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Preface

Tuberculosis has been with mankind ever since the dawn of civilization, with
evidence of human infection as early as 9,000 years ago. Although the causative
agent, Mycobacterium tuberculosis, has been identified more than a century ago,
tuberculosis remains one of the most prevalent diseases on the globe, with cur-
rently one third of the population being latently infected with M. tuberculosis.
Despite concerted efforts from scientists with diverse backgrounds, including
medical doctors, microbiologists, cell biologists and immunologists, global control
of tuberculosis continues to be highly challenging. However, research over the past
few years has highlighted several issues that may contribute to overcoming some
of the difficulties of eradicating M. tuberculosis. In this volume, a number of
experts discuss various topics related to the virulence of M. tuberculosis.
Mycobacterium tuberculosis is an obligate intracellular pathogen that has
gained the capacity to survive within those cells of the immune system that are in
fact designed to eradicate microbial pathogens, the macrophages. As a result,
pathogenic mycobacteria are able to cope with a plethora of antimicrobial activ-
ities, against which these bacilli have evolved numerous mechanisms of resistance.
In addition, one emerging problem is the appearance of strains of M. tuberculosis
that show various degrees of drug resistance. This problem has become of
increasing concern also because of the recent discovery of extremely drug-resistant
(XDR) as well as totally drug resistant (TDR) strains of M. tuberculosis. The
emergence of these highly problematic strains may be a result of the slow gen-
eration time of Mycobacterium spp., their exposure to a battery of drugs for
prolonged time periods, the sometimes poor compliance of patients with anti-
tuberculosis therapy or most likely a combination of these factors. One realization
however has been that there is a need for a better understanding of the genetic
diversity in different strains of M. tuberculosis, as outlined by Gagneux (Chap. 1).
Also, recent work suggests that M. tuberculosis, unlike many other bacterial
pathogens, relies heavily on chromosomal mutagenesis to drive its evolution
within the human host. The intricate balance between maintenance of chromosome
integrity and evolutionary progress is discussed in detail by Warner and colleagues
in Chap. 2.
The emerging problem of multi-drug resistance requires a far better under-
standing of the mechanisms involved in drug resistance, and Smith and colleagues
(Chap. 3) review the current understanding of the molecular basis of the
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development of resistance mechanisms. Furthermore, despite the fact that
M. tuberculosis is extensively exposed to diverse antimycobacterial drugs as well
as host antimicrobials, the bacilli can survive exposure to many of these com-
pounds through the upregulation of antimicrobial efflux pumps. In Chap. 4, Szu-
mowski and colleagues propose that drug tolerance has mainly evolved as a result
of the need of intracellularly residing mycobacteria to employ efflux pumps to
protect against environmental toxins.

To successfully survive under challenging conditions, M. tuberculosis not only
needs to be able to fight off attacks from toxic components through efflux pumps
and other drug resistance mechanisms, but it also requires a diverse array of
secretion systems in order to communicate with and modulate its environment, the
macrophage. Van der Woude and colleagues (Chap. 5) review the different
secretion systems that are employed by M. rtuberculosis, which have recently
attracted much interest as determining factors for intracellular survival.

Mycobacterium tuberculosis is notoriously able to survive in a so-called
“dormant” or non-growing state within host macrophages. The capacity to survive
without growth also creates challenges in terms of finding anti-mycobacterial
drugs that are able to interfere with survival of non-proliferating bacteria rather
than controlling growth per se. Manina and McKinney (Chap. 6) highlight the
importance of analyzing bacteria that are non-growing but metabolically active,
knowledge that might be important for designing better strategies to eliminate non-
replicating mycobacteria. Metabolism becomes also important when considering
the natural niche of M. tuberculosis, the macrophage phagosome. In Chap. 7, Ehrt
and Rhee discuss the importance of the metabolic network of intracellularly
residing M. tuberculosis for survival within its host.

Once within macrophage phagosomes, M. tuberculosis can rely on several
distinct mechanisms to subvert the antimicrobial activities of the macrophages.
Many of these mechanisms allow M. tuberculosis to prevent intraphagosomal
destruction, and in Chap. 8 Jayachandran and colleagues discuss work that has
deciphered several of these mechanisms. Besides intraphagosomal survival,
M. tuberculosis can also extensively interact with other host components, and
Stanley and Cox (Chap. 9) review recent work that has added several layers of
complexity to the interaction of M. tuberculosis with its host.

Together, these Chapters provide a topical overview on the current under-
standing of diverse mechanisms that are involved in the virulence of M. tuber-
culosis, ranging from their genetic, metabolic and molecular makeup as well as the
exquisite strategies these bacteria utilize to circumvent host innate immune
responses. The work described in this volume may therefore provide a stimulus for
further exploration of the intricate biology of M. tuberculosis and its interaction
with their hosts.

