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Introduction

More than 100 years after Koch’s discovery, tuberculosis
(TB) still remains a major threat to human existence. An
extremely resilient cell wall, opportunistic switching over to
latency and adoption of a plethora of cunning strategies to
fool the host immune system makes Mycobacterium tuber-
culosis a very successful pathogen. The emergence of multi-
ple drug-resistant (MDR) and extremely drug resistant
(XDR) strains severely compromise traditional drug-based
intervention, with no new effective anti-mycobacterial
drugs available after the discovery of rifampicin more than

Abstract

Tuberculosis (TB) remains a major health problem worldwide. Attempts to
control this disease have proved difficult owing to our poor understanding of
the pathobiology of Mycobacterium tuberculosis and the emergence of strains
that are resistant to multiple drugs currently available for treatment. Genome-
wide expression profiling has provided new insight into the transcriptome
signatures of the bacterium during infection, notably of macrophages and den-
dritic cells. These data indicate that M. tuberculosis expresses numerous genes
to evade the host immune responses, to suit its intracellular life style, and to
respond to various antibiotic drugs. Among the intracellularly induced genes,
several have functions in lipid metabolism, cell wall synthesis, iron uptake, oxi-
dative stress resistance, protein secretion, or inhibition of apoptosis. Herein we
review these findings and discuss possible ways to exploit the data to under-
stand the complex etiology of TB and to find new effective drug targets.

The bacterium infects its mammalian host primarily in
the lungs and only 5-10% of the infected individuals
develop clinical disease (Chackerian et al., 2002). On
infection, the bacteria encounter alveolar macrophages
and are engulfed within these phagocytic cells. However,
under normal circumstances, an invading pathogen is
usually destroyed in the phagolysosome by a combination
of low pH-activated proteolytic enzymes, resulting in the
formation of reactive oxygen species (ROS) and, in mur-
ine macrophages, synthesis of reactive nitrogen intermedi-
ates (RNI) (Nathan & Hibbs, 1991). Since most of the
killing occurs inside the phagolysosome (Fenton & Ver-

40 years ago. Therefore, identification of new drug or vac-  meulen, 1996), adept pathogens like M. tuberculosis

cine targets is needed to contain this menace.
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evolved strategies that help it to inhibit phagosome-lyso-
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some fusion (Frehel et al., 1986) and to escape acidic
environments inside the phagolysosome (Crowle et al,
1991). The mycobacterial phagosome fails to acidify pre-
sumably because of lack of incorporation of the proton
pumping ATPase complex in the vacuolar membrane
(Sturgill-Koszycki et al., 1994). Although inhibition of
M. tuberculosis phagosomal maturation was initially pro-
posed as a requirement for the survival of the pathogen
(Armstrong & Hart, 1971), subsequently it was demon-
strated that when M. tuberculosis was pretreated with spe-
cific anti-mycobacterial antibodies prior to infection of
murine peritoneal macrophages, the phagosomes contain-
ing bacteria were fused with lysosomes without affecting
bacterial survival (Armstrong & Hart, 1975). Stimulation
of murine macrophages with lipopolysaccharide or inter-
feron y (IFN-y) results in killing of mycobacteria in these
cells, during acidification and mycobacterial phagosome
maturation (Russell et al,, 1996; Schaible et al, 1998).
However, it is unclear whether the observed mycobacte-
rial phagosome acidification and maturation is the cause
or effect of the killing of M. tuberculosis, as these treat-
ments activate macrophages (Dubnau & Smith, 2003).

Unfortunately, not much is known about how the bac-
terium survives and grows inside the lung. The infection
is usually contained in the lung by formation of granulo-
mas where the activated macrophages and other immune
cells surround the site of infection to limit further tissue
damage and restrict further dissemination of the bacteria
(Saunders et al., 1999; Smith, 2003). Although M. tuber-
culosis is postulated to be unable to multiply within the
granuloma due to acidic pH, poor oxygen levels and the
presence of toxic fatty acids, some of the bacteria may
remain dormant but live for decades without any active
clinical disease (Smith, 2003). However, if an infected
person’s immune system is weakened due to HIV infec-
tion, use of immunosuppressive drugs, malnutrition or
aging, the otherwise dormant bacteria begin active multi-
plication and spread into other parts of the lung (active
pulmonary TB) and even to other tissues (extra-pulmo-
nary TB) via the circulation system (Smith, 2003). How-
ever, the metabolic state of the bacilli during human
infection is largely unknown.

Virulence factors of M. tuberculosis

Interestingly, mycobacteria lack classical virulence factors
such as toxins, which are typical of other bacterial patho-
gens. In the case of mycobacteria, virulence factors may
be broadly defined as traits that are important for the
progression of the TB disease, usually measured in terms
of mortality and morbidity. Mortality can be expressed as
the percentage of hosts that die and also as the time
taken for a host to die after infection. Another important
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parameter is the bacterial load or burden, i.e. the number
of bacteria found in the host after an initial infection
(Smith, 2003). Mycobacterial virulence can be studied
in vitro using macrophages, dendritic cells (DCs) and
pneumocytes (Bermudez & Goodman, 1996; Bodnar
et al., 2001; Hickman et al., 2002) as well as in vivo using
animal models like mice, guinea-pigs and rabbits. While
in vitro models are easier to work and produce faster
results, they are limited to the early stages of infection.
On the other hand, experiments involving animal models
are time-consuming and require specialized facilities, but
have the advantage to include almost all stages of the dis-
ease. Mice are the most widely used animal models
because of their well-characterized genetics, ease of
genetic manipulation, and availability of reagents to mea-
sure their immune responses as well as the relatively low
cost of maintenance as compared to the other models
(Smith, 2003). Since in the lung M. tuberculosis primarily
infects macrophages, these phagocytes are widely used as
an ex vivo model to analyze the virulence of M. tuber-
culosis strains and mutants. As human lung alveolar
macrophages are difficult to obtain, mouse primary macro-
phages obtained from bone marrow, lung alveoli or peri-
toneal cavities as well as various mouse macrophage cell
lines are used. Human monocyte-derived macrophages,
which are obtained from peripheral blood monocytes, are
also widely used (Tsuchiya et al., 1982). However, there
are certain caveats in using macrophages for virulence
studies as some M. tuberculosis mutants which do not
show attenuated growth in macrophages may show
defective growth in mice and/or exhibit fewer histopatho-
logic changes (Smith, 2003). Thus, genetic screens for
M. tuberculosis virulence traits based on macrophages
alone may miss some attenuated mutants.

In the pregenomics era, the physiology and pathogenic-
ity of M. tuberculosis was mostly studied using methods
that allowed creation of mutation in specific genes, and
this still remains a rational method to determine essential
virulence traits. The choice of genes to be inactivated in
virulence studies is frequently based on naturally occur-
ring mutations affecting pathogenicity or on intelligent
predictions. A number of methods can be employed to
create mutant strains, e.g. directed gene disruption with
an antibiotic resistance cassette or by allelic replacement
(for details see Smith, 2003). Other methods rely on trans-
posable element-mediated mutagenesis, e.g. with Tn1096,
Tn5367 or Himarl. In addition, genetic complementation
can be used to identify M. tuberculosis virulence traits:
thereby genes that code for potential virulence factors are
introduced into nonpathogenic M. tuberculosis strains.
In vivo complementation has become possible owing to
integration-proficient vectors that allow stable propagation
of genomic libraries or individual genes in bacteria during
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animal infections (Lee et al, 1991). A combination of
these and further methods has allowed identification of
numerous virulence factors that are important for various
aspects of M. tuberculosis pathogenicity. These factors
include secretory proteins, cell wall components, enzymes
involved in lipid and fatty acid metabolism or in amino
acid and purine biosynthesis, compounds required for
metal uptake, oxidative stress proteins and transcription
regulators (Supporting Information, Table S1). Some of
them are upregulated during infection; however, their
importance for virulence has not been established by
mutant analysis in each case (reviewed by Smith, 2003).

