 $5-10 $20-40 $10/$28-86¢
(US$)

*AFB = Acid-fast bacilli sputum smear microscopy; AFB* denotes positive result and AFB~
denotes negative result

"Throughput based on single instrument in 8 h day

‘WHO recommended maximum slides to be viewed by a single technician per day

dSubsidized price (public sector) and regular price (private sector) reflected (Puri et al. 2016)
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tioned to improve the clinical work flow at hospitals and diagnostic laboratories in
India (Fig. 1b). This multiplex serology test can be performed with scalability from
1 to 360 patients per day and is amenable to automation for higher (1000s per day)
throughput, thus enabling a scalable clinical work flow model for TB endemic coun-
tries. Additionally, this test is adaptable to a point-of-care multiplex serology plat-
form that could be used in a small laboratory or a doctor’s office. Taken together, the
above discussion suggests that well-defined antibody profiles in blood, analyzed by
an appropriate technology platform and validated in clinical trials, offer a valuable
approach to TB diagnostics in endemic countries. The application of this multiplex
system, in high-throughput or point-of-care format, for blood-based TB testing, is
cost effective with an estimated commercial price of under US$8 to the end-user.
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Introduction

Tuberculosis (TB), a deadly infectious disease of humans caused by Mycobacterium
tuberculosis (Mtb), continues to be a major health threat worldwide. In 2016, there
were about 10 million new cases and 1.8 million deaths attributed to TB (WHO
Report 2017). The World Health Organization has estimated that about a third of the
world population has asymptomatic latent Mtb infection (LTBI) and about 5-10%
of individuals develop symptomatic, active primary TB following initial Mtb-
infection. However, in a population, Mtb infection results in a heterogeneous out-
come, ranging from complete bacterial clearance to the establishment of LTBI or
development of a full-blown disease. Although individuals with LTBI are consid-
ered to be asymptomatic and noncontagious, about 10% of these individuals can
reactivate to symptomatic active TB in their lifetime dependent upon their immune
status. The outcome of Mtb infection in humans is dependent on both the host and
pathogen-derived factors, including the infectious dose inhaled, the nature of Mtb,
and the status of host immunity at the time of infection (Alcais et al. 2005; Zumla
et al. 2013). However, a population that remains asymptomatic or do not display
disease-like conditions after exposure to Mtb have a chance of 2-23% to remain
uninfected for their lifetime. Thus, an individual exposed to Mtb may prevent the
establishment of infection. This supports the notion that host immunity is capable of
restricting the onset of infection and/or establishing a strong protective response
very early after exposure to Mtb. In most of the individuals with LTBI, the bacteria
are thought to be maintained inside the granuloma in a dormant form for many years
(Lin and Flynn 2010). Active TB can develop either following initial Mtb infection
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(primary-progressive TB) or by reactivation of LTBI (post-primary TB); 30-50% of
active TB patients develop cavities in their lungs (Benator et al. 2002). Lung cavity
is an immunologically weak host environment and is permissive for profound bacte-
rial replication. Cavity formation is considered as one of the detrimental host pro-
cesses and is indicative of final stages of TB. Patients with pulmonary cavitary TB
are highly contagious and are the major source of disease transmission in the com-
munity (Rodrigo et al. 1997).

TB is an ancient disease of humans and over the years, Mtb has evolved with its
host; bacterial persistence that contributes to reactivation and reinfection are two
major difficulties associated with eradication of this deadly disease, as they ulti-
mately provide space for drug tolerance/resistance and emergence of new drug-
resistant strains of Mtb. A key feature of TB pathogenesis is granuloma formation,
which has been a subject of intense research for several decades. Although granulo-
mas are thought to protect the host by containing Mtb in a confined area and pre-
venting bacterial dissemination to other parts of the body, it is also likely to act as a
safe-harbor for the infecting bacteria to thrive and persist in a niche with a compro-
mised immunity.

This chapter summarizes various cellular events underlying TB pathogenesis and
the role of different types of immune cells involved in granuloma formation.

Tuberculosis Pathogenesis and Granuloma Formation

Through sneezing, coughing, talking, singing, and related activities, individuals
with active pulmonary TB generate and spread aerosol droplets containing patho-
genic Mtb that is capable of infecting new hosts. The inhaled bacilli are primar-
ily engulfed by innate phagocytic cells such as alveolar macrophages, neutrophils,
and dendritic cells (DCs) in the lung, where the primary inflammatory response is
generated with the release of cytokines and chemokines by the infected phagocytes
(Huynh et al. 2011) (Fig. 1). At this level, macrophages engulfing Mtb may be clas-
sified into two groups, one which is well-activated and capable of killing the bacte-
ria and the other that is suboptimally or poorly activated and providing a growth
niche to this intracellular pathogen.

The pathogen recognition receptors (PRRs) present on innate immune cells, such
as macrophages, recognize the pathogen-associated molecular patterns (PAMP) pres-
ent in Mtb, and play a central role in the initiation of host innate immune response
(Akira et al. 2006; Pahari et al. 2017). PRRs are either membrane-bound, such as
toll-like receptors (TLRs) and C-type lectins, or cytoplasmic, such as NOD-like
receptors (NLRs) and RNA helicase retinoic acid-inducible gene I (RIG-I) recep-
tors (Hossain and Norazmi 2013). Among the various TLRs identified, TLR2,
TLR4, and TLRO have key roles in sensing different mycobacterial antigens. The
TLR2 interacts with mycobacterial lipoproteins such as 19-kDa secreted lipoprotein
(LpgH), LprA and LprG and phosphatidyl-myo-inositol mannoside and induces a
strong pro-inflammatory response by activating myeloid differentiation factor 88
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Fig. 1 Architecture and function of granuloma. Following Mtb infection, phagocytes (e.g., mac-
rophage and dendritic cell/DC) uptake the bacteria. The pattern recognition receptors (PRR) pres-
ent in these antigen presenting cells recognize Mtb antigen that leads to the production of various
cytokines and chemokines, which recruit different types of immune cells (neutrophils, T and B
cells) to the site of infection to form granuloma. A granuloma is a well-organized cellular structure
characterized by the presence of infected macrophages (alveolar, interstitial, foamy, and epitheli-
oid) and DCs that are surrounded by multinucleated giant cells and cuffs of lymphocytes (B and T
cells). During disease progression, the granulomas undergo several changes in their structure,
immune cell composition and function. Thus, granulomas can be broadly stratified into: (a) fibro-
calcific granulomatous nodules, (b) non-necrotic granulomas, (c) caseous necrotic granulomas,
and (d) suppurative and cavitary granulomas

(MyD88) and TIR domain-containing adaptor protein (TIRAP) signaling pathways
(Quesniaux et al. 2004). Similarly, TLR4 interacts with lipopolysaccharide (LPS) of
bacteria and activates MyD88-mediated nuclear factor-kB (NF-xB) signaling path-
ways, thus inducing the expression of pro-inflammatory cytokines and chemokines
(Reiling et al. 2002; Bulut et al. 2005). While TLRY recognizes CpG DNA of bac-
teria and promotes pro-inflammatory cytokines production (Hemmi et al. 2000),
this receptor can also function cooperatively with TLR2 to induce interferon-gamma
(IFN-y) and IL12p40 production, thus playing a critical role in the development of
host-protective immunity to infection (Bafica et al. 2005). Recognition of Mtb anti-
gens by various TLRs also induces maturation of DCs, which migrate from the site
of infection to draining lymph nodes and present the antigen to naive T-cells, thus
initiating the adaptive immune response to Mtb infection (Bhatt and Salgame 2007).
Moreover, some strains of Mtb activate TLR2, while few others interact with TLR4;
this differential stimulation of TLR also leads to differential regulation and/or
expression pattern of cytokines and chemokines by the phagocytes and subsequent
cellular immune response to the pathogen (Carmona et al. 2013).

There are several types of C-type lectin receptors, such as mannose receptors
(MR or CD206) and dendritic cell-specific intercellular adhesion
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molecule-3-grabbing non-integrin (DC-SIGN/CD209), present on phagocytes that
interact with Mtb and mediate phagocytosis. In human macrophages, MR recog-
nizes mannose-capped lipoarabinomannan (ManLAM) of Mtb. It has been pro-
posed that MR-mediated phagocytosis delays the fusion of Mtb-containing
phagosome with lysosome, by suppressing the production of phosphatidylinositol-
3-phosphate in the phagosomes (Rajaram et al. 2017). Moreover, in Mtb-infected
DCs, MR-mediated phagocytosis augments anti-inflammatory response, by inter-
fering with pro-inflammatory IL-12 production (Nigou et al. 2001). This also facil-
itates intracellular survival of Mtb. The DC-SIGN recognizes different types of
PAMPs including LAM, ManLLAM, and phosphatidylinositol mannosides (PIMs).
Similarly to MR, the interaction of DC-SIGN with ManLAM also modulates pro-
inflammatory responses and causes immune suppression (Geijtenbeek et al. 2003).
The CD14 receptor plays a crucial role in the monocytic cell differentiation and
phagocytosis of Mtb (Lingnau et al. 2007). This receptor recognizes mycobacterial
LPS and induces a host-protective innate immune response to infection (Bowdish
et al. 2009). Moreover, a decreased pulmonary inflammat ory response was
observed in Mtb-infected CD14 knockout mice, which suggests that CD14 has a
role in regulating inflammation during chronic pulmonary infection (Wieland et al.
2008). In addition to these cell surface receptors, cytoplasmic receptors can also
sense mycobacterial antigens. The NLRs, such as NOD2, can interact with myco-
bacterial muramyl dipeptide (MDP) and induce pro-inflammatory cytokine pro-
duction (Divangahi et al. 2008). The NOD?2 receptor plays a protective role by
sensing the pathogenic Mtb that enters the host cell cytoplasm after rupturing
phagosome membrane (Pandey et al. 2009). Thus, the interaction of mycobacterial
antigens with specific receptor can activate unique downstream signaling pathway,
and their cumulative effect on immune cell activation determines the fate of intra-
cellular Mtb as well as the course of infection towards progressive disease or con-
tainment and clearance.

Architecture and Function of Granuloma

Granuloma is a well-organized cellular structure, comprised of infected macro-
phages (alveolar, interstitial, foamy, and epithelioid), dendritic cells, and neutro-
phils that are surrounded by multinucleated giant cells, blood-derived macrophages,
and cuffs of lymphocytes (T and B cells) (Fig. 1 and Table 1). In a well-organized
granuloma, freshly recruited phagocytes and lymphocytes surround the Mtb-
infected macrophages. At this stage, the granuloma can act as a physiological bar-
rier and prevent the initial dissemination of infection within and between hosts
(Flynn et al. 2011). When a granuloma loses its integrity during early stages and
becomes permissive for bacterial growth, then the initial infection progresses into
primary active TB. During early stages of infection, an elevated level of pro-
inflammatory cytokines, such as TNF-a and IFN-y produced by immune cells,
polarizes the macrophages to a predominantly M1 phenotype that is capable of
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Fig. 2 Host immune response during Mtb infection. Thl immune response plays a critical role
during granuloma formation and restricts bacterial growth. Optimal onset of Th1 response along
with protracted neutrophil infiltration enables containment of bacteria in the granulomas (left
panel), while increased infiltration of neutrophils to the site of infection and impaired Th1 response
increase inflammation and tissue destruction that contribute to elevated bacterial load (right panel)

controlling Mtb growth and replication, through their antimicrobial effector func-
tions. In addition, M1 macrophages can efficiently present Mtb antigens to T cells,
which mount a host-protective Thl type immunity by recruiting and activating
more innate and adaptive immune cells with a pro-inflammatory phenotype. These
cells surround the infected macrophages at the center of granuloma and limit the
spread of Mtb (Chakravarty et al. 2008). Thus, the quality and quantity of immune
response elicited by M1 macrophages, followed by immune cell recruitment and
actvation of CD4* and CD8* T cells, mark the type of immune response generated
in a granuloma (Fig. 2). However, as the disease progresses, the immune environ-
ment changes and the macrophages are more permissive to Mtb growth and polar-
ized toward an anti-inflammatory M2 phenotype, marked with elevated IL-4 and
IL-10 production. This facilitates establishment of a Th2 type immune environment
with increased IL-2, IL-4, and I-10 production by immune cells; all these events are
also associated with elevated lipid metabolism that contributes to formation of
foamy macrophages (Kim et al. 2010).

During active disease, the Mtb-infected macrophages at the center of granulomas
undergo necrosis that results in the accumulation of caseum, a creamy and acellular
region, in which Mtb can survive extracellularly. Uncontrolled necrosis of infected
host cells contributes to granuloma rupture and dissemination of pathogen to neigh-
boring tissues facilitating secondary granuloma formation; these are seen in the
lungs of about 20% of active TB cases, while reactivation of Mtb from quiescent
granulomas contributes to active lung disease in about 80% of cases (Frieden et al.
2003). Even though granulomas are thought to restrict Mtb growth and dissemina-
tion, it is also suggested to promote bacterial persistence, which is a potential
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reservoir for future disease reactivation (Davis and Ramakrishnan 2009).
Mycobacterial components are known to stimulate IL-10 secretion thereby sup-
pressing Th1 response (Davis and Ramakrishnan 2009) and promoting M2 macro-
phage polarization with the development of lipid-rich, foamy macrophages and
giant cells (Lugo-Villarino et al. 2012). This phenomenon suggests that granulomas
can serve as a niche to support Mtb growth and/or survival by providing host lipids
as a carbon source (Davis and Ramakrishnan 2009).

Structural Transformation of Granuloma

The granuloma physically maintains the bulk of Mtb in the organs of infected indi-
viduals. However, during progression of infection into active disease, the granulo-
mas undergo several changes, mediated through the immune cells that constitute the
granulomas, including structural transformation and metabolic shift (Russell et al.
2009a, b; Cadena et al. 2017). There is a strong positive correlation between the
structural organization of granuloma and the extent of disease progression (Marino
etal. 2011). While solid granulomas, marked with well-activated immune cells and
no necrosis can effectively control Mtb growth and infection, cavitary granulomas
with necrotic center are permissive for bacterial growth and disease progression.
This suggests that any host debilitating conditions, such as immune deficiency (e.g.,
HIV infection, immune suppressive treatment) or metabolic disorder (e.g., diabet-
ics) can alter the granuloma’s integrity and significantly affect the disease status.
According to their structural organization, granulomas can be broadly stratified
into: (a) fibro-calcific nodules, (b) non-necrotic, (c) caseous necrotic, (d) suppura-
tive, and (e) cavitary granulomas (Mattila et al. 2013; Cadena et al. 2017). The fibro-
calcific nodules are usually found in individuals with LTBI and believed to have a
host protective role in controlling Mtb infection from transmission. These are usu-
ally smaller, healing-type granulomas (a.k.a. Ghon’s focus), characterized by min-
eralized fibrotic tissue and calcification at the center; both these processes can
reduce bacterial survival and the probability of disease reactivation (Lin et al. 2009).
In these granulomas, the fibrotic center is surrounded by large numbers of lympho-
cytes, macrophages (predominantly CD163+), and a restricted number of neutro-
phils (Lin et al. 2012).

The non-necrotic granulomas are highly cellular and characterized by the absence
of cellular necrosis at the center, which is surrounded by both CD68+ and CD163+
macrophages. Limited number of neutrophils, abundant HAMS56+ foamy macro-
phages, elevated proportion of epithelioid macrophages that strongly express iNOS
and eNOS, and a relatively low frequency of Arg-1 expressing monocytes/macro-
phages are also observed in these granulomas. The caseous necrotic and suppurative
granulomas have almost related features with a necrotic center. In caseous necrotic
granuloma, the necrotic region is acellular with moderate number of neutrophils,
whereas large number of neutrophils are present in the vicinity of necrotic center in
suppurative granulomas (Mattila et al. 2013). In these granulomas, both CD68+ and
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CD163+ macrophages are distributed in and around the lymphocyte cuff. While
the CD163+ macrophages are predominantly present in the peripheral region,
HAMS56+ foamy macrophages are abundant mainly at the rim of necrotic center.
Both iNOS and Arg-1 are expressed abundantly throughout the necrotic granuloma,
including lymphocytic cuff and the periphery of necrotic region. It is suggested that
the ratio between iNOS and Arg-1 expression levels might play an important role in
the structural transformation of granuloma and subsequent disease progression
(Mattila et al. 2013; Kramnik and Beamer 2016).

Cavitation of granulomas in the lungs is a prelude to transmission of infection/
Mtb within and between host(s). The luminal wall of cavitary lesions have copious
number of Mtb actively proliferating extracellularly; since cavitary lesions in pul-
monary tuberculosis open into airways and enable aerosol generation, they facilitate
disease transmission (Kaplan et al. 2003). These lesions are thought to be manifes-
tations of secondary (post-primary) tuberculosis, marked by elevated levels of regu-
latory T cells (Tregs) and DEC-205+ DCs (Welsh et al. 2011). Histologically,
cavitary granulomas are characterized by severe tissue inflammation, suboptimal
activation of innate and adaptive immune cells, and accumulation of B cells in the
granuloma (Subbian et al. 2011). The cellular and immunological responses in cavi-
tary lesions are also significantly different from non-necrotic and fibro-capsular
lung lesions (Ulrichs et al. 2005). It has been suggested that differential regulation
of local immune response at the site of infection determines the evolution of granu-
lomas. Therefore, in patients with active pulmonary TB and in nonhuman primates
and rabbit models of TB, remarkable heterogeneity in granulomas can be seen
within the same lung that correlates with diseas progression or control of infec-
tion (Subbian et al. 2011; Ulrichs et al. 2005; Cadena et al. 2017).

Role of Cytokines in Granuloma Formation

The interaction of Mtb with PRRs of innate immune cells induces production of
both pro- and anti-inflammatory cytokines and chemokines. While a pro-
inflammatory response further activates the innate and adaptive immune cells and
mediates granuloma formation, an anti-inflammatory response dampens inflamma-
tion and counteracts the effects of pro-inflammatory responses to avoid tissue dam-
age. Although the former response is thought to be protective against Mtb infection,
a delicate balance between pro- and anti-inflammatory responses is crucial for
effective control of Mtb infection and tissue destruction (Domingo-Gonzalez et al.
2016). TNF-a is a key pro-inflammatory cytokine, produced by the cells of innate
and adaptive immunity following Mtb infection, and plays key roles during granu-
loma formation and maintenance. It induces the production of chemokines such as
CCL5 (RANTES), CXCL9 (MIG), and CXCL10 (IP-10) from various types of
immune cells (Akira et al. 2006). These chemokines bind to respective receptors
expressed on the surface of activated T cells, B cells, macrophages, and neutrophils
and mediate extravasation of leukocytes to the primary site of infection to form the
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granuloma. TNF-o also maintains granuloma integrity that prevents reactivation
and dissemination of Mtb (Chakravarty et al. 2008). In LTBI individuals, neutraliza-
tion of TNF-a resulted in reactivation of symptomatic, active TB (Keane et al.
2001). This observation has also been confirmed in mouse and rabbit models of Mtb
infection, in which treatment with anti-TNF-a antibodies suppressed host immu-
nity, exacerbated disease severity, and bacillary load (Koo et al. 2011; Tsenova et al.
2014). These studies underline the protective role of TNF-a and the importance
of granuloma integrity in TB.

Mycobacterial components are presented through infected macrophages and DC
to the cells of the adaptive immunity, such as CD4+ and CD8+ T cells, Treg, and
natural killer (NK) cells. DCs with engulfed Mtb can migrate from the lungs to
regional lymph nodes to prime naive CD4+ and CD8+ T cells that ultimately
become effector and memory subsets and play distinct roles in TB pathogenesis
(O’Garra et al. 2013). In the granuloma, CD4+ T cells at the periphery of infected
macrophages predominantly secrete interferon-y (IFN-y), a key pro-inflammatory
cytokine, which activates the antimicrobial activities of phagocytes and facilitates
antigen-specific T cell response (Cooper 2009). In addition, IFN-y regulates sys-
temic and local (lung) inflammation by inhibiting IL-17 production and neutrophil
infiltration at the site of infection (Nandi and Behar 2011). In contrast, type I IFNs,
such as IFN-a and IFN-f, are thought to inhibit the IFN-y-mediated antimicrobial
processes as well as the recruitment of CD4+ and CD8+ cells to the granuloma
while promoting neutrophils infiltration to the site of infection (Ordway et al. 2007;
Berry et al. 2010).

Cytokines that belong to the IL-1 family, such as IL-1a, IL-1p, and IL-18, can
also initiate a pro-inflammatory response during Mtb infection. IL-1a has been
shown to induce the production of IL-6 in human lung fibroblast, which activates
host-protective effects on Mtb-infected macrophages; whereas IL-1f restricts intra-
cellular Mtb growth in macrophages by enhancing phagosome maturation, autoph-
agy, and production of antimicrobial peptides such as B-defensin 4 (Suwara et al.
2014; Master et al. 2008; Liu et al. 2009; Verway et al. 2013). IL-18 is known to
induce pro-inflammatory IFN-y production from T cells and thus plays a protective
role against Mtb infection (Kinjo et al. 2002). Similarly, IL-6 produced by phago-
cytes upon Mtb infection plays a critical role in the onset of early inflammatory
response (Law et al. 1996; Hoheisel et al. 1998). This cytokine regulates neutrophil
infiltration (Fielding et al. 2008) and mediates differentiation and maintenance of
Th17 cells, which contribute to establishment of an acute inflammatory response
during Mtb infection (Jones and Vignali 2011). IL-12 is an important host-protective
cytokine against Mtb infection and has vital roles in both innate and adaptive
immune responses. IL-12 (IL-12p70) is composed of two subunits, IL-12p35 and
IL-12/23p40, and is mainly secreted by Mtb-activated DCs. This cytokine is also a
potent inducer of IFN-y producing T cells, which are important to control Mtb
infection (Cooper et al. 2011). It has been shown that infection of DCs by Mtb can
trigger IL-12p40 secretion through TLR2 or TLR9 signaling pathways (Bafica et al.
2005). In addition, IL-12p40 regulates adaptive immune response and is required
for DC migration and T cell priming in the lymph nodes during Mtb infection
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(Khader et al. 2006). The importance of IL-12 receptors is highlighted in recent
studies, which show that mutations in the IL-12 receptor f1 (IL-12Rf1) abrogate
cellular immune response to IL-12 and compromise protective immunity to Mtb
infection. Similarly, autosomal recessive IL-12Rp1 deficiency in adults and chil-
dren has been shown to result in severe disseminated forms of TB (Boisson-Dupuis
et al. 2011; Tabarsi et al. 2011).