Jean Pieters
John McKinney
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Genetic Diversity in Mycobacterium
tuberculosis

Sebastien Gagneux

Abstract Recent years have witnessed an increased appreciation of the extent and
relevance of strain-to-strain variation in Mycobacterium tuberculosis. This para-
digm shift can largely be attributed to an improved understanding of the global
population structure of this organism, and to the realisation that the various
members of the M. tuberculosis complex (MTBC) harbour more genetic diversity
than previously realised. Moreover, many studies using experimental models of
infection have demonstrated that MTBC diversity translates into significant dif-
ferences in immunogenecity and virulence. However, linking these experimental
phenotypes to relevant clinical phenotypes has been difficult, and to date, largely
unsuccessful. Nevertheless, emerging high-throughput technologies, in particular
next-generation sequencing, offer new opportunities, and have already lead to
important new insights. Given the complexity of the host-pathogen interaction in
tuberculosis, systems approaches will be key to define the role of MTBC diversity
in the fight against one of humankind’s most important pathogens.
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1 Introduction

The outcome of tuberculosis (TB) infection and disease is extraordinarily diverse,
ranging from lifelong asymptomatic infection to pulmonary TB and disseminated
disease. In the past, this variable outcome has largely been attributed to host and
environmental factors, but there is mounting evidence suggesting variation in the
causative agent might also play a role. Indeed, the fact that this book, which is
primarily focusing on the pathogenesis and host-pathogen interaction in TB,
includes a chapter on “genetic diversity in M. tuberculosis” is a testimony to the
recent paradigm shift with respect to the importance of studying strain variation
(Comas and Gagneux 2009). Early sequencing studies revealed little DNA
diversity across clinical isolates (Musser et al. 2000; Sreevatsan et al. 1997)
leading to the dogma that strain variation in M. tuberculosis was “negligible” and
therefore clinically irrelevant. Even though genetic diversity in M. tuberculosis is
limited compared to other bacteria (Achtman 2008), this does not necessarily mean
that the existing variability, as minor it may be, will not translate into any relevant
phenotypes. Already in the 1960s, Mitchison and colleagues observed differences
in virulence in clinical strains of M. tuberculosis when infecting guinea-pigs
(Mitchison et al. 1960). At the time, no molecular tools were available to classify
these strains into phylogenetically meaningful groupings. When the first geno-
typing tools became available in the early 1990s (van Embden et al. 1993), epi-
demiologist noticed very soon that M. tuberculosis strains also differed in their
propensity to spread between individuals, and that some of these strains were
associated with prolonged outbreaks (Rajakumar et al. 2004; Valway et al. 1998;
Zhang et al. 1999). In some cases, experimental studies identified molecular
features that might contribute to the success of outbreak strains (Newton et al.
2006; Reed et al. 2004). However, the relevance of these characteristics relative to
non-bacterial factors remains unclear.

Over the last 10 years, several reviews have been published on the extent and
relevance of strain diversity in M. tuberculosis (Gagneux and Small 2007;
Kato-Maeda et al. 2001a; Malik and Godfrey-Faussett 2005; Nicol and Wilkinson
2008; Parwati et al. 2010). One of the most comprehensive articles published
recently reviewed 100 papers on the topic, and concluded that even though the
phenotype of clinical strains of M. fuberculosis undoubtedly differs significantly
in vitro and in animal models of infection, if and how these differences are
reflected in clinical settings is less clear (Coscolla and Gagneux 2010). Two years
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later, this view largely still holds. Nevertheless, recent technological advances, in
particular large-scale DNA sequencing and other—omics platforms, are now able to
approach the subject at an unprecedented scale, with the potential to generate
important novel insights. Given the biological complexities in TB, it is too sim-
plistic to think that variable strain behaviour will be the product of just one or few
genomic differences. It is much more likely that the various genomic features of a
given strain will have combined effects. Such epistatic interactions will be difficult
to detect and link to relevant phenotypes, but systems biology approaches might
offer a way forward (Comas and Gagneux 2011).

This chapter summarises some of the recent advances in our understanding of
the nature and consequence of strain variation in M. tuberculosis, with a special
focus on comparative whole-genome sequencing. I will start by reviewing the
current definition of the M. tuberculosis complex (MTBC), and briefly discuss the
main genotyping methods for MTBC as well as their limitations. I will then review
our current understanding of the global phylogeography of human-associated
MTBC based on the available whole-genome data, discuss some of the new forms
of genomic variation that have become evident through comparative genome
sequencing, and review recent examples where large-scale DNA sequence data
was used to predict putative phenotypic effects. Moving from the genome diversity
to phenotypic variation, I will review some recent insights into strain-specific
transcriptomes and strain-specific differences in innate immune recognition.
Finally, I will discuss recent findings on the microevolution of drug-resistant
MTBC, and end with a few thoughts on possible future research directions.