Lipid metabolism in M. tuberculosis

Mycobacteria have evolved an extremely versatile lipid
metabolism system that includes homologs of enzymes
found in mammals, plants and other bacteria, as well as
polyketide products (Table S1). There are approximately
250 distinct enzymes involved in fatty acid metabolism of
M. tuberculosis, compared with only 50 in Escherichia coli
(Cole et al., 1998). Mycobacteria are unusual in that they
possess both a mammalian type fatty acid synthase (FAS-
I), which has all the necessary enzymatic and carrier func-
tion on a single polypeptide (Rv2524, fas), and a bacterial
type FAS-II, in which dissociable enzymes interact with
an acyl carrier protein (acpM) (Kremer et al, 2001).
Mycobacterium tuberculosis FAS-I synthesizes fatty acids of
intermediate chain length (principally C;s and C,,),
whereas FAS-II is incapable of de novo fatty acid synthesis
but elongates the Cis acyl-CoA primers from FAS-I into
long-chain fatty acids via a condensation reaction carried
out by B—ketoacyl-ACP-synthase III (fabH) (Brown et al.,
2005) Long-chain fatty acid products of FAS-II are con-
verted into mycolic acids and their derivatives by a series
of enzymatic reactions (Fig. 1). Mycolic acids are key
components of the mycobacterial cell wall and may also
play a role as an effective barrier to penetration of some
antibiotics (Brennan & Nikaido, 1995). Mutations in
genes participating in the mycolic acid biosynthesis path-
way have been found to result in attenuated virulence
in vitro and in vivo (Takayama et al., 2005); e.g. M. tuber-
culosis AkasB (FAS-II-negative) mutants are severely
attenuated in immunocompetent mice (Bhatt et al., 2007)
and deletion of genes involved in methoxy- or keto-
mycolate synthesis also leads to significant attenuation in
a mouse model of infection (Dubnau et al., 2000). Once
full-length functional mycolic acids are synthesized, they
are transported for attachment to cell wall arabinogalac-
tan to form mycolyl-arabinogalactan. The transfer and
subsequent transesterification are mediated by three well-
known immunogenic proteins of the antigen 85 complex

(fopA, fbpB, fopC) (Belisle et al., 1997). Although FbpC is
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the most active enzyme, transposon-mediated disruption
of fbpC did not cause an attenuated phenotype in mouse
macrophages (Jackson et al., 1999), as its function may
be partially assumed by the functionally redundant fbpA
and fbpB genes (Puech et al, 2002). A M. tuberculosis
H37Rv mutant with disruption in fbpA, but not in fbpB,
was attenuated in mice, indicating a specific role of FbpA
in mycobacterial virulence (Copenhaver et al, 2004).
FbpA appears to play a role in protecting mycobacteria
against intracellular oxidative stress damage and in inhib-
iting phagosomal maturation (Katti et al., 2008).

Another interesting feature of the M. tuberculosis gen-
ome is the presence of a number of genes belonging to
the family of polyketide synthases (PKSs) (Cole et al.,
1998). The PKSs are structurally and mechanistically
related to the FASs. The FASs are involved in the biosyn-
thesis of fatty acids, which are primary metabolites,
whereas the PKSs ordinarily catalyze the formation of
polyketide secondary metabolites. The PKSs carry out
Claisen-like condensations of small- to long-chain carbox-
ylic acid moieties with acetate or branched chain acetate
units, which are commonly derived from malonyl-CoA or
methylmalonyl-CoA (Khosla et al., 1999). The mycobac-
terial cell wall contains a number of polyketide-derived
complex lipids, which prominently include phthiocerol
dimycoserate, sulfolipids, polyacyl trehaloses, diacyl treha-
loses and mannosyl-B-1-phosphomycoketides (reviewed
by Gokhale et al., 2007). The phthiocerol derivatives are
synthesized by a modular system encoded by the large
operon ppsABCDE (Cole et al., 1998). PpsA is primed by
long-chain fatty acids (C;6—Cys) by FadD26, a fatty acyl-
AMP ligase (Trivedi et al., 2004), and extended by a ser-
ies of condensation reactions with malonyl-CoA and
methoxymalonyl-CoA under ppsABCDE control (Gokhale
et al., 2007). Similarly, mycocerosic acids are synthesized
by mycocerosic acid synthase (mas), an iterative PKS.
Further PKS genes like pks-1, pks-10 (Sirakova et al,
2003a) and pks-7 (Rousseau et al., 2003) are involved in
dimycocerosyl ~phthiocerol synthesis. Mycobacterium
tuberculosis pks-1, pks-7 and pks-10 mutants were attenu-
ated in mice (Rousseau et al, 2003; Sirakova et al.,
2003a). Gene inactivation studies indicate a critical role
of iterative PKS2 in sulfolipid biosynthesis (Sirakova
et al., 2001). Sulfolipids are thought to suppress the for-
mation of ROS in macrophages (Brozna et al, 1991).
Mannosyl-phosphomycoketides are found in low abun-
dance in the cell wall and PKS12 is proposed to be
involved in their biosynthesis (Matsunaga et al., 2004).
The pks-12 gene contains the largest open reading frame
in M. tuberculosis (Sirakova et al., 2003Db).

In vivo grown mycobacteria have been suggested to be
largely lipolytic rather than lipogenic, because degradation
of available host cell lipids is vital for the intracellular life
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Fig. 1. Schematic diagram of the biosynthetic pathways involved in lipid metabolism in Mycobacterium tuberculosis. The gene whose products
catalyze different reactions are indicated in italicized fonts. ACP, acyl carrier protein; PDIM, phthiocerol dimycocerosate; MPM, mannosyl-B-1-
phosphomycoketides (adapted from Raman et al., 2005; Gokhale et al., 2007). The genes whose expression is found to be significantly changed
both in vivo and in vitro models of virulence are marked by a hash (#) [Based on in vitro cell culture experiments by Schnappinger et al., 2003;
Rachman et al., 2006a; Tailleux et al., 2008; Fontan et al., 2008a; Homolka et al., 2010 and in vivo in human lung (Rachman et al., 2006b) and
murine lung (Talaat et al., 2004)]. The genes which are known to be targets of established or experimental drugs are underlined (Raman et al.,

2008).

of M. tuberculosis (Cole et al., 1998). In addition to genes
for the canonical FadA/FadB (Rv0859/Rv0860) B-oxida-
tion complex, the M. tuberculosis genome contains multi-
ple copies of genes encoding fatty acid degradation
functions (Cole et al., 1998). These include 36 acyl-CoA
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synthases and a family of 36 related enzymes that could
catalyze the first step in fatty acid degradation. There are
a number of enzymes homologous to the enoyl-CoA
hydratase/isomerase superfamily (echA1-21). The genome
also codes for four enzymes that may convert 3-hydroxy
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fatty acids to 3-keto fatty acids (fadB2-5) and five
enzymes that may complete the cycle by thiolysis of
B-ketoesters (fadA2-6). The end product of fatty acid deg-
radation is acetyl-CoA, which can be converted to many
different metabolites (Fig. 1) and fuels the citric acid
cycle and its glyoxylate shunt to generate energy (Cole
et al., 1998).

Iron acquisition in M. tuberculosis

Iron is an obligate cofactor for at least 40 different
enzymes in M. tuberculosis and is essential for its viru-
lence (De Voss et al., 1999). Mycobacteria circumvent the
poor availability iron in the intracellular environments by
producing low-molecular-weight iron scavengers (sidero-
phores) to sequester iron. Mycobacteria produce two clas-
ses of siderophores, the salicylate-derived mycobactins
and the exochelins, which are peptidic molecules. Myco-
bacterial siderophores are synthesized by nonribosomal
peptide synthetases. Mycobactins and exochelins are pro-
duced by saprophytic mycobacteria, whereas mycobactins
are produced only by pathogenic mycobacteria. Patho-
genic mycobacteria like M. tuberculosis, produce mainly
two types of mycobactins, the lipophilic mycobactins that
remain cell-associated, and the secreted carboxymycobac-
tins which possess same nuclear structure as mycobactins
but have a short carboxy(acyl) side-chain in place of the
long alkyl or alkenyl chain. This enables the carboxymy-
cobactin to diminish its lipoidal character and thereby
allows it to be secreted into the medium (Ratledge &
Ewing, 1996; Rodriguez & Smith, 2003). The M. tubercu-
losis genome contains a cluster of 10 genes (mbt-1 cluster;
Fig. 2), which includes mbtA, coding for a salicyloyl-AMP
ligase, three peptide synthetase genes (mbtB, mbtE and
mbtF), two PKS genes (mbtC, mbtD), a salicylate synthase
gene (mbtl) and mbtG, a hydroxylase gene (Quadri et al.,
1998; Harrison et al., 2006) (Fig. 2; Table S1). Originally,
genes encoding enzymes that transfer alkyl substituents of
different length to mycobactins were not found in this
cluster (Cole et al., 1998). Later, using a cell-free reconsti-
tution system, Krithika ef al. (2006) identified a second
locus (mbt-2 cluster; Fig. 2) and delineated its biochemi-
cal functions. The four genes in this cluster are annotated
as mbtK (rvi347c), mbtL (rvi344), mbtM (fadD33) and
mbitN (fadE14). The mbtK and mbtG genes were found to
be essential for M. tuberculosis growth (Sassetti & Rubin,
2003). The genes belonging to these two clusters are regu-
lated by IdeR (iron-dependent repressor). In the presence
of iron, IdeR binds to a 19-bp consensus sequence (iron-
box) located in the promoter regions of siderophore bio-
synthetic genes (Fig. 2) to repress transcription of the
mbt clusters. IdeR also upregulates transcription of a gene
(bfrA) encoding bacterioferritin, an iron storage protein
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(Gold et al., 2001; Krithika et al., 2006). Under low-iron
conditions, IdeR fails to bind to the iron-box, resulting
in derepression of transcription of the mbt clusters
(Rodriguez & Smith, 2003; Krithika et al, 2006). About
one-third of the iron-regulated genes were found to be
under the control of IdeR, and IdeR appears to be neces-
sary for an efficient response to oxidative stress (Rodri-
guez et al., 2002). Recently, it has been demonstrated that
M. tuberculosis possess a mechanism to use exogenous
heme as a source of iron (Tullius et al, 2011). A unique
secreted heme-binding protein and several membrane
proteins encoded by the region inclusive of Rv0202c-
Rv0207c¢ were implicated in sequestering heme iron from
the host and transportation across the cell wall and mem-
brane. A model was proposed where a hemophore
Rv0203 sequesters the heme from host hemoglobin and
delivers it to membrane proteins MmpL11 (encoded by
Rv0202¢) or MmpL3 (encoded by Rv0206¢), where it is
shuttled through the membrane and in the cytoplasm a
heme degrading protein, MhuD (encoded by Rv3592;
Chim et al., 2010) breaks down the heme to release iron.
This discovery particularly challenges the long existing
paradigm that M. tuberculosis obtains iron solely via my-
cobactins and carboxymycobactins scavenging iron from
iron-containing host proteins like transferrin and lacto-
ferrin.