During Mtb infection, a subset of T cells, namely the Th17 cells, mainly pro-
duces pro-inflammatory cytokine IL-17, which promotes granuloma formation and
plays a significant role in restricting Mtb growth (Okamoto Yoshida et al. 2010).
IL-17 has been shown to induce IFN-y and IL-12 secretion by macrophages and
DCs that enhance host-protective Th1 immune responses (Lin et al. 2009). In addi-
tion, IL-17 induces the expression of chemokine CXCL13 and promotes the accu-
mulation of CXCR5+ T cells at the site of infection (Gopal et al. 2013). These T
cells are long-living and contribute to improved protection offered by BCG vaccina-
tion against Mtb infection (Desel et al. 2011; Lindenstrom et al. 2012). However,
studies have also shown that IL-17 mediates excessive neutrophil recruitment,
which contributes to elevated tissue inflammation and disease pathology during Mtb
infection (Cruz et al. 2010). Therefore, it appears that fine-tuning of Th17 cell acti-
vation and IL-17 production is important for optimal host protection to Mtb infec-
tion. Another cytokine that plays key roles in the differentiation and maintenance of
Th17 cells and development of B cell follicles during Mtb infection is IL-23 (Khader
et al. 2011). This cytokine also induces the development of IFN-y producing Th1
cells and proliferation of memory T cells in response to Mtb infection (Wozniak
et al. 2006). Following Mtb infection, CD4+ cells, NK cells, and other lymphoid
cells also express IL-22, a cytokine that stimulates production of antimicrobial pep-
tides, such as B-defensin and lipocalin (McAleer and Kolls 2014). A higher level of
IL-22 is reported in pulmonary TB granulomas (Matthews et al. 2011), where it
activates macrophages and restricts intracellular Mtb growth by promoting pha-
golysosome fusion (Dhiman et al. 2014). In addition, IL-22 has been shown to
mediate antigen-specific T cell responses, while suppressing the expansion of
infection-induced Tregs, thus contributing positively to vaccine-mediated protective
immunity to TB (Dhiman et al. 2009).

In contrast to the Thl type cells, the Th2 and Tregs cells express key immune-
regulatory cytokines, such as IL-4, IL-5, IL-10, IL-13, and TGF-f. These cytokines
inhibit Thl responses and regulate inflammatory response during Mtb infection.
IL-4 downregulates the expression of inducible nitric oxide synthase (iNOS) and
TLR2, thus contributing to dampening of macrophage activation and disease pro-
gression (Gordon 2003; Krutzik et al. 2003). However, increased expression of IL-4
also promotes necrosis of immune cells in the granuloma that facilitate extracellular
bacterial replication, disease progression, and lung cavitation (Mazzarella et al.
2003; Bezuidenhout et al. 2009). IL-10 is another important immune-regulatory
cytokine induced during Mtb infection. This cytokine exerts anti-inflammatory
effect via STAT3-dependent pathway that inhibits macrophage activation (Cassatella
et al. 1999; Moore et al. 2001; O’Leary et al. 2011). IL-10 also suppresses T cell
proliferation and inhibits pro-inflammatory Th1l and Th17 responses during Mtb
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infection (Kumar et al. 2013). Similarly, IL-13 promotes Mtb survival by
downregulating IFN-y-induced autophagy in infected phagocytes (Harris et al.
2007). Increased expression of IL-13 reduces the frequency of IFN-y and IL-17-
expressing CD4+ T cells and augments necrotic cell death in TB granulomas
(Heitmann et al. 2014). Mycobacterial membrane components, such as lipoarabino-
mannan (LAM), can induce the production of TGF-f by monocytes and DCs at the
sites of infection (Toossi et al. 1995; Condos et al. 1998). This anti-inflammatory
cytokine can suppress Th1 immune response by dampening IFN-y production, anti-
gen presentation, and pro-inflammatory cytokine production in Mtb-infected mac-
rophages (Toossi and Ellner 1998). It has been shown that the combined induction
of IL-10, TGF-f, TGF-p receptor 1 (RI) and RII expression can down-modulate the
host immune response to Mtb infection and favors subsequent disease progression
and bacterial growth (Bonecini-Almeida et al. 2004).

Role of Chemokines in Granuloma Formation

Several chemokines have been reported to mediate the early migration of immune
cells to facilitate granuloma formation at the site of Mtb infection (Flynn and Chan
2005). These chemokines are classified as CXC or alpha, CC or beta, C or gamma,
and CX3C or delta, based on the location of cysteine residues. Chemokines exert
their function through interaction with respective receptors, which are members of
the G1 protein coupled receptors (GPCR). The CC-type chemokines, such as mono-
cyte chemoattractant protein-1 (MCP-1/CCL2), macrophage inflammatory
protein-lo (MIP-1a/CCL3) and MIP-1f (CCL4) regulated upon activation, normal
T cell expressed and secreted (RANTES/CCLS), as well as CXC-type chemokines,
such as IL-8, monokine induced by gamma interferon (MIG/CXCL9), interferon
gamma inducible protein-10 (IP-10/CXCL10), and stromal cell derived factor-1
(SDF-1/CXCL12), have been demonstrated to play key roles during Mtb infection
and granuloma formation (Domingo-Gonzalez et al. 2016).

The CC-chemokine MCP-1 is one of the most potent chemoattractants of
immune cells and activator of monocytes and plays an important role in regulat-
ing the host-pathogen interactions during Mtb infection. This chemokine is pri-
marily secreted by monocytes, macrophages, and DCs, and it attracts both Thl
and Th2 cells to the site of infection (Siveke and Hamann 1998). However, it has
been reported that MCP-1 enhances polarization of naive T cells to Th2 cells,
which can lead to an inefficient control of Mtb infection by the immune cells
(Hussain et al. 2011). MIP-1a and MIP-1§ are potent chemoattractants/activators
of pro-inflammatory cells in the granuloma (Collins and Kaufmann 2001; Algood
et al. 2003). These chemokines can also activate granulocytes, such as neutro-
phils and eosinophils, which lead to acute inflammation (Hsieh et al. 2008).
While MIP-1a can induce the production of cytokines such as TNF-a, IL-1f, and
IL-6, MIP-1p has been shown to modulate CCL3-induced TNF-a production in
macrophages (Fahey et al. 1992). It has been shown that Mtb-infected human
alveolar macrophages induce the production of RANTES, which helps to reduce
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intracellular Mtb growth (Saukkonen et al. 2002). This chemokine can attract
immune cells to the site of infection and promote granuloma formation. CCLS5 is
another host-protective chemokine, which mediates recruitment of IFN-y-
producing, antigen-specific T cells expressing CCRS, a receptor for CCLS5.
Thus, CCLS5 limits the intracellular survival of Mtb and contributes to host pro-
tection (Vesosky et al. 2010). In addition, coordinated expression/function of
CCLS, perforin, and granulysin in CD8+ T cells facilitates killing of Mtb within
infected macrophages (Stegelmann et al. 2005).

The CXC-chemokine, IL-8, is produced by epithelial cells, monocytes, macro-
phages, and fibroblasts during Mtb infection. This chemokine is an important neu-
trophil chemoattractant and reported to have a significant role in the inflammatory
response and control of Mtb infection (O’Kane et al. 2007). Elevated serum levels
of IL-8 were noted in patients with active pulmonary TB, which decreased to basal
levels following successful anti-TB chemotherapy treatment (Almeida Cde et al.
2009). Thus, IL-8 has been suggested as a potent biomarker of TB to measure dis-
ease severity and treatment efficacy. The IFN-y inducible chemokines, MIG and
IP-10 (CXCL10), are chemotactic for NK cells and activated T lymphocytes. It has
been shown that the expression of MIG enhances the recruitment of IFN-y produc-
ing CD4+ T cells to the granulomas, which helps to restrict bacterial growth (Khader
et al. 2007). During Mtb infection, IP-10 acts as an immune-inflammatory mediator
and plays an important role in the granuloma formation by recruiting activated
CXCR3+ T cells to the infection site (Agostini et al. 1998; Zhang et al. 2004). In
addition, most of the peripheral CXCR3+ T cells express CD45RO (memory T
cells), which is implicated in binding of lymphocytes to endothelial cells. Elevated
levels of IP-10 has been detected in the plasma/sera of patients with active TB as
well as subclinical and LTBI cases; although this chemokine has been suggested as
a promising diagnostic marker for active TB (Strzelak et al. 2012). The stromal cell
derived factor-1 (SDF-1) is a homeostatic CXC-type chemokine that is involved in
myelopoiesis, B-lymphopoiesis, and localization and retention of progenitor cells in
bone marrow as well as in organ development (Moser and Loetscher 2001).
Increased levels of SDF-1 have been reported in the plasma of patients with active
pulmonary TB (Shalekoff and Tiemessen 2003). A recent study has also shown that
during Mtb infection, SDF-1 attracts circulating CXCR4+ B cells to the pleural
space, thus playing an important role in B cell trafficking to the site of infection
(Feng et al. 2011). Moreover, SDF-1 has been suggested as a diagnostic marker for
differentiating TB pleurisy from other forms of TB (Kohmo et al. 2012). Thus,
chemokine-mediated recruitment of immune cells to the site infection plays central
role in the granuloma formation and disease pathogenesis in TB.

B Cell Response in Tuberculosis

Adaptive immune response in TB, elicited by lymphocytes upon Mtb infection of
the host, can be broadly divided into T cell-mediated cellular immunity and B
cell-mediated humoral immunity. Although T cell-mediated cellular immune
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response is crucial in controlling Mtb infection and regulating granuloma forma-
tion/maturation, several studies have shown that B cells and their antibody-medi-
ated humoral immune response can also impact the host responses against Mtb
infection (Jacobs et al. 2016). A recent study reported that B cell responses are
dysregulated in patients with active and latent TB, and this impairment was not
observed in individuals after anti-TB treatment (Joosten et al. 2016). This study
also shows that B cells augment the effector functions of cellular immune
response mediated by T cells. The B cells present in TB granulomas mediate
several immune processes such as antigen presentation to T cells, Mtb-specific
antibody production, and promoting the development of Thl response by induc-
ing IL-12 and IFN-y production (Kozakiewicz et al. 2013; Chan et al. 2014; Bao
etal. 2014). Antibodies to Mtb, secreted by the B cells, are thought to be involved
in the neutralization of toxin, opsonization, and modulation of complement-
mediated lysis. Moreover, IgG antibody specific to mycobacterial antigen has
been found in the plasma of TB patients (Daniel et al. 1981). The antibody-
mediated immune response is more prominent in the granulomas during disease
progression, where bacteria replicate extracellularly in the necrotic material. It is
proposed that anti-Mtb antibodies can prevent the establishment or dissemina-
tion of Mtb infection by hampering the bacterial adhesion to phagocytes
(Schlesinger et al. 1994). For example, in macrophages, the FcR-mediated
phagocytosis of Mtb was shown to enhance phagolysosomal fusion and myco-
peptide presentation to T cells, thus augmenting the Thl response (Maglione
et al. 2008; Guilliams et al. 2014). In addition, the pre-coating of bacilli with
anti-LAM antibodies has been shown to enhance phagolysosomal fusion and to
increase the abundance of IFN-y-expressing CD4+ and CD8+ T cells (de Valliere
et al. 2005; Kumar et al. 2015). In addition, higher levels of anti-Mtb isotype
IgG3 antibodies have been shown to be associated with preventio of LTBI reac-
tivation in high-risk individuals (Encinales et al. 2010). Similarly, passive admin-
istration of Mtb-specific monoclonal antibodies as well as human gamma
globulin has been shown to provide a protective effect against Mtb infection
(Hamasur et al. 2004; Olivares et al. 2009; Balu et al. 2011). Furthermore, B cells
can help to regulate inflammation in the infected tissue by secreting anti-inflam-
matory cytokines, such as TGF-b, IL-4, and IL-33, and by regulating Th1 and
Th17 response (Chan et al. 2014). Moreover, B cells regulate neutrophil infiltra-
tion at the site of infection by modulating IL-17 response and thus help to pre-
vent exacerbated inflammatory response during Mtb infection (Kozakiewicz
et al. 2013).

Metabolic Shift in Granulomas

Infections by pathogens and/or environmental stresses, such as limited nutrient
availability, hypoxia, and low pH, are capable of modulating the central metabo-
lism of immune cells that can alter the protective host response and contribute to
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disease progression. A metabolic shift toward enhanced glycolysis with dimin-
ished oxygen consumption is a key feature of immune cells in TB granulomas
(Shi et al. 2016). Mtb infection has been shown to modulate the host metabolome
by increasing glucose oxidation and lipid peroxidation that ultimately lead to
accumulation of several metabolites such as gluconic acid, lactone, glutaric acid,
butanal, and ethane. Importantly, presence of these metabolic intermediates has
been confirmed in the sputum samples of patients with active pulmonary TB (du
Preez and Loots 2013). Upon Mtb infection, the metabolic reprogramming is
mainly found in classically activated, pro-inflammatory M1 macrophages, immu-
nogenic DCs, and activated T cells but not in anti-inflammatory M2 macrophages
and tolerogenic DCs. The metabolic shift in TB granuloma has similar character-
istics of the Warburg effect reported in cancer cells, which contributes to the
increased production of nitric oxide and pro-inflammatory cytokines (Shi et al.
2016; Kiran et al. 2016). During Mtb infection, several genes associated with the
Warburg effect (e.g., H+-ATPase, glucose transporters, and glycolytic enzymes
such as hexokinase, phosphofructokinase, phosphoglycerate kinase, enolase,
ADP-dependent glucose kinase, and lactate dehydrogenase) were shown to be
upregulated (Shi et al. 2016). In addition, induction of Warburg effect in the host
immune cells is also associated with corresponding increase in the expression of
hypoxia-inducible factor-1 alpha (HIF-1 o), which plays a key regulatory role
during infection and inflammation (Semenza 2010). In addition, HIF-1a regu-
lates the expression of pro-inflammatory cytokines and differentiation of Th17
cells (Dang et al. 2011). In TB granulomas, HIF-1a-induced Warburg effect is
associated with activation of pyruvate kinase M2 (PKM2), a key regulator of
glycolysis. Translocation of PKM2 to the nucleus and its interaction with HIF-1a
activates expression of pro-inflammatory cytokines, such as IL-1f and the glyco-
lytic enzymes (Palsson-McDermott et al. 2015).

In addition to the shift in glucose metabolism, altered lipid metabolism has also
been reported in the immune cells of TB granulomas. Mtb upregulates expression of
several host genes involved in lipid sequestration and metabolism such as adipo-
philin (ADFP), acyl Co-A synthase long-chain family member 1 (ACSL1), and pro-
saposin (PSAP) in caseous granulomas (Kim et al. 2010). Similarly, an increased
production of cholesterol (CHO), cholesterol ester (CE), triacylglycerol (TAG), and
lactosylceramide (LacCer) has been reported in TB granulomas (Chatterjee et al.
1997; Garner et al. 2002). This Mtb-induced lipid sequestration can lead to the
accumulation of lipid droplets in the cytoplasm and other organelles of macro-
phages and subsequent foamy macrophage formation (Daniel et al. 2011). Mtb can
persist and replicate in foamy macrophages and their presence is an indication of
degenerative granuloma and caseous necrosis (Tan and Russell 2015). Furthermore,
Mitb can utilize host-derived lipid intermediates, such as TAG as its carbon source
for growth and replication (Pandey and Sassetti 2008). Thus, altered immune cell
metabolism during Mtb infection can augment bacterial outgrowth and necrosis of
granuloma and a delicate balance in host immunometabolism is crucial for an effec-
tive host-protective response.
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Targeting Granulomas as a Therapeutic Approach for TB

Although granuloma plays a significant role in the prevention of initial stage of
Mtb infection towards progressive disease, presence of multiple types of granulo-
mas, ranging from cavitary to necrotic and non-necrotic lesions, within the lungs of
active TB patients questions its protective role. Moreover, granulomas, by virtue of
their tight-knit cellular structure with fibrotic rims, can be refractory to antibiotics
penetration into their necrotic center with caseum, where Mtb thrives; this contrib-
utes to prolonged duration of anti-TB treatment (at least 6 months for drug-sensitive
pulmonary TB). This also suggests that additional host-directed therapeutic strategy
that can modulate the structure (e.g., integrity, vascularization) and function (inflam-
mation, metabolism) of granulomas can be used to enhance the efficacy of existing
anti-TB drugs (Kolloli and Subbian 2017). Previous findings show promising trend
in this approach. For example, TNF-a plays a significant role in the formation of
granuloma and maintenance of its integrity; neutralization of TNF-a with antibody
(e.g., Enbrel) treatment leads to disruption of granuloma integrity and enhances
antibiotic penetration that augments bacterial clearance and reduces lung pathology
(Chakravarty et al. 2008; Bourigault et al. 2013). Similarly, blocking of TNF-«
using etanercept during initial stages of TB treatment was shown to accelerate spu-
tum culture conversion and elevate the number of CD4+ T cells by 25% in patients
with HIV-associated TB (Wallis et al. 2004). These findings suggest that granuloma
integrity is a critical factor for bacterial survival and proliferation, and therapeutic
agents that can perturb granuloma structure have the potential to be used as adjunct
drug with standard antibiotics to promote efficient bacterial clearance, improve
treatment efficacy, and shorten the duration of therapy.

Recently, pharmacological agents that either promote or inhibit angiogenesis
have been reported to augment TB treatment. In this strategy, the host vascular
endothelial growth factor (VEGF) and angiopoietins (Ang) were targeted. These
molecules are potent angiogenic factors and are essential for the growth and prolif-
eration of endothelial cells. Moreover, VEGF and Ang are abundantly expressed in
pulmonary TB granulomas (Datta et al. 2015) and elevated levels of these molecules
have been reported in patients with active pulmonary TB, compared to healthy con-
trols (Kumar et al. 2016). The increased expression of VEGF and Ang also promotes
abnormal, leaky, and dysfunctional blood vessel formation around the granuloma-
tous area. This creates a hypoxic microenvironment in the granuloma that impairs
normal immune response and favors Mtb persistence (Osherov and Ben-Ami 2016).
Recently, the ability of an anti-VEGF antibody (Bevacizumab) or treatment with
SU5416 (tyrosine kinase receptor), and pazopanib (VEGFR inhibitor) in normalizing
the vascular structure of granulomas was investigated (Oehlers et al. 2015; Datta
et al. 2015). Results from these studies show successful neutralization of VEGR
function that reduced hypoxia and facilitated anti-TB drug penetration and killing
of Mtb in the granuloma (Oehlers et al. 2015; Datta et al. 2015).

In addition to controlling angiogenesis, recent research also focused on an alter-
native strategy, which promotes normal angiogenesis in the granulomas to augment
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anti-TB treatment with antibiotics. Since granulomas are limited in their blood sup-
ply and circulation, restoring normal angiogenesis might improve the immune
response and delivery of anti-TB drugs. The lack of VEGF in the sera of patients
with active, cavitary pulmonary TB supports this approach (Abe et al. 2001).
Therefore, any therapeutic approach that promotes expression of angiogenic growth
factors such as VEGF, epidermal growth factors, transforming growth factor,
platelet-derived growth factor, fibroblast growth factor, and hypoxia-inducible fac-
tor can be used to improve the clinical outcome of current anti-TB treatment. Since
hormones involved in glucose homeostasis promote angiogenesis, targeting these
hormones can be another promising approach to improve TB treatment (Cun et al.
2015). For example, exenatide, an agonist of the glucagon-like peptide-1 receptor
that enhances angiogenesis in endothelial cells, has been reported to promote angio-
genesis in TB granuloma (Aronis et al. 2013). Although clinical intervention to
restore and normalize vascular structure might enhance the efficacy of anti-TB che-
motherapy, more preclinical studies are required to assess the beneficial role of tar-
geting granuloma integrity and restoring tissue angiogenesis for better delivery of
anti-TB drugs.