2 Genomic Diversity Among Human-Associated MTBC
2.1 The Current Definition of MTBC

MTBC consists of several closely related species and sub-species of acid-fast bac-
teria also referred to as ‘ecotypes’ (Smith et al. 2005). Even though these ecotypes
share identical 16S ribosomal RNA sequences and 99.9 % nucleotide identity at the
whole-genome level (with the exception of Mycobacterium canettii and the other so-
called “smooth tubercle bacilli” further discussed below), they appear to be adapted
to different host species. M. tuberculosis sensu stricto and Mycobacterium africa-
num are the main agents of TB in humans. M. africanum is limited to West Africa for
reasons that are unknown, but causes up to 50 % of human TB in parts of that region
(de Jong et al. 2010). In addition to these human pathogens, several animal-asso-
ciated members of MTBC are found in various domestic and wild animals. These
include Mycobacterium bovis, the agent of bovine TB (Garnier et al. 2003),
Mycobacterium caprae (sheep and goats) (Niemann et al. 2002), Mycobacterium
microti (voles) (Frota et al. 2004), Mycobacterium pinnipedii (seals and see lions)
(Cousins et al. 2003), Mycobacterium mungi (mangoose) (Alexander et al. 2010),
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Mycobacterium orygis (antelope) (van Ingen et al. 2012) and the “dassie bacillus”
(rock hyrax) (Mostowy et al. 2004a).

M. canettii and the other smooth TB bacilli (also referred to as “Mycobacterium
prototuberculosis”) are regarded by some as human-adapted pathogens (Gutierrez
et al. 2005), but several factors point to a likely environmental reservoir for these
microbes (Koeck et al. 2010). First, only about 60 isolates have been described in
the literature since the original discovery of M. canettii in 1969 (van Soolingen
et al. 1997). Second, the majority of these organisms have been isolated from
patients in Djibouti (Fabre et al. 2010). Third, no human-to-human transmission
has been documented thus far (Koeck et al. 2010). And forth, these bacteria show
clear evidence of extensive ongoing horizontal gene transfer (HGT) (Gutierrez
et al. 2005), which stands in contrast to the other members of MTBC (the role of
HGT and recombination in MTBC is further discussed below).

For the remainder of this chapter, I will focus on M. tuberculosis sensu stricto
and M. africanum , which are the most important agents of human TB. Based on
the various strain genotyping techniques, M. tuberculosis and M. africanum have
been further subdivided into strain lineages and families. For example, the
“Beijing” family of strains was originally defined based on characteristic IS6710
RFLP patterns (van Soolingen et al. 1995). This strain family has gained con-
siderable attention because of its association with drug resistance (reviewed in
Borrell and Gagneux 2009) and hypervirulence in some experimental models
(reviewed in Parwati et al. 2010). Other human-associated MTBC lineages have
been studied less, partially because of the lack of a standardised and phyloge-
netically robust classification system and associated nomenclature (Gagneux and
Small 2007). Ultimately, such a system should be based on whole-genome
sequencing of a large and representative collection of MTBC clinical strains.
However, until genome-sequencing becomes more readily available, the different
genotyping methodologies and the corresponding nomenclatures are likely to
continue to be used in parallel (for a comparison of the various nomenclatures for
human-associated MTBC refer to Coscolla and Gagneux 2010). Let me thus
briefly review these different genotyping techniques, and discuss some of their
advantages and disadvantages.