Oxidative stress response in
M. tuberculosis

Macrophages exert much of their anti-microbial activity
by generating ROS and RNI, which have immunoregula-
tory functions and kill invading bacteria by damaging
macromolecules such as DNA and structural lipids. Myco-
bacterium tuberculosis has evolved strategies to counteract
these innate effector mechanisms by detoxifying ROS and
RNI and by limiting the production of these damaging
molecules in macrophages (Nathan & Shiloh, 2000; Khan
et al., 2006) (Fig. 3; Table S1). Nitric oxide synthase-2
(nos2) and phagocyte oxidase (phox) knock-out mice,
which are deficient in RNI and ROS production, respec-
tively, exhibit increased sensitivity to M. tuberculosis
infection (MacMicking et al., 1997; Cooper et al., 2000).
Conversely, a M. tuberculosis katG mutant is less virulent
in mouse models (Ng et al., 2004); the KatG peroxidase
helps neutralize RNI (Wengenack et al., 1999) and pro-
vides resistance to hydrogen peroxide (Manca et al.,
1999). Mycobacterium tuberculosis also secretes a superox-
ide dismutase encoded by sodA (Braunstein et al., 2003),
which may protect the bacterium from ROS-mediated
damage (Teixeira et al., 1998). Similarly, resistance to
RNI appears to be a physiological function of AhpC
(Chen et al., 1998) and a M. tuberculosis ahpc mutant is
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Fig. 2. Schematic diagram of iron-dependent regulatory functions of IdeR and biosynthetic pathways involved in the synthesis of mycobactin in
Mycobacterium tuberculosis. In iron-rich environments, IdeR-Fe complexes bind to the iron-box (Fe-box) located in the promoter regions of the
mbt clusters and repress transcription. In iron-poor conditions, IdeR-Fe complexes are not formed, resulting in derepression of the mbt clusters.
The products from the mbt-1 cluster synthesize the mycobactin skeleton from chorismate. The products of the mbt-2 cluster synthesize fatty-
acyl-ACP intermediates, which are transferred to the mycobactin skeleton to produce didehydroxymycobactin by MbtK (Rv1347c). MbtL (Rv1344)
acts as an acyl carrier protein (ACP). The final hydroxylation is carried out by MbtG to generate mycobactin (adapted from De Voss et al., 1999;
Krithika et al., 2006). The genes whose expression is found to be significantly changed both in vivo and in vitro models of virulence are marked
by a hash (#) [Based on in vitro cell culture experiments by Schnappinger et al., 2003; Rachman et al., 2006a; Tailleux et al., 2008; Fontan et al.,
2008a; Homolka et al., 2010 and in vivo in human lung (Rachman et al., 2006b) and murine lung (Talaat et al.,, 2004)]. The genes which are
known to be targets of established or experimental drugs are underlined (Raman et al., 2008).

more susceptible to peroxynitrite (Master et al., 2002).  and heat shock protein 60 (Mtbhsp60), is yet another
FbpA (=Ag85A) (Katti ef al, 2008), reductases like  protein that abrogates IL-12 production in macrophages
Rv3303¢ (an NADPH-quinone reductase) and CysH (Sen- (Khan et al., 2008). Some cell wall components like lipo-
aratne et al., 2006) as well as cell wall components like  arabinomannan (Chan et al., 1991), a mycolylarabinoga-
lipoarabinomannan (Chan et al, 1991) participate in  lactan peptidoglycan complex and a 19-kDa lipoprotein
defense against oxidative stress. Furthermore, the histone- (Fortune et al., 2004) are also known to inhibit transcrip-
like Lsr2 protein binds to bacterial DNA shielding it from  tion of the IFNy-signaling pathway in macrophages. In
damages inflicted by Reactive Oxygen Intermediates  murine models of TB, nitric oxide (NO) plays a crucial
(ROI) (but not by RNI) (Colangeli et al., 2009). role in anti-mycobacterial activity. However, it is contro-
Mpycobacterium tuberculosis deploys several other pro-  versial whether or not NO is critically involved in host
teins that indirectly inhibit production of ROI and RNI  defense against M. tuberculosis in humans (Yang et al.,
by the host and prevent activation of macrophages by  2009).
inhibiting production of proinflammatory cytokines like
TNF-a, IL-12 and IFN-y (Fig. 3). The ESAT-6 (6 kDa
early secreted antigenic target) protein of M. tuberculosis
was found to interact with the Toll-like receptor TLR2
and abrogate NF-kB signaling (Pathak et al, 2007). A The availability of the complete genomic sequence of
member of the proline-proline-glutamic acid (PPE) fam- M. tuberculosis (Cole et al, 1998), along with DNA
ily proteins, PPE18, also interacts with TLR2 to inhibit = microarrays, which provide a snapshot of the global gene
production of IL-12 in macrophages (Nair et al., 2009) expression profile, renew our hopes to identify new suit-

Transcriptional expression profiling of
host-pathogen interactions
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Fig. 3. Schematic diagram of the strategies employed by Mycobacterium tuberculosis for protection against oxidative stress. The strategies
employed by Mycobacterium tuberculosis to counteract ROS and RNI can be broadly classified into direct and indirect mechanisms. In direct
mechanisms proteins are directly involved in detoxifying or shielding the bacterial DNA from damage by free radicals, whereas in indirect
mechanisms Mycobacterium tuberculosis inhibits production of ROS and RNI by modulating macrophage signal transduction pathways and
inhibition of production of cytokines like TNF-o. and IFN-y. mAGP, mycolyl arabinogalactan; LAM, lipoarabinomannan. The genes whose
expression is found to be significantly changed both in vivo and in vitro models of virulence are marked by a hash (#) [Based on in vitro cell
culture experiments by Schnappinger et al., 2003; Rachman et al., 2006a; Tailleux et al., 2008; Fontan et al., 2008a; Homolka et al., 2010 and
in vivo in human lung (Rachman et al., 2006b) and murine lung (Talaat et al., 2004)].

able targets of intervention. Currently, the number of
candidates in the TB drug pipeline is not sufficient to
cope with the rapid emergence of multidrug-resistant
strains (Casenghi et al., 2007). However, there have been
significant advances in understanding the molecular bases
of the etiology of the disease, particularly with respect to
how the host reacts to mycobacterial infection. The inter-
action between the pathogen and the host is a dynamic
confrontation where the microorganism’s survival strategy
of expressing virulence factors challenges formidable
defenses of the host immune system. Mycobacterium
tuberculosis exploits and corrupts the early defense sys-
tems of the host, i.e. macrophage-mediated innate
immune responses, for its survival and multiplication.
Comparative analyses of mycobacterial genomes indicate
that the pathogenic Mycobacterium spp. have acquired
numerous genes that are required for virulence. Mycobac-
terium tuberculosis has 13 sigma factors and about 192
regulatory proteins, many of which are likely to enable
the pathogen to establish a successful infection and subse-
quent persistence inside the host (Cole et al., 1998). For
instance, an avirulent mycobacterial species Mycobacte-
rium smegmatis is predicted to possess 26 sigma factors,
orthologs of the sigma factor genes sigC, sigl, and sigK of