Summary and Conclusion

To summarize, following successful entry into the lungs, pathogenic Mtb interacts
with host cell receptors present on phagocytic cells in the lungs. This leads to
engulfment of the pathogen and secretion of several pro-inflammatory molecules,
which aid in the extravasation of various immune cells from the circulation to the
site of infection and initiate granuloma formation. With time, the granuloma is
packed with various leukocytes and confined to a defined area in the lungs. These
host cells produce a plethora of cytokines/chemokines that shapes the quality of
immune response prevailing in the granuloma. In general, a pro-inflammatory Th1
response is considered as host protective while an anti-inflammatory Th2 response
is considered as counter-protective against Mtb infection; although a delicate bal-
ance between Thl and Th2 response is crucial for optimal control of infection.
Within the granuloma, the bacteria are either contained or proliferate and dissemi-
nate, depending on the nature of the bacteria and the immune environment prevail-
ing in the granuloma. In general, during early stages of infection, granulomas wall
off replication/dissemination of bacteria/disease and play a host-protective role.
During progression of infection to active disease, the lung granulomas undergo
structural changes and deteriorate to develop central caseous necrosis. At this stage,
Mtb actively multiplies extracellularly within the granuloma that can undergo struc-
tural changes leading to lung cavitation. In addition, immune cells present in the
granuloma can adopt a metabolic shift with enhanced glycolysis and altered lipid
metabolism. Considering the limitations associated with current antibiotic-based
therapy, adjunct host-directed therapeutic modalities, such as those that target gran-
uloma, is a novel and new treatment approach for TB. In this approach, the structure
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and/or immune cell function of granulomas can be modulated to increase better
anti-TB drug delivery and/or accessibility for efficient bacteriall killing and control
of infection. This strategy can improve the efficacy of existing anti-TB drugs, help
to reduce the duration therapy, and elevate the quality of clinical outcome following
treatment of patients with TB.
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Animal Models of Tuberculosis

Pooja Singh, Afsal Kolloli, and Selvakumar Subbian

Introduction

Tuberculosis (TB), an ancient disease that has evolved with humans for more than
4,000 years, still continues as a leading infectious disease of mankind across the
world. Tuberculosis is caused by exposure to the bacteria of Mycobacterium tuber-
culosis (Mtb) complex, one of the most successful pathogen and a leading cause of
morbidity and mortality in humans worldwide. In 2016, there were about 10.4 mil-
lion new TB cases and 1.7 million deaths reported globally. Following exposure to
aerosols containing Mtb, about 5% of individuals develop symptomatic pulmonary
TB (primary TB); however, more than 90% of individuals exposed to Mtb (about a
third of world population) are believed to be latently infected (latent tuberculosis
infection, LTBI), without any clinical symptoms of active disease. However, these
LTBI cases can develop symptomatic, progressive TB disease (reactivation TB or
post-primary TB) upon host immune-compromising conditions; thus, LTBI serves
as potential reservoir for future active TB cases. Furthermore, emergence of drug-
resistant strains of Mtb and coexistence of TB with HIV and/or other chronic dis-
eases further increases the burden on the death toll and poses significant health
threat (WHO 2017). Our inability to control TB effectively lies on the issues associ-
ated with diagnosis, vaccination and treatment of the disease. In TB endemic coun-
tries, traditional microscopic sputum examination and tuberculin skin test are used
routinely to diagnose TB; these methodologies have poor sensitivity and specificity,
respectively (Tsara et al. 2009). In addition, advanced molecular diagnostic meth-
ods are not cost effective for TB endemic countries and are inconsistent in their
diagnostic potential. These factors contribute to noncompliance of individuals
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suspected of active TB from diagnosis and enrollment for the treatment (Tsara et al.
2009). Therefore, improvised and cost-effective diagnostic modalities are required
for efficient control of TB in endemic countries that contribute to about 80% of TB
cases worldwide. Similarly, there is no effective vaccine available to prevent TB
epidemic across various populations. The currently-prescribed vaccine against TB,
BCG (bacille Calmette Guérin), derived from Mycobacterium bovis, has a highly
variable (0-80%) protective efficacy in preventing childhood TB and does not pro-
tect against TB in adult population (Orme 2011). Hence, new and/or improved TB
vaccine(s), capable of protecting children, adults, as well as immunocompromised
people, is urgently needed. Finally, the current treatment regimen for drug-sensitive
TB, namely DOTS (Directly Observed Treatment, Short course) is comprised of
four antibiotics (isoniazid, rifampicin, ethambutol, and pyrazinamide) administered
for 6 months. Due to longer duration of therapy and toxicity of the drugs, poor
patient compliance has been reported for this treatment strategy. Taken together,
there is an urgent need for future research to bring novel, innovative, and improved
approaches in diagnosis, vaccine, and drug development for better management of
global TB situation. In this context, various animal models of TB play pivotal role,
such as to better understand the host-pathogen interactions during Mtb infection/
disease and to test new as well as improved drugs and vaccines (Fig. 1). In this

Pulmonary Mtb infection
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|
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Fig. 1 Stages of Mtb infection/disease and the role of various animal models. Tuberculosis in
humans encompasses active disease, latent TB infection, and relapse of infection/disease. Major
challenges in TB study involve understanding the course of Mtb infection and the mechanisms to
reduce bacterial burden and disease pathology. Animal models are the most effective and promis-
ing way to investigate these phenomena and to understand the role of host immune response
toward Mtb infection. TB: tuberculosis; LTBI: latent TB; TBM: TB meningitis; HIV/TB: co-
infection with HIV and TB
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chapter, we discuss the salient features of various animal models of Mtb infection
and their implications in TB research.

Overview of Mycobacterium tuberculosis Infection in Model
Animals

Animal models serve as an excellent tool to study the course of Mtb infection
(including acute/chronic active TB, LTBI, and reactivation), to understand the path-
ological manifestations of infection/disease, and to decipher the host and pathogen
determinant(s) that are vital for pathogenesis. Knowledge gained from such studies
can aid in developing more effective intervention strategies to combat TB in humans.
Several animal models, ranging from zebrafish to nonhuman primates, have been
explored to determine their resemblance of biological manifestations during Mtb
infection/disease with corresponding human conditions; these model animals have
been used successfully to various extents in TB research (Gupta and Katoch 2005).
Each of these animal models, mainly of pulmonary Mtb infection/disease, mimic
several clinical and pathological features seen in human TB patients, including
pneumonia, various types of granulomas, and other features of disease (Fig. 1).
Moreover, many animal models show more or less similar immune responses to
Mtb infection, such as cytokine/chemokine production and cell-mediated immunity
(Zhan et al. 2017). Importantly, each animal model of TB has its own advantages
and limitations in reciprocating the infection/disease features and studying various
aspects of human TB.

The ability of pathogenic Mtb to grow intracellularly and to cause disease in the
infected host depends on several factors: (a) The virulence and fitness of Mtb, which
is contributed by several secreted proteins and constituents of the bacterial cell wall
structure. For example, mutant Mtb strains lacking ESAT-6, an early secreting anti-
gen, are avirulent and do not cause effective infection in the host; similarly, varia-
tion in glycolipids influences the cytokine production and other effector functions of
phagocytic cells. (b) The amount of infectious inoculum, which is associated with
the severity of infection/disease caused by a particular Mtb strain. In general, a higher
Mtb inoculum often results in severe infection and faster disease progression in
many animal models of TB. (c) The genetic makeup of host. For example, studies
have reported that outbred rabbits show different level of susceptibility to Mtb and
M. bovis infection and that different strains of mice show varying levels of resis-
tance to Mtb infection (Gupta and Katoch 2005). While all these animal models
have been successful in providing insight into the progression of initial infection to
chronic TB disease, differences in immune response to Mtb between different ani-
mal species make it challenging to relate the course of infection in humans (Table 1).
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Nonhuman Primates

Among various animal models of TB, nonhuman primates (NHP), such as macaques,
are superior and provide excellent cellular and immunological insights about human
pulmonary TB (Pena and Ho 2015). The NHPs are considered as the closest model
animal to humans, and they have remarkable similarity in anatomical and pathologi-
cal presentation of disease and immune response to Mtb infection (Carlsson et al.
2010). The use of NHP as a model for human Mtb infection dates back to 1960s
when it was used for drug efficacy testing (Schmidt 1966). After which it was used
to establish the role of BCG vaccination in protection against TB by several investi-
gators. Between 1960s and 1970s was the “Golden age” of TB research, due to the
extensive use of rhesus macaques that validated the role of BCG vaccination in
establishing a protective immunity against pulmonary TB. Similar to humans, Mtb-
infected NHPs display various outcomes of infection and disease events, such as
latent TB, acute and active disease, as well as “percolator” and “insipient” forms of
TB (Schmidt 1966; Capuano et al. 2003; Flynn 2006). In addition, macaque models
also show similarity with human counterpart in their response to multiple drug treat-
ment for TB and variable efficacy of BCG vaccination (Darrah et al. 2014; Larsen
etal. 2009). Furthermore, macaque models have been used to study latent TB. Many
immunological reagents available commercially for humans have been shown to be
functional in this model, expanding the use of NHP in research addressing intricate
and unique questions related to human TB (Flynn 2006).

The commonly used NHP models in TB research are the cynomolgus macaques
(Macaca fascicularis) (CM), also known as long-tailed macaques and are native
to Southeast Asia, and the Rhesus macaques (Macaca mulatta) (RM) native to
Asia (Table 2). Although both RM and CM are very close to each other in many

Table 2 Various nonhuman primate models used in tuberculosis studies

Agent of Route of
Nonhuman primates infection infection Reference studies
Rhesus macaques Mtb Intravenous | Shen et al. (2001); Janicki et al. (1973);
(Macaca mulatta) Erdman Intra- Langermans et al. (2001); Darrah et al.
M. Bovis tracheal (2014); Kaushal et al. (2015); Mothe
BCG Aerosol et al. (2015); Phillips et al. (2017)
Mtb
CDCI1551
Mtb H37Rv
Cynomolgus macaque Mtb Intra- Lin et al. (2006, 2010); Diedrich et al.
(Macaca fascicularis) Erdman tracheal (2010); Maiello et al. (2018)
Marmosets (Callithrix Mtb Beijing | Aerosol Viaet al. (2013, 2015)
Jjacchus) strain
Mtb
CDCI1551
M.
africanum
N0091
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physiological and genetic features, some differences have been reported, mainly in
their response to BCG vaccination (Langermans et al. 2001). Following Mtb infec-
tion, both RM and CM models develop all clinical forms of TB seen in human patients.
These animals can be challenged with Mtb via different routes including, aerosol
exposure and intra-bronchial or intra-tracheal instillation (Pena and Ho 2015).
Although the route of infection influences distribution of disease in the lung, it does
not significantly affect the overall pathological outcome of infection (Sibley et al.
2016). Development of TB in macaques can be diagnosed by TST, interferon
gamma release assay (IGRA), chest X-ray, and sputum and/or culture positivity for
Mtb (Vervenne et al. 2004). A typical representation of lung pathology in human
TB, comprised of caseous granuloma, calcified regions, fibrous, pulmonary cavities
or disseminated lesions, can also be observed in these macaque models of pulmo-
nary TB. One of the pathological hallmarks of TB in human is the formation of
granuloma, an organized cellular structure that is comprised of various types of
immune cells surrounding infected phagocytes. Pulmonary granulomas of NHP
model of TB share several similarities in their histopathological features and clini-
cal manifestations of disease with human disease. Similar to humans, macaques
develop heterogeneous granulomas following pulmonary Mtb infection, including
fibro-calcific, non-necrotic and necrotic, and caseous, which can further progress to
form cavities (Flynn et al. 2015; Mattila et al. 2013). In a CM model of Mtb infec-
tion, it has been shown that the macrophages with anti-inflammatory markers, such
as arginase-1, are localized to the outer region of granuloma, whereas macrophages
in the inner region of granuloma predominantly expressed pro-inflammatory mark-
ers, such as inducible nitric oxide synthase (Mattila et al. 2013). In addition, TNF-a
neutralization in Mtb-infected macaques has been shown to cause reactivation and
dissemination of Mtb and develop disease pathology, which underlines the role of
TNF-a in the maintenance of granuloma integrity (Lin et al. 2010). Macaque model
has also been used to study metabolic activities of immune cells as well as patho-
logical transformation of the granuloma over time that can be imaged by PET/CT
scanning coupled with FDG-labeling. Application of these technologies has helped
to understand the correlation between granuloma integrity and disease progression
in the NHP models (Lin et al. 2013). A recent PET/CT imaging study reported that
inflammation following Mtb infection, marked by increased production of IL-2,
IL-10, and IL-17 in the lung granulomas, contributes to reactivation of LTBI in CM
(Wong et al. 2010). This model of Mtb infection also revealed that lymph nodes
retain the bacteria after short-term anti-TB drug treatment; this Mtb population
plays a potent role in disease reactivation as well as in disseminating the bacteria
(Lin et al. 2012), thus suggesting that lymph nodes can act as a reservoir for infect-
ing Mtb.

Macaque model of Mtb infection has been extensively used to investigate key
host cell signaling mechanism during infection. Transcriptomic study of Mtb-
infected lungs of NHP revealed the activation of pro-inflammatory signaling path-
ways, induced by cytokines such as TNF-a, IFN-y, and chemokines, during early
stages of Mtb infection. As the infection progresses, the immune cells in the lung
granulomas undergo reprogramming to suppress the exacerbated inflammatory
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response (Mehra et al. 2010). Macaque model of active TB revealed that lung granu-
lomas can undergo significant changes in structure and function at different stages
of disease. Accordingly, an increased frequency of CD4* and CDS8* cells were
observed during active TB, whereas higher frequency of regulatory T cells (Tregs)
was noted when LTBI ensues (Lin et al. 2009). These studies also suggest that a
higher frequency of CD4* Tregs in the blood as well as in the airways might have a
role in the control of inflammation in animals with LTBI (Green et al. 2013).

Macaque model of vaccination followed by Mtb challenge is a standard proce-
dure and has successfully been implicated in the evaluation of new and improved
vaccines against TB, before conducting clinical trials in human population. Both the
RM and CM models of TB have been used as potential tool to evaluate the efficacy
of BCG-based and non-BCG derived vaccines and also to determine the Mtb infec-
tious dosage as well as impact of route of inoculation on the outcome of infection.
The CM are more resistant to low-dose Mtb infection and exhibit more effective
protection to infection following BCG vaccination, compared to the RM, which are
more susceptible to disease progression with high bacterial burden in lungs and
extrapulmonary tissues. Various routes of BCG vaccination (i.e., intravenous, aero-
sol, or intra-cutaneous) were also tested in RM, and it was observed that aerosol
vaccinated animals demonstrated no serological changes throughout the study time
points, indicating no or poor onset protective immunity by this route. In contrast,
positive anti-Mtb antibody reactivity was detected after 4 weeks of Mtb challenge
in monkeys immunized with BCG intradermally; similar response was also noted at
8 weeks post infection in intravenously vaccinated animals, compared to 8—12 weeks
in the unvaccinated group of challenged monkeys (Janicki et al. 1973). However,
skin test with purified protein derivate of tuberculin (TST) was positive for all the
groups of RM within 4 weeks of Mtb infection. The outcomes of this study showed
variation in serological response after vaccination with BCG by different routes,
which was attributed to the difference in immunological specificity and sensitivity
of the host. Thus, skin reactivity was demonstrated as an early Mtb infection deter-
minant over immunoglobulins A, G, and M (Janicki et al. 1973). These findings also
suggest that RM model is more suitable to study acute and active TB, although CM
model has been reported to be a better choice to study chronic TB and LTBI (Sharpe
et al. 2009, 2016). Rhesus macaques were also tested for their similarity in produc-
ing immunodominant antigens during Mtb infection in humans. A recent study
found that 54 immunodominant CD4* T cell epitopes, including Rv3875 (ESAT-6)
and Rv3874 (CFP10), were commonly expressed between human TB cases and
Mtb-infected RM. This suggested the presence of several common MHC class 11
epitopes in human and macaques, thus justifying that vaccine candidate can be
effectively screened in this model (Mothe et al. 2015).

Studies conducted in the RM model of pulmonary TB unveiled that a recombi-
nant BCG (rBCG) vaccine (AFRO-1) enhances IFN-y response and induces antigen-
specific T cell proliferation (Rahman et al. 2009; Magalhaes et al. 2008). Similarly,
prior vaccination of RM with BCG boosted by modified vaccinia virus Ankara-
expressing antigen 85A (MVA.85A) and attenuated Mtb with a disrupted phoP gene
induced IFN-y response and provided significant protection against Mtb infection
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(Verreck et al. 2009). Another study reported that the magnetic resonance imaging
(MRYI) is a better and more reliable readout to evaluate the efficacy of BCG-MVA.85
vaccine in RM model. The data from MRI readouts exhibit a significant correlation
between Mtb burden in the granulomas and the immunological response in the lung
(Luciw et al. 2011; Sharpe et al. 2010). In a CM model of TB, efficacy of a 72f
rBCG vaccine (rBCG harboring 72f fusion gene) and DNA vaccine combination
expressing mycobacterial heat shock protein 65 (Hsp65) and interleukin-12 (IL-12)
(HSP65 + IL12) were evaluated. This study demonstrated that 72f rBCG as well as
DNA-combination vaccines provided a better protection, compared to vaccination
with BCG alone (Kita et al. 2013; Okada 2006). Similarly, boosting of BCG vaccine
with a multistage H56 (H56/IC31) vaccine was shown to reduce the lung pathology
and prevent the disease reactivation and dissemination even after TNF-a neutraliza-
tion treatment in the CM model of Mtb infection (Lin et al. 2012).

The macaque model has also been used to evaluate the potency of different vac-
cine candidates, other than BCG or its derivatives, for their ability to induce antigen-
specific CD4 and CD8 T cells during Mtb infection. A study reported that aerosol
vaccination of RM with AERAS-402, a replication defective adenovirus type 35
that expresses Mtb antigens Ag85A, Ag85B, and TB10.4, induced Ag85A-specific
CD4 and CD8 T cells, which produced IFN-y, TNF-a, and IL-2 but failed to protect
against subsequent Mtb challenge. Although the outcome of this study did not sup-
port AERAS-402 as an effective vaccine candidate against TB, it suggested that the
dose of Mtb used for infection may impact the efficacy of vaccination (Darrah et al.
2014). Another study performed in the RM model reported a protective immunity
against pulmonary Mtb infection following aerosol route of vaccination using a
mutant Mtb strain defective for sigH gene that is involved in bacterial stress response
pathway. In this study, elevated accumulation of CD4* and CD8" T cells, marked by
central memory response in the lungs, was attributed to the improved protection by
this vaccine candidate (Kaushal et al. 2015). This study also suggested the presence
of iBALT (bronchus-associated lymphoid tissue) to be associated with granuloma
formation during Mtb infection. In addition, LAG-3 (lymphocyte activation gene),
involved in reducing the Th1-mediated protective immune response, was shown to
be highly expressed during pulmonary infection of RM, and silencing of LAG-3 in
CD" T cells enhanced the killing of Mtb and increased the levels of IFN-y (Phillips
et al. 2017).

Latent TB is one of the most concerning states of Mtb infection in humans, since
it contributes to reactivation TB, and understanding this stage is important to eradi-
cate bacterial persistence in the host. The formation of Ghon complex, a fibrotic
granulomatous nodule with calcified center, is one of the hallmarks of LTBI. This
feature is well studied in Mtb-infected CM. In this model, early tubercle/granuloma
formation has been shown to be characterized by expression of transcriptional net-
works controlled by IFN-y and TNF-a, as well as the intracellular JAK/STAT sig-
naling pathways, indicating potent inflammatory responses. Conversely, later-stage
granuloma development was characterized by down-modulation of inflammation
and reduced chemokine production. Macaque model has also been used to study
LTBI and reactivation during HIV-TB co-infection. The RM model of Mtb-SIV
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(Simian Immunodeficiency Virus) co-infection has been shown to mimic the patho-
logical and clinical features of human patients co-infected HIV and Mtb. In this
study, SIV infection reactivates TB in RM that was inoculated with either a high
dose of BCG or a low dose of a virulent Mtb strain (Shen et al. 2002; Mehra et al.
2011). This reactivation has been shown to be associated with early T cell depletion
(Diedrich et al. 2010). These SIV co-infected macaque also expressed lesser amount
of pro-inflammatory cytokines, such as IFN-y and IL-22 as compared to the normal
control animals (Guo and Ho 2014). Importantly, anti-retroviral therapy (ART) has
been shown to restore Mtb specific T cell immune response in these co-infected RM
(Mehra et al. 2011). Consistently, the decreased frequency of CD4* cells during
HIV infection augments the reactivation of TB in AIDS patients and ART reverses
the immune response to TB in these patients. In addition, researchers have also
investigated a pediatric model of HIV-TB co-infection by infecting newborn
macaques with Mtb. This model can help to study TB pathogenesis in children with/
without AIDS (Cepeda et al. 2013).

Although the NHP model of TB is immensely useful to understand human disease,
this animal species is the most expensive among various animal models. Maintaining
NHP colonies and conducting experiments in a relevant biosafety containment facili-
ties pose unique and complicated issues, such as expertise, space, accessibility, and
ethical issues that are not common to the other animal models of TB.

Rabbits

Rabbits (Oryctolagus cuniculus) are the best animal model, next only to NHP, in
recapitulating the pathological features of active and LTBI seen in human cases
(Dannenberg 2006). The lung granulomas in Mtb-infected rabbits are of several
types and resemble to that found in human disease, including a central necrotic
region that undergoes caseation, cavitation, as well as healing and calcification
(Dannenberg 2006). Importantly, similar to the necrotic granulomas of pulmonary
TB patients, the rabbit lung granulomas are characterized by hypoxia (Haapanen
et al. 1959; Via et al. 2008). Moreover, we and others have shown that rabbits dis-
play divergent outcome following infection that is dependent on the nature of infect-
ing Mtb strain (Bishai and Chaisson 1999; Manabe et al. 2003; Nedeltchev et al.
2009; Tsenova et al. 2005). Accordingly, aerosol infection of rabbits with a hyper-
virulent clinical strain of Mtb leads to cavitary disease, while infection by a hyper-
immunogenic clinical strain is effectively controlled in the lungs, resulting in LTBI,
which can be reactivated by treatment of infected animals with an immune sup-
pressing agent (Subbian et al. 2011a; 2012). These characteristics make rabbit an
excellent model for studying the kinetics of Mtb infection toward active TB devel-
opment or LTBI in humans.

