Check for
updates

Current Trends in Mycobacterium
tuberculosis Pathogenesis and Drug
Resistance

Vijay Kumar, Simranjeet Singh, Daljeet Singh,
Shivika Datta, Sanjay Kumar, Shyam Babu Singh,
and Joginder Singh

Contents

16.1  INtrodUCHON. . ..uttit ittt .
16.2  Mycobacterium tuberculosis VIrulence. ..........oooeevieiiiiiiiiiiiiiii e,
16.3 Model for Measuring Mycobacterium tuberculosis Virulence...........................
16.4 Drug Resistance in Mycobacterium tuberculosis...............cooiiiiiiii..
16.4.1 Intrinsic Drug ResiStance............ovuuiiuiiiiiiitiiii i eieeaens
16.4.2  Acquired ResiStANCE. ... .ovuuiitt ittt
16.5 Mutations Responsible for the Development of Acquired Resistance
to First- and Second-Line TB Drugs.........cooiiiiiiiiiiiiiiiiii i

16

302
303
305

Vijay Kumar, Simranjeet Singh and Daljeet Singh contributed equally with all other contributors.

V. Kumar

Department of Chemistry, Regional Ayurveda Research Institute for Drug Development,
Gwalior, M.P., India

S. Singh

Department of Biotechnology, Lovely Professional University, Jalandhar, Punjab, India

Punjab Biotechnology Incubators, Mohali, Punjab, India
Regional Advanced Water Testing laboratory, Mohali, Punjab, India

D. Singh - J. Singh (<)
Department of Biotechnology, Lovely Professional University, Jalandhar, Punjab, India
e-mail: joginder.15005@lpu.co.in

S. Datta
Department of Zoology, Doaba College, Jalandhar, India

S. Kumar
Punjab Biotechnology Incubators, Mohali, Punjab, India

Regional Advanced Water Testing laboratory, Mohali, Punjab, India

S. B. Singh
Department of Ayurveda, Regional Ayurveda Research Institute for Drug Development,
Gwalior, M.P., India

© Springer Nature Singapore Pte Ltd. 2020

B. Siddhardha et al. (eds.), Model Organisms for Microbial Pathogenesis, Biofilm
Formation and Antimicrobial Drug Discovery,
https://doi.org/10.1007/978-981-15-1695-5_16

301


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1695-5_16&domain=pdf
https://doi.org/10.1007/978-981-15-1695-5_16
mailto:joginder.15005@lpu.co.in

302 V. Kumar et al.

16.6  Mechanism of Drug ResiStance...........oovuiiiiniiiiiiiiiiiiiiie i eiiieennaees 312

16.7 Evolution of Drug Resistance in Mycobacterium tuberculosis......................... . 313

16.8  CONCIUSION. . ..ttt ettt et ettt e e . 314

RETCIEINCES. ..ttt e e 315
Abstract

Tuberculosis (TB) is regarded as one of the highly infectious diseases which is
caused by the species of Mycobacterium genus. Tuberculosis forms to be a major
public health issue worldwide because it is anti-drug resistant; extensively drug-
resistant (XDR) TB and multidrug-resistant (MDR) TB. Thus, there is an exigent
need for the development of new anti-TB drugs. Various drugs are developed in
the treatment of different ailments including chronic and TB related symptoms.
The present study focuses on the evolution of drug resistance in Mycobacterium
tuberculosis, the virulence of Mycobacterium tuberculosis, and preparation of
model for evaluation of virulence caused by Mycobacterium tuberculosis. Efforts
are also made to summarize the drug resistance mechanism in Mycobacterium
tuberculosis including intrinsic and acquired drug resistance.

Keywords
Tuberculosis - Drug resistance - Anti-mycobacterial activity - Active
compounds

16.1 Introduction

Tuberculosis (TB) is primarily caused by a single infectious agent, M. tuberculosis,
which has remained the major cause of deaths worldwide (Glaziou et al. 2015).
Even, the number of cases is subsequently increasing by the rate of 2% annually. In
1882, Robert Koch discovered Mycobacterium tuberculosis is responsible for TB,
an airborne infection (Cambau and Drancourt 2014). M. tuberculosis is a pulmonary
pathogen, but still it can exhibit dynamically from being asymptomatic to causing
fatal disease (Smith 2003). Till date, a major pathogen of human TB is M. tubercu-
losis (Assam et al. 2013). Whereas, there are other causative agents of the same
genus including M. bovis, M. microti, M. leprae, M. canetti, M. africanum, have also
been found to cause of TB infection in humans (Banuls et al. 2015).