FEMS Microbiol Rev 36 (2012) 463-485

M. tuberculosis are found to be absent in the M. smegma-
tis genome (Waagmeester et al, 2005), indicating that
these sigma factors may be important for the virulence of
M. tuberculosis. To understand Mycobacterium-specific
expression signatures, e.g. in host macrophages, it is of
utmost importance to consider the pathophysiology of
TB. It is widely believed that many mycobacterial genes
that are expressed in vivo may be essential for bacterial
survival in the host organism. Essentially, the rationale
behind identification of virulence factors through gene
expression profiling assumes that virulence genes are
often coordinately regulated and unknown virulence
genes are likely to be co-regulated along with the known
ones (Cummings & Relman, 2000). Also, genes that are
specifically expressed during infection or conditions mim-
icking infection are likely to be candidate virulence genes
(Cotter & Miller, 1998; Cummings & Relman, 2000).
However, capturing the transcriptome of mycobacteria
inside host cells during infection is technically challeng-
ing, because of low abundance of bacterial RNAs in the
infected tissues (Lucchini et al, 2001). Microarray-based
transcript analyses are usually less sensitive than are
reporter enzyme assays. Moreover, it is important to
point out that not all mycobacterial genes that are
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transcribed in macrophages, or within infected tissues, are
necessarily required for virulence or for in vivo survival of
the bacteria. In microarray-based expression data, the
constitutively expressed genes should not be ignored as
they might be of prime importance as well. At best, the
regulated genes form a subset of key genes. Also, in such
studies, the absolute levels of expression should not be
ignored, induction ratios need to take the basal expres-
sion levels into account. Another caveat is that in regu-
lons the genes might be co-regulated, but only some of
them may be of crucial importance (Kendall et al,
2004b). Again, M. tuberculosis has been found to be pres-
ent in highly different states within the infected lungs and
differences in their transcriptomes are likely to be
obscured by isolating the mRNA pools. Only gene dele-
tion studies can confirm that an expressed gene confers a
functional phenotype in macrophages or an appropriate
animal model.

Initial transcriptomic studies mostly focused on cap-
turing the M. tuberculosis transcriptome under various
conditions in vitro (reviewed in Kendall et al., 2004b;
Waddell & Butcher, 2007). Thus, low pH, low nutrients
and free radical stress were associated with an intra-mac-
rophage phagosomal environment, whereas hypoxia,
long-term stationary phase and starvation were used to
mimic in vivo persistence. However, these approaches are
limited by our poor understanding of the nature of the
microenvironment that the bacteria encounter within the
cell after phagocytosis. Therefore, a snapshot of the tran-
scriptome of invading bacteria is a more realistic
approach to identify a set of genes required during infec-
tion. Schoolnik’s group was the first to catch a glimpse
of the M. tuberculosis transcriptome in vivo in murine
bone marrow macrophages (Schnappinger et al., 2003).
The array data revealed that M. tuberculosis perceives the
phagosome of naive and activated macrophages as a fatty
acid-rich, iron-poor environment containing relatively
few carbohydrates, with a potential to damage DNA and
the cell envelope, as the bacterium adapts to this envi-
ronment by upregulating genes required for fatty acid
degradation, siderophore synthesis, DNA repair and cell
envelope remodeling functions. Generation of NO by
IFNy-activated macrophages triggers additional responses
resulting in a phagosomal environment that is indicative
of nitrosative and oxidative stress, inhibitory to aerobic
respiration and conducive to increased iron uptake by
the pathogen (Schnappinger et al., 2003). Later on, Tal-
aat et al. (2004) studied the temporal gene expression
pattern of M. tuberculosis in immune-deficient SCID
mice during the first 28 days of infection. This gene
expression profile resembled that of M. tuberculosis
grown in broth, but differed from that in infected,
immunocompetent BALB/c mice. A group of 67 genes
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were over-expressed in BLAB/c mice, but not in SCID
mice at 21 days post infection, indicating that the host
immune system dictates, at least in part, the expression
of genes that are required for the growth of the bacteria
in the immunocompetent host. This comparative study
provided a starting point to differentiate between host-
responsive and phase-dependent gene expression. By
combining microarray expression data with computa-
tional methods of protein network identification, Rach-
man et al. (2006a) were able to infer functions of
previously uncharacterized genes and to identify signa-
tures that are critical for M. tuberculosis survival in vivo.
For example, genes involved in siderophore biosynthesis
were upregulated, whereas genes coding for proteins that
require iron as cofactor were repressed. Another promi-
nent signature was reflected by the immense changes in
certain cell wall components. Thus, microarray-based
transcriptome profiling reveals a number of genes whose
expression is upregulated in M. tuberculosis inside the
macrophages, and leads to signature groups defined by
similar functions or participation in similar pathways.
However, as the array data provide a vast amount of
information, it is impractical to list all differentially
expressed genes. Our aim herein is to provide an overall
idea of how the bacterium responds to the intracellular
environment upon infection.

Lipid metabolism

Inside the macrophages, M. tuberculosis encounters a
nutrient-poor environment resulting in the stringent con-
trol response [accompanied by altered RNA polymerase
promoter selectivity (Avarbock et al., 1999)], and switches
to lipids as the predominant carbon source. Utilization of
fatty acids for energy is supported by marked upregula-
tion of expression of genes linked to fatty acid metabo-
lism via the B-oxidation pathway, e.g. genes for fatty
acid-CoA synthase (fadD3, fadD9, fadD10, fadD19), acyl-
CoA dehydrogenase (fadE5, fadE14, fadE22-24, fadE27-29,
fadE31), enoyl-CoA hydratase (echAl19), hydroxybutyryl-
CoA dehydrogenase (fadB2, fadB3), and acetyl-CoA trans-
ferase (Schnappinger ef al, 2003; Waddell & Butcher,
2007). In addition, multiple genes (icl, gltAl, rv1130) are
highly expressed that are required for subsequent utiliza-
tion of the degradation products via the citric acid cycle
and the glyoxylate shunt (Schnappinger et al., 2003). Iso-
citrate lyase (icl) is essential for mycobacterial persistence
(McKinney et al., 2000). In pulmonary TB, expression of
fadD30, fadD32, fadE2, fadE26 was upregulated (Rachman
et al., 2006b). In addition, upregulation of a phosphoe-
nol-pyruvate kinase (pckA) implies that fatty acids can be
converted to sugars via gluconeogenesis (Schnappinger
et al., 2003). Rengarajan et al. (2005) found that some of
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B-oxidation pathway genes (fadE28, fadE29) were also
essential for survival of the bacteria inside the macro-
phages. The expression of the icl and pckA genes was also
upregulated in the mouse lung after infection (Talaat
et al., 2004), along with other fatty acid metabolism genes
such as fadD10, fadDI19, fadD34, fadEl, fadEl0, and
fadE24 (Karakousis et al, 2004). The importance of the
B-oxidation pathway genes was further underscored by
the transcription profile of M. tuberculosis in human mac-
rophage-like THP-1 cells (Fontan et al., 2008a). Similarly,
a number of fatty acid metabolism genes like fadD9,
fadD21, fadD26, fadE5, fadE22, fadE26, fadE28, fadE29
were found to be upregulated in several clinical stains of
M. tuberculosis inside murine bone marrow-derived mar-
crophages (Homolka et al, 2010). The mymA operon,
which is expressed upon exposure to low pH (Fisher
et al.,, 2002), was induced in THP-1 cells (Fontan et al.,
2008a), suggesting that a low pH may trigger a switch to
fatty acids as an energy source. In conclusion, the pattern
of fatty acid metabolism-related gene expression appears
to be common to most of the infection models tested
and to reflect a fundamental adaptation to intracellular
growth. Indeed, many FadD and FadE proteins were
found to be present in the M. tuberculosis proteome from
guinea-pig lung granuloma, suggest that the bacteria are
able to breakdown host lipids to utilize them as nutrients
(Kruh et al., 2010).

Broad transcription regulators

Transcriptional regulators play vital roles in controlling
interactions of M. tuberculosis with the host. Eukaryotic-
like protein kinases (Pkns) such as PknB (Rv0014c) and
PknL (Rv2176) belonging to the protein serine/threonine
kinase family were upregulated in bacteria living in acti-
vated macrophages (Rachman et al, 2006a). Of the 11
Pkns, at least eight including PknA, PknB, and PknG
were detected in the M. tuberculosis proteome in the lung
granuloma of guinea-pig (Kruh et al., 2010). Among the
13 sigma factors of M. tuberculosis (Cole et al., 1998),
which allow the bacterium to adapt to changing environ-
ments, some are important for virulence, as shown by
mutant analysis and complementation (Smith, 2003;
Manganelli et al., 2004a; Rodrigue et al., 2006). Impor-
tantly, expression of sigE, a member of the extracytoplas-
mic functions group of sigma factors, which control the
bacterial response to external stimuli, was upregulated in
M. tuberculosis after phagocytosis (Manganelli et al., 2001;
Schnappinger et al., 2003). SigE regulates the expression
of genes that are important for maintenance of the cell
envelope, which help the mycobacteria cope with envi-
ronmental stress and the antibacterial responses of the
host (Fontan et al., 2008b). A sigE mutant was attenuated
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in vitro and in mice (Manganelli et al., 2001, 2004b) and
seems to be a very promising live attenuated vaccine can-
didate (Hernandez Pando et al, 2010). By microarray
analysis, it was realized that SigD also plays an important
role in regulating M. tuberculosis. In a mouse model of
infection, a AsigD M. tuberculosis mutant showed a mod-
erate, but significant decrease in virulence and several
members of the PE_PGRS (PE proteins containing poly-
morphic GC-rich repetitive sequences) family proteins
were upregulated (Raman et al., 2004). In a similar exper-
iment, the requirement of SigD for virulence in mice was
confirmed (Calamita et al., 2005).