Exposure of rabbits to Mtb-containing aerosol and direct inoculation of Mtb into
the trachea have been the standard procedures used to initiate pulmonary infection.
We have developed a nose-only aerosol exposure unit and used it to infect rabbits
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with the Mtb Beijing strain HN878, a clinical Mtb strain, CDC1551, and a virulent
M. bovis Ravenel strain. The infected animals were studied for the kinetics of
bacterial infection in the lungs over time (Tsenova et al. 2006). Following inocula-
tion of similar numbers of bacteria, a significant difference in bacterial load was
observed at 4 weeks post infection. While the lungs of M. bovis Ravenel-infected
rabbits had about 8.5 log;, bacteria, the HN878-infected animals had 7 log,, bacte-
ria; compared to these, the growth of CDC1551 was significantly reduced (5.5
log)). Similarly, rabbits infected with M. bovis Ravenel or HN878 sustained a
higher bacillary load (7-8 log)o) until 12 weeks; whereas, the growth of CDC1551
was further reduced by 8 weeks, and no bacilli could be obtained in the infected
rabbit lungs at 16 weeks post infection, thus establishing LTBI (Nedeltchev et al.
2009; Converse et al. 1996). Importantly, treatment of rabbits in the latter group
with corticosteroid led to reactivation of latent infection. Therefore, aerosol infec-
tion of rabbits with Mtb-HN878 mimics cavitary, active TB, while Mtb-CDC1551
infection depicts LTBI and reactivation seen in human patients. The histopathology
of lung lesions and their evolution over time were consistent with respective bacil-
lary load in these rabbits; those infected with HN878 had large, necrotic and cavi-
tary lesions with abundant acid-fast bacilli (Subbian et al. 2011a). In contrast, only
few well-developed granulomas were seen in the lungs of CDC1551-infected rab-
bits that had no necrosis and resorbed by 12 weeks post infection (Subbian et al.
2012). The histopathological finds were also corroborated and extended by immune
cell analysis of the lungs and spleen and also by genome-wide transcriptome profil-
ing of rabbit lungs with active TB or LTBI (Subbian et al. 2011a).

Several studies on the pharmacokinetic (PK) and pharmacodynamic (PD) char-
acteristics of standard antibiotics and novel combination of drugs for TB treatment
have been conducted in the rabbit model of Mtb infection, due primarily to the
nature of lung granulomas that closely resembles the human counterparts; these
lesions cannot be produced in a standard mouse model (Via et al. 2008). Such stud-
ies contributed valuable insights on the disparity in drug distribution between blood
(systemic) and local (lung) compartments and revealed the drug efficacy at the site
of infection. A study on the distribution of standard anti-TB drugs, including isonia-
zid, rifampicin, pyrazinamide, and moxifloxacin, in a rabbit model showed lower
exposures of all drugs, except for moxifloxacin, in the granulomas than in the
plasma (Kjellsson et al. 2012). Similarly, albino rabbits were used to evaluate the
liver toxicity of an anti-TB regimen containing ciprofloxacin, isoniazid, and rifam-
picin; this study found that ciprofloxacin neither affected the PK/PD of the other
two antibiotics nor increased hepatotoxicity in treated animals (Padilha et al. 2012).
Furthermore, we have shown that adjunctive immune-modulating therapy with an
analog of thalidomide (CC-3052 and CC-11050) in combination with isoniazid
improved bacillary clearance and lung pathology in rabbits with active pulmonary
TB when compared to isoniazid alone (Subbian et al. 2011b, c).

Rabbits are ideal model for studies involving TB pathogenesis and for investigat-
ing intervention therapies (Fig. 2). They are smaller and cost effective than NHP, yet
can yield the heterogeneous granulomatous response similar to humans. However,
compared to mouse and NHP models, there is paucity in commercially available,
validated antibodies to study detailed immune response in rabbits. This situation is
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Fig. 2 Course of pulmonary Mtb infection in various animal models. In general, all the experi-
mental animal models of Mtb infection develop active, progressive disease in the lungs following

aerosol challenge that are similar to the primary active TB seen in humans. Few animal models
develop latency and reactivation that result in active disease. Similarly, few animal models produce

cavitary lesions that facilitate disease and pathogen transmission within and out of the infected

host. Different stages of Mtb infection/disease progression are denoted in red color letters, and
various animal models are shown in black letters. Infection that results in primary TB is denoted
by green lines. Infection that results in latency and reactivation is denoted by purple lines. Active

disease that progresses to cavitation and transmission is denoted by gray lines

compensated by recently developed technologies such as RNAseq and mRNA-FISH,
which enable genome-wide immune correlates associated with severity of disease in

Mtb-infected rabbits.

Guinea Pigs

Guinea pigs (Cavia porcellus) are the classical model for TB as its use dates to early
1900s. In fact, Robert Koch’s postulates were based on the experiments conducted
in Mtb-infected guinea pigs; TB being an airborne infection was justified by the
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studies on guinea pig model. Guinea pigs are susceptible to low-dose aerosol Mtb
challenge and develop necrotic lung granulomas as seen in human TB patients. In
addition, lung granulomas from both primary and secondary Mtb infections were
shown to have different morphology in guinea pigs (Flynn 2006; McMurray 2001).
Due to their high susceptibility, this model is highly recommended to mimic TB
infections in immunosuppressed individuals and in children. Contributions from
David McMurray group have been remarkable in the establishment of guinea pigs
as effective model of active TB infection. The development of granulomatous struc-
ture and cytokine profiling of Mtb-infected guinea pig lungs have been shown to
possess the characteristic of human lesions and have yielded important insights on
the role of cytokines in granuloma establishment (Flynn 2006).

In Mtb-infected guinea pigs, the infiltrated neutrophils at the infection foci in the
lungs are short lived and degenerate to release their hydrolytic enzymes and cell
components, which ultimately produce a necrotic center in the granuloma. These
components are scavenged by extravasation of immune cells, such as monocytes,
macrophages, and T cells, thus forming a classical TB granuloma. The cytokine
profile in each lung lobe of Mtb-infected guinea pig was demonstrated to be differ-
ent at 6 weeks post infection. This suggested varying cell types and structure of
granuloma over time that tracks with progression of infection from acute to chronic
phase (Ly et al. 2007). Following pulmonary Mtb infection, the characteristic
immune cells observed in guinea pig lung granuloma were epithelioid cells, foamy
macrophages, and a significantly high CD4* T cells and a low number of CD8" T
cells on the periphery. Guinea pig model TB has provided a functional role for
TNF-a from 3 to 6 weeks post infection in activating the alveolar macrophages that
contributes to early containment of Mtb infection (Ly et al. 2007). Protein malnutri-
tion in guinea pigs followed by Mtb infection demonstrated impaired immunity and
increased bacterial burden. It was shown that lymphocyte proliferation was greatly
impaired in these protein malnourished animals upon vaccination with tuberculin
(Dai and McMurray 1998). Vaccination studies in guinea pigs using BCG followed
by Mtb infection have demonstrated improved host protection with a shift from
inflammatory cytokine environment to an anti-inflammatory niche, after 3 weeks
post infection, and control of Mtb dissemination from the lungs to other organs (Ly
etal. 2007; McMurray et al. 1989). In vitro Mtb infection of recombinant guinea pig
fibroblast cell line demonstrated a causal role for increased IFN-y production and
elevated Mtb killing. Differential virulence of pathogenic and nonpathogenic Mtb,
in the context of their ability to elicite IFN-y levels, was demonstrated at cellular
and molecular (MRNA) levels in the guinea pig model of TB (Jeevan et al. 2006).

Guinea pigs are good model animals that can provide better insights into TB
pathogenesis and vaccine efficacy. However, there is a lack of immunological tools
and reagents available to utilize the guinea pig model to its fullest extent. Although
guinea pigs are known to develop a strong delayed-type hypersensitivity (DTH)
response, they have relatively (compared to mice) poor cell-mediated immunity to
Mtb infection. Also, the inherently high susceptibility of guinea pigs to Mtb infec-
tion does not favor latent tuberculosis infection and poses challenge in evaluating
clinical Mtb isolates of variable virulence.
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Hamster

In the early 1900s when guinea pigs were used as model to study Mtb infection in
humans, researchers were also exploring other cost-effective and easy to handle
animal models. This search gave emergence to the use of hamsters in Mtb infection
studies. Three types of hamsters have been explored for TB research — the golden or
Syrian hamster (Cricetus auratus) (Dennis and Gaboe 1949; Hussel 1951),
the European black-bellied hamster (Cricetus cricelus) (Dennis and Gaboe 1949),
and the gray-striped hamster (Cricetus griseus) from North China (Wang and Meng
1951). Syrian hamsters were tested for their susceptibility to infection caused by
mycobacterial strains of human or bovine origin after intramuscular or intraperito-
neal infection (Jespersen and Bentzon 1964; Prunescu et al. 1979). These hamsters
produced granulomas upon pulmonary Mtb infection, and the macrophages in these
granulomas were shown to undergo fine structural changes reminescent of activa-
tion (de Arruda and Montenegro 1995; Dumont and Sheldon 1965). The Syrian
golden hamsters were also evaluated for their systemic response to BCG inoculation
at various doses. While intravenous inoculation of a higher inoculum (107 bacteria)
caused death in most of animals, a lower inoculum (10 bacteria) was tolerated well;
these animals survived and showed a positive response to TST, marked with ele-
vated footpad swelling and splenocyte proliferation (Murohashi et al. 1954).
Hamsters were found to be highly susceptible to low doses (0.001 mg) of Mtb infec-
tion and produced visible lung tubercles within 16-20 days of infection, although
these granulomas showed less evidence of necrotic caseation. The higher suscepti-
bility of hamsters, compared to rabbits and mice, and visible bacterial growth in a
short duration of time following infection also suggested use of hamsters over
in vitro culture models for anti-tubercular drug screening (Gupta and Mathur 1969).
Syrian hamsters were infected by intracardial injection of 0.5 mg Mtb H37Rv and
treated with different doses of anti-TB drugs (INH, streptomycin) and survival of
animals was noted. Results from this study suggest that Syrian hamsters are useful
to study early bactericidal effects of potential anti-TB drugs (Gupta and Mathur
1969). Since hamsters are highly susceptible to Mtb infection that quickly pro-
gresses to active disease, this model is not ideal to study various stages of immune
response to infection. A hamster cheek pouch model of Mtb infection was intro-
duced in the late 1990s. The cheek pouch in hamsters is a skin invagination of oral
mucosa and is immunologically challenged area with poor lymphatic drainage and
reduced levels of Langerhans cells. In these pouches, Mtb infection produced small
granulomatous lesions marked with a delayed immune response (Dumont and
Sheldon 1965; de Arruda and Montenegro 1995). In contrast, a study reported in
1945 demonstrated that golden hamsters were resistant to virulent strain of
Mpycobacteria that infect humans (Steenken and Wagley 1945). In this study, ham-
sters were infected with virulent Mtb strain and tested for skin test (TST) at 24 days
post infection, using different concentrations of tuberculin (5% and 10%). However,
the infected animals showed no response to TST, suggesting resistance to infection
(Eskuchen 1952; Steenken and Wagley 1945). Interestingly, a study suggested that
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the initial stages of Mtb infection, until 4 weeks post-inoculation, were similar
between guinea pigs and hamsters, but they differed in acquiring resistance to the
infecting bacilli (Eskuchen 1952; Ratcliffe and Palladino 1953). Inconsistency in
the observations among studies using hamster model of Mtb infection, higher sus-
ceptibility of the animals to Mtb infection, and lack of proper granuloma formation
in comparison with guinea pigs and the paucity in commercially available immuno-
logical reagents have led to reduced use of this model for routine TB studies.

Mice

Mice (Mus musculus) are popular model animal for Mtb infection studies because
of the commercial availability of vast array of immunological tools, inbred facili-
ties generating genetically modified strains, easy handling and manipulation, and
cost-effectiveness (Orme 2003). Some of the key concepts in TB pathogenesis,
including the role of adaptive immunity and its components in regulating granuloma
formation in the lungs, were established using the mouse model of Mtb infection.
Different routes of Mtb infection, including aerosol exposure, intra-nasal, intra-
tracheal, intra-venous, and intra-peritoneal, have been reported to develop TB in
mice. In these models, depending on the nature of bacteria, the genotype of the
mouse, and the route of inoculation, the severity of disease and time to establish
disease in the lungs vary. A typical aerosol infection that implants about 100 bacilli
in the lungs of a common mouse strain, such as C57BL/6 or BALB/C produces
clearly visible granulomas with peak bacillary load (~6 log10 CFU) by 4 weeks post
infection. Similar levels of lung bacillary load and elevated disease pathology/gran-
uloma structure is maintained for a very long period (~6 months post infection),
ultimately leading to death of the infected animal. The role of several host genes
involved in resistance/susceptibility to Mtb infection and/or disease has been dem-
onstrated in mice models. For example, lack of superoxide in mice lacking cytosolic
p47rh* gene may also result in increased bacterial growth and tissue damage (Cooper
et al. 2000).

Following Mtb infection, granuloma formation in most of the common mouse
strains is characterized by compact cellular aggregation at the site of infection,
marked by the presence of CD4 T cells bounded by epithelioid macrophages and
CD8 T cells at the periphery. However, the granulomas in these models do not
develop necrosis at the center or cavity formation and calcification and therefore
limited in its role in understanding the true/real cellular and immunological events
underlying granuloma evolution/maintenance and dissemination of bacteria occur-
ring in human conditions. Some of the mouse strains that are commonly used to
study Mtb infection are BALB/C, C57BL/6, and B6D2F1 (Basaraba 2008; Koo
et al. 2011; North and Jung 2004; Orme 2005). Different mouse strains show strik-
ing difference in their degree of susceptibility to Mtb infection. For example, inbred
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mouse strains such as CBA, DBA/2, C3H, and 129/Sv] are highly susceptible,
whereas other strains including, BALB/c and C57BL/6, are relatively more resistant
to TB. As compared to DBA/2 and C3H mice, less bacterial load and increased
survival rate were reported in BALB/c and C57BL/6 strains of mouse (Gupta and
Katoch 2005). Unlike the rabbit and NHP models, none of the mouse model of Mtb
infection can produce reliable, natural, and spontaneous LTBI. In contrast, antibi-
otic therapy after Mtb infection (the Cornell model) has been shown as a way to
create LTBI in mice (Shi et al. 2011). Even though this model fails to establish true
latent infection, persistence of Mtb has been demonstrated in the mouse model that
involves bacterial manipulation of the host adaptive immune response (Srivastava
et al. 2016; Wolf et al. 2007). Similarly, numerous PK/PD studies involving stan-
dard- and new anti-TB drugs have been performed in various mouse strains. Thus,
mouse model TB is a staple screening tool in the field of TB drug discovery
(Srivastava and Gumbo 2011; Nuermberger 2017). Recently, new mouse strains
have been introduced to model human Mtb infection; one such strain of mouse,
C3HeB/Fel, has been shown to develop necrotic granulomas after pulmonary infec-
tion with Mtb (Kramnik 2008). This model has also been used to evaluate the
potency of anti-Mtb drugs (Driver et al. 2012). Although this mouse strain is better
than most other mouse strains, in mimicking human lung granulomas upon Mtb
infection, C3HeB/FelJ mice are hyper-susceptible to Mtb infection and do not pro-
duce LTBI. Another recent mouse model of Mtb infection is the humanized mouse,
in which pieces of bone marrow, liver, and thymus (BLT) of human origin are
implanted into mouse under immune-compromised conditions; a variation in this
model had BCG-infected liver transplanted into the animal (Driver et al. 2012;
Harper et al. 2012). These recombinant mouse models have been used for Mtb
infection successfully and shown to produce necrotic granulomas, presence of
human-like T cells in the lung, liver, and spleen (Calderon et al. 2013). Furthermore,
this model has also been explored for Mtb-HIV co-infection studies that showed
HIV-dependent cytokine profile and elevated TB pathology in co-infected animals
(Nusbaum et al. 2016). In this model, disease-determining factors, such as survival
of animal and course of infection, duration of transplanted organ survival, and
immunological response, have also been studied (Egen et al. 2008, 2011).

Although recent developments in the mouse models of TB, including the appli-
cation of C3HeB/FeJ and humanized mice, have the potential to shed more light on
TB pathogenesis, these mouse strains possess compromised immune system that
makes them highly susceptible to Mtb infection. Similarly, several mouse strains are
known to develop a strong cell-mediated immunity; however, they have relatively
(compared to guinea pigs) poor delayed-type hypersensitivity (DTH) response to
Mtb infection. In addition, these novel mouse strains do not establish LTBI, thus
limiting the ability of these models to systematic study of the host factors associated
with various types of granulomas and respective immune response, as seen in human
lungs with active TB. Additionally, the humanized mouse are expensive and require
special care and housing conditions, compared to common/standard strains.
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Rats

Rats (Rattus rattus) have been studied for their susceptibility to Mtb infection,
through several comparative studies with other animal models, as well as to under-
stand the host immune response to varying dose of infectious inoculum (Ratcliffe
and Palladino 1953; Gray 1961; Duca 1948; Kumashiro 1958; Tobach and Bloch
1955; Metcoff et al. 1949; Kanai and Yanagisawa 1955). Unlike guinea pigs that
mounts a strong delayed-type hypersensitivity (DTH) response but poor cell-
mediated immunity (CMI) and mice that develop a strong CMI but a poor DTH, the
rat models have been claimed to have a balanced DTH-to-CMI response, similar to
rabbits, to Mtb infection. In general, rats are thought to be more resistant, compared
to guinea pigs and some mouse strains, and produce a rapid immune response
toward Mtb infection (Gray 1961). However, in a study that compared 20 white rats
and 12 guinea pigs for their response to Mtb infection showed no significant differ-
ence in their susceptibility between these two model animals (Engel 1968a). Several
strains of rats, including Lewis, nude, Wistar, and American cotton rats (Elwood
et al. 2007; Daigeler 1952), have been tested as model animals for TB studies and
found to have divergence in their granulomatous response to Mtb infection and
disease progression (Sugawara et al. 2004, 2006; Elwood et al. 2007; Gaonkar et al.
2010). While pulmonary infection of cotton rats (Sigmodon hispidus) was shown to
produce necrotic granulomas, the Wistar and Lewis rat models do not develop
necrotic lesions; the disease presentation in these models resembled more of that in
standard mouse models of pulmonary TB. Nonetheless, since rats are extensively
used in the studies of chronic diseases, an extensive range of immunological
reagents are commercially available for this model (Ratcliffe and Palladino 1953;
Gray 1961; Duca 1948; Kumashiro 1958; Tobach and Bloch 1955; Metcoff et al.
1949; Kanai and Yanagisawa 1955). Cotton rats are reported to have different mor-
tality rate upon infection with various doses of virulent strain of Mtb (Elwood et al.
2007; Daigeler 1952; Ryzewska 1969; Kato 1970). Rats were also tested for suscep-
tibility to extrapulmonary Mtb infection (Engel 1968a, 1968b). Granuloma forma-
tion and cytokine profile during Mtb infection are well studied for various rat strains
used in TB research (Elwood et al. 2007). Albino rats were suggested to have
a higher susceptibility to pulmonary infections by different types of microbes;
tubercle bacilli can super-infect those lesions, which can result in a rapid TB pro-
gression (Smith et al. 1930). Therefore, cotton rats have been proposed to be a better
model for studying chronic stages of Mtb infections (Elwood et al. 2009). These rats
can be made susceptible to Mtb infection by cortisone administration post infection
(Michael et al. 1950). However, cotton rats are natural host for filarial nematodes,
such as Litomosoides sigmodontis, which may influence the outcome of Mtb infec-
tion, although the effect of helminth co-infection on Mtb infection progression and
corresponding immunological responses are not well characterized in this model
(Hubner et al. 2012). Cotton rats have also been tested for the efficacy of BCG vac-
cination in controlling bacterial survival after Mtb infection; in this study, BCG
vaccination was reported to reduce the bacillary burden significantly in the lung and
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spleen (Smith et al. 1953). Pulmonary infection of cotton rats with Mtb produced a
highly cellular granuloma without central necrosis up to 8 weeks of infection. These
granulomas are reminiscent of those found in the lungs of Mtb-infected mouse,
although with less foamy macrophages, and not that of Mtb-infected guinea pigs
(Cardona and Williams 2017; McFarland et al. 2010).

Rats have been widely used as a preclinical model for anti-tuberculosis drug test-
ing/screening to understand the route of consumption, bioavailability, toxicity,
drug-distribution across different organs, half-life, excretion from body and for
studies to improve the efficacy of existing antibiotics for TB using combinational
therapy or conjugate preparation (Hong et al. 2017; Lu et al. 2016; Sharma et al.
2018; Rawal et al. 2017; Marcianes et al. 2017). For example, in a recent study,
YH-8, an inhibitor of a serine threonine kinase B (pknB) of Mtb that is required for
bacterial growth, was evaluated in a rat model for its PK/PD properties (Zhai et al.
2017). Similarly, rats were used for drug—drug interaction studies: a potential anti-
TB drug PA-824 and a HIV drug Darunavir were studied for their interactions when
used against HIV-TB cases, and it was concluded that when administered in combi-
nation, Darunavir reduces the toxicity of PA-824 and extends its half-life (Wang
et al. 2018). Other notable anti-TB drugs that are successfully evaluated in the rat
model includes, DFC-2; 2,4-diamino-1-phenyl-1,3,5-triazaspiro[5.5]undeca-2,4-
dienes; nitrofuranyl methyl piperazine derivative, IIIM-MCD-211; and delamanid
(Seo et al. 2018; Yang et al. 2018; Magotra et al. 2018; Shibata et al. 2017).