On the basis of public and clinical perspective, TB patients are categorized as
LTBI (latent TB infection which is asymptomatic or non-transmissible state) or
active TB (transmissible) (Lee 2016). Worldwide, about two billion people are suf-
fering from LTBI. In the 17" report by WHO (World Health Organization), they
cleared that there are 1.8 million death cases due to TB (Falzon et al. 2017). South
Africa, India, China, and the Russian Federation are among the countries largely
affected by TB (Jassal and Bishai 2010). Previously, primary drugs like para-
aminosalicylic acid and streptomycin were thought to regulate the widespread
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disease. Furthermore, ethambutol, pyrazinamide, and rifampicin were also intro-
duced (Murray et al. 2015). Due to this, nineteenth century was declared to be
“Golden Age of TB Antibiotics.” During this time, these affordable drugs were able
to control and decline the TB cases globally. In the 1980s, the reemergence of drug-
resistant form of TB during the epidemic of AIDS (acquired immune deficiency
syndrome) led to the spread of TB to all corners of the world (Lange et al. 2014). At
present, MDR-TB (multidrug resistance-TB) is widespread, nearly 5,80,000 new
cases were recorded in 2015. Globally, 84 countries have been reported to be
infected by XDR-TB (extensively drug-resistant tuberculosis) (Prasad et al. 2017).
Thus, dealing with TB is challenging and therefore it requires targeted diagnosis,
screening of drug resistance, and direct evaluation of patient under treatment for
6 months minimum. Moreover, there is requirement for the discovery and effective
formulation of novel TB drugs for effective treatment of TB (Chetty et al. 2017).

In this chapter, some major points about virulence, pathogenesis, and drug resis-
tance mechanism of Mycobacterium tuberculosis are incorporated and also provide
an insight on the update on new drugs effective against TB.

16.2 Mpycobacterium tuberculosis Virulence

Generally, it is not simple to understand what makes M. tuberculosis virulent, in
spite of the information gathered in the last 100 years (Jagielski et al. 2016). As it
does not involve the traditional factors of virulence like those found in the major
disease caused by E. coli O157:H7, Corynebacterium diphtheriae, Vibrio cholerae
and Shigella dysenteriae (Forrellad et al. 2013). A very limited information is avail-
able which elucidates the mechanism opted by M. tuberculosis to spread disease and
how its virulence can be assessed (Pym et al. 2002). On understanding the literature
content, it can open a new option that can be used to determine the effect of altera-
tion of the bacterium during disease progression. The two terms “morbidity” and
“mortality” have been mostly used to report about M. tuberculosis (Connell et al.
2011). Mortality signifies the percentage of animals died due to infection by calcu-
lating the time taken to die after the onset of infection (Hawn et al. 2014). Microbial
load (i.e., numbers of microbes presented inside the infested host after the onset
infection) is another factor which is associated with virulence. This knowledge
enables us to compare the fitness of diverse microbial stains to endure host response
when the host is infected (Hoff et al. 2011).

In addition to this, mutant strains of M. tuberculosis exhibit lower bacterial load
on assessing their growth curve of infected animals during the process (Ribeiro
et al. 2014). Mutants are broadly divided into three broad categories, i.e., persis-
tence genes (per) as they grow normally in early stage but on the on-set of cell-
mediated immunity the number gets declined; severe growth in vivo (sgiv) as these
mutant do not multiply themselves but either they persist at same cell number or
gets rapidly cleared and growth in vivo (giv) as in this case mutant initially get mul-
tiplied but multiplication rate is relatively less as compared to wild-type (Glickman
and Jacobs 2001). This classification of mutation aids in understanding the genetic
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mechanism of bacterial genes in regulating the different stages of infection (McGrath
et al. 2013). To confirm the standard genetic nomenclature, M. tuberculosis showing
the reduced growth in mice is categorized with similar terminology, i.e., per, sgiv,
and giv (Smith 2003). Morbidity is a primary factor analyzed during histopathology
studies and is the important factor to characterize the mutant class of M. tuberculo-
sis virulence (Sakamoto 2012). For example, sigH mutant genes of M. tuberculosis
showed normal growth and high survival rate in mice and macrophages but histopa-
thology analysis of lungs of infected mouse showed reduced virulence in compari-
son to that of wild-type species of M. tuberculosis (Kaushal et al. 2002).

There is a need for a better understanding of pathogenesis related to TB in order
to effectively measure the mortality and morbidity induced by M. tuberculosis
(Abbara and Davidson 2011). The unregulated developmental stage of M. tubercu-
losis in human cells at common site relates to lung damage which ultimately led to
death because of oxygen scarcity. This anoxia occurs due to the damaging of paren-
chymal cells of lung that are usually involved in oxygen uptake, impediment of
bronchiolar passages because of granulomatous growths, and due to the release of
blood in adjacent lung tissue because of the bursting of liquefied granulomas
(Delogu et al. 2013). Another form of TB, also known as tuberculomas, effects the
brain by forming enlarged brain granulomas, which may result because of inflam-
matory response or seizures (Rock et al. 2008). Moreover, inflammatory responses
are also responsible for extrapulmonary manifestations in TB patients, especially in
bones (Lee 2015).