Furthermore, the sigB, sigG, and sigH transcripts were
upregulated inside human macrophages (Graham &
Clark-Curtiss, 1999; Cappelli et al., 2006), and SigF and
SigL may also be necessary for successful intracellular sur-
vival (Chen et al., 2000; Li et al., 2004; Dainese et al.,
2006). The sigl gene is co-transcribed with rv0736, which
encodes a membrane protein acting as a putative anti-
sigma factor for SigL. Microarray analyses have revealed
that the sigl regulon includes genes like sigL itself, mpt-
53, pks-7, and pks-10 (Hahn et al., 2005). Interestingly, a
pks-10 mutant, which is defective in phthiocerol dimycos-
erate, was significantly attenuated for growth in mice
(Sirakova et al., 2003a).

Upregulation of a number of two-component signal
transduction systems in vivo includes the DosR (also
known as devR) which is comprised of a membrane-
bound histidine kinase sensor DosS (also known as DevS)
and a cytoplasmic response regulator (DosR). DosR is
required for the expression of genes that are induced dur-
ing hypoxia (Park et al., 2003) and in response to nitric
oxide (Voskuil et al., 2003) which are frequently associ-
ated with the onset and maintenance of latent TB. DosR
regulon is induced in macrophages (Schnappinger et al.,
2003) as well as in early (Karakousis et al., 2004) and late
mouse infections (Shi et al., 2003). The initial hypoxic
response controlled by DosR features powerful induction
of as many as 48 genes including hspX (Stewart et al.,
2002). Interestingly, many of the DosR-regulated genes
are conserved hypothetical proteins with as yet still
unknown products and functions. Only few genes have
been designated a function such as narX, narK2, fdxA,
hspX, pfkB etc. (Lin & Ottenhoff, 2008). The DosS
appears to function as both an oxygen sensor and redox
sensor and responds to a reduced electron transport sys-
tem to induce the DosR regulon (Honaker ef al., 2010).
In addition, a wide network of transcription regulator
genes (ntrA, regX3, phoP, prrA, mprA, kdpE, trcR, and
trcX) is expressed in M. tuberculosis upon infection (Zahrt
& Deretic, 2001; Haydel & Clark-Curtiss, 2004) and
understanding this network will hopefully advance our
knowledge about the pathogenicity of mycobacteria.
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Molecular chaperones

The DNA array results have revealed high expression of
genes involved in detoxification and chaperone activity in
pulmonary TB, indicating highly toxic and stressful condi-
tions at the infection sites. Some chaperones, in addition
to their function as stress proteins, are potential virulence
determinants and play roles in modulating host immune
responses (Lewthwaite ef al., 2001; Khan et al., 2008). One
such chaperone, the heat shock protein 60 of M. tuberculo-
sis (Mtbhsp60), was overexpressed in infected macrophag-
es (Zugel & Kaufmann, 1997; Monahan et al., 2001) and
probably offers a survival advantage within the host
(Hu et al., 2008). Mtbhsp60 favors the development of the
T helper 2 (Th2)-type response by stimulating expression
of TLR2 on macrophages (Khan et al., 2008). Chaperone-
related genes of M. tuberculosis (groEL/ES, suhB, dna]l/2,
dnak, hspR, hspX) were highly expressed during infection
of the human lung (Rachman et al., 2006b). Similarly, the
hspX, htpX, and htpG genes were also over-expressed dur-
ing infection of THP-1 cells (Fontan et al., 2008a). Myco-
bacterium tuberculosis mutants lacking hspX failed to grow
in THP-1 cells or primary mouse bone-marrow-derived
macrophages (Yuan et al., 1998).

Iron uptake

Mycobacterium tuberculosis overcomes poor availability of
intracellular iron by expressing a set of genes required for
sequestration and storage of iron. Some of the genes that
are induced in a low-iron medium (e.g. the mbt operon)
overlap with genes induced in IFN-y-stimulated macro-
phages (Rodriguez & Smith, 2003; Rodriguez, 2006). One
of these genes, mbtB, was upregulated upon infection in
murine lungs (Timm et al., 2003), whereas, expression of
the bacterioferritin gene brfA was down-regulated. In
immunocompromised mice, at 21 days post infection,
several genes for iron uptake-related proteins (mbtD,
hupB, and fdxA) were upregulated (Talaat et al., 2004)
and in THP-1 macrophages other iron-regulated genes
under IdeR control (mbtB, mbtl, and rv3402c) were also
found to be overexpressed (Gold et al., 2001). These data
indicate that M. tuberculosis induces a number of genes
to cope with the iron-poor intracellular environment. By
contrast, a M. tuberculosis zur (=furB) mutant, which
lacks a zinc uptake regulator, failed to show a discernable
phenotype, possibly due to a redundant mechanism con-
trolling zinc uptake (Maciag et al., 2007). Recently, a type
VII secretion system, ESX-3 (whose expression is under
Zur and IdeR transcriptional regulation), has been found
to be involved in iron and zinc uptake (Serafini ef al.,
2009; Siegrist et al., 2009). Mutant data suggest that esx-3
is required for growth of M. tuberculosis in iron limiting
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conditions in vitro (Serafini et al., 2009). Esx3 was also
found to be essential for growth both in vitro and in
macrophages in Mycobacterium bovis. ESX-3 appears to
be a specialized secretion system required for mycobactin-
mediated iron acquisition (Siegrist et al., 2009).

Secretory proteins

Some of the M. tuberculosis proteins secreted in the
phagosome of infected cells are highly immunogenic. The
most prominent proteins belong to the ESAT-6 (6 kDa
early secreted antigenic target) family. They are recog-
nized by sera from a large number of TB patients (Ander-
sen et al, 1992). A subunit vaccine made by fusion of
ESAT-6 with antigen 85B gave a protective effect in mice
(Olsen et al., 2004). Some of the ESAT-6 family member
proteins like the products of the esxH, esxO, and esxV
genes were expressed in the murine lung (Dubnau et al.,
2005).

PE/PPE proteins

The M. tuberculosis genome sequence reveals the presence
of two gene families, PE and PPE (Cole et al., 1998),
which are unique to mycobacteria and are highly
expanded in several pathogenic species such as M. tuber-
culosis and Mycobacterium marinum (Gey van Pittius
et al., 2006). Some of the PE and PPE genes are associ-
ated with the ESAT-6 gene cluster region (ESX), which is
predicted to encode a novel type VII secretory apparatus
(Abdallah et al., 2006; Abdallah et al, 2007; Gey van
Pittius et al., 2006). By comparing the secretomes of a
M. marinum esx-5 mutant to that of the wild type,
Abdallah et al. (2009) found that a number of PPE and
PE proteins were dependent on ESX-5 for transport
(Abdallah et al., 2009). The M. marinum ESX-5 secretion
system suppresses TLR-dependent innate cytokine secre-
tion in human macrophages (Abdallah et al, 2008).
Expression profiling of M. tuberculosis revealed differen-
tial regulation of 128 of the 169 PE/PPE genes, suggesting
their roles in generating antigenic variations during the
course of changing microenvironments within the host
(Voskuil ef al., 2004). The PE_PGRS protein Rv1818c
(PE_PGRS33) was expressed at all sites of pulmonary TB
(Rachman et al., 2006b). This observation corresponds
well with the immunodominant nature of this protein
(Delogu & Brennan, 2001). While the PGRS domain of
Rv1818C elicited a strong antibody response, the PE
domain conferred protection in a mouse model (Delogu
& Brennan, 2001). The PGRS domain of this protein also
affected the cell morphology of the bacterium, while the
PE domain was necessary for the sub-cellular localization
of the protein (Delogu et al., 2004). In another PE_PGRS
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protein (Rv1759c), the PGRS domain elicited a strong
immune response, which could prevent reactivation in a
murine model of chronic TB (Campuzano et al., 2007).
According to microarray data, at least one of the PE pro-
teins (Rv2519, PE26) is regulated by SigE in human mac-
rophages (Fontan et al., 2008b).