Recently, rats are also being evaluated as TB detection agents to complement
other TB diagnostic systems, such as culture and Xpert MTB/RIF (Mulder et al.
2017b). In this method, African giant pouched rats (Cricetomys gambianus) were
trained to sniff the scent of heat inactivated sputum samples from suspected pulmo-
nary TB patients (Mulder et al. 2017a). These studies have found that following
“sniff training”, this strain of rats are capable of identifying TB samples from non-
TB, control samples. Rat training was a part of behavioral studies where rats were
rewarded for correct identification of TB positive samples (Mulder et al. 2017a).
Researchers also studied the reproducibility of TB-positive sample detection by
trained rats, compared to standard culture and microscopy methods. Detected posi-
tive samples were confirmed using Xpert MTB/RIF and microscopy. In a compara-
tive study, TB positive sample detection by trained rats was reported to be 72—-80%
more sensitive and 59-74% specific than conventional smear microscopy method.
In a study carried out in Tanzania and Mozambique, nearly 12,000 suspected spu-
tum samples from TB clinics were assessed for positivity by sniffing rats (Ellis et al.
2017). Findings from this study support a higher degree of TB detection reproduc-
ibility by giant pouched rats that this method was suggested as an independent tech-
nique for TB detection (Ellis et al. 2017). However, other studies suggest the use of
trained rats in association with microscopy as confirmatory technique (Mulder et al.
2017a; Poling et al. 2015). A recent “rat-sniffing” study conducted with 55,148
presumptive TB sputum samples from pulmonary TB patients in Tanzania showed
that TB-positive sputum sample detection by rats was 67.6% more than detection in
the clinics using smear microscopy (Mgode et al. 2018). However, this methodol-
ogy needs more rigorous validation studies, including test samples from different
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TB endemic countries; In addition, consistency/reliability and applicability to prac-
tical use are some of the challenges method of TB diagnosis.

Marmosets

Although nonhuman primates display highly identical disease progression as
humans following Mtb infection, their size, cost, ethical issues, and other unique
requirements to conduct studies in NHP limit their use as a high-throughput or rou-
tine model for TB studies. Marmosets (Callithrix jacchus) are considered an alter-
nate to NHP and have gained popularity due to their small size, ease to handle, and
already explored relevance of anatomy and physiology, through other diseases, to
human disease conditions. Marmosets were first studied for TB progression and
bacterial burden using PET/CT scan methodology at regular intervals post infection
with different strains of Mtb complex (Via et al. 2013). In this model, differential
virulence was explored; while a low-dose infection with Mtb-CDC1551 was con-
tained with decreased bacterial burden, similar low-dose infection with Mtb-Erdman
resulted in severe disease symptoms, such as weight loss and rapid progression of
disease pathology (Via et al. 2013). Since marmosets infected with Mtb can produce
cavitary lesions in the lungs, this model was also evaluated for anti-TB drug
screening study (Via et al. 2015). Thus, marmosets are emerging as an effective
model in understanding the immune response to different types of infecting Mtb
strains. Furthermore, marmoset model of Mtb infection was studied for reducing the
duration of current anti-TB drug regimen (Via et al. 2015). In a comparative study,
the efficacy of using a combination of four drugs, isoniazid, pyrazinamide, etham-
butol, and rifampicin, was evaluated against a two-drug regimen of isoniazid and
streptomycin. This study showed similar level of reduction in lung bacterial load by
both of the tested anti-TB regimens after 6 weeks of treatment (Via et al. 2015).

Although marmosets are deemed as small animal model and appear to be a better
alternate to NHP, they are more susceptible to Mtb infection, similar to guinea pigs
and some mouse strains that produce necrotic granulomas. In addition, requirement
of specialized equipment for manipulation and housing, lack of availability of vali-
dated immunological reagents, and relatively high cost, compared to mice, guinea
pigs, and rabbits, limit the application of this model for routine and elaborate TB
studies.

Minipigs

Minipig (Sus scrofa domesticus) model of Mtb infection has been established very
recently, and only a few groups have conducted experiments in this model (Gil
et al. 2010; Ramos et al. 2017). Low-dose inoculation of Mtb through transthoracic
route was shown to produce latent infection in minipigs that resembles human
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LTBI condition, including the presence of a fibrotic encapsulation of healing granu-
lomas and a positive correlation between Th1 response and containment of disease
in the lungs (Gil et al. 2010). Infected minipigs also responded positively to anti-
TB therapy, showing a reduction in bacterial CFU count and dissemination ratio
and calcification of lesions where non-replicating Mtb was present. In another
study, minipigs were explored as a model to represent TB in childhood, adolescent,
and adult stages. In this model, aerosol infection of minipigs with Mtb at different
ages (corresponding to respective growth stages in humans) was followed for up to
36 weeks post infection. Results of this study claim that minipigs infected with Mtb
produce lung pathology and disease similar to human patients at different age/level
of development. In addition, this study also claims that minipigs can be a good
model to study natural transmission of TB. Since minipigs are commonly used to
study diseases, such as Alzheimer and diabetes, many immunological reagents are
commercially available for this model. In addition, the key features of minipig
immune system have been successfully characterized and its genome sequenced.
However, this model is relatively new and needs to be developed further to under-
stand the host—pathogen interactions to Mtb infection in a elaborate and systematic
fashion.

Zebrafish

Zebrafish (Danio rerio) has a transparent body system when they are young that
allows visualizing and imaging the internal organs efficiently, in live animals.
Therefore, zebrafish as a model organism has the advantage of interrogating promi-
nent host—pathogen interactions during Mtb infection in real time using optical
imaging systems. Since Mtb of human origin do not infect zebrafish, a surrogate of
virulent Mycobacteria, M. marinum, also a natural pathogen of zebrafish, has been
used for infection in this model. Genetically, M. marinum closely resembles Mtb,
although the former has shorter generation time (4 h vs ~24 h for Mtb), requires
lower temperature for optimal growth (~18-20 °C vs 37 °C for Mtb), and does not
require BSL3 biosafety measures (work can be carried out at BSL2 facility). Despite
these differences, M. marinum infection causes TB-like disease with granuloma
formation, mainly in cold-blooded animals. Zebrafish can be challenged with M.
marinum via various inoculation routes such as intraperitoneal or intramuscular
injection. In addition, injection of bacteria into the yolk of embryo is an alternative
method applied in high-throughput studies (Meijer and Spaink 2011; Cronan and
Tobin 2014). Zebrafish infection models have been explored to understand the early
stages of granuloma formation and have been a useful tool in explaining the dis-
semination of Mycobacteria to form secondary granulomas (Rubin 2009; Oksanen
et al. 2013). The optical transparency of zebrafish larva model has provided visual-
ization of M. marinum infection from invasion of macrophages by bacteria to mac-
rophage recruitment at the site of infection to form granuloma-like structures (Davis
et al. 2002).
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In the zebrafish model of TB, two different infection systems have been devel-
oped: an adult fish model and an embryonic larvae model. Adult zebrafish model
demonstrates innate and adaptive immune markers that are similar to human and
mouse Mtb infection model, whereas larval stage lacks adaptive immune response
and represents only the innate phase of immunity. The zebrafish model of mycobac-
terial infection can lead to either latent or active disease, depending on the infec-
tious dose and strain of bacteria used for the infection. Following mycobacterial
infection of adult zebrafish, the granulomas develop in fatty tissues of several organs
including liver, adipose tissue, spleen, and gonads (Oksanen et al. 2013; Parikka
et al. 2012; Stoop et al. 2013). Adult zebrafish model mimics the pathological fea-
tures and immune response of other animal models of TB, where the adaptive
immunity develops after 3—4 weeks of infection. One of the key advantages of
zebrafish model is that it develops necrotic granulomas with cellular cuff that sepa-
rates them from the surrounding tissues after 16-20 weeks post infection (Parikka
et al. 2012; Ramakrishnan et al. 2012; Berg and Ramakrishnan 2012). Similar to
humans, a fully developed adaptive immunity is required to control the infection in
zebrafish. A low-dose M. marinum inoculation develops latent infection in zebraf-
ish; radiation-mediated immune suppression treatment induces reactivation of dis-
ease by depleting immune cells in these animals (Parikka et al. 2012). This suggests
that zebrafish model can be used to study determinants of mycobacterial dormancy,
latency, and clinical manifestation of disease reactivation. Zebrafish model of infec-
tion has also shown that Th2 type immune cells help to maintain the balance in
immune response during infection and contributes to restrict mycobacterial growth
(Hammarén et al. 2014).

The embryonic model has been shown to be useful to study early mycobacterial
pathogenesis and innate immune response (4—6 days) (Ramakrishnan 2013; Yang
et al. 2012). In this model, real-time imaging studies revealed that macrophages
phagocytose the bacteria and cross both endothelial and epithelial barriers to form
granuloma-like infectious clusters (Tobin and Ramakrishnan 2008; Lesley and
Ramakrishnan 2008). This difference in immune development from larval to adult
has also been exploited to understand the role of macrophages and TNF-« in the
formation of granuloma like-cellular aggregates and maintaining its integrity during
chronic mycobacterial infection (Clay et al. 2008; Oksanen et al. 2013). However,
formation of granuloma-like aggregates was also noticed in infected zebrafish
mutant embryos with underdeveloped thymus, thus lacking T lymphocytes (Davis
et al. 2002). By creating morphants lacking macrophages, the role of macrophages
in engulfing Mycobacteria and forming granuloma-like structures was further
established, since these morphants had increased bacterial burden in tissues (Clay
et al. 2007). This study highlights the role of innate immune response, particularly
of macrophages in early granuloma formation. In addition, zebrafish model of
infection was used to study the dynamics of granuloma maturation and evolution.
Studies revealed that in this model, the infected macrophages detach from granulo-
mas and move to new location within and out of the infected tissue to form second-
ary granulomas (Ramakrishnan 2013).
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Zebrafish infection models have been extensively explored to determine the role
of several mycobacterial virulence determinants that affect pathogenesis, including
phagocyte recruitment to the site of infection. For example, successful M. marinum
infection of zebrafish is independent of MyD88, a downstream adaptor of TLR
signaling, whereas deletion of MyD88 leads to a decrease in macrophage recruit-
ment following infection with M. smegmatis, Staphylococcus aureus, and
Pseudomonas aeruginosa (Cambier et al. 2014). Similarly, lipids of Mycobacteria
such as PDIM and PGL were demonstrated to influence the host immune mecha-
nisms in the zebrafish model; PDIM was shown to mask pathogen-associated
molecular patterns (PAMPs), thus inhibiting TLR signaling that subsequently impairs
recruitment of macrophage and their production of reactive nitrogen species. On the
other hand, PGL was shown to facilitate CCR2-mediated macrophage recruitment
(Cambier et al. 2014). Similarly, the role of a mycobacterial peptidoglycan hydro-
lase, MarP, was demonstrated in zebrafish model, in which it was shown that MarP
provides lysosomal acid tolerance to the bacteria after phagocytosis, thus promot-
ing intracellular mycobacterial growth (Levitte et al. 2016). The zebrafish model
was used to demonstrate the role of one of the virulent islands of Mycobacteria,
RD-1, and a mycobacterial secretion system, ESX-1, in promoting granuloma for-
mation by recruiting macrophages to the site of infection through induction of host
cell matrix metalloprotease-9 (Pagan et al. 2015; Volkman et al. 2004; Volkman
et al. 2010; Gao et al. 2004). Recently, a study reported the significance of myco-
bacterial SecA?2 secretion system in granuloma formation using the zebrafish model
(Watkins et al. 2012). Thousands of transposon mutants of pathogenic Mycobacteria
were screened in the zebrafish model to identify virulent genes important for estab-
lishment of infection (Stoop et al. 2011, 2013; van der Woude et al. 2014). Zebrafish
embryo model has also been used to study the role of host genetics in the suscepti-
bility to mycobacterial infection. As noticed in human population, zebrafish with
mutations in the /ta4h locus that codes for a leukotriene A4 hydrolase were more
susceptible to M. marinum infection. This mutation has been shown to cause loss of
immune balance and subsequent exacerbated inflammation that result in tissue
damage (Tobin et al. 2010, 2012). Similarly, M. marinum infection of zebrafish
embryo that has defective ptpn6 (protein tyrosine phosphatase non-receptor type 6)
gene resulted in the downregulation of inflammation caused by infection (Kanwal
et al. 2013).

Although the zebrafish model has provided details on the mechanism of myco-
bacterial entry into macrophages and cellular organization during infection, it dif-
fers strikingly in its response to mycobacterial infection and the type of granuloma
formation, compared to other mammalian models of TB. Also, a major disadvan-
tage accompanied with this model is the significant dissimilarity in physiology and
anatomy between mammalian systems, such as a lack of lung structure in the zebraf-
ish model. This makes it harder to understand the relevance, context, and extension
of the findings made in zebrafish model to apply directly to the pathogenesis of
human TB.
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Summary and Conclusion

Animal models of Mtb infection/TB have played a crucial role in providing insight
into the in vivo environment to researchers for better understanding of the host-
pathogen interactions during the course of infection. Right from the mode of infec-
tion to pathogenesis of disease and ultimately to its transmission, animal models
have established a significant amount of knowledge in TB research that we have
today (Fig. 1). They have been beneficial in exploring immunological tools and
diagnostic techniques, and they have been widely used for testing new vaccine can-
didates, anti-mycobacterial drugs, and new regimen for treatment. Animal models
have contributed significantly to our understanding of various immune cell types,
their function and interaction as well as relevence to active or latent TB in
humans. However, eradication of TB still stands as the far-fetched target for research-
ers. Although animal models have shown us stages of infection and immunological
response, they have also introduced us with the fact that host-dependent immune
response towards an infection can differ strikingly within and between various spe-
cies. While guinea pig and rabbit models of Mtb infection have demonstrated rela-
tively human-like disease progression and granuloma formation, the guinea
pig model fails to correlate with the latent tuberculosis infection and associated
immunological responses. Similarly, the NHPs have more genetic resemblance with
human and display human-like granuloma formation; however, the expense and
need for highly skilled professional and infrastructure have limited their use to only
few institutions. Minipigs and marmosets have limited immunological reagents
available and are expensive and difficult to handle. On the other hand, mouse mod-
els, which have been extensively used in creating immunological tools for TB
research and easy to genetically manipulate and handle, failed to form necrotic
caseating and cavitary granulomas as well as LTBI, two key aspects of pulmonary
Mtb infection in humans. Further complicating the comparative analysis of animals
to humans, drug-resistant Mtb strains have urged the need for development of new
treatment regimen targetting the host-directed factors. However, variations in the
host response seen in different animal models upon infection with the same patho-
gen, have developed divergence in beliefs on the fate of granuloma formation and
the course of Mtb infection. Therefore, no single animal model stands out as a per-
fect model to study all aspects of the human disease, and need for a proper study
design still remains as a key tool for developing better diagnosis, vaccine candidates
and anti-TB drugs that are capable of eradicating the disease.
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Introduction

Tuberculosis is a venerable scourge that can be dated back to the ancient Egyptian
era. Despite being the oldest documented infectious disease, its prevalence still
remains remarkably high (Shepherd and Chapman 2016). In 2015 alone, 10.4 mil-
lion new cases of TB were documented, and 1.8 million deaths (Shepherd and
Chapman 2016). Accordingly, M. tb is the leading infectious cause of death world-
wide (World Health Organization 2016a). This is due to the fact that Mycobacterium
tuberculosis has a variety of cellular characteristics which allow it to evade the
immune system. Upon initial infection, resident macrophages of the lungs initiate
innate immune responses by generating cytokines, inflammasome, antimicrobial
proteins, and reactive oxidative species (ROS), among other host responses (Van
Crevel et al. 2002). Often, however, this innate immune response is insufficient in
preventing infection, and thus, a T cell-mediated adaptive response is triggered. The
T cell subtype, Th1, secretes interferon gamma (IFN-y) as well as a variety of other
cytokines to recruit/activate macrophages and other immune cells to trigger intra-
cellular antimicrobial mechanisms (Munk and Emoto 1995). Classically, due to this
host immune response, M. tb will then be sequestered and become dormant within
an immune generated structure known as a granuloma, which is regarded as a latent
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M. tb infection (LTBI). However, pulmonary debility and vast inflammation will
typically result as a byproduct of this host-mediated immune response designed to
liberate the lungs of the bacteria. Additionally, one of the hallmark traits of acquired
immunodeficiency syndrome (AIDS), which is brought on by human immunodefi-
ciency virus-1 (HIV-1) infection, is a greater susceptibility to opportunistic infec-
tions such as M. tb infection (Huang et al. 2014). Worldwide statistics done in 2016
suggest that roughly 36.7 million people are infected with HIV (World Health
Organization 2016b). As many as 40-80% of people with AIDS are at risk of con-
tracting M. tb among developing countries. According to a report in 2010, of the 34
million people living with HIV-1, 22.9 million live in the sub-Saharan Africa, a
region where M. tb is endemic (Oni et al. 2013). Since the emergence of HIV-1
infection, extrapulmonary TB has become more common and appears in more than
50% of AIDS patients (Rieder et al. 1990). Opportunistic infections are normally
not a strong concern among immunocompetent individuals; however, the excessive
loss of CD4+ T helper cells in patients with advanced stages of HIV infection can
lead to an impaired immune system which is unable to adequately respond to these
infections (Kumarasamy et al. 2005; Vignesh et al. 2007). The current antibiotic
treatment regimen which includes a combination of isoniazid, rifampin, ethambu-
tol, and pyrazinamide has various weaknesses and limitations which can prolong
disease resolution, including long treatment time, high toxicity, a relatively high
rate of treatment failure, as well as possible resistance development. With multidrug-
resistant (MDR) cases, less than half of all patients who enter treatment successfully
complete it (Chung-Delgado et al. 2015). Therefore, many new treatment options
are being explored to combat TB, and several recent developments in research and
clinical trials have made significant advancements toward disease prevention.

New Antimycobacterial Drugs

The search for new or repurposed antimicrobial drugs to treat TB has been, like
most pharmaceutical research, filled with early apparent successes that fail in later
trials. Subsequently, new antimycobacterial compounds are highly sought after
because they reduce the need for drug-susceptibility testing. However, as of 2016,
only two new drugs were in confirmatory phase 3 trials for MDR M. tb (bedaquiline
and delamanid) and only two new compounds were in phase 3 trials for drug-
susceptible M. tb (sutezolid and pretomanid) (Pym et al. 2015; Gler et al. 2012;
Skripconoka et al. 2012; Zhang et al. 2014; Louie et al. 2011; Wallis et al. 2014;
Dawson et al. 2015). However, trials for sutezolid were ceased in 2016 due to its
shared mechanism of efficacy (binding the 23s RNA present in M. tb and mitochon-
dria) and toxicity, making dosing challenging. Additionally, major hepatic safety
concerns have stalled pretomanid as well (Wallis et al. 2014; Dawson et al. 2015;
Wallis et al. 2016). Two new compounds have recently entered phase 1 trials (Q203
and TBA-354), but unfortunately each appears to possess major flaws as well.
Outside of these new drugs, most trials are reliant on repurposed or derivative
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antimicrobials (Wallis et al. 2016). Rifabutin, a derivative of rifampicin, appears to
be active against MDR strains of M. tb containing an rpoB mutation at codon 516,
which accounts for up to a third of South Africa’s MDR TB; it also has minimal
induction of CYP3A4, opening it up to combination treatments not available with
rifampicin itself (Wallis et al. 2016; Sirgel et al. 2013; ElMaraachli et al. 2015;
Davies et al. 2007). Clofazimine an antimicrobial/anti-inflammatory drug previ-
ously used in the treatment of leprosy appears promising, though still in early trial
stages (Tang et al. 2015; Barry et al. 1960; Karat et al. 1970). Additionally, in vitro
assays of carbapenems have shown promising potential such as faropenem and
meropenem, as have sulfonamides (Anglaret et al. 1999; Walker et al. 2010;
Hoffmann et al. 2014).

One of the greatest challenges in current TB treatment regimens, which has
heavily contributed to the rise of drug resistance, is the long treatment duration and
resulting noncompliance (Wallis et al. 2016). Because of this, a key focus of TB
research has been on shorter drug regimens which limit the rate of patient relapse.
While some trials have found that certain patient characteristics, such as a lack of
cavitary disease upon diagnosis, allow for a shorter treatment duration, most focus
on new regimens (Wallis et al. 2016). Trials on moxifloxacin and gatifloxacin
appeared promising in early trials, but large phase 3 trials found that shortening
treatment from 6 to 4 months increased relapse risk from less than 5% to 10%
(Dawson et al. 2015; Gillespie et al. 2014; Jindani et al. 2014). High-dose rifampi-
cin/rifapentine trials similarly found that a 4-month treatment increased relapse risk
compared to 6-month regimens, this time up to 13% (Jindani et al. 2014; Dorman
et al. 2015). Pretomanid doses of 100 and 200 mg were found in phase 2 trials to
have predicted relapse rates of 16% and 10%, respectively, within 4-month treat-
ment periods. Although the 200 mg dose only displayed a 10% relapse risk after
6 months of treatment in MDR patients, a promising result despite the mixed out-
comes (Dawson et al. 2015). Consequently, pretomanid moved into phase 3 trials in
2015 but was quickly put on hold due to hepatic safety concerns (Wallis et al. 2016).
Therefore, it appears that the antimicrobial drugs currently in clinical trials are not
sufficient to profoundly ameliorate TB, but the momentum to discover new drugs
for treatment as a whole appears to be growing, and host-directed therapies may be
the superlative solution.