2.2 Current Genotyping Methodologies for MTBC

Strain typing in MTBC is usually performed for one of three main purposes: (i)
“classical” molecular epidemiology , (ii) phylogenetic and evolutionary studies
and (iii) strain classification . However, the existing genotyping techniques are not
equally suited for all of these applications. Classical molecular epidemiological
studies in TB usually involve measuring ongoing transmission, differentiating
between relapse and re-infection, or detecting laboratory cross-contamination
(Kato-Maeda et al. 2011). Such studies require highly discriminatory genotyping
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tools such as IS6710 RFLP analysis (van Embden et al. 1993) or MIRU-VNTR
typing (Supply et al. 2006). These techniques rely on mobile and repetitive DNA
elements, respectively, which exhibit a rapid rate of change (i.e. a fast “molecular
clock”), providing a high discriminatory power for differentiating between patient
isolates. However, whilst useful for genotyping closely related strains, these high
rates of change lead to convergent evolution and homoplasy (i.e., emergence of
identical patterns in phylogenetically unrelated strains), which complicates phy-
logenetic inference and strain classification (Comas et al. 2009). Spoligotyping is
another genotyping technique which has been widely used for both molecular
epidemiology and evolutionary studies. It usually shows a lower discriminatory
power than IS6710 RFLP or MIRU-VNTR typing, and is therefore often used as a
complementary genotyping method in epidemiological studies (Kamerbeek et al.
1997). Spoligotyping is based on the CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats) region, also known as the Direct Repeat (DR) region
of MTBC. Unique so-called spacer sequences are interspersed between repetitive
sequences and are variably present or absent in a given MTBC isolate. Interro-
gation of 43 of these unique spacer sequences results in a strain-specific fingerprint
which is easily digitalised and compared across laboratories. Several large inter-
national databases have been compiled containing spoligotypes of thousands of
clinical isolates from many countries (Allix-Beguec et al. 2008; Demay et al.
2012). Based on some characteristic spoligopatterns, several MTBC lineages and
families have been defined. For example, the Beijing family shows a typical
spoligopattern in which the first 34 unique spacers are deleted (Bifani et al. 2002).
Unfortunately, spoligotyping patterns, too, are prone to homoplasy as individual
spacers can be deleted independently in phylogenetically unrelated strains (Comas
et al. 2009). For example, a recent study reported clinical strains exhibiting a
“pseudo-Beijing” spoligotype, referring to the fact that these strains showed a
spoligotype pattern characteristic of Beijing strains but belonged to a different
phylogenetic lineage (Fenner et al. 2011). Moreover, some spoligotyping patterns
do not exhibit any of the recognised signatures and can therefore not be classified
into any of the known strain families (Flores et al. 2007).

Two additional genotyping approaches have been developed primarily for
phylogenetic studies and strain classification in MTBC; one is based on genomic
deletions (also referred to as large sequence polymorphisms (LSPs) or regions of
difference (RDs)), and the other on single nucleotide polymorphisms (SNPs).
Starting about 12 years ago, scientists have used bacterial artificial chromosome
libraries and DNA microarrays to interrogate the genome of MTBC strains (Behr
et al. 1999; Gordon et al. 1999; Kato-Maeda et al. 2001b; Tsolaki et al. 2004).
These studies identified many genomic regions that were absent compared to the
H37Rv reference genome, which at the time was the only whole-genome sequence
of MTBC available (Cole et al. 1998). Many of these genomic deletions can be
used as robust phylogenetic markers for assigning MTBC strain into meaningful
groupings. This is because due to the virtual absence of large-scale HGT (further
discussed below), once a particular genomic region is lost in MTBC, this region
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cannot be reacquired, and all progeny of the strain experiencing the loss initially
will inherit this deletion. The observation that phylogenetic trees constructed using
such genomic deletion markers showed no homoplasy was per se strong support
for the already established notion that MTBC exhibits no ongoing HGT and a
highly clonal population structure. Several groups used such an approach to revisit
the evolutionary history of MTBC and define sets of discrete strain lineages
(Brosch et al. 2002; Gagneux et al. 2006b; Hirsh et al. 2004; Mostowy et al. 2002,
2004b; Tsolaki et al. 2005). From a strict phylogenetic point of view; however,
these evolutionary scenarios do not represent actual phylogenetic trees but mere
cladograms, as their branches do not reflect actual evolutionary distances (i.e.,
genomic deletions are stochastic events for which no evolutionary models are
available). Moreover, phylogenetic inference using genomic deletions is limited by
the fact that these markers are usually defined through a one-way comparison with
the H37Rv reference genome.

SNP typing is rapidly gaining importance for MTBC genotyping, primarily
because of available technologies originally developed for other organisms. It is
important to note however that, similarly to genomic deletion analysis, SNP typing
does not provide the necessary resolution to be applicable in classical molecular
epidemiological studies of TB transmission (Kato-Maeda et al. 2011). Neverthe-
less, SNP typing is ideal for classifying MTBC strains into lineages as it exhibits
negligible levels of homoplasy (Comas et al. 2009). Moreover, various typing
methodologies have already been proposed (Dos Vultos et al. 2008; Filliol et al.
2006; Gutacker et al. 2006; Mestre et al. 2011). Importantly, in contrast to de novo
SNP discovery through DNA sequencing (Baker et al. 2004; Hershberg et al.
2008), mere SNP typing is of limited use in phylogenetic studies because of the
problem known as ‘phylogenetic discovery bias’ (Pearson et al. 2004). This bias
refers to the fact that if only a few reference genomes are used to identify the SNPs
used for subsequent genotyping, the resulting phylogeny will be biased, because
the genetic diversity among strains not included in the initial SNP discovery will
not be detected. As a consequence, such strains will automatically fall in inter-
mediate positions on the phylogenetic tree, leading to the problems known as
‘branch collapse’ and ‘linear phylogeny’ (Achtman 2008; Alland et al. 2003;
Smith et al. 2009). Recently, two new complementary SNP-typing assays have
been developed to screen for the main lineages of MTBC (Stucki et al. 2012). In
contrast to most other methods available, the SNPs used in these new assays have
been identified by comparing many genomes representative of the known global
MTBC diversity (Fig. 1).