Using an in vivo expression technology approach,
which identified macrophage-specific gene expression, Sri-
vastava et al. (2007) found one of the PE/PPE genes,
rv3097c (PE_PGRS63), to be the most highly expressed
gene as early as 24 h post infection. The promoters of
several other PE/PPE genes (rv0977, rv1361c, rv1840c)
were upregulated in THP-1 macrophages (Dubnau et al,,
2002). Yet another PPE protein, Rv1168c, was overexpres-
sed under microaerophilic and anaerobic conditions
(Bacon et al., 2004; Muttucumaru et al., 2004), nutrient
starvation (Betts et al., 2002), and in the presence of pal-
mitic acid (Schnappinger et al., 2003), i.e. conditions that
mimic the features of an intraphagosomal environment.
In a transposon site hybridization (TraSH) assay, a
microarray-based technique, mutations in three genes
belonging to the PE/PPE family (rv1807, rv3872, rv3873)
had growth-attenuating effects (Sassetti & Rubin, 2003).
Failure of mutations in other PE/PPE genes to produce a
phenotype can probably be attributed to functional
redundancy of these genes. Recently, the genes for PE13
and PPE18 have been shown to be part of the 10485 reg-
ulon, which encodes a putative transcription regulatory
protein. Mutation studies indicate that Rv0485 is required
for M. tuberculosis virulence (Goldstone et al, 2009). In
conclusion, although the physiological functions carried
out by the PE/PPE proteins are not well understood, they
appear to contribute to mycobacterial pathogenesis (Basu
et al., 2007; Nair et al,, 2009). Interestingly, analysis of
the M. tuberculosis proteome in the lungs of guinea-pigs
revealed that PE/PPE proteins are the third most abun-
dant category and showed the most consistent expression
during the infection. The PE-PGRS53/54, and PE-
PGRS56/57, and PPE38 proteins were found to be among
the ten most dominant proteins at 90 days postinfection
(Kruh et al., 2010).

DNA damage repair enzymes

A number of genes for DNA repair enzymes (alkA, recX,
recC, dinF, and radA) were upregulated in the intra-phag-
osomal environment of both naive and activated murine
macrophages. In human macrophages (Graham & Clark-
Curtiss, 1999) and human lungs (Rachman et al., 2006b),
uvrA and dinX, dinF and gyrAB, respectively, are exam-
ples of highly expressed genes. Induction of DNA damage
in macrophages may involve NO-dependent and -inde-
pendent mechanisms (Schnappinger et al., 2003).
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Cell wall synthesis

The mycobacterial cell wall lies at the interface of the
mycobacteria—host interaction through which the myco-
bacteria may transduce specific signals that may be
required to communicate with the host during infection.
Experiments with mutant strains clearly indicate that cell
wall integrity is critical for M. tuberculosis to survive
intracellularly, to persist and to develop resistance against
antibiotic drugs (Berthet et al, 1998; Gao et al., 2006).
Consequently, a number of mycobacterial genes involved
in lipid biosynthesis and cell wall remodeling were found
to be required for growth in mice (Sassetti & Rubin,
2003) and their expression was upregulated in the phago-
some of infected mice and in human lung granulomas
(Schnappinger et al., 2003; Rachman et al., 2006b). The
induced genes (e.g. desAl, desA3, umA2) are likely to be
involved in the maintenance of the hydrophobic nature
of the cell wall barrier during macrophage infection
(Waddell & Butcher, 2007). Genes like uma-2, desA3, and
mmaA3 were predicted to be required for survival in vivo
(Sassetti & Rubin, 2003) and an mmaA4 mutant was
attenuated in vivo (Dubnau et al., 2000). In THP-1 cells,
genes (e.g. drrB, ppsA, ppsB, and pks-11) involved in
phthiocerol dimycocerosate synthesis and transport to the
cell surface (Fontan et al., 2008a) as well as genes (e.g.
cpsY and rmilB2) that are required for the synthesis of
galactofuran, an essential link between peptidoglycan and
mycolic acids, were upregulated (Weston et al., 1997).
The rmIB2 gene, which codes for a putative galactose
epimerase, is under the control of sigE (Fontan et al,
2008b). In vivo proteomic data were able to identify a
total of nine PKSs including PKS4-9, 13, 15, and 17 in
guinea-pig lung granuloma. Interestingly, unlike micro-
array data, where some genes were found to be upregulat-
ed 2 h after exposure to lung surfactants, proteomic data
suggest their presence throughout the in vivo growth, e.g.
PpsA-D, Mas, PapA5, DrrA, and MmpL7 (Kruh et al,
2010). Since some of the lipids and cell wall components
M. tuberculosis are known to modulate host immune
responses (Barry, 2001), remodeling the cell wall compo-
nents could be one of the important strategies employed
by M. tuberculosis to persist.

Response to oxidative stress

Upon infection, macrophages produce a range of effector
molecules to destroy the invading pathogen, i.e. ROS,
NO, and NO-derived species such as NO,, NO;, N,Os,
N,0,, S-nitrosothiols, and peroxynitrite (ONOO ™) (Chan
et al., 1992; Khan ef al, 2006). Upon M. tuberculosis
infection, macrophages produce this oxidative burst, but
it does not seem to affect the viability of the pathogen
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(Chan et al., 1992). It is therefore likely that M. tubercu-
losis elicits appropriate protective responses to overcome
these challenges. In fact, Schnappinger et al. (2003) iden-
tified 68 genes that were preferentially induced in IFNy-
activated macrophages after infection, compared to the
naive murine macrophages. Nearly half of these genes are
part of the DosR regulon and are also induced under
hypoxic conditions (Bacon et al., 2004) and after NO or
hydrogen peroxide treatment (Voskuil ef al., 2003). Many
of these genes were not induced in NOS2-deficient mac-
rophages (Schnappinger et al., 2003). Using mutants and
microarrays, it was found that the acr-2 (rv025Ic) gene,
which encodes a member of the a-crystallin protein fam-
ily, was the most strongly upregulated gene following heat
shock (Stewart et al., 2002) and in IFN-y-activated mac-
rophages (Schnappinger et al., 2003). The acr-2 gene is a
paralog of the DosR-controlled hspX (rv2031c) gene
(Yuan et al, 1998; Sherman et al, 2001; Purkayastha
et al., 2002; Florczyk et al., 2003), which is a prominent
member of the hypoxia/NO regulon and which has been
implicated to contribute to M. tuberculosis persistence
(Sherman et al., 2001; Voskuil et al., 2003).

Mycobacteria respond to environmental stresses
through a variety of sigma factors that transcribe specific
sets of genes required for survival, and mutation analyses
have established that several sigma factors are essential
for virulence (Smith, 2003). SigH is a central regulator of
the responses to oxidative, nitrosative, and heat stresses
in M. tuberculosis (Raman et al., 2001) and is expressed
during macrophage infection (Graham & Clark-Curtiss,
1999). Mycobacterium tuberculosis sigH mutants display
impaired ability to survive under oxidative or heat stress
(Raman et al., 2001; Manganelli et al., 2002). Microarray
analyses conducted in M. tuberculosis identified genes
encoding stress-responsive transcriptional regulators
(sigH, sigB and sigE), genes involved in thiol metabolism
(trxB and #xC), rv0142 (for a putative transcriptional
regulator), and dnaK and clpB (for heat shock proteins)
(Kaushal et al., 2002; Manganelli et al., 2002).

Inhibition of apoptosis

Induction of programed cell death or apoptosis is an
important aspect of the host innate immune defense,
which is conserved among the animal and plant king-
doms (Iriti & Faoro, 2007) and where the infected cells
are sacrificed for the benefit of the remaining cells. Viru-
lent strains of M. tuberculosis induce considerably less
apoptosis than do avirulent strains in infected macro-
phages (Keane et al, 2000). Thus, the capacity of
M. tuberculosis to inhibit apoptosis is proposed to be a
virulence trait (reviewed in Briken & Miller, 2008). Using
a ‘gain-of-function’ genetic screen, Velmurugan et al
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(2007) identified a M. tuberculosis anti-apoptopic gene,
nuoG, which encodes a subunit of the type I NADH
dehydrogenase. Over-expression of #nuoG in apoptosis-
inducing Mycobacterium kansasii, conferred the ability to
inhibit apoptosis in infected human and murine macro-
phages. Conversely, deletion of nuoG in M. tuberculosis
ablated its ability to inhibit apoptosis in macrophages
(Velmurugan et al,, 2007). In addition to nuoG, two
other M. tuberculosis genes, secA2, and pknE, have been
implicated in the inhibition of host cell apoptosis
(Hinchey et al., 2007; Jayakumar et al., 2008). The secA2
gene encodes a mycobacterial secretion system that medi-
ates secretion of superoxide dismutase (SodA) among
other proteins. PknE is a serine-threonine kinase induced
during NO stress. A M. tuberculosis pknE mutant was
found to be more susceptible to NO exposure and also
capable of inducing a higher level of apoptosis in human
macrophages (Jayakumar et al., 2008).