Inflammation response plays a key role here as they aid in controlling the infec-
tion but it also damages tissues of the host (Sasindran and Torrelles 2011). Various
proteases have been found to be involved in tissue damage, especially cathepsin D
that is majorly involved with granulomas liquefaction (Ehlers and Schaible 2013).
Moreover, uptake by M. tuberculosis leads to the apoptosis of macrophages and
damaging of adjacent tissues. TNF (tumor necrosis factor), is the key cytokine
which gets elicited during inflammatory reaction triggered by the cellular immune
system to restrict the widespread of infection (Dutta and Karakousis 2014). Mice
which were unable to synthesize or trigger the TNF- did not form granulomas to
restrict bacterial dissemination. But, during the presence of a large number of these
cytokines, it causes severe inflammation in the lung and early death of mice (Shaler
et al. 2011). TNF- is now considered to be the determinant factor of TB meningitis
in a rabbit model, as it allows us to directly linked with the severity of disease
caused by various strains of both M. tuberculosis and M. bovis as well as with cyto-
kine level in the fluid of cerebrospinal portion (Tsenova et al. 2005). On analyzing
the cytokine response and virulence in infected mice, it revealed that there are other
factors other than TNF- involved with TB progression (Domingo-Gonzalez et al.
2016). The clinical strain, M. tuberculosis CDC1551, was previously considered to
be highly virulent but recent studies revealed that CDC1551 induces cytokines syn-
thesis along with TNF- at a higher level in comparison to other strains of M. tuber-
culosis in mice. Also, it was less virulent than other strains stated on behalf of
mortality rate and bacterial load (Manca et al. 1999). Even comparative study con-
ducted on the rabbit model shows a similar result for the virulence of H37Rv and
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CDC1551. Another study evaluated the potential of two strains NHNS and HN878
of M. tuberculosis to elicit the cytokine production and cause disease in the mouse
model. For this, HN878 was found to be highly virulent in comparison to NHN5
(Manca et al. 2001).

Apoptosis is also one of the determinant factors, as infection of macrophages by
M. tuberculosis depends on the TNF-. And, it was shown that the virulent strain of
M. tuberculosis leads to less apoptosis (Behar et al. 2011). The result of above
experiments highlights the complexity of the immune system as well as the effec-
tors, but due to the inconsistency in the result, it is difficult to correlate the level of
one or more cytokines like TNF- with the clinical model of the disease (Drain et al.
2018). It has become evident that the optimal balancing of these modulators of the
immune system is very critical (Cooper 2009). In spite of the varied results, which
makes the interpretation of data difficult but are valuable as they demonstrate that
few species of Mycobacterium are highly virulent than other in clinical or animal
models (Alvarez et al. 2009).

16.3 Model for Measuring Mycobacterium tuberculosis
Virulence

Virulence of Mycobacterium tuberculosis is generally studied and measured on the
animal or cell culture model. Therefore, different pathogenicity parameters are
selected according to the model (Prozorov et al. 2014). The unique characteristic of
M. tuberculosis to infect and survive in macrophages makes it the primary target;
thus, cell lines and primary macrophages are used to check the effectiveness of M.
tuberculosis as well as its mutants during the onset of infection (Pieters 2008). Thus,
macrophages are chiefly targeted to assess the normal in vivo condition but difficult
in propagating macrophages to a required number makes it incompetent for viru-
lence experiment (Mehta et al. 2006). The immobilized cell lines like MH-S, THP,
and J774 are most commonly used, whereas human macrophages from peripheral
blood monocytes and murine bone-marrow derived macrophages are widely used
macrophages to study the interaction among macrophages and M. tuberculosis
(Majorov et al. 2003; Norris and Ernst 2018). Furthermore, besides the assessment
of intracellular bacterial load, replication, and survival of M. tuberculosis in macro-
phage model, it can also be used to understand the mechanism of macrophage
microbicide ability and how to counteract with it, like (a) generating resistance
against reactive nitrogen/oxygen intermediates, (b) apoptosis inhibition, and (c)
phagosome arresting (Bhat and Yaseen 2018).

Alternatively, the animal model aids in studying the diverse stages of TB infec-
tion. The most used animal models are rabbits, guinea pigs, and mice (Zhan et al.
2017). Most commonly used in vivo model is mice as it is genetically well-
characterized; moreover, inbred strains and immunological reagents are also avail-
able (Singh and Gupta 2018). But species of mice are least susceptible to M.
tuberculosis infection and their pathology is very different from humans (Kramnik
and Beamer 2016). Similarly, guinea pigs are having high susceptible to infection of
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M. tuberculosis and show similar ailments like disease dissemination, lung necrosis,
and lymphadenopathy (Clark et al. 2015). Also, rabbit model on infecting with M.
bovis develops granulomas in the lung which resembles the histology of human TB,
but because of their size, cost, and very less number of immunological reagents
makes it the less tractable model in comparison to mice (Chen et al. 2017). Due to
the high similarity of M. bovis and M. tuberculosis, cattle have become an attractive
model to study the pathogenicity of TB (Aguilar Leén et al. 2009). Even, the TB
pathology in bovine shows close similarity with humans, results in the formation of
caveating lung granulomas and exhibiting similar latent phase after prolong infec-
tion (Waters et al. 2011). The benefit of conducting the experiment on the cattle
model allows us to conduct field trials and also make it an attractive model for vac-
cination studies (Buddle et al. 2018). Non-human primate models are the one which
shows all the clinical states of the disease that are found in human TB and have
given the invaluable contribution in TB research. But the high cost and ethical issues
restrict their usage in research (Scanga and Flynn 2014). The bacterial load is one
of the most important parameters for measuring the virulence in animal models
other than morbidity and mortality (Dormans et al. 2004). Lastly, zebrafish model
has also been found to be effective in elucidating the initial stages of mycobacterial
infection, especially during the granuloma formation and its function in regulating
the infection (Van Leeuwen et al. 2015). In a study, when zebrafish was infected
with M. marinum it showed great resemblance with different stages of human tuber-
culosis; in reality, host genes, virulence factors, and immune cell types are con-
served in this interacting model. This model revealed that RD1 locus of bacteria was
involved during granuloma formation, whereas ESX-1 system was found to be
accountable for the death of infested macrophages (Meijer 2016).