2.3 From Genotypes to Whole Genomes

Whole-genome sequencing offers many advantages over the current methods used
for genotyping MTBC. The main disadvantage remains the relatively high cost and
the bioinformatics capacity required to analyse the data. However, both of these
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Fig. 1 Global phylogeny of MTBC based on 24 whole-genome sequences. M. canettii is used as
outgroup. Coloured branches indicate the six main human-associated lineages. Numbers on
branches indicate the number of SNPs (adapted from Bentley et al. 2012; Comas et al. 2010)

obstacles will likely be surmounted in the near future thanks to further advances in
DNA sequencing technologies and the development of more user-friendly ana-
lytical tools. Several recent publications support the notion that genome
sequencing is already on its way to become the new gold standard for molecular
epidemiological studies of MTBC. Specifically, these studies have shown that
genome sequencing has a much higher discriminatory power than the standard
genotyping tools, and that clinical strains exhibiting identical genotyping profiles
can sometimes harbour extensive genetic diversity, with obvious implications for
the interpretation of transmission patterns (Casali et al. 2012; Gardy et al. 2011;
Niemann et al. 2009). Comparative genome sequencing has also been used to
study closely related strains isolated sequentially from a single patient (Comas
et al. 2012; Saunders et al. 2011), from chains of ongoing transmission (Sandegren
et al. 2011; Schurch et al. 2009, 2010), or from experimentally infected macaques
(Ford et al. 2011), in the hope of learning more about the mechanisms driving the
micro-evolution of MTBC. Intriguingly, the study in macaques found that the
mutation rate of MTBC in latently infected animals was not significantly different
from that of bacteria isolated from macaques with active TB. This suggests that
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dormant and/or persister cells are also prone to mutational damage, and therefore
drug resistance could also be acquired during latent infections (Ford et al. 2011).

With respect to the global diversity of MTBC, comparative genome sequencing
is revealing a degree of heterogeneity which was previously unrecognised. Spe-
cifically, because DNA sequence data (as opposed to e.g. genome deletions) can be
used to infer genetic distances, this heterogeneity can be measured quantitatively
and appreciated in the context of a robust phylogenetic framework. Based on
recently published genome sequences (Bentley et al. 2012; Comas et al. 2010), six
main phylogenetic lineages can be distinguished among the human-associated
MTBC (in addition to all the animal-associated variants not further discussed here;
Fig. 1). This includes two lineages traditionally referred to as M. africanum (de
Jong et al. 2010). These six lineages have already been described using various
genotyping methods and shown to be distributed non-randomly around the world
(Fig. 2) (Brudey et al. 2006; Gagneux et al. 2006b). However, as mentioned above,
DNA sequence data can be used to compute evolutionary distances and construct
robust phylogenetic trees. As shown in Fig. 1, the genetic distance between two
human-associated MTBC strains can reach close to 2,000 SNPs, which is equiv-
alent to the evolutionary distance between H37Rv and M. bovis (Garnier et al.
2003). Moreover, about two-thirds of amino acid coding SNPs in MTBC are non-
synonymous, and a large proportion of these nSNPs have been predicted to affect
gene function (Hershberg et al. 2008). Many more genomes will be necessary to
better define the global diversity of MTBC (Fig. 2). In particular, based on the
currently available genomes, geographic coverage is limited, and potential phy-
logenetic substructures within the main lineages are not well understood (Fig. 1).
Moreover, we know from genotyping studies that much more MTBC diversity
exists that has not yet been characterised by whole-genome sequencing (Demay
et al. 2012; Gagneux et al. 2006b).

In addition to genomic deletions and functional SNPs, recent data suggest that
gene duplications might also be an important source of genome plasticity in
MTBC. In 2000, Brosch et al. reported, two duplicated regions in M. bovis BCG
Pasteur (Brosch et al. 2000). Until recently, genomic duplications were considered
rare events limited to a few BCG sub-strains (Leung et al. 2008), possibly
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reflecting the result of long-term in vitro evolution (Brosch et al. 2007). However,
two recent studies reported gene duplications in clinical isolates of M. tubercu-
losis, including one large-scale duplication of more than 500 Kb (Domenech et al.
2010; Weiner et al. 2012). Intriguingly, these duplications occurred multiple times
independently and across different MTBC lineages, suggesting that they were
positively selected. Moreover, some of these duplications are instable when strains
are grown in vitro, arguing against a phenomenon linked to prolonged in vitro
growth, but rather in support of in vivo selection and adaptation. Future studies
will help define the extent and significance of genomic duplications in MTBC.