Mpycobacterium tuberculosis can inhibit the intrinsic
pathway of host cell apoptosis by upregulating host anti-
apoptosis genes like mcl-1 (Sly et al., 2003) and Al (Kre-
mer et al., 1997; Kausalya et al, 2001), both of which
encode Bcl-2 (B-cell lymphoma-2) like proteins. Upregu-
lation of Al mRNA was not observed in macrophages
infected with avirulent M. tuberculosis H37Ra (Dhiman
et al., 2008). Another anti-apoptosis protein, Bcl-w, was
present in increased concentrations in cells infected with
virulent M. tuberculosis H37Rv, but not with M. tubercu-
losis H37Ra (Spira et al., 2003), while Bad, a pro-apopto-
sis protein, was inactivated following M. tuberculosis
H37Rv infection (Maiti et al, 2001). Mycobacterium
tuberculosis also inhibits the extrinsic apoptosis pathway
in infected macrophages by decreasing the expression of
death receptors such as Fas (CD95) (Oddo et al., 1998)
and increasing the secretion of the soluble TNF receptor 2
(STNFR2) (Balcewicz-Sablinska et al., 1998).

In different mouse strains, mycobacterial infection was
found to be associated with the capacity of infected mac-
rophages to undergo either necrosis or apoptotic cell
death, with necrosis imparting a susceptible phenotype
and apoptosis a resistant phenotype (Pan et al, 2005).
This view is corroborated by the finding that virulent
M. tuberculosis H37Rv induces a higher rate of lung
macrophage necrosis than does attenuated H37Ra (Gan
et al., 2008). Mycobacterium tuberculosis can manipulate
the surface of infected macrophages to favor a necrotic
outcome rather than apoptotic cell death (Lee et al., 2006).
In macrophages infected with virulent M. tuberculosis
H37Rv, but not with avirulent M. tuberculosis H37Ra, the
amino-terminal domain of annexin-1 is removed by pro-
teolysis, preventing the formation of the apoptotic enve-
lope (Gan et al., 2008). Similarly, virulent M. tuberculosis
induces necrosis in infected macrophages by inhibiting

FEMS Microbiol Rev 36 (2012) 463-485

9T0Z ‘ST Jequeidas uo 1snb Ag /B10'sfeulnopioxo-aiswiay//:dny wodiy papeojumoq


http://femsre.oxfordjournals.org/

Genomics in tuberculosis and possible drug targets

membrane repair mechanisms. By contrast, in the pres-
ence of the attenuated strain, plasma membrane micro-
disruptions are resealed by repair mechanisms, resulting
in apoptosis of the infected macrophages (Divangahi
et al., 2009).

These studies suggest a dichotomy between apoptosis
and necrosis in controlling M. tuberculosis infection,
wherein apoptosis is clearly beneficial to the host in that
the M. tuberculosis replicative niche is destroyed, whereas
necrosis promotes dissemination and spread of infection.
The success of initial infection by virulent M. tuberculosis
strains depends on their capacity to actively suppress
apoptosis of the host macrophage (reviewed in Lee et al,
2009). When apoptosis predominates, infection may be
controlled. By contrast, when M. tuberculosis is successful
in suppressing apoptosis of the macrophages, the bacteria
may proliferate to large numbers and subsequently trigger
a necrotic mode of macrophage cell death, releasing them
to infect new host cells and ultimately to grow as extra-
cellular pathogens in necrotic cavities (Park et al, 2006).
Therefore, from a clinical perspective, the anti-apoptosis
gene products of M. tuberculosis may constitute new drug
targets and the corresponding genes may also be promis-
ing targets for improving existing and developing new
attenuated live vaccine strains (Briken & Miller, 2008).

Comparison between DCs and
macrophages as host cells

Tailleux et al. (2008) analyzed mycobacterial transcripts
in both human DCs and human macrophages as host
cells. Both cell types are central to anti-mycobacterial
immunity, yet they play distinctive roles during the infec-
tion process. Macrophages basically act as sentinel cells
that engulf foreign particles by active phagocytosis and
mainly play the role of a scavenger. These cells are poor
activators of naive T cells compared to DCs, which play a
major role in eliciting an adaptive immune response by
processing and presenting the antigens to the naive lym-
phocytes and secretion of cytokines (Mbawuike & Her-
scowitz, 1988; Mehta-Damani et al., 1994; Olazabal et al.,
2008). Interestingly, mycobacteria respond differently to
these two types of cells, in addition to expressing a com-
mon set of genes. The DC phagosome was perceived as a
more constraining environment as compared to the mac-
rophage phagosome, reflected by a greater number of
stress-responsive genes expressed in DCs.

The core set of genes that is expressed by mycobacteria
in DCs corresponds to that expressed in macrophages
(Schnappinger et al., 2003; Cappelli et al., 2006; Rachman
et al., 2006a; Waddell & Butcher, 2007; Tailleux et al,
2008). These traits include a switch to lipids as the energy
source characterized by high expression of genes involved
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in the B-oxidation pathway like fatty acid-CoA synthase
(fadD3, fadD9), acyl-CoA dehydrogenase (fadE5, fadEl4,
fadE24, fadE28, fadE30, fadE33, fadE34), enoyl-CoA
hydratase (echA6, echA7, echAl2, echAl9, echA20), hy-
droxybutyryl-CoA dehydrogenase (fadB2), the glyoxylate
shunt (ic)) (McKinney et al, 2000), gluconeogenesis
(gltAl, pckA) (Schnappinger et al., 2003) and cholesterol
metabolism, which includes a cluster of 42 genes (Van
der Geize et al., 2007). The DosS-DosR system, which
regulates coordinated expression of genes in response to
hypoxia and free radicals (Kendall et al., 2004a; Roberts
et al., 2004; Shi et al., 2005), was induced in mycobacte-
ria infecting both DCs and macrophages. Genes required
for iron sequestration (mbtB, mbtD, mbtE, mbtF, mbtl,
mbt]) were also upregulated. Interestingly, several genes
encoding enzymes for polyketide synthesis (papAl, papA3,
pks-2, pks-3, and pks-4) were down-regulated in both DCs
and macrophages.

Many genes that were more strongly expressed in DCs
than in macrophages have also been identified to be asso-
ciated with dormancy in vivo (Karakousis et al., 2004),
nutrient starvation (Betts et al., 2002), limiting oxygen
(Bacon et al., 2004) or slow replication (Beste et al,
2007). On the other hand, some genes encoding ribo-
somal proteins (rpIB, rplF, rpIN, rpsF, rpsN), DNA bio-
synthetic proteins (dnaB, dnaN), fusA (elongation factor
G and enzymes of phthiocerol dimycocerosate biosynthe-
sis (papA5, ppsC, pks-1, pks-15, fadD22/fadD29) and
export (drrB-C, IppX) were more weakly expressed in
DCs than in macrophages (Tailleux et al., 2008). These
data suggest that DCs are more efficient in restricting
mycobacteria to nutrients.

Drug-induced alteration of the
mycobacterial transcriptome

Since the components of a multi-enzyme pathway are
often coregulated in response to cofactors, intermediates
or products of the same pathway, compounds including
drugs that selectively inhibit a specific pathway enzyme
and cause accumulation of precursors and depletion of
products, are expected to induce changes in the expres-
sion profile of the genes in the affected pathway. The
resulting gene expression profile not only serves as a sig-
nature of the specific inhibitors used, but may also help
to identify the target of an inhibitor whose mode of
action is unknown (Wilson et al, 1999). By comparing
the expression profiles of drug-sensitive and drug-resis-
tant mycobacteria it may be possible to uncover novel
mechanisms of drug resistance (Waddell & Butcher,
2010).

Wilson et al. (1999) studied the gene expression profile
of M. tuberculosis during its exposure to isoniazid (INH),
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a drug that is activated by the bacteria and then blocks
the mycolic acid biosynthesis pathway by inhibiting the
InhA enzyme. INH treatment resulted in the induction of
several genes that are physiologically relevant to the mode
of action of the drug, including an operonic cluster of
five genes encoding type II FAS enzymes (FAS-II) and
fbpC, which encodes trehalose dimycolyl transferase (Wil-
son et al., 1999). Other INH-induced genes, efpA, fadE23,
fadE24, and ahpC, are likely to mediate processes that are
linked to toxic consequences of the drug. Interestingly,
efpA encoding a putative efflux system may play a role in
intrinsic drug resistance (Wilson ef al, 1999). These
observations were corroborated by Fu (2006). Exposure
of M. tuberculosis to ethionamide, another drug that tar-
gets inhA, elicited a response pattern that was similar to
that of INH (Wilson et al.,, 1999; Fu, 2006), but altera-
tions in the expression of some genes were found to be
specific for the drug used. Thus, drugs that share a simi-
lar mode of action may still be distinguished on the basis
of their transcriptome signature.