16.4 Drug Resistance in Mycobacterium tuberculosis

The primary mechanism which drives the drug-resistance mechanism in M. tuber-
culosis is due to the mutation of compensatory genes which encodes for drug-
activating enzymes or drug targets (Palomino and Martin 2014). These mutations
generally occur due to the deletion, insertion of SNPs (single nucleotide polymor-
phism), and very rarely due to the deletion of nucleotide in high number (Nguyen
2016). Contrasting other bacteria, M. tuberculosis does not develop mutation due to
horizontal transfer of genetic material. Therefore, two mechanisms were reported to
generate drug resistance mechanism in M. tuberculosis: first one is transmission and
second one is acquired drug resistance (Almeida Da Silva and Palomino 2011).
Various studies conducted to assess the progressive development in drug resis-
tance via WGS revealed that M. tuberculosis initially acquainted the resistance to
isoniazid, followed by developing resistance against ethambutol or rifampicin, then
against pyrazinamide, and lastly developed resistance against second as well as
third-line drugs. This assessment has provided worthy insight into the evolution of
M. tuberculosis pathogenicity (Gygli et al. 2017). Furthermore, recent studies have
stated mutation leading to the development of drug resistance differs with respect to
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the lineage to the recipient strain (Ford et al. 2013). Thus, we have summarized the
existing anti-TB and new drugs, with the action mechanism of drug and genes
linked with resistance development (Table 16.1).

16.4.1 Intrinsic Drug Resistance

M. tuberculosis has been considered to evolve as well as develop various molecular
mechanisms to neutralize the cytotoxic of various chemicals such as antibiotics
(Davies and Davies 2010). These intrinsic resistance mechanisms have aided the M.
tuberculosis to develop resistance against anti-TB agents, which has not only
reduced the number of available drugs against TB but have made the exploration of
novel anti-TB agents more difficult (Hameed et al. 2018). There are various mecha-
nisms that are responsible for growth intrinsic resistance in strains of M. fuberculo-
sis and other pathogenic strains.

One of the mechanisms is cell wall permeability which regulates the entry and
exists of the chemical from the cell membrane. The reduction in the permeability of
drug via cell wall of mycobacteria serves as the active barrier and hindrance for
antibiotic therapy (Sarathy et al. 2012). For example, a report revealed that p-lactams
penetration through cell walls of mycobacteria species to be 100 times slower than
the cell wall of E. coli. The function of cell wall permeability in antibiotic resistance
in mycobacterial strains has well comprehended by studying the mutant defects dur-
ing cell wall biosynthesis (Smith et al. 2012). Mycobacterial cell wall regulates the
penetration of antibiotic, and there are other specialized resistance mechanisms
which detoxify antibiotic molecules that were able to enter into the cytoplasmic
region (Mukhopadhyay et al. 2012). The specialized mechanism involves alteration
of the target, mimicking of the target, drug modification, drug degradation, and drug
efflux (Fig. 16.1).

Target alteration strategy is generally applied by bacteria to avoid the antibiotic
action by modifying the target structure of the antibiotics and is usually adopted by
strains of M. tuberculosis species and other mycobacterial strains to decrease the
chances of binding of lincosamides and macrolides to ribosomes of M. tuberculosis
(Fair and Tor 2014). Recent studies revealed that Erm37 gene has the protecting
roles in mycobacterial strains from lincosamides and macrolides. M. tuberculosis
uses a similar mechanism to neutralize the activity of capreomycin and viomycin
drugs used for treating multiple drug resistance TB (Buriankova et al. 2004; Fu and
Shinnick 2007). The studies conducted on M. smegmatis and M. tuberculosis
revealed the association of tlyA gene with viomycin and capreomycin resistance
(Maus et al. 2005). Another specialized method of intrinsic drug resistance, mim-
icking of the target, is effective in neutralizing the effect of fluoroquinolones.
Fluoroquinolones are anti-TB drug which has bactericidal effect as it inhibits the
action mechanism during DNA replication, transcription, as well as repair (Von
Groll et al. 2009). Generally, these drugs bind with DNA topoisomerase or gyrase
enzyme resulting in the complexation of DNA which prevents resealing of DNA
strands and finally leads to DNA degradation and cell cessation (Ginsburg et al.
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Table 16.1 List of the existing anti-TB and new drugs with their action mechanism and genes
involved in resistance in Mycobacterium tuberculosis