2.4 What is the Role of HGT and Recombination in MTBC?

There is strong evidence that past instances of HGT have contributed to the
emergence of MTBC as a successful pathogen (Behr and Gagneux 2011). Spe-
cifically, genomic comparisons of MTBC and other mycobacteria have identified
many genes that the common ancestor of all MTBC appears to have acquired
horizontally (Becq et al. 2007; Rosas-Magallanes et al. 2006; Veyrier et al. 2009).
Some of these genes have been implicated in the pathogenesis of TB. Similarly,
analysis of housekeeping genes in M. canettii and other smooth TB bacilli dem-
onstrated mosaic structures, suggesting ongoing HGT among these rare and extant
members of MTBC (Gutierrez et al. 2005). However, whether ongoing (as
opposed to past) HGT plays any role in the evolution of MTBC is controversial
(except in the case of M. canettii and the other smooth TB bacilli discussed above).
For a long time, the common view was that MTBC exhibited a strictly clonal
population structure with little evidence for ongoing HGT. With a few exceptions
largely considered anecdotal (Hughes et al. 2002; Liu et al. 2006), most of the
available evidence supported this view until recently. This included the observa-
tion of a rather stable G 4+ C content across most of the MTBC genome (Cole
et al. 1998), strong linkage disequilibrium between minisatellite loci (Supply et al.
2003), congruence of phylogenies derived from many different molecular parkers
including genomic deletions (Baker et al. 2004; Filliol et al. 2006; Gagneux et al.
2006b; Gagneux and Small 2007; Gutacker et al. 2006; Hirsh et al. 2004; Wirth
et al. 2008), and negligible homoplasy in DNA sequence data (Comas et al. 2009;
Hershberg et al. 2008). In particular, the fact that genomic deletions in MTBC can
be used as robust phylogenetic markers has been demonstrated multiple times
(Brosch et al. 2002; Hirsh et al. 2004; Mostowy et al. 2002), and suggests that once
a particular genomic region has been lost in MTBC, the corresponding genes
cannot be reacquired via HGT. Moreover, all known drug resistance determinants
in MTBC represent de novo acquired chromosomal mutations (Sandgren et al.
2009), indicating that HGT plays no significant role in the emergence of drug
resistance in this organism.

A recent study has now challenged the dogma of strict clonality in MTBC
(Namouchi et al. 2012). The authors used 24 MTBC genomes and performed a
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series of analyses designed to detect ongoing HGT. Based on their results, the
authors concluded that MTBC does in fact show evidence of recombination,
mostly involving short DNA fragments of around 50 bp. This observation is
striking, given that in other bacteria, recombination usually involves much longer
stretches of DNA (Didelot et al. 2010). This short size of recombination tracts
might explain why the genomic deletions used to genotype MTBC, which com-
prise much larger DNA segments, show no evidence of homoplasy linked to HGT
or recombination. The authors found that 150 kb (i.e. about 3 %) of the MTBC
genomes showed significant recombination tracts. However, the nature of the
putative donor organisms could not be determined, except for some instances were
the recombining tracks matched regions in the genome of M. canettii. More work
is needed, including larger collections of high-quality genomes, to define the role
and relevance of HGT and recombination in MTBC, and to identify the sources
and mechanisms of acquisition of foreign DNA in this organism.

2.5 Using DNA Sequence Data to Predict the Impact
of Genome Diversity

DNA sequences can also be used to analyse the relative strength and direction of
selection acting on these sequences. For example, a recent study used whole-
genome sequences from 21 clinical strains covering the global diversity of MTBC
to study the genetic diversity of 491 experimentally confirmed human T cell
epitopes (Comas et al. 2010). In contrast to other pathogens were immune pressure
drives increased antigenic diversity (Deitsch et al. 2009), the authors found that in
MTBC, T cell epitopes were evolutionarily hyperconserved, showing the lowest
dN/dS values (i.e. ratio of non-synonymous to synonymous mutations) in the
genome (Fig. 3), with more than 95 % of these epitopes harbouring no amino acid
substitution at all. The authors concluded from their findings that the host immune
responses directed towards these hyperconserved T cell epitopes might offer a net
benefit to the bacteria rather than to the host, by promoting tissue damage, ulti-
mately leading to enhanced transmission of MTBC. This notion is supported by
the fact that patient with cavitary disease are particularly likely to generate sec-
ondary cases (Rodrigo et al. 1997). Also, in TB patients co-infected with HIV,
CD4 T cell counts are inversely correlated with the likelihood of developing
cavitations (Kwan and Ernst 2011). The latter suggests that CD4 T cells directly or
indirectly contribute to the formation of cavitations, and that TB patients with low
CD4 T cell counts might be less likely to transmit MTBC (Brites and Gagneux
2011; Cruciani et al. 2001).