Host-Directed Therapies

Recognizing the potential significance host-directed therapies possess in response
to M. tb infection is advancing as data continues to show favorable support. The use
of new and repurposed drugs, biologics, and cell therapies to enhance host immune
response by promoting autophagy, antimicrobial peptide production, and other
macrophage effector mechanisms appears to be a promising area of research. To
enhance antimicrobial mechanisms, a handful of drugs exist to induce autophagy,
induce cathelicidins, or promote phagosome-lysosomal fusion. Autophagy is an
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intracellular process which degrades cytoplasmic material by shuttling it into the
lysosome. Drugs such as rapamycin (an mTOR inhibitor) and Gefitinib (an epider-
mal growth factor receptor inhibitor) are a means to promote autophagy of ubiqui-
tinylated M. tb to the lysosome (Ravikumar et al. 2004). Histone deacetylase
inhibitors have been shown to epigenetically modify and promote cathelicidin
expression. Cathelicidin is an antimicrobial protein which likewise promotes
autophagy (Liu et al. 2006). Additionally, protein kinase (PK) inhibitors have also
been repurposed to inhibit infection, specifically through increased acidification and
maturation of the phagosome. Imatinib, developed by Novartis, is a PK inhibitor
originally packaged for treating chromic myeloid leukemia (CML) but has recently
been shown to reduce intracellular M. tb among mice cohorts (Bruns et al. 2012).
Similarly, the diabetes drug metformin, a potential autophagy inducer, has been
shown to reduce M. tb colony-forming units in vitro. One study found that diabetics
treated with metformin who were concurrently suffering from active TB were sig-
nificantly less likely to possess cavitary disease upon diagnosis nor die during their
first year of diagnosis (Singhal et al. 2014).

Interestingly, intracellular protozoan parasites constitute a novel niche in the
realm of host-directed therapies, capable of augmenting macrophage effector mech-
anisms against M. tb. The innate immune system has developed distinct strategies
for detecting the cell markers present on eukaryotic pathogens (Yarovinsky 2014).
However, information regarding the mechanisms by which protozoan parasites
induce an innate immune response is only recently emerging (Debierre-Grockiego
et al. 2007). Recent data suggests Toxoplasma gondii’s dense granule antigen 7
(GRA7) is capable of inducing an innate immune response among macrophages
harboring a M. tb infection (Yang 2017; Koh et al. 2017). T. gondii is an apicom-
plexan protozoan parasite characterized by the formation of a parasitophorous vacu-
ole (PV) upon host cell invasion (Schwab et al. 1994; Mercier et al. 2005). The
function of this membrane-bounded vesicle is to protect the developing intracellular
parasite from destructive phagolysosomes by preventing acidification of the internal
compartment in which the parasite resides (Schwab et al. 1994; Mercier et al. 2005).
Dense granules are one of three specialized secretory organelles involved in the
formation of the PV membrane which are specific to apicomplexan parasites
(Mercier et al. 2005). Dense granule antigens have shown promising potential as
vaccine candidates for infectious diseases, most notably GRA7 (Jung et al. 2004).
Koh et al. demonstrated that GRA7 interacts with signaling molecules involved in
the antimicrobial response of the innate immune system (Koh et al. 2017). GRA7
was shown to be activated by phosphorylation via protein kinase C-a (PKC-a),
which is a key regulator of macrophage effector mechanisms (Koh et al. 2017).
Additionally, a phosphomimetic GRA7 mutant was capable of interacting with host
antimicrobial response proteins in PKCa deficient cells both in vitro and in vivo
(Koh et al. 2017). This finding is significant given that the downregulation of PKC-a
in macrophages by M. tb has been shown to promote its survival by attenuating
antimicrobial defense signaling pathways (Chaurasiya and Srivastava 2009). Most
importantly, phosphorylation of GRA7 by PKCa facilitated GRA7 binding to
inflammasome adaptor protein ASC (apoptosis-associated speck-like protein
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containing a carboxy-terminal CARD) and PLD1 (phospholipase D-1) which medi-
ates phagolysosome biogenesis (Koh et al. 2017). Given that M. tb inhibits inflam-
masome activation and IL-1f production as well as phagolysosome maturation and
biogenesis (Master et al. 2008; Deretic et al. 2006), GRA7’s ability to activate the
host antimicrobial defense mechanisms suppressed by M. tb suggests 7. gondii anti-
gens may contribute to antimicrobial defense against M. tb. For example, GRA7
induces the oligomerization of ASC (Yang 2017; Koh et al. 2017), an adaptor pro-
tein that connects Nod-like receptors (NLRs) to pro-caspase-1 facilitating NALP-
containing inflammasome assembly and subsequent pro-IL-1f production (Master
et al. 2008). Additionally, GRA7 binds to PLD1 initiating PLD1-dependent pha-
golysosome maturation and biogenesis (Yang 2017; Koh et al. 2017; Iyer et al.
2004). Koh et al. further substantiated these results in murine models, where GRA7
associated with ASC and PLD1 in vivo which resulted in reduced M. tb bacillary
load in the lung, liver, and spleen, as well as a reduction in the size of granulomatous
lesion formation in the lung of GRA7-vector-treated mice (Koh et al. 2017). These
results indicate that 7. gondii-induced, innate immune responses may provide a
novel therapeutic strategy for the eradication of M. b infection. However, before
GRAT7 can be seriously considered as a novel host-directed therapy, these results
must be substantiated by additional preclinical studies and clinical trials. Therefore,
it remains to be seen if GRA7 or protozoan antigens in general can constitute a
viable strategy for host-directed therapies against M. tb.

For decades, high doses of vitamin D were commonly used to treat TB during the
pre-antibiotic era. The prophylactic powers of vitamin D have often been thought to
aid innate immune defenses against intracellular pathogens, however, in regard to
TB the relationship is rather complex (Wilkinson et al. 2000). Patients with active
TB often demonstrate a positive correlation with vitamin D insufficiency (VDI);
however, there is no clear evidence that the reduction in vitamin D is related to the
disease (Orkin et al. 2014). Vitamin D has many different roles within our bodies,
and the majority of vitamin D we use comes from the ultraviolet f-induced cleavage
of 7-dehydrocholesterol in skin cells which is then converted to calcidiol (25-hydroxy
vitamin D3) in the liver, and then undergoes a-hydroxylation in the kidneys to pro-
duce calcitriol (1, 25-hydroxy vitamin D3), the final active form (Coussens et al.
2014). High concentrations of calcitriol when added to M. tb-infected blood mono-
nuclear cell cultures have been shown to inhibit the production of interferon-y, TNF,
and IL-12 (Martineau et al. 2007). Although numerous clinical studies have tested
the effects of vitamin D against M. b infection, many of these studies fail to show
any significant efficacy against M. tb infection (Wallis and Zumla 2016). However,
the findings reported by Mily et al. indicate that vitamin D significantly reduced the
proportion of positive cultures after 8 weeks of treatment (Mily et al. 2015).
Additionally, Wallis et al. postulated that if the same treatment was given for
4 months, the relapse rate would be as low as 6%, and there should only be a 15%
chance of the relapse rate exceeding 10% (Wallis and Zumla 2016). Taken together
these findings support the prospective use of adjunctive host-directed therapies to
increase antimicrobial activation mechanisms.
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Host-Directed Therapies That Reduce Inflammation

The other categories of HDTs are involved in inhibiting mechanisms which
cause long-term tissue damage such as lung inflammation or reducing matrix
destruction, due to a prolonged host immune response. However, anti-inflamma-
tory treatment still remains controversial in regard to M. tb infection due to the
fact that granuloma initiation generally requires an inflammatory response medi-
ated by suitable cell signaling. Of the variety of methods to reduce TB inflamma-
tion, some that have gone into preclinical/clinical trials include corticosteroids,
TNF-a inhibitors, and COX inhibitors. Corticosteroids have been shown to
reduce the signs and symptoms of TB and potentially reduce mortality (Dooley
et al. 1997; Critchley et al. 2013). In a clinical trial (NCT00057421), the cortico-
steroid prednisone was administered to 187 HIV-TB patients. The patients who
took prednisone showed an explicit reduction in positive sputum cultures when
compared to the placebo. TNF-a blockers are commonly administered for auto-
immune disorders, to suppress the inflammatory events (Sethi et al. 2009). Thus,
TNF-a blocking monoclonal antibodies show great promise in reducing adverse
inflammation from M. tb. However, unfortunately they have a propensity to reac-
tivate latent tuberculosis at a rate of 21% (Wallis et al. 2004). COX inhibitors,
such as ibuprofen, have been shown to prolong survival in mice, potentially due
to neutrophil reduction at the site of inflammation (Vilaplana et al. 2013).
However, no formal human trial studies have yet been published for treating
active TB with COX inhibitors.

Additionally, doxycycline and CC-11050 have been proposed for further investi-
gation as TB therapeutics due to their potential to inhibit lung damage during the
course of the disease (Ong et al. 2015; Subbian et al. 2011a). Doxycycline nonspe-
cifically inhibits matrix metalloproteinases, which animal models have shown to be
an important factor in TB lung pathology (Ong et al. 2015). CC-11050, previously
approved for anti-inflammatory diseases, has been demonstrated to reduce the num-
ber and size of lung granulomas in both mice and rabbits, as well as accelerate iso-
niazid induced bacillary clearance (Subbian et al. 2011a; Kavanaugh et al. 2014;
Paul et al. 2015; Subbian et al. 2011b; Koo et al. 2011).

A recent study on TB by Judy et al. involving HIV positive individuals discov-
ered that they possessed diminished levels of the biological antioxidant glutathi-
one (GSH) (Ly et al. 2015). They subsequently established the relationship
between GSH deficiency, HIV disease progression, and increased susceptibility to
M. tb infection. GSH is a tripeptide antioxidant involved in maintaining redox
homeostasis, and is essential for many cellular functions such as protein synthe-
sis, apoptosis, transmembrane transport, and enzyme catalysis (Ballatori et al.
2009). Previous work from Dr. Venketaraman’s laboratory demonstrated that
decreased levels of GSH are also accompanied by an impaired immune response
against M. tb infection (Allen et al. 2015). Additionally, GSH has been shown to
have direct antimycobacterial activity and functions as an effector molecule in the
immune defense against M. tb infection. GSH has been shown to alter cytokine
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expression and enhance the activity of natural killer cells to inhibit M. tb growth
inside macrophages (Guerra et al. 2012). Furthermore, GSH can activate CD4+
T-cells which provide additional control over the M. tb infection (Guerra et al.
2011). The lab has demonstrated that the total and reduced forms of GSH are
significantly decreased among macrophages, NK cells, and T cells derived from
the peripheral blood of HIV-1 infected individuals (Guerra et al. 2011; Morris
et al. 2012). Therefore, the researchers conducted a clinical trial with the hypoth-
esis that supplementing HIV positive individuals with GSH will lead to an increase
in the levels of beneficial Thl cytokines as well as a reduction in reactive oxygen
species. This ultimately translates into enhanced M. tb control, as the oxidative
stress and redox imbalance that arises from HIV-1 infection can result in inap-
propriate immune responses. Thus maintaining redox homeostasis allows for pro-
tective host immune responses against intracellular infections such as M. b
(Venketaraman et al. 2005). The researchers established that after GSH supple-
mentation, the HIV+ individuals had a marked decrease in their plasma levels of
TGF-p which corresponded with a significant increase in their GSH levels as well
(Ly et al. 2015). These individuals also displayed a decrease in IL-6 and ROS
markers after GSH supplementation compared to their initial levels at the start of
the study (Ly et al. 2015). Notably, the results of this experiment also revealed a
prominent decrease in the M. tb colony forming units among the HIV+ partici-
pants who received GSH supplementation, whereas the cytokine and GSH levels
of the patients receiving the placebo showed no significant difference from their
initial visit (Ly et al. 2015). These studies establish that GSH supplementation can
lead to a decrease in oxidative stress, beneficial cytokines modulation, and most
importantly a decrease in M. tb bioburden.

Biomarkers

Research on TB biomarkers has become extremely important in the fight against M.
tb infection. More accurate biomarkers can lead to faster drug trials, more success-
ful treatment, and less time wasted when treating with ineffective drugs. The major-
ity of current TB biomarker research encompasses sputum cultures, PET scans, or
gene expression profiles (Wallis et al. 2016). Sputum-culture status at 2-months has
a strong positive association with treatment success or failure, allowing for faster
patient turn-around when on ineffective drug regimens, and provides new methods
for predicting risk of relapse during drug trials. Another emerging technique used
for assessing TB is PET scan in combination with CT imaging which provides a
noninvasive testing method for disease activity, response to therapy, and early
relapse risk. Finally, research into the genetic, epigenetic, and proteomic signatures
of M. tb have identified specific gene signatures predicting the development of
active TB disease among patients with latent TB.
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Conclusion

The US Presidential Executive Order Combating Antibiotic-Resistant Bacteria has
created a new framework for clinical and nonclinical trials (Obama 2014). Thus, a
new approval process has been set in motion, one which is ideal for research and
accelerated approval of MDR TB. Auxiliary development could conceivably even
replace the requirement for large-scale phase 3 trials with smaller studies and
enhance post-licensing outcome reporting. Increased approval rates as well as a
more efficient and realistic regulatory mechanism for TB drugs and therapeutics
could ideally have a drastic and profound effect on the incidence of TB worldwide.
Although the current antimicrobial drugs in clinical trials do not appear to drasti-
cally power this progression, there are genuine prospects in the realm of host-
directed therapies. Both host-directed therapies which increase antimicrobial
activation and which reduce harmful inflammation, as we have discussed previ-
ously, present explicit potentiality to alleviate the destructive capacity of a M. b
infection. Nevertheless, more research is undoubtedly required in these areas for
this aspiration to come to fruition.
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Cigarette Smoking and Increased
Susceptibility to Mycobacterium
tuberculosis Infection

John Brazil and Vishwanath Venketaraman

Introduction

Cigarette smoking (CS) and tuberculosis (TB) are notorious for their lethality and
ubiquity in the developing world. TB is the most prevalent infectious disease in the
world and cigarette smoking is the most common cause of preventable death world-
wide (Connell and Venketaraman 2009; Smoking and Tobacco Use 2018; Samet
2018). The linkage between cigarette smoking and TB is a somewhat intuitive
observation that was first recognized by the scientific community in 1918; however,
the accumulation of evidence to substantiate this hypothesis has taken nearly a cen-
tury (Webb 1918; Slama et al. 2018).

The World Health Organization estimates that as much as a quarter of the world’s
population is latently infected with Mycobacterium tuberculosis (M. tb — causative
agent of TB). Only slightly less common is cigarette smoking, which is practiced by
an estimated 20.7% of the world’s population (World Health Organization 2017).
Of these approximately 1.1 billion smokers, more than 6 million will die every year
as a direct result of smoking tobacco with an additional 890,000 nonsmokers dying
from secondhand smoke-related maladies (World Health Organization 2017).

In addition to the prevalence of these diseases, what is especially concerning is
the crossover between the demographics of these groups and that they often coexist
in the same social and geographic niches. Estimates have found that 80% of the
world’s smokers live in low-to middle-income countries which classify the same
socioeconomic strata that 95% of TB fatalities occur (World Health Organization
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2017). This is especially true in China and India (Lonnroth et al. 2018). WHO esti-
mated 23% of TB cases are attributable to smoking in the 23 countries that account
for 80% of the world’s TB (WHO 2010; Surgeon General Report 2014).

It was only 20 years ago that public officials in the United States believed TB
would cease to be a major public health concern (Owen et al. 2013). Nearly a half
million cases of multidrug-resistant TB (MDR-TB) were documented in the last
year alone (World Health Organization 2018a). This thinking has drastically
changed in the recent past with the rise of AIDS and MDR-TB and has even caused
some to refer to this latest crisis as the third epidemic of TB.

As has been well-documented previously, individuals with HIV infection and
people with type 2 diabetes are increasingly susceptible to TB. This chapter will
explore the relationship between the aggravating effects of cigarette smoke compro-
mising the ability of the immune system to combat M. tb infection thereby putting
otherwise healthy individuals at high risk for susceptibility to M. tb infection.

Cigarette Smoking and TB

Logical inference and a hundred years of investigation implicate CS with increased
susceptibility to M. tb infection. That being said there are multiple confounding
variables in the analysis of the effect of CS on a population’s vulnerability to TB and
only recently have enough comprehensive studies been performed to draw any con-
clusions. The Surgeon General’s 50-year report on The Health Consequences of
Smoking thoroughly reviewed the literature and made the following conclusions
(Surgeon General Report 2014):

1. A causal relationship exists between smoking and an increased risk for suscepti-
bility to M. b infection.

2. Cigarette smoking has been linked to increased mortality due to TB.

3. The existing evidence implicates but is inadequate to confirm a causal relation-
ship between smoking and the risk of TB recurrence.

4. The evidence is insufficient to conclude either the presence or absence of a
causal relationship between active smoking and the risks for contracting M. 1b.

5. The evidence is insufficient to conclude either the presence or absence of a
causal relationship between exposure to secondhand smoke and the risk for
acquiring M. tb infection.

6. The evidence is insufficient to conclude either the presence or absence of a
causal relationship between exposure to secondhand smoke and the risks for
developing active disease.

For our purposes we will discuss the first four of these points and go on to
describe potential mechanisms of causation. For those where the evidence is inad-
equate to indicate a causal relationship, keep in mind that this does not exclude the
possibility. Rather, this speaks to the difficulty in conducting and analyzing compre-
hensive studies that limit confounding variables and have a statistically significant
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sample size. For example, studies have been conducted on the effect of passive
smoke on children’s likelihood of developing TB disease and have found positive
correlations as high as fivefold (Kuemmerer and Comstock 1967), but the SGR still
found the evidence inadequate to confirm a causal relationship between secondhand
smoke and TB. Therefore, in many cases evidence exists that implicates causation
but is perhaps not satisfactory—as of yet—to make any definitive claims.

Cigarette Smoking and TB Disease

Substantial evidence has shown that a causative relationship exists between CS and
active TB. Although confounding variables (alcohol use, exposure to TB, SES, etc.)
are often present in the sample populations, there has been sufficient evidence sub-
jected to statistical derivation which affirms a causative relationship between active
TB and CS. One particularly significant study found a fourfold increase in risk of
TB disease among active smokers, although other studies place a more conservative
estimate of increased risk at twofold (Lin et al. 2009; Yu et al. 1988). The increase
in risk of TB disease was more strongly correlated with the length of time a person
smoked in comparison to the intensity of their smoking (Prasad et al. 2009).
Interestingly enough, this trend was not true for children and at least one study
found that the number of cigarettes children was exposed to directly relate to an
increased risk for developing active TB disease (Kuemmerer and Comstock 1967).
The majority of these studies were conducted internationally, but at least one con-
ducted in the United States affirmed this same trend (Smith et al. 2018). The variety
of locations and settings in which these studies have been conducted naturally elim-
inates many confounding variables and strengthens the collective findings.

One other point of interest is that this relationship between TB disease and CS
has also been demonstrated in male victims of HIV (Bronner Murrison et al. 2016).
This could be a particularly relevant point to mitigate the substantial risks to infec-
tion that HIV patients are already under.

Cigarette Smoking and Mortality Due to TB

Sufficient studies have confirmed an increased incidence of TB mortality associated
with CS (Jha et al. 2008). Studies in China, Africa, Hong Kong, India, and Korea
have all found a positive correlation that implicates CS with increased mortality
(Jha et al. 2008; Liu et al. 1998; Lam et al. 2001; Jee et al. 2009; Gajalakshmi et al.
2003; Jha et al. 2008; Sitas et al. 2004). One of these studies that was performed in
India found that as much as 38% of TB deaths were caused by CS (Jha et al. 2008).
It was approximated that in India more than 140,000 TB deaths per year were due
to CS, which accounted for more than 50% of TB deaths. A global WHO analysis
of the burden of TB found that 80% of the global TB burden could be concentrated
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in 22 countries, and in those 22 countries 23% of the TB cases can be attributed to
CS (WHO 2010). It is worth noting that the driving force of TB differs depending
on the country in question. In China and India, a high proportion of TB cases can be
linked to CS whereas in sub-Saharan Africa, HIV is the driving force (Lonnroth
et al. 2010).

CS has also been shown to diminish the formation of granulomas and effector
responses against M. tb within the granulomas which are crucial for two reasons
(Owen et al. 2013). First, impairment in the formation of solid and stable granulo-
mas prevents the containment of the infection, and second, it prevents the develop-
ment of clinically diagnosable symptoms of TB. One study found the death rate of
smokers with TB to be nine times higher than that of nonsmokers with TB. Of those
smokers who died the majority did not report symptoms associated with TB prior to
diagnosis as opposed to the nonsmokers (Wen et al. 2010). Another potential factor
that could increase TB mortality from CS would be the decreased effectiveness of
TB treatment in active smokers (Chiang et al. 2012).

Cigarette Smoking and TB Recurrence

To date, the evidence implicating CS with increased rates of TB recurrence is sug-
gestive of a causal relationship, but additional research is still required. One of the
more comprehensive studies found that CS only slightly increased the risk of TB
recurrence in men (hazard ratio [HR] = 1.3; 95% CI, 1.2—-1.4) with a similar,
although even slighter, risk for women (HR = 1.2; 95% CI, 0.8-1.6) (Jee et al.
2009). Other studies have been conducted indicating a correlation between the two
with an OR as high as 3.1 (OR =3.1; 95% CI, 1.6-6.0) (Thomas et al. 2005; d’ Arc
Lyra Batista et al. 2008; Leung et al. 2004).