Targeted
genes
involved in
Drug line | Drugs Action mechanism of drug resistance References
First- Amikacin Inhibits protein synthesis eis, rrs and Jugheli et al.
line drug tlyA (2009)
Capreomycin Inhibits protein synthesis eis, rrs and Maus et al.
tlyA (2005)
Ethambutol Inhibition of arabinogalactan | embB and Somoskovi
biosynthesis ubiA et al. (2001)
Isoniazid Inhibits mycolic acid inhA, kasA Colangeli
synthesis and katG et al. (2007)
Kanamycin Inhibits protein synthesis eis, rrs and Jugheli et al.
tlyA (2009)
Pyrazinamide Inhibits pantothenate and panD, pncA, | Ramirez-
co-enzyme A synthesis, and rpsA Busby and
reduction in membrane energy Valafar
(2015)
Rifampicin Inhibits RNA synthesis rpoB Kumar and
Jena (2014)
Streptomycin Inhibits protein synthesis gidB, rpsL Spies et al.
and rrs (2011)
Second- | Bedaquiline Targets the ATP synthase of atpE, pepQ Andries et al.
line mycobacterial species and and rv0678 (2014)
drugs inhibits if functioning
Ethionamide Inhibits mycolic acid ethA, inhA, Bollela et al.
synthesis inhA (2016)
promoter,
mshA and
ndh
Fluoroquinolones | Inhibits DNA synthesis gyrA and Maruri et al.
gyrB (2012)
Para- Inhibits the functioning of folC, ribD Rengarajan
aminosalicylic thymine nucleotide and folic and thyA et al. (2004)
acid acid metabolism
New Clofazimine It ceases the mycobacterial Ndh, pepQ, | Zhang et al.
drugs growth by binding to its DNA | rv0678, (2015)
and it also binds itself at rv1979c and
potassium transporter in rv2535c
mycobacteria and inhibits its
normal functioning
Delamanid Selectively and specifically Ddn, fbiA, Fujiwara
inhibits the mycolic acid fbiB, fbic et al. (2018)
biosynthesis and fgd1
Linezolid Inhibits the synthesis of rplC and rrl | Zhang et al.
protein (2016)

Adapted from Dookie et al. (2018)
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Drug Modification/Degradation :
Chemical modification of drugs
by enzyme action

Drug Efflux:
The cellular metabolism of bacteria expel the
drug out from cytoplasm via efflux pump

>
‘ Target Alteration:
Reduce Cell Wall P Maodification of structure of drug
Selective penetration of material target to decrease the chances of
to pass through cell wall antibiotic binding

Fig. 16.1 Different intrinsic drug resistance mechanism by which mycobacteria become
resistant

2003). Thus, on mapping, the acquired fluoroquinolone resistance revealed that
protein MfpA attributes for intrinsic resistance (Hegde et al. 2005). Another
mechanism which mycobacterial species employs to directly deactivate the active
drug is drug modification (D’ Ambrosio et al. 2015). Aminoglycosides drugs have
always held the main position, even in the history of TB therapy. The target function
of these drugs remained the same, i.e., to inhibit the synthesis of protein (Xie et al.
2011). Studies revealed that acetyltransferase plays a key role in the survival of
mycobacterium species in macrophages of the host (Kim et al. 2012). Lately, it was
discovered that it aids in changes in innate immunity of the host in contradiction to
infection of mycobacterial species. These modifications in the host signaling mol-
ecule have suppressed the immune response like apoptosis, autophagy, and inflam-
mation of the host infected by M. tuberculosis (Zhai et al. 2019).

Another strategy used by M. tuberculosis to subvert the action of the anti-TB
drug is to degrade them via hydrolases (Nguta et al. 2015). These mechanisms have
been broadly studied in B-lactams drugs, which have no effect on M. tuberculosis as
well as on other mycobacterial strain. This action mechanism of these drugs is to
inhibit the synthesis of cell wall synthesis by binding on penicillin-binding proteins
(PBPs) region which leads to apoptosis (Kohanski et al. 2010). On analyzing the M.
tuberculosis genome, it revealed that genome contains four sites which encode for
PBPs, where f-lactams bind within detectable concentrations. This clears the fact
that the least target affinity is not acceptable for 3-lactam resistance in mycobacte-
rial strain (Li et al. 2018). Hydrolytic enzyme, -lactamases are considered to be the
determinant for p-lactams resistant, as this enzyme hydrolyzes the B-lactam ring.
This was confirmed by conducting experiment on M. fallax (highly susceptible to
B-lactams drug), result of permeability assay revealed that rate of penetration in cell
walls of M. fallax by p-lactams was similar to other mycobacterial species and per-
mits the accumulation of B-lactam drugs to lethal concentration (Wang et al. 2006).
But on engineering the M. fallax with gene expressing f-lactamase from M.
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fortuitum showed the increase in resistance level similar with other species and
revealed p-lactamases are the major cause of -lactam susceptibility (Sauvage et al.
2006). BlaC is another f-lactamase which is effective against tuberculosis.
Moreover, it has been found to have broad-substrate specificity because of flexible
substrate binding nature. Blal gene has been comprehended to regulate the function
of BlaC in strains of M. tuberculosis. During p-lactams absence, there is the forma-
tion of homodimers of Blal, which binds to the promoter region of BlaC by obstruct-
ing its transcription. But when this M. tuberculosis strain is subjected to B-lactams,
it causes the dissociation of Blal from DNA binding site and derepression of BlaC
transcription, which results in the production of p-lactamase (Kurz and Bonomo
2012). Other than BlaC, M. tuberculosis also encodes other p-lactamases like BlaS,
Rv3677c, and Rv0406c (Nampoothiri et al. 2008).