Expression profiling of M. tuberculosis treated with
drugs also allows a better understanding of mechanisms
of action and of genes that confer resistance to a particu-
lar drug. For example, the sigE regulator was found to
confer basal resistance to vancomycin in M. tuberculosis
(Provvedi et al., 2009). Similarly, it has been possible to
uncover the mechanism of action of PA-824, a novel pro-
drug that is effective against both replicating and hypoxic,
nonreplicating M. tuberculosis. Treatment of aerobically
replicating cells with PA-824 is known to rapidly disrupt
the formation of ketomycolates with concomitant accu-
mulation of hydroxymycolates (Stover et al, 2000), a
class of mycolic acids that are major constituents of the
cell envelope. However, this effect seemed unlikely to be
responsible for cell killing under nonreplicating condi-
tions since the bacilli do not extensively remodel mycolic
acids under anaerobiosis. Transcriptional profiling sug-
gests that PA-824 which acts as an NO donor causes
respiratory poisoning in nonreplicating cells. The released
NO possibly reacts with cytochromes/cytochrome oxidase
to interfere with the electron flow and ATP homeostasis
under hypoxic, nonreplicating conditions. However, like
cyanide, NO-releasing effect of PA-824 is not sufficient to
kill aerobically replicating cells because NO-mediated
inhibition of cytochrome ¢ oxidase is reversible in the
presence of oxygen (Manjunatha et al, 2009). Similarly,
the candidate drug thioridazine, intended for the therapy
of MDR- and XDR-TB, was found to modulate the
expression of genes encoding membrane proteins, efflux
pumps, oxido-reductases, enzymes of fatty acid metabo-
lism, and anaerobic respiration. This study underscores
the importance of the M. tuberculosis sigma factor net-
work (sigH, sigE, and sigB) in protecting the pathogen
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against cell-envelope damage (Dutta et al., 2010). Among
the known anti-TB drugs, only capreomycin exhibits bac-
tericidal effect against nonreplicating M. tuberculosis in
anaerobic conditions in vitro (Heifets et al., 2005). Cap-
reomycin is known to interfere with translation in myco-
bacteria and is structurally similar to viomycin which
binds to both 50S and 30S ribosomal subunits (Maus
et al., 2005). Genome-wide exploration genes related to
capreomycin action not only validated the specific molec-
ular target, 16S rRNA, but also led to identification of
novel drug targets that included genes operating at the
DNA levels such as Rv0054 (ssb), Rv3715c (recR) as well
as genes involved in cell division such as Rv3260c
(whiB2). In addition, the nuo gene cluster and the ATP
synthase gene cluster are repressed (Fu & Shinnick, 2007).

However, there are caveats concerning transcriptomic
data which primarily identify genes that are subject to
transcriptional regulation. For example, the inhA gene
expression level was found to remain unaltered in
response to INH treatment in both studies discussed
above (Wilson et al., 1999; Fu, 2006), although InhA is
one of the targets of INH. High-level expression of tran-
scripts in vivo does not necessarily reflect essentiality for
virulence. Some highly expressed genes are also redun-
dant, e.g. the Fbp proteins. Thus, gene expression data
alone do not necessarily suffice to identify new drug tar-
gets, but can reveal pathways involved in pathogenicity
and possible mechanisms of drug action (Fu, 2006).

Impact of DNA microarray studies on
the understanding of virulence
mechanisms and drug discovery

Whole-genome microarrays, which profile the transcrip-
tional responses of M. tuberculosis under different condi-
tions in vitro and in vivo, generate vast data sets, and
screening of such enormous data to identify and select
potential drug or vaccine candidates becomes a daunting
task. However, integration of microarray data, gene essen-
tiality studies, and information on cellular and humoral
immune response may eventually help us prioritizing vac-
cine and drug target candidates in M. tuberculosis (Ver-
khedkar et al., 2007). For instance, Balazsi et al. (2008)
identified sets of transcriptional subnetworks (origons)
that are required early and late during adaptation of
M. tuberculosis to hypoxia and stationary phase. The dosR
origon emerged as the most consistent early and transient
responder, whereas the sigD, hrcA, and rv0494 origons
were condition-dependent initiators of growth arrest. The
late responder nadR, sigE, sigC, and furB origons, which
may be required for maintenance of dormancy, appear to
be specifically associated with growth arrest per se (Balazsi
et al., 2008). Attempts have also been made to integrate
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genomic expression data obtained under various experi-
mental conditions along with genome annotation data
and analysis tools on a single platform (Raman et al,
2008; Reddy et al, 2009; The Tuberculosis Database
(TBDB) (http://www.tbdb.org/).

The observation that M. tuberculosis elicits differential
gene expression programs in macrophages vs. DCs (Tail-
leux et al., 2008), indicates an extraordinary plasticity of
mechanisms involved in M. tuberculosis host-interactions,
probably resulting from long co-evolution. So far, the
majority of the microarray data is available for macro-
phages, but is limited for DCs, which are considered to
be important for immune evasion by M. tuberculosis
(Mortellaro et al., 2009). In macrophages, M. tuberculosis
displays a gene transcription profile that is consistent
with an active multiplication phenotype as there is an
increased transcription of ribosomal genes. By contrast,
in DCs the M. tuberculosis transcriptome reflects a non-
replicating phenotype and a stress response similar to
that found under conditions of nutrient limitation, oxy-
gen deprivation or dormancy (Tailleux et al., 2008). The
inability of M. tuberculosis to replicate inside DCs prob-
ably confers an advantage to the bacteria, because quick
replication inside the DCs would lead to destruction of
these cells and would induce too strong an inflamma-
tory response, which could compromise the survival of
the bacteria. Therefore, strategies that would make the
DCs more replication-permissive could possibly mount a
strong immune response against M. tuberculosis (Mor-
tellaro et al, 2009). Finally, dual microarray studies,
which we have not discussed herein, offer excellent
opportunities to link the transcriptional responses of
mycobacteria to those of their host cells and therefore
can shed some light on the host-pathogen interactome
as a whole.

Have gene expression profiling efforts made so far led
to the identification of potential new drug targets? There
are several examples which support the idea that such
information can be exploited to find new anti-TB drugs
and to design more effective analogs of existing drugs.
The desA3 gene, which codes for linoleoyl-CoA desaturase
and is upregulated in human lung granuloma (Rachman
et al., 2006b), was found to be a target of an anti-TB
thiourea drug isoxyl (Phetsuksiri et al., 2003). Thiolacta-
mycin and analogs target -keto-acyl-carrier protein syn-
thase encoded by kasA and kasB (Kremer et al., 2000).
Recently, platensimycin has been found to be active
against KasA and KasB and is an exciting lead compound
against M. tuberculosis, with potential development of
novel synthetic analogs (Brown et al., 2009). The mma-4
gene product, which is known to be upregulated in
human lung granuloma (Rachman et al., 2006b), has
been suggested to be a potential target of thiacetazone
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analogs like SRI-224 (Alahari et al, 2007). Flavonoids
and two pro-drugs, NAS21 and NAS91, have been
described as potential anti-TB compounds that target a
putative B-hydroxyacyl-ACP dehydratase of mycobacterial
FAS-II, Rv0636 (Brown et al., 2007; Bhowruth et al.,
2008). A classical anti-TB drug, p-aminosalicylic acid, is
thought to interfere with mycobactin synthesis (Berthet
et al., 1998). Using molecular modeling, Neres et al.
(2008) reported novel prototype inhibitors of siderophore
biosynthesis that target MbtA. The salicyl-AMP analogs
developed act as inhibitors that are specific for M. tuber-
culosis and possibly for other pathogens that require aryl-
capped siderophores for their virulence (Neres et al.,
2008). Other inhibitors of MbtA, 5'-O-[(N-acyl)sulfa-
moyl]adenosines, have the potential to be a new class of
anti-TB drugs as well (Qiao ef al, 2007). Recently,
Kumar et al. (2009), identified a phenylalanine -rich pep-
tide that specifically interacts with ESAT-6 and inhibits
growth of M. tuberculosis H37Rv in THP1 macrophages
(Kumar et al., 2009).

Concluding remarks

If the gene expression patterns of M. tuberculosis (and its
host cells) are to help us to understand the mechanisms
of pathogenesis and to identify potential drug targets, we
need to develop tools that integrate this vast amount of
data generated from studies on various models (Young
et al., 2008). From a simplistic point of view, bacterial
genes that are highly and specifically expressed during an
early time point of infection may be good prophylactic
drug targets, in particular, if they serve critical conserved
functions (Talaat et al., 2004). By combining microarray-
based expression profiling along with genome-wide pro-
tein-protein interaction data, we may arrive at a better
understanding of pathogen-host interactions. Bioinfor-
matic approaches may allow us to elucidate compartmen-
talization of protein regulatory networks and to obtain
functional information on hypothetical gene clusters in
M. tuberculosis (Fu & Fu-Liu, 2007). Integrated studies on
the M. tuberculosis and host transcriptomes will further
improve our understanding of mycobacterial survival
inside the host and uncover novel aspects of host cell
biology. Ultimately such insight might help us in design-
ing new drugs to control TB.
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