Cigarette Smoking and M. tb Infection

The Surgeon General Report found the evidence implicating CS and increased risks
for M. tb infection is inconclusive. To date, majority of research has been conducted
via cross-sectional studies that do not allow for the analysis of the sequence of cau-
sation or the relationship between CS and TB (Surgeon General Report 2014).
Additionally, we do not have supporting evidence indicating a dose-response rela-
tionship between vulnerability to M. tb infection and CS. However, previous studies
have strongly implicated CS as a causative factor in increased susceptibility to an
initial M. b infection, and the need for additional research has been legitimized.
With the previous limitations in mind, the available studies have shown that smok-
ers are a greater risk for susceptibility to M. 7b infection than nonsmokers (RR = 1.2—
2.7) (Surgeon General Report 2014). A study in South Africa found that when
exposed to M. tb infection and CS in tandem the increased risk is staggering.
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Children who lived in a household with an active TB case and who were also
exposed to CS showed a dramatic increase in susceptibility to infection (OR = 4.60;
95% CI, 1.29-16.45) (den Boon et al. 2007). This strongly implicates the impor-
tance of the immune system’s function in protecting the host from initial infection
and also implicates the veracity of research purporting the immune system-
compromising effects of the smoke-induced suppression of ciliary epithelial cell
function (Altet et al. 1996). The results are considered inconclusive due to the lim-
ited number of investigations and also the need for adjustment to more variables
(SES and demographic factors) and also to the differentiation between reactivation
of latent TB and secondary exogenous M. b infection.

Although additional research analyzing the relationship that CS has on the TB
life cycle and mechanism of infection is required, the supporting literature is suf-
ficient to indict CS as a risk factor for both those currently diagnosed with TB
and those at risk of exposure. Immediate action should be taken to implement
smoking cessation into the treatment plan of infected and recovering individuals
and more broadly for increased education in at risk demographics of the
susceptibility-inducing effects of smoking. Additionally, the need is dire for
research into the variety of mechanisms of the immunocompromising effects of
CS, thereby allowing for advances in prevention and treatment options. Lastly,
additional long-term studies are necessary to explore the correlation between TB
pathology and CS.

Oxidative Stress

To better understand the linkage of CS’s effect on the ability of the immune sys-
tem to combat M. tb infection, we must first establish the groundwork for one of
the most significant mechanisms it is purported to use for immunocompromisa-
tion, namely, oxidative stress. Oxidative stress has been implicated in the patho-
genesis of hypertension (Rodrigo et al. 2011), diabetes type 2 (Henriksen et al.
2011), schizophrenia (Grabnar et al. 2011), carcinogenesis (Klaunig et al. 2009),
heart failure (Tsutsui et al. 2011), and neurodegeneration (Kim et al. 2015). That
is not to say that oxidative stress is a single variable problem as the maintenance
of balance in the host’s redox system is essential to health, and the excess pro-
duction of antioxidants is linked to pathologies of its own (Sies et al. 2017). For
our purposes, however, we will primarily focus our attention on the increased OS
caused by CS and the mechanisms by which CS compromises the immune sys-
tem to M. tb. The topics briefly touched on below are not comprehensive as OS
has systemic effects on both the innate and adaptive immune systems, which we
will briefly touch on later, but this section is intended to be a superficial examina-
tion of primary mechanisms.
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One of the best ways to study the mechanisms by which oxidative stress taxes the
immune system is by reversing the problem and studying the immune-bolstering
effects of antioxidants. You will remember from earlier in this book that significant
research has been done linking the systemic effects of oxidative stress and the
increased susceptibility to TB infection (Morris et al. 2013). As a result of this
causal relationship, research has been conducted to explore the potential immune-
bolstering effects of antioxidants. Two of the primary roles of antioxidants that have
been discovered are their roles in redox balance and their antimicrobial properties
(Sies et al. 2017).

One of the important roles that antioxidants play in the maintenance of a healthy
immune system is by acting as a buffer for the natural killer molecules produced by
the immune system. The “killer molecules” are primarily radical oxygen species
(ROS) and reactive nitrogen intermediates (RNI) (Islamoglu et al. 2018). These
molecules are produced by macrophages during phagocytosis and use their reactiv-
ity to neutralize any internalized pathogens. However, these cells are so reactive that
they can be detrimental to the host’s health as well if a corresponding amount of
antioxidants—such as glutathione (GSH)—are not produced. Without antioxidants
the collateral damage caused by the immune system’s response to infection could
expose the host to increased susceptibility to additional infections. Antioxidants
buffering the redox equation and maintaining balance are also essential because of
the redox signaling pathway. The proper functioning of which is essential to immune
system function and which if artificially altered outside the physiological standard
limits could have systemic effects on the immune system. This could be caused by
both excess of oxidants and antioxidants (Niki 2016).

Antioxidants are also important antimicrobials. For our purposes we will exam-
ine the many roles of GSH as an example since it is one of the most studied antioxi-
dants. It has been demonstrated to have direct antimycobacterial properties (Zhang
and Duan 2009; Schairer et al. 2013). Furthermore, GSH can act as a substrate for
NO to form S-nitrosoglutathione (GSNO) which serves as a NO donor; release of
NO from GSNO complex can result in the killing of the pathogen. Also, GSH has
been shown to have antimycobacterial effects on its own without NO. Although the
mechanism is not well-understood, it has been suggested that the primary mecha-
nism of GSH killing mycobacteria could be the shift in the redox balance. The pres-
ence of GSH in high concentrations plus the cell’s natural concentration of an
alternative thiol (mycothiol) that acts as an antioxidant might cause the delicate
balance to shift (Venketaraman et al. 2006). Due to these antibiotic-like functions,
some researchers have compared GSH to the precursor of the Penicillin and its
potential conversion to a derivative of a penicillin-like molecule known as glutacil-
lin (Morris et al. 2013). Due to the structural similarities and functional compari-
sons, GSH has also been shown to be necessary in the effective functioning of the
natural killer cells (NK) (Morris et al. 2013). The killing of intracellular pathogens
by NK cells has been shown to be dependent on GSH concentrations.
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These examples are but a sample of the host of roles that antioxidants play in the
regulation of a healthy immune system and they establish an interesting field of
inquiry into a mechanism of CS effect on the immune system. Namely, does CS
increase oxidative stress, overwhelm the natural antioxidants of the host’s immune
system, and deplete the reservoir of GSH?

Smoking and Oxidative Stress

Cigarette smoke is a cocktail of more than 4700 ingredients that include among its
constituent chemicals from ammonia, to nitrogen oxides, to hydrogen cyanide, to
trace metals (Kamceva et al. 2016). For our purposes we will be most concerned
with those constituents which are also ROS. Due to these ROS both cellular reactive
oxygen species (cROS) and mitochondrial reactive oxygen species (mtROS) have
been shown to increase after exposure to cigarette smoke extract (CSE) (Valdivieso
et al. 2018). Increased ROS is especially problematic for the immune system when
found in the mitochondria. This is because mtROS has been shown to damage
mtDNA and impair mitochondrial proteins (Valdivieso et al. 2018; Liang and
Godley 2003; Darley-Usmar and Kramer 2015). The role of mitochondria in the
oxidative phosphorylation system (OXPHOS) indicates that damage caused by
mtROS could have cascading effects on the host’s ability to control ROS production
which might lead to additional oxidative stress, thus initiating a cycle of oxidative
damage.

Some of the mechanisms by which CS has been linked to increased OS would
include the following. CS’s nitric oxide reacts with alkenes in the smoke to form
carbon-centered radicals (Yao and Keshavan 2011). Radical chemical agents found
in smoke are known as semiquinones. Semiquinone is a general term for a radical
which is formed via the loss of a hydrogen atom and corresponding electron and
which will increase the concentration of hydrogen peroxide. Also, CS has been
studied for its relationship to albumin, bilirubin, and thioredoxin which are three
important proteins in the redox system. Albumin and bilirubin are important free
radical-scavenging proteins, and thioredoxin is a redox-regulating protein that also
has antioxidant activity (Nakamura 2005; Yao and Keshavan 2011). Of these three
only bilirubin concentration has been correlated with CS (Yao et al. 2000), and bili-
rubin by itself only accounts for <5% of the overall contribution of plasma total
antioxidant status (TAS). Therefore, CS is not thought to actively increase OS by
affecting the concentration of these three proteins.

Nicotine deserves special consideration as there appears to be disagreement in
the literature over its effect on the redox balance. Nicotine has been shown to sub-
stantially increase ROS (Barr et al. 2007). Mesencephalic cells incubated with con-
centrations of nicotine as small as 0.1 pM increased ROS by approximately 35%
and concentrations of 1 and 10 pM increased ROS by 54% and 80%, respectively
(Barr et al. 2007). Nicotine has also been shown to cause oxidative tissue damage in
rats (Husain et al. 2001) and significantly deplete the reserves of GSH in the liver
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and testes of male rats. Also, nicotine is purported to increase free radical concentra-
tions by activating neutrophils. Conversely, nicotine has also been investigated for
antioxidant properties. Particularly, in its relation to purported protective effects
against Alzheimer’s and Parkinson’s disease (Linert et al. 1999; Ferger et al. 1998;
Yao et al. 2011). These conflicting findings in addition to additional investigation
have led some researchers to believe that cigarette smoke’s cacophony of ingredi-
ents may counteract each other and ultimately have little effect on the antioxidant
defense system (AODS) of the host (Yao et al. 2011).

Research has also been done to study whether this OS caused by CS is reversible.
Two different compounds have been used including both GSH and N-acetyl Cysteine
(NAC)—the rate-limiting reactant in the formation of GSH. The observed results
were the modulation of biochemical marker enzyme LDH, the decrease of lipid
peroxidation, and a generalized increase in the host’s antioxidant reserves (Dey and
Roy 2010).

Oxidative Stress and Tuberculosis

The potential for OS to compromise the immune system has been well-documented.
As it relates to the specific mechanisms by which it affects the host’s ability to com-
bat M. tb infection, we will speak more specifically in the following sections.
Regarding TB mortality, it has also been well-documented that the immune sys-
tem’s defense against M. b infection causes an increase in the oxidative stress on
the host (Torun et al. 2014). Likely, this is due to the increased production of ROS
by the immune system in a targeted attempt to eliminate the invading pathogen
(Voskuil et al. 2011). Although necessary, this increase in ROS in response to M. tb
infection could be problematic when coupled with the purported tax on the redox
balance that CS causes. A resulting shift in the redox balance could ensue causing a
fallout effect, increasing necrosis of localized tissue and potentially damaging the
delicate redox signaling mechanism thereby initiating systemic effects on the con-
trol of the infection (Islamoglu et al. 2018; Murphy et al. 2017; Brooker 2011). This
is a mechanistic explanation for the increase of TB mortality that CS has.

Cigarette Smoking and the Immune System’s Defense
Against Tuberculosis

To summarize our understanding of the immunocompromising effects of CS—
especially as it relates to increased susceptibility to M. tb infection—we will review
the specific mechanisms by which CS has been shown to compromise the innate and
adaptive immune systems. We can do this both by appreciating those specific mech-
anisms of protection that CS has been shown to impede and also by drawing some
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generalized conclusions from those effects of oxidative stress that we have already
shown CS to have.

Innate Immune System

The innate immune system can be thought of as the first line of defense against inva-
sion. It prevents infection first by a system of physical barriers like skin, saliva,
mucus, etc. and secondarily by a chemical barrier of antimicrobial substances, e.g.,
antimicrobial proteins and peptides (Owen et al. 2013). If a pathogen circumnavi-
gates these first two, it is then met with the innate system’s last resort which is a
barrage of instantaneous cellular responses that attempt to overwhelm the invasion
via a complex system of macrophages, fluid, antimicrobials, and necessary nutrients
of the defensive cohort. Colloquially, this response is referred to as inflammation.

Cigarette smoke has been implicated in the disruption of the first two protective
mechanisms. For example, in the disruption of ciliary function necessary to the
movement and excretion of mucus, thus exposing the host to an increased risk to
infection and a path of less resistance to the organism’s end goal, the alveoli (Arcavi
and Benowitz 2004). Also, CS has been implicated in pathologies that directly affect
the epithelial cells protecting the interior of the lung’s surfaces, which are crucial in
the protection from various antigens (U.S. Department of Health 2010). Two exam-
ples of pathologies for which cigarette smoking is a well-documented primary risk
factor would be chronic obstructive pulmonary disease (COPD) (Laniado-Laborin
2009) and idiopathic pulmonary fibrosis (IPF) (Baumgartner et al. 1997; Chad et al.
2012; Connell and Venketaraman 2009) which impair lung health, alter tissue, and
could very plausibly impair this first line of defense.

Although these effects on the first two barriers to infection are important, it is in
the realm of the third line—that of the cellular responses—that we see the most
potential for a mechanistic explanation of cigarette smoke’s detrimental effects on
the workings of the innate immune system. Nicotine present in cigarette smoke has
been shown to impede the ability of macrophages to combat TB (Bai et al. 2017).
Also, cigarette smoke has been shown to impede the response of alveolar macro-
phages (Gaschler et al. 2008). Cigarette smoke extract has been observed to increase
production of cytokines IL-6 and IL-8 which are primarily responsible for increased
inflammation and chemotaxis (Valdivieso et al. 2018). This effect has been demon-
strated to be reversible by administration of NAC, which indicates that the spike in
cytokine production is controlled by ROS signaling (Cazzola et al. 2017; Comer
et al. 2014; Ko et al. 2015; Wu et al. 2017; Zhou et al. 2016). Another mechanism
of immunocompromisation due to cigarette smoking is the decreased functioning
ability of lysosomes because of the intracellular accumulation of cigarette smoke
debris (Meijer and Aerts 2016; Vergne et al. 2004; Lee et al. 2012; Hodge et al.
2003; Kirkham et al. 2004). Lysosomes are a crucial player in the innate system’s
containment of TB as they bind to the phagosomes after the bacilli have been phago-
cytized and release a chemical concoction that destroys the pathogen. This
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detrimental effect of CS on the phagocytic process mimics the natural evasion
mechanism of M. tb which is to prevent phagosome maturation lysosome binding.
As briefly mentioned earlier CS has also been implicated in delayed diagnosis of TB
and in the impaired formation of solid and stable granulomas.

Adaptive Immune System

After the initial infection is phagocytized, the bacilli are very resilient to destruction
and will continue to proliferate intracellularly. If the innate system has failed to
control the infection, the host will, as a second choice to annihilation of the intracel-
lular pathogen, produce cytokines from CD4* T cells (Ty1 subset). This is where the
adaptive immune system’s role begins.

The cytokines produced will facilitate the more effective suppression—and
sometimes destruction—of the intracellular pathogens. A particularly important
cytokine would be IFN-y, which has been demonstrated to be especially important
in the suppression of M. tb infection (Owen et al. 2013). An insightful study dem-
onstrated that mice without the ability to produce IFN-y were highly susceptible to
even an attenuated strain of mycobacteria, whereas the wild type mice survived.
Significantly, CS has been shown to impede this response mechanism and decrease
cytokine production, including that of IFN-y (Phaybouth et al. 2006; Vassallo et al.
2005; Shaler et al. 2013; Shang et al. 2011; Feng et al. 2011). CS has also been
implicated in the suppression of type I by the downregulation of Th1 cytokines and
the preferential production of Th2 cytokines thereby exposing the host to increased
susceptibility of certain bacterial and viral pathogens usually contained via the pro-
duction of Thl cytokines (Shaler et al. 2013; Phaybouth et al. 2006; Vassallo et al.
2005; Shang et al. 2011). M. b is one such pathogen which ostensibly utilizes this
vulnerability thus explaining the increased mortality of cigarette smokers (Fig. 1).

The mechanisms by which CS has been demonstrated to impair the adaptive
immune system’s ability to contain M. tb are no less comprehensive than those
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demonstrated for the innate. Besides decreasing cytokine production, another poten-
tial mechanism by which CS impairs the adaptive immune system is via the GSH-
depleting effects that the oxidative stress associated with cigarette smoke (as
discussed previously) can have. Low GSH levels have been implicated in decreased
levels of Th1 cytokines leading to successful growth and replication of M. tb (Guerra
etal. 2011). And yet another study demonstrated that the aggravation of continuous
cigarette smoke will mitigate the localized recruitment of CD4 + IFN-y + T cells
which is obviously essential to the first response of the immune system.

Summary

Besides those effects which conveniently fall within the separate spheres of innate
and adaptive immunity, there are also systemic effects which bridge the gap between
these two systems. The decreased production of TNF, IL-12, and RANTES, as well
as the accumulation of APCs due to CS would be some such examples (Shaler et al.
2013).
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Epidemiology of TB and HIV

Dual infection with Mycobacterium tuberculosis (MTB) and Human
Immunodeficiency Virus (HIV) has become an alarming problem that poses major
challenges to health care, particularly in developing countries. The World Health
Organization (WHO) estimated 10.4 million new cases of active TB globally in
2016, of which 10% was among people living with HIV. Approximately 374,000
deaths were reported among those with TB and HIV coinfection in the same year
(WHO 2017).

There is a complex relationship between infection with TB and HIV that results
in a synergistic increase in their prevalence, morbidity, and mortality. Infection with
HIV is the most powerful risk factor for acquisition of MTB infection and disease
progression. The risk of developing TB is estimated to be 16-27 times greater in
people living with HIV than among those without HIV infection (WHO 2018).
While the estimated lifetime risk of progression from latent to active TB in HIV
negative people is about 5-10%, for HIV infected individuals this becomes the
annual risk (WHO 2008). Even so, TB is the leading cause of death among HIV-
infected individuals, accounting for about 26% of AIDS-related deaths (WHO
2009a). Due to the risks associated with coinfection, the Centres for Disease Control
(CDC) recommends that all persons living with HIV be tested for TB and that those
with latent TB infection be initiated on anti-TB treatment (WHO 2018).

L. E. Hanna (i)
National Institute for Research in Tuberculosis, Chennai, India
e-mail: hanna@nirt.res.in

© Springer Nature Switzerland AG 2018 127
V. Venketaraman (ed.), Understanding the Host Immune Response Against
Mycobacterium tuberculosis Infection, https://doi.org/10.1007/978-3-319-97367-8_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97367-8_7&domain=pdf
mailto:hanna@nirt.res.in

128 L. E. Hanna

Epidemiology of Multidrug-Resistant (MDR) TB
and Extensively Drug-Resistant (XDR) TB
Among HIV-Infected Persons

There is very limited data on the global epidemiology of drug-resistant TB in HIV-
infected persons. Although earlier studies reported no association between MDR-TB
and HIV infection (Kenyon et al. 1999; Chum et al. 1996; Quy et al. 2006; Pereira
et al. 2005; Aguiar et al. 2009; Espinal et al. 2001; Suchindran et al. 2009), recent
literature indicates an alarmingly high burden of drug-resistant TB among HIV-
infected individuals (Isaakidis et al. 2014; Rajasekaran et al. 2009), with a signifi-
cantly higher mortality rate and shorter survival period (Wells et al. 2007; Gandhi
et al. 2006; Samuel et al. 2018). Several factors such as increased susceptibility to
TB, malabsorption of anti-TB drugs resulting in suboptimal therapeutic blood lev-
els, and interference of certain anti-TB drugs with antiretroviral drugs potentially
increase the risk of MDR-TB in persons with HIV/AIDS. These data highlight the
need to screen all chronic TB patients for TB drug resistance as well as HIV coin-
fection especially in HIV high prevalence settings.

Natural History of TB in People with HIV

Unlike most opportunistic infections which occur when the CD4+ T cell count
drops down to 200 cells/mm?, TB can occur at any point during the course of HIV
disease (Havlir and Barnes 1999). HIV not only increases susceptibility to infection
with M. tuberculosis but also increases the risk of progression of MTB infection to
active TB disease (Getahun et al. 2010; Pawlowski et al. 2012). This risk increases
with decrease in CD4+ T cell counts and worsening of the immune status (Diedrich
and Flynn 2011). HIV-infected individuals usually become ill with active TB within
weeks to months as a result of the underlying damage to their immune system,
unlike in HIV negative individuals where the latency phase extends for several
years, and in most cases over the lifetime.

Clinical Presentation of TB in HIV-Infected Individuals

The clinical presentation of TB in HIV-infected individuals depends on the degree
of immunosuppression. In HIV-infected persons with a relatively intact immune
system, pulmonary TB is the commonest form of TB (Burman and Jones 2003). In
these individuals the chest radiographic findings are similar to those seen in HIV
negative pulmonary TB cases with upper lobe infiltrates and cavitation, and sputum
smears are often positive for acid-fast bacilli (Padyana et al. 2012). However, in
those with advanced immunosuppression, extrapulmonary disease is more
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common. About 40-80% of HIV-infected people with TB are reported to develop
extrapulmonary disease as compared to 10-20% among people without HIV
(Sterling 2010). The commonest forms of extrapulmonary TB include pleural effu-
sion, lymphadenopathy, pericardial disease, military disease, meningitis, and dis-
seminated TB (WHO 2004). In those with pulmonary TB, chest radiographic
findings resemble that of bacterial pneumonia with absence of cavities (Perlman
etal. 1997). Sputum smears are seldom positive for acid-fast bacilli. In addition, up
to one-fifth of the individuals with both pulmonary TB and HIV infection have nor-
mal chest X-rays (Greenberg et al. 1994).

As in adults, the natural history of TB in a child infected with HIV depends on
the stage of HIV disease. Early in HIV infection, when the immunity is good, the
signs of TB are similar to those in a child without HIV infection. As HIV infection
progresses and immunity declines, dissemination of TB becomes more common.
Tuberculous meningitis, military TB, and widespread tuberculous lymphadenopa-
thy occur.