Lastly, the most commonly used method by microbes to avoid the action of drugs
is to remove them from the cytoplasm via efflux mechanisms (Soto 2013). The
trans-membrane proteins are the one which plays a key role in the mechanism. For
example, there are 20 out of 36 genes which encode for membrane proteins in the
genome of E. coli, which grant them the resistance to more than one drug (Niederweis
et al. 2010). It is very improbable that now these transporter proteins have evolved
themselves to act as specialized drug transporters (Feltcher et al. 2010). Various
experiments revealed that mycobacteria contain 18 transporters which have con-
ferred antibiotic resistance in them. Likewise, expression of EfpA and IniBAC is
negatively regulated through Lsr2, which binds to AT-rich region of the sequence
(Nguyen 2016). Significantly, the first-line drugs, isoniazid or ethambutol, have
been found to have an inducible effect on Lsr2, which regulates the transcription of
EfpA and IniBAC; thus, each transporter protein has evolved themselves to perform
a specialized function in antibiotic resistant strain (Colangeli et al. 2007). Recent
studies have also linked Lsr2 to changes in oxygen level involved in mycobacterial
adaptation, thus providing us the connecting link between the pathogenesis and
resistance of M. tuberculosis (Bartek et al. 2014). Another transporter protein that is
effective in the efflux of anti-TB drugs like aminoglycosides, tetracycline, and spec-
tinomycin is Tap. Some studies also confirmed the function of Tap in conferring the
drug resistance to M. tuberculosis (Balganesh et al. 2012).

16.4.2 Acquired Resistance

The anti-TB drugs targeted binds to the target site with high affinity, as a result they
obstruct the normal activity of the target molecule. But, modification in targeted site
prevents the effective binding of the drug and generates resistant against the particu-
lar drug (Hoagland et al. 2016). In M. tuberculosis and other species, resistance
occurs due to mutation (spontaneous) in the chromosomal genes encoding target
molecules (Koch et al. 2018). Below, we have briefly discussed the point mutation
allied with the resistance of strains of M. tuberculosis for first-line drugs like EMB,
INH, PZA, and RIF as well as for second-line drugs like fluoroquinolones, bedaqui-
line, and macrolides.
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16.5 Mutations Responsible for the Development
of Acquired Resistance to First- and Second-Line TB
Drugs

Recent studies have revealed that compensatory mutation in various genes like
ahpC, inhA, kasA, katG, and ndh are all linked to INH resistance (Liu et al. 2018a).
INH is one of the pro-drugs which uses peroxidase or catalase enzyme encoded by
gene katG for its activation. A mutation in katG has been found to be linked with the
reduced activity of catalase or peroxidase and is a common mechanism responsible
for INH resistance (Cade et al. 2010). Another similar mechanism which confers
low-level resistance towards INH occurs because of the mutation in inhA promoter
(Bollela et al. 2016). Lately, Torres and his colleagues identified new mutation
which comprehends for 98% of INH resistance induced by fabG1, katG mutation,
or inhA promoter (Torres et al. 2015). Similar finding related to INH resistance and
mutation is the discovery of harbinger mutation like katG S315T, which can serve
as a valuable asset for reporting warning about the evolution of multidrug resistant.
These results revealed the impact of these mutations on public health and have
enabled to target treatment of the patients suffering from multiple-drug resistance
TB (Pym et al. 2002), whereas 95% RIF resistant strains have reported about muta-
tion in codons 507-533 of RNA polymerase beta-subunit gene (rpoB) (Van Deun
et al. 2013).

Pyrazinamide (PZA) is an essential drug and considered to be short-term chemo-
therapy for TB as it is effective in reducing the treatment regimens (Chan et al.
2004). But now it has become ineffective due to the mutation in pncA gene, which
reduces the activity of pyrazinamidase enzyme and becomes resistance against PZA
(Ramirez-Busby and Valafar 2015). Various other studies also reported about the
mutation in clpCl1, rpsA, and panD which encodes for ATP-dependent ATPase,
aspartate decarboxylase, and ribosomal protein S1, respectively, to be liable for
PZA resistance (Zhang et al. 2017). Other first-line anti-TB drugs, such as EMB in
combination with RIF, INH, and PZA, are used to treat TB and control the wide-
spread of drug-resistant strains (Nasiri et al. 2016). On the contrary, various reports
have documented showing that mutation in operon of embCAB especially in embB
gene results in the development of resistance against EMB in M. tuberculosis mak-
ing the treatment ineffective (Plinke et al. 2011). Although mutation of ubiA gene
has also been established to be responsible for drug resistance in M. tuberculosis
strains (Lingaraju et al. 2016), the other aminoglycosides drugs like amikacin and
kanamycin are effective against TB. But, time strains of M. tuberculosis have devel-
oped the resistance to these aminoglycosides drug due to A1401G mutation in rrs
gene which encodes for 16 s rRNA (Jugheli et al. 2009). In contrast to other bacte-
ria, which contains multiple copies of genes, mycobacteria contain only one copy of
this gene; hence, it defines that why mutation in this gene leads to aminoglycoside
resistance (Garneau-Tsodikova and Labby 2016).