The observation that known human T cell epitopes in MTBC are evolutionarily
hyperconserved does of course not exclude the possibility that other, as yet
unknown epitopes might be involved in antigenic variation. Indeed, one of the
limitations in the study by Comas et al. was that due to technical reasons, the
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members of the PE/PPE gene family had to be excluded from the analysis
(Brennan and Delogu 2002). Some of these genes have previously been shown to
be highly diverse (Talarico et al. 2005, 2008), prompting the view they may be
implicated in antigenic variation (Banu et al. 2002). A recent study addressed this
possibility by analysing the genetic diversity of various PE/PPE genes across a
panel of 40 phylogenetically diverse clinical strains (McEvoy et al. 2012). The
authors confirmed that PE/PPE genes were more genetically diverse than other
genes, but the observed dN/dS values were in average around 1.0, suggesting these
genes evolve neutrally. The latter finding argues against the notion that PE/PPE
diversity is a result of immune escape. One of the inherent problems in studying
PE/PPE genes is that hardly any information exists as to their specific function(s).
Future studies will show whether or not the findings by McEvoy et al. can be
extrapolated to other PE/PPE genes.

One of the striking findings of comparative DNA sequencing in MTBC has
been the observation that in average about two-thirds of coding SNPs are non-
synonymous, thus leading to a change in the encoded amino acid (Comas et al.
2010; Fleischmann et al. 2002). Moreover, in silico analyses have shown that 58 %
of nonsynonymous SNPs in MTBC are predicted to affect gene function (Hersh-
berg et al. 2008). Recent data from our laboratory using whole-genome sequences
have confirmed that even in the deep phylogenetic branches that define the main
lineages of MTBC (Fig. 1), close to 50 % of non-synonymous SNPs are predicted
to be functional (unpublished data). Taken together, these data highlight the extent
of genetic diversity among MTBC strains and lineages, and suggest that this
diversity is likely to have phenotypic consequences.
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2.6 From MTBC Genotype to Phenotype

Some evidence that genetic diversity in MTBC does indeed translate into phe-
notypic diversity comes from studies of gene expression. One early study used
DNA microarrays to study the transcriptome of 10 clinical strains and found about
500 genes differentially expressed (Gao et al. 2005). More recently, Homolka et al.
studied a panel of 17 MTBC strains covering several of the main phylogenetic
lineages of MTBC (Fig. 1) using DNA microarrays, and determined their tran-
scriptional profile when grown in vitro and in resting or activated mouse macro-
phages (Homolka et al. 2010b). The authors detected both strain-specific and
lineage-specific gene expression patterns. These patterns were consistent with the
phylogenetic position of the corresponding strains, supporting the association
between phylogenetic diversity discussed above and phenotypic variation
observed experimentally. Moreover, the authors were able to define a core tran-
scriptome that was common to all strains when grown intracellularly. Considering
recent technological advances, including the development of RNA sequencing
(RNA-seq), future studies will likely uncover additional MTBC diversity at the
level of the genome-wide transcriptome. RNA-seq offers many advantages over
DNA microarrays, as it allows for detection of unknown transcripts, including
novel regulatory RNAs in a strand-specific manner (Sorek and Cossart 2010). A
recent RNA-seq analysis of H37Rv grown in vitro revealed many 5° and 3’
untranslated regions, antisense transcripts and intergenic small RNAs (Arnvig
et al. 2011), supporting a role for non-coding RNA in the biology of MTBC
(Arnvig and Young 2012).

In addition to differences in gene expression, MTBC phenotypic diversity has
also become evident at the level of the host-pathogen interaction, at least in
experimental settings. Many studies have reported MTBC strain-specific differ-
ences in immunogenicity and virulence using various models of infection; these
have been reviewed in detail in (Coscolla and Gagneux 2010). However, only a
few studies have been able to link the observed immune- or virulence-phenotypes
to particular molecular characteristics of the infecting MTBC strain (Manca et al.
1999; Newton et al. 2006; Reed et al. 2004). In a recent study, Portevin et al.
managed to link strain-specific immune-phenotypes with the phylogenetic classi-
fication of these strains using a human monocyte-derived macrophage infection
model (Portevin et al. 2011). Specifically, the authors infected macrophages from
multiple donors with one of 28 strains of MTBC and measured the cytokine
profiles at several time points. They found that these strains varied widely in their
stimulation of inflammatory cytokines, suggesting that human macrophages per-
ceive and react to these strains very differently (Fig. 4). Despite this wide range of
immune responses, the authors detected statistically significant differences
between the different MTBC lineages, suggesting that the phylogenetic diversity of
MTBC is also reflected at the host-pathogen interface.