Diagnosis of TB in Persons Coinfected with HIV

The WHO estimated that 57% of TB cases among people living with HIV were not
diagnosed or treated, resulting in 390,000 tuberculosis-related deaths among people
living with HIV in 2015 (WHO 2016). This is because diagnosis of active TB dis-
ease in HIV-infected persons is much more challenging than in HIV uninfected
individuals. Symptom-based screening for TB has limited utility in establishing a
diagnosis in HIV positive individuals as they often do not manifest typical symp-
toms of TB. HIV infection compromises the effectiveness of chest X-ray in the
diagnosis of pulmonary TB in HIV-infected persons. A significant proportion of
HIV-infected persons who have culture-confirmed pulmonary TB have normal chest
X-rays (Yoo et al. 2011). A large proportion of TB/HIV coinfected individuals (24—
61%) are sputum smear negative because they are less likely to have cavitary lesions
due to the impaired granuloma formation (Palmieri et al. 2002; Getahun et al. 2007,
Dembele et al. 2008). Mycobacterial culture in liquid medium is much more sensi-
tive than smear microscopy and is routinely recommended to aid in the diagnosis of
TB in HIV-infected individuals (Gil-Setas et al. 2004; Lee et al. 2003; WHO 2007).

Higher rate of extrapulmonary disease offers another major challenge to the
diagnosis of TB among HIV-infected individuals. Over the last decade, nucleic acid
amplification tests (NAATSs) that can amplify nucleic acid regions specific for M.
tuberculosis and can be used directly on clinical samples have been developed
(Vittor et al. 2014). NAATs yield results rapidly and are highly specific with
improved sensitivity. These techniques can also detect specific mutations, thus
providing information on drug sensitivity as well. The use of Xpert MTB/RIF
(GeneXpert), a cartridge-based, TB-specific, nucleic acid amplification assay that
can identify the presence of M. tuberculosis and mutations associated with rifampi-
cin (RIF) resistance within 2 h, has increased significantly worldwide for the
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detection of paucibacillary forms of TB. The WHO endorsed Xpert MTB/RIF
(Cepheid Inc., CA, USA) in December 2010 (WHO 2011a) and recommended the
use of this assay since 2013 as the diagnostic test in adults and children suspected
of having HIV-associated TB or multidrug-resistant TB (WHO 2013a). The Xpert
MTB/RIF test has a pooled sensitivity of 88% and specificity of 99% when used as
the initial diagnostic test instead of smear microscopy (Dorman et al. 2018).
However, the pooled sensitivity of the test decreases to 79% in HIV-infected
patients. Xpert-Ultra is an improved version that can detect M. tuberculosis infec-
tion as well as rifampicin resistance even among smear negative patients with HIV
where the conventional Xpert MTB/RIF has a lesser yield (Chakravorty et al. 2017).

Loop-mediated isothermal amplification and fluorescence in situ hybridization
using peptide nucleic acid probes are other rapid and simplified molecular tech-
niques using NAAT platform to diagnose Mycobacterial infection, with high sensi-
tivity and specificity (Boehme et al. 2007; Hongmanee et al. 2001). Lawn (2012)
demonstrated that use of urine instead of sputum for Xpert MTB/RIF testing results
in diagnosis of more cases of TB in HIV coinfected patients, indicating the value of
urine samples for diagnosis of TB in these individuals. Other molecular tests,
including MTBDRplus and LightCycler Mycobacterium Detection, have demon-
strated specificities of more than 97%, but the sensitivity is reduced by 6% when
compared with Xpert MTB/RIF test in HIV-infected patients with pulmonary TB
(Scott et al. 2011).

Another promising molecular TB diagnostic test is detection of structural MTB-
specific molecules such as lipoarabinomannan (LAM), a component of the cell wall
of MTB that may be found in urine of patients with active TB (Sakamuri et al.
2013). The WHO recommended this method for diagnosis of HIV-associated TB in
patients with very low CD4 cell counts (<100 cells/mm?) and advanced immunode-
ficiency (WHO 2015a). Interestingly, a study from Shah et al. (2016) reported that
combining urine LAM assay with Xpert MTB/RIF testing of urine could be an
important opportunity to improve the diagnosis of active TB in HIV coinfected
patients. Biomarkers measurable in the urine are of particular interest in the HIV-
infected population, because they represent an easy, quick, and inexpensive method
that can be used in diagnostic laboratories for TB diagnosis, and overcome the criti-
cal challenge of collecting enough sputum samples from HIV patients with advanced
immunodeficiency. The new generation of molecular diagnostic tests is oriented
toward the integration of TB and HIV diagnosis (Mendez-Samperio 2017).

Treatment of HIV-TB Coinfection

Treatment of patients with HIV-TB coinfection has improved over the years, attrib-
utable to improvements in antiretroviral and anti-tuberculosis treatment (ATT).
HIV-infected individuals are prescribed the same regimen and course of daily dos-
ing of TB drugs as HIV-uninfected TB patients. Currently, a 2-month initial inten-
sive phase of isoniazid, rifampin, pyrazinamide, and ethambutol followed by
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4 months of continuation phase of isoniazid and rifampin is considered as the stan-
dard treatment regimen for drug-susceptible TB. The Centres for Disease Control,
Atlanta, recommends extension of ATT beyond 6 months in HIV coinfected pulmo-
nary TB patients in specific instances like delayed sputum conversion, poor clinical
prognosis, low CD4 count at nadir, and presence of cavitations (CDC 2009).

A number of studies showed significantly lower cure rates, higher mortality and
recurrence rates of TB after standard ATT in HIV coinfected patients as compared
to HIV negative individuals (Ruiz-Navarro et al. 2005; Chaisson et al. 1996; Morris
et al. 2003; Kwan and Ernst 2011; Bell and Noursadeghi 2018), indicating that
treatment of TB alone in HIV-TB coinfected patients was not sufficient as it did not
significantly increase the CD4 count or reduce the viral load in these individuals
(Morris et al. 2003). ART reduced TB risk among HIV-1-infected people by 54-90%
and halved TB recurrence rate (Lawn and Meintjes 2011). This prompted the WHO
to recommend ART initiation irrespective of CD4 count in HIV-TB coinfected indi-
viduals (WHO 2009a, b). However, this can be quite challenging due to potential
drug-drug interactions, overlapping toxicities, difficulty adhering to medications,
and an increased risk for immune reconstitution inflammatory syndrome (IRIS)
(Egelund et al. 2017).

Early initiation of ART has been shown to not only reduce mortality and morbid-
ity due to HIV and TB but also contribute to faster sputum conversion and prevent
secondary complications like IRIS. Several studies have examined the appropriate
timing for initiation of ART, and the findings reveal that early initiation of ART
significantly improved survival of HIV-infected patients with TB (Torok et al. 2011;
Blanc et al. 2011; Abdool Karim et al. 2010; Havlir et al. 2011; Manosuthi et al.
2012; Uthman et al. 2015; Mfinanga et al. 2014; Abay et al. 2015). The current
World Health Organization guidelines recommend that ART should be started as
soon as possible “within the first 8 weeks” of starting anti-TB treatment and within
the first 2 weeks for patients who have CD4 cell counts <50 cells/mm?* (WHO 2012,
2013b, 2015b). Non-nucleoside reverse transcriptase inhibitor (NNRTI)-based ART
remains the first-line regimen for HI'V-infected patients with TB in most resource-
limited settings. Although a standard dose of both efavirenz and nevirapine can be
used, efavirenz is preferred because substantial pharmacokinetic interactions have
been reported between rifampicin, a key component of anti-tuberculosis treatment,
and antiretroviral drugs belonging to the NNRTI, Protease inhibitor and Integrase
inhibitor classes. Tenofovir, emtricitabine/lamivudine along with efavirenz as a
single pill once a day is the most recommended (Department of Health and Human
Services 2016).

Non-rifampicin regimens in HIV have been associated with inferior outcomes
(O’Donnel et al. 2002). Among the rifamycins, rifabutin induces hepatic cyto-
chrome CYP3A4 the least and is the preferred rifamycin for concurrent administra-
tion with HAART (Regazzi et al. 2014). In resource-limited settings where rifabutin
is not available, ritonavir-boosted saquinavir (SQV/r) is the recommended PI, and
efavirenz at increased dosage (800 mg/day) is the preferred NNRTI to be given
along with two NRTIs, for concurrent administration with rifampicin containing
anti-tuberculosis regimens (Maartens et al. 2009).
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Adverse reactions to either anti-TB or antiretroviral drugs as well IRIS are com-
mon in patients receiving integrated therapy than among TB patients without HIV
(serious ADR—27 vs 13%), occurring mostly in the first 2 months of treatment
(Yimer et al. 2008). Hepatoxicity is common due to shared metabolic pathways of
anti-TB and antiretroviral drugs (Pukenyte et al. 2007; Narendran et al. 2013). Early
recognition and appropriate management of these conditions is very important for
treatment success. Many countries are moving toward the establishment of inte-
grated healthcare facilities for TB and HIV, to offer holistic evaluation of those with
both diseases, and practical management when patients encounter adverse drug
effects.

Prognosis of MDR-TB in HIV continues to be grave with a death rate of over
50% (Palacios et al. 2012). Similarly, optimal treatment options for HIV/TB coin-
fected children are limited. It is important to undertake treatment studies in these
crucial areas of research.

Tuberculosis Immune Reconstitution Inflammatory Syndrome
(TB-IRIS)

Tuberculosis immune reconstitution inflammatory syndrome (TB-IRIS) refers to
the condition where there is a paradoxical worsening of the signs and symptoms
after starting ART in those dually infected with TB and HIV, despite good immuno-
logical recovery and effective virological suppression. Most cases of IRIS occur
within the first 3 months of starting ART (Manabe et al. 2007). Various studies have
reported incidence rates ranging from 8% to 43% (Breton et al. 2004). Functional
restoration of immune system (i.e., CD4+ T cells) causing a cytokine outburst with
an overriding Th1 response is thought to be the primary mechanism for develop-
ment of IRIS (Bourgarit et al. 2006). The most consistent risk factors for develop-
ment of TB-IRIS are very low CD4+ T cell count, CD4/CDS ratio, hemoglobin,
weight, presence of disseminated disease, shorter ATT-ART time interval, extra pul-
monary foci and other opportunistic infections at the time of ART initiation (Lawn
and Meintjes 2011; Narendran et al. 2013; Gopalan et al. 2014). Interleukin-6, CRP,
Interferon gamma (IFN-y), sCD14, baseline levels of vitamin D and higher D-dimer
have been identified as predictors for risk of IRIS (Musselwhite et al. 2016). Fever
with rigor or chills is the commonest and consistent symptom of TB-IRIS, with
lymph node enlargement being the commonest manifestation (Breton et al. 2004).
Anti-inflammatory drugs, especially steroids, form the backbone therapy for
TB-IRIS (Meintjes et al. 2010). ART initiation before CD4 goes down considerably
could protect against opportunistic infections and subsequent IRIS. In addition to
ART, another intervention that decreases the risk of TB in HIV-infected patients is
isoniazid preventive therapy, which reduces TB risk by 32% in ART-naive people
and 37% in those on ART (The TEMPRANO ANRS 12136 Study Group 2015).
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Isoniazid Preventive Therapy (IPT) for HIV-Infected
Individuals

Mortality within the first 6 months after initiating ART has been attributed to TB in
most resource-limited settings. Synergistic protection, with greater than 50% reduc-
tion in TB rates, was found in those who received both IPT and ART, than those who
received either treatment alone (Rangaka et al. 2012). In 2011, the WHO released
simplified guidelines for IPT, using the clinical algorithm of any cough, night
sweats, weight loss, and/or fever, as well as household contact with sputum smear
positive pulmonary TB cases, especially children for screening for TB and delivery
of IPT (WHO 2011b).

Immune Response to M. tuberculosis Infection

M. tuberculosis infection begins through inhalation of air droplets containing the
bacilli. The bacilli are rapidly phagocytosed by resident macrophages in the alveoli.
Phagocytosis of M. tuberculosis by macrophages induces a state of cellular activa-
tion mediated by the production of a host of proinflammatory cytokines, followed
by development of granuloma, which prevents dissemination of the pathogen and
spread of disease. Cell-mediated immune responses mediated by CD4+ T lympho-
cytes play an important role in the prevention of subsequent disease progression.

Aberration of Innate Immune Responses in HI'V-Infected
Individuals

In HIV-infected individuals, a small proportion of the alveolar macrophages are
also infected with the virus. Infected macrophages are defective in innate immune
responses like phagocytosis (Jambo et al. 2014), antigen presentation (Leeansyah
et al. 2007), and elimination of intracellular pathogens (Patel et al. 2007). HIV-
infected macrophages have been shown to undergo less apoptosis in response to M.
tuberculosis than uninfected macrophages (Patel et al. 2007). HIV can also infect
and manipulate dendritic cell (DC) functions (Donaghy et al. 2004) and facilitate
transmission and immune escape of both M. tuberculosis and HIV (van Kooyk
et al. 2003). Migration of infected DCs also contributes to pathogen dissemination.
Binding of mycobacterial ManLAM to DC-SIGN (dendritic cell-specific
intercellular-adhesion-molecule-3-grabbing non-integrin) has been shown to
inhibit DC maturation, increase IL-10 production, and decrease IL-12 production
in response to lipopolysaccharides (Geijtenbeek et al. 2003; Nigou et al. 2001),
which can hamper the initiation of a protective adaptive immune response against
M. tuberculosis.
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Elevated peripheral blood neutrophil count has been reported to be indepen-
dently associated with active pulmonary TB and M. tuberculosis burden in sputum
of HIV-infected people and is an independent predictor of mortality in those with
TB (Kerkhoff et al. 2013). However, little work has been done on the role of neutro-
phils in HIV-TB coinfection. Neutrophils from ART-naive HIV-infected individuals
have been demonstrated to have reduced capability to control M. tuberculosis
growth as compared to neutrophils from uninfected controls (Martineau et al. 2007).
Natural Killer (NK) cells are also innate immune cells that mediate killing of target
cells through the release of cytoplasmic granules containing granulysin, perforin,
and granzymes. NK cells have been shown to contribute to the control of M. tuber-
culosis infection in monocytes and macrophage cultures in vitro through cytolysis
and induction of apoptosis of infected cells (Vankayalapati et al. 2004; Brill et al.
2001). NK cells from HIV-infected persons have been demonstrated to have signifi-
cantly diminished cytolytic function (Fogli et al. 2004).

Impaired Acquired Immune Responses in HIV-Infected
Individuals

A hallmark of HIV infection is a quantitative decline in CD4+ T lymphocytes, as
well as generalized impairment of T cell helper function (Munier and Kelleher
2007). HIV-1 mediates decline in CD4 count through multiple mechanisms includ-
ing decreased production and maturation, increased destruction through direct cel-
lular infection by the virus, and so-called bystander cell death in the absence of
direct infection. Depletion of CD4+ T cells has been observed in the lungs as well
as bronchoalveolar lavage of HIV-infected individuals with active pulmonary
TB. Peripheral CD4 count has been shown to correlate inversely with TB risk, with
CD4 counts of >300 cells/mm?® associated with one-third lower risk of active TB
during a 3—6 month follow-up as compared to those with CD4 counts <100 cells/
mm? in HIV-1-infected persons on ART (Chang et al. 2015). Peripheral CD4 count
also correlates inversely with bacterial burden in those infected with HIV and TB
(Mondal and Mandal 2015; Rao et al. 2015).

Significantly impaired M. tuberculosis-specific T cell function has also been
observed in T cells obtained from HIV-infected people (Kalsdorf et al. 2009; Jambo
etal. 2011). MTB-specific T cells were found to be less mature and produced com-
paratively little MIP-1a and more IL-2 in those with dual infection (Geldmacher
et al. 2010). HIV also affects antigen presentation. The frequency of programmed
cell death protein 1 expression has been found to be increased on T cells producing
IFN-y in response to PPD stimulation in HIV-TB coinfected individuals as com-
pared to IFN-y-producing T cells from those with TB alone, LTBI and HIV-1 infec-
tion, or LTBI alone (Pollock et al. 2016).

Even in people on ART where CD4+ T cells are numerically reconstituted, there
is still a significantly increased risk of tuberculosis. This is hypothesized either to be
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due to persistent impairment of the quality of CD4+ T cell responses to M. tubercu-
losis or because certain subsets of CD4+ T cells do not recover quantitatively,
regardless of ART (Du Bruyn and Wilkinson 2016). As previously mentioned, func-
tional impairment of MTB-specific CD4+ lymphocytes in HIV-1 infection plays a
key role in coinfection with TB.

CD8+ T cells form an important component of the immune response to intracel-
lular pathogens (Gulzar and Copeland 2004). They mediate killing of infected cells
via secretion of granzymes and perforins and induce apoptosis by activating cell
death receptors on target cells (Woodworth et al. 2008). CD8+ T cells from HIV-TB
coinfected persons exhibit decreased expression of the degranulation marker
CDI107a and impaired proliferative capacity in response to ESAT-6/CFP-10
(Kalokhe et al. 2015). Further, CD8+ T cells from HIV and HIV-TB coinfected
individuals had higher expression of programmed cell death protein 1 (PD-1), a
marker of CD8 T cell dysfunction, than healthy controls (Barber et al. 2006).

Immune Activation in HIV-TB Coinfected Individuals

Chronic immune activation has been recognized as a characteristic feature of HIV
infection. M. tuberculosis infection contributes to the immune activation in HIV-TB
coinfected people, with this effect persisting beyond clinical cure of TB. The persis-
tent immune activation is believed to accelerate progression to AIDS, and increase
risk of concomitant opportunistic infection and death in these individuals (Paiardini
and Muller-Trutwin 2013; Boulougoura and Sereti 2016). Active TB in HIV-1-
coinfected individuals induces higher levels of soluble markers of activation (solu-
ble CD14, IL-6, IL-8, neopterin, f2-microglobulin, soluble TNF-a receptor I, etc.)
and T cell surface activation markers (CD38 and HLA-DR) (Hanna et al. 2009).
Interestingly, coinfected individuals with latent TB also had increased levels of T
cell, but not monocyte, activation (Sullivan et al. 2015).

Exacerbation of HIV Infection by M. tuberculosis Coinfection

M. tuberculosis has been reported to upregulate HIV-1 replication in chronically or
acutely infected T cells and macrophages (Shattock et al. 1993; Zhang et al. 1995),
as well as ex vivo in alveolar macrophages and lymphocytes from patients with HIV
infection (Toossi et al. 1997; Goletti et al. 1998). These in vitro/ex vivo findings are
also reflected in vivo in HIV-infected individuals with concomitant active TB dis-
ease (Goletti et al. 1996). Very often, a transient decrease in CD4+ T cell count and
a 5-160-fold increase in viral load have been demonstrated during M. tuberculo-
sis infection in those with HIV-1 infection (Havlir and Barnes 1999; Munsiff et al.
1998).
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It has been suggested that M. tuberculosis infection generates a microenviron-
ment that facilitates HIV infection and replication by increasing the expression of
co-receptors, upregulating pro-inflammatory cytokine production, and downregu-
lating CCLS5 (Rosas-Taraco et al. 2006). In vitro studies have also demonstrated that
MTB infection favors replication of CXCR4 HIV variants by upregulation of
CXCR4 and increase the efficiency of virus transmission from infected monocyte-
derived macrophages (MDMs) to T cells (Mancino et al. 1997). Both MTB and HIV
stimulate release of TNF-a from infected cells. While TNF-a is required for control
of bacterial growth, it is known to activate HIV replication in macrophages
(Kedzierska et al. 2003), indicating that the host immune response initiated against
one pathogen may promote the replication of another.

The full implications of enhanced viral replication at the site of TB disease are
not fully understood, but the error-prone transcriptional process of HIV-1 replica-
tion has prompted investigation into a possible influence on HIV-1 heterogeneity in
the host. In cases of active pulmonary TB, the degree of viral heterogeneity was
found to be greater in M. tuberculosis-infected lung segments than in uninfected
lung segments (Nakata et al. 1997). Collins et al. demonstrated that pulmonary TB
in HIV-1-infected people resulted in a two- to threefold greater mutation frequency
when compared to CD4 matched HIV-1 mono-infected persons (Collins et al. 2000).
Further investigation is required to elucidate the repercussions of increased HIV-1
heterogeneity at the site of M. tuberculosis infection.

Conclusion

HIV complicates every aspect of pulmonary tuberculosis from diagnosis to treat-
ment, demanding a different approach to effectively tackle both the diseases. In
order to control these converging epidemics, it is important to diagnose infec-
tion early, initiate appropriate therapy for both infections, prevent transmission, and
administer preventive therapy. The current guidelines by WHO to start antiretroviral
therapy irrespective of CD4+ cell count based on benefits cited by recent trials could
2o a long way in preventing various complications caused by the deadly duo.

Ultimately, the most cost-effective way of combating the two diseases would be
vaccination. The present TB vaccine, BCG, does not effectively prevent the most
prevalent form of the disease, pulmonary TB in adults. Similarly, no effective, pre-
ventive HIV vaccine can be discerned on the horizon, although many vaccine can-
didates are being evaluated in clinical trials. One approach would be to construct a
combined TB/HIV vaccine. The design of candidate vaccines is, however, a particu-
larly difficult task since laboratory correlates of protection have not been defined for
M. tuberculosis and HIV infections. Since both pathogens enter the host through
mucosal surfaces, a combination vaccine given at mucosal sites would probably be
optimal. However, for this, further research on the biology of concurrent M. tuber-
culosis and HIV infections is urgently needed, using in vitro systems, animal mod-
els, and clinical studies, as well as vaccine trials.
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Thus, an integrated approach to the two diseases would lead to the identification
of new therapies to overcome the rapidly increasing drug resistance seen in both
diseases, as well as for vaccination.
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