Capreomycin and viomycin are another set of drugs that have been used for the
treatment of TB. But, due to similar function mechanism of these drugs with ami-
noglycosides drug they were found to be virulent against strains of M. tuberculosis
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having acquired resistance to kanamycin (Gualano et al. 2016). Fluoroquinolones,
being the second-line anti-TB drugs, are used to treat infection caused by M. fortui-
tum, M. kansasii, and M. simiae (Ma et al. 2010). Generally, this drug targets the
type II topoisomerases, DNA topoisomerase IV, and DNA gyrase enzyme which
controls the functions like cell division, DNA replication, and supercoiling of DNA
(Schluger 2013). The mutations in genes gyrA and gyrB are considered to be likely
associated with fluoroquinolone resistance in mycobacterial strain. The substitution
of codon 90 and 94 in gyrA gene is the mutation which is found to be involved with
fluoroquinolone-resistant in M. tuberculosis (Maruri et al. 2012). Few studies also
indicated that the efflux mechanism is also involved in fluoroquinolone resistance
(Lu et al. 2014).

Another bacteriostatic drug, linezolid which inhibits the synthesis of protein by
forming complexes on the 50S ribosomal subunit, is now clinically used for treating
drug-resistant TB (Chetty et al. 2017). But, mutation in rp/C and rrl gene has been
discovered in linezolid resistant strain (Zhang et al. 2016). Recently approved dia-
rylquinoline drug, bedaquiline, was also assessed for its resistance in mycobacterial
strains. To our surprise, mutations in the atpE gene were found to be accountable for
drug resistance (Andries et al. 2014). This was the brief discussion about the muta-
tions responsible for the growth of acquired resistance in relation to TB drugs of the
first or second line. And, we tried to highlight how these acquired mutations are
making the situation difficult to regulate drug-resistance TB.

16.6 Mechanism of Drug Resistance

In 1948, the phenomenon of drug resistance was recorded while the first trial of TB
therapy was being conducted (Gillespie 2002). As each novel anti-TB drug was
discovered and brought into clinical trials, the prevalence of resistant strains was
encountered within a decade (Rawal and Butani 2016). Genetic mutation is the key
reason for the drug resistance in M. tuberculosis as there is no evidence or report for
resistance development due to the acquisition of new DNA (Parida et al. 2015).
Allelic exchange experiment has established the interconnection between drug
resistance and mutation, which occurs due to a mutation in a subset of genes. There
are two primary mechanisms involved in drug resistance: a) modification of the
targeted molecules and b) due to defect in the enzyme function which changes its
activity (Caminero et al. 2010).

Limitation in both genotypic and phenotypic drug-susceptibility test hampers the
basic understanding of resistance mechanisms. Generally, the phenotypic test shows
the dichotomous result, i.e., strain of M. fuberculosis is either resistant or suscepti-
ble to a specific set of drugs like ethambutol, rifampicin, and isoniazid (Ocheretina
et al. 2014). Besides this, the genotypic test fails to detect the mutation present in
the phenotypic resistant strain. Conclusively, identifying the mutation in phenotypic
resistant strain with the help of genome or gene sequencing does not ensure to check
the mutation responsible for the resistance (Yakrus et al. 2014). Hence, the pheno-
typic mutation could be any mutation from contemporary, intermediator, or causal



16  Current Trends in Mycobacterium tuberculosis Pathogenesis and Drug... 313

mutation (Motiwala et al. 2010). This prompts them to design the diagnostic assay
based on the causal mutation to identify the drug-resistant strains. That is why it is
difficult to determine the mutation and categorized according to its type (Desjardins
et al. 2016).

Till now, various groups have started to sequencing the whole genome of clinical
isolates to find the novel mutation linked with resistance and long-term goal to
develop a diagnostic test which could detect the resistant strain and can replace the
culture-dependent drug susceptibility test (Iketleng et al. 2018). This approach has
shown the feasibility in preliminary studies but lack of precision and high cost pre-
vented its usage. Still, culture-based approach remained the reliable option for clini-
cal care (Nahid et al. 2012).

16.7 Evolution of Drug Resistance in Mycobacterium
tuberculosis

Bacterial epistasis and fitness are two main factors which influence the progress of
drug resistance of M. tuberculosis strains (Al-Saeedi and Al-Hajoj 2017). Epistasis
signifies genetic interaction of a certain set of genes, in which the phenotypic effect
of the first mutation solely depends on the second mutations (Wong 2017). As
observed, resistance strains carry the same resistant mutation which varies in their
capacity during transmission from one to another patient, providing the evidence
that genetic background of the strain can aid in determining the course of evolution
to develop drug resistance (Trauner et al. 2014). On the contrary, bacterial fitness is
the function of growth rate, transmissibility, and virulence. Thus, mutation results in
the reduction of the bacterial number in contrast to wild-strain are considered to
carry the “fitness cost” (Schulz et al. 2010). If one needs to immediately estimate
the relative fitness of bacteria, he can determine it by measuring the growth rate of
bacteria present in the culture (Ayabina et al. 2016). As evolution is a continuous
process, various studies have provided the evidence in support that fitness of resis-
tant mutant cannot be fixed (O’Neill et al. 2012). Another example of epistasis is the
acquisition of compensatory mutation, which also plays vital role in the formation
of drug-resistant strains imposing a great risk on human health (Miiller et al. 2013).
As of now, we do not have the adequate information to predict the epistasis interac-
tions using bioinformatic tools; thus, we have to rely on the conventional approaches
to gather knowledge about the genetics behind the development of drug resistance
(Ngo and Teo 2019).

Recently, various research groups used WGS (whole genome sequencing) to
gather information about molecular epidemiology, mutation frequency, and phylog-
eny to compare drug-resistant and drug-susceptible in M. tuberculosis strains. This
approach also helps us to address the key contributor involved in the evolution of
strains of M. tuberculosis (Ilina et al. 2013). Generally, there are various genes
involved in transcriptional control, cell wall homeostasis, lipid metabolism, and
purine metabolism during anti-TB therapy (Fonseca et al. 2015). Henceforth, these
genes can assist us in understanding the drug-resistant mechanism. For example,
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ponAl gene, whose actual function is unknown but is discovered to involve in the
evolution of drug resistance in species of M. tuberculosis (Smith et al. 2012).
Evidence from other studies prompted us to investigate the role of these genes and
how these genes can be further used for diagnosis purpose. With time number of
these genes is growing exponentially and we are also getting the supporting evi-
dence to prove their role as epistasis from adaptation to resistance (Daya et al.
2015). rpoC, which act as a mediator from adaptation to RIF (rifampicin) resistance
development and Rv3806c, which mediated the EMB (ethambutol) resistance are
the examples of the genes identified in recent studies (Somoskovi et al. 2001).

Recently, RIF resistance is found to be induced due to the mutation of RNA
polymerase by rpoB enzyme (Kumar and Jena 2014). Hence, mutation in multidrug-
resistant strains of M. tuberculosis is nearly ubiquitous and is mostly found to be
associated with compensatory mutations in rpoA, rpoB, and rpoC genes (RNA
polymerase genes). Instead of this, the compensatory mutation also restores the
baseline profile of cells (De Vos et al. 2013). Especially, mutants rpoB were found
to improve the lipid profile and alter the expression of various proteins involved in
lipid metabolism, specifically phthiocerol dimycocerosates (PDIMs). Therefore,
lipid metabolism involving PDIMs has positive influence during the progress evolu-
tion of drug resistance (Lahiri et al. 2016). In addition to this, in vitro studies
revealed that resistant mutant embB M306v contains a synonymous mutation in
Rv3792 and non-synonymous mutation in Rv 3806¢, which are a major contributor
for developing EMB resistance (Safi et al. 2013). Thus, it is evident that epistasis
does not depend on one drug. Therefore, different studies are being conducted to
assess the interaction among the disparate drugs and mutations, and their eminent
role in the growth and development of drug resistance. This proves the fact that
positive epistasis can trigger multidrug resistance (Trauner et al. 2014).

Recently, it has been accorded that continuous exposure of drug imposes some
constraint on the evolution of TB, which increase the chances of compensatory
mutation in already resistant strains (Liu et al. 2018b). Once these strains get
mutated, the strains possess the ability to transmit the mutated gene to the next gen-
eration alone (Banuls et al. 2015). Furthermore, continuous drug exposure is known
to start accumulating the mutant which results in an increased level of resistant
towards the particular drug. This is one of the factors, which influences isoniazid
(INH) resistance in multidrug-resistant strains and also found to be contributing for
high resistance against fluoroquinolones (FQ) (Dookie et al. 2018).

16.8 Conclusion

Due to the development of resistance to first- and second-line drugs, TB has
remained the biggest concern worldwide. WHO has also issued some recommenda-
tions and guidelines for the proper care of TB patient in the public or private sector
and are ensuring that precise diagnosis is being used and found effective in treating
tuberculosis infection. With the failure of second-line drug like fluoroquinolones,
which was effective in reducing the duration of chemotherapy and has limited drug
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treatment options for multiple drug-resistant tuberculosis. Therefore, the develop-
ment of a new drug is urgently required along with that there is a need for exploring
alternative treatments like host-directed therapy, personalized medicine, and more.
Though we are still investigating basic biology as well as the pathogenesis of M.
tuberculosis and exploring the different therapeutic options and new various anti-
TB drugs. But there is a need to scale up various approaches, tools, and health care
service in reliance with the government as it provides us to regulate the chaos
induced by tuberculosis and the growing issue of drug-resistant tuberculosis.
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