For a long time, one of the main challenges in the field has been linking strain
phenotypes defined in the laboratory to relevant clinical phenotypes; so far no
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consistent picture has emerged (Coscolla and Gagneux 2010). Perhaps one of the
most promising avenues has been the study of M. africanum West Africa 2 (i.e.
MTBC Lineage 6 in Fig. 1), which causes up to 50 % of TB in some countries of
West African (de Jong et al. 2010). Recently, it was shown that Lineage 6 was
attenuated in mice compared to H37Rv (Bold et al. 2012). Consistent with these
laboratory findings, individuals infected with Lineage 6 strains were less likely to
progress towards active TB compared to individuals infected with other strains,
even though no difference was observed at the level of transmission (de Jong et al.
2008). Moreover, Lineage 6 has been associated with HIV co-infection in the
Gambia, suggesting Lineage 6 might behave as an opportunistic pathogen (de Jong
et al. 2005). No such association was observed in Ghana (Meyer et al. 2008),
suggesting that even within a particular MTBC lineage, additional phylogeo-
graphic variation exists that might be clinically relevant.

3 Micro-Evolution of Drug-Resistant MTBC

A particular aspect of genetic diversity in MTBC that is of obvious clinical rel-
evance relates to drug resistance. MTBC strains resistant to an ever increasing
number of antibiotics are threatening global TB control (Gandhi et al. 2010). Over
the last years, many of the molecular mechanisms leading to resistance have been
elucidated for many of the first- and second-line drugs (Zhang and Yew 2009).
Similarly, many of the mutations causing resistance have been identified (Sand-
gren et al. 2009). What is much less understood is how drug-resistant MTBC
strains evolve over the longer run (Borrell and Gagneux 2009). In particular, little
is known on how different drug resistance-conferring mutations might interact
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with each other, with pre-existing strain-specific mutations, or other mutations
acquired subsequent to the resistance mutations (Borrell and Gagneux 2011). A
particular class of mutations represented by the latter are referred to as compen-
satory mutations.

3.1 Compensatory Evolution

Acquisition of drug resistance determinants in bacteria is often associated with
reduced Darwinian fitness in absence of the drug (Andersson and Levin 1999).
However, this fitness cost can be mitigated by subsequent mutations at secondary
sites, a phenomenon known as compensatory evolution. Compensation has been
described in many bacterial species and antibiotics (reviewed in Andersson and
Hughes 2010). In MTBC, a widely cited example has been mutations in the
promoter of ahpC leading to over-expression of this gene, believed to compensate
for the loss of the katalase-peroxidase (KatG) activity in isoniazid-resistant strains
(Sherman et al. 1996). KatG activates isoniazid but also protects the bacterial cell
against host-mediated oxidative stress. Over-expression of ahpC, which encodes
an alkyl hydroperoxide reductase is thought to partially protect against excess
oxidative damage in strains lacking KatG activity. However, the actual role of
ahpC promotor mutations in isoniazid resistance remains unclear (Heym et al.
1997). Moreover, molecular epidemiological studies have found these mutations to
be rare in clinical settings (Gagneux et al. 2006a), suggesting they play a minor
role in the epidemiology of drug-resistant MTBC. Similarly, a compensatory
mechanism in the 16S ribosomal RNA of MTBC strains resistant to aminogly-
cosides was reported (Shcherbakov et al. 2010). However, the corresponding
mutation is only rarely observed in clinical settings (Georghiou et al. 2012). By
contrast, Comas et al. described a set of novel compensatory mutations in rpoA and
rpoC, which encode the alpha- and beta-prime subunits of the RNA polymerase
(Comas et al. 2012). These mutations occurred exclusively in rifampicin-resistant
strains with resistance-conferring mutations in rpoB, and were associated with an
increased competitive fitness in vitro. Moreover, they occurred in up to 30 % of
clinical MDR strains, and were significantly over-represented in MDR strains from
countries known to suffer from a high burden of MDR-TB (Fig. 5). This suggests
that these compensatory mutations contribute to the spread of drug-resistant
MTBC strains. Subsequently, the same mutations were reported from XDR strains
from Russia (Casali et al. 2012), and in experimentally evolved Salmonella
(Brandis et al. 2012). While the mechanism(s) leading to compensation are still
unknown, genetic reconstruction of some these rpoA and rpoC mutations in Sal-
monella showed that they were directly responsible for the improved growth rate
of strains carrying rifampicin resistance-conferring mutations in rpoB (Brandis
et al. 2012).
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3.2 The Role of the Strain Genetic Background

The interaction between a drug resistance mutation and a compensatory mutation
is an example of epistasis (Borrell and Gagneux 2011). Epistatic interaction can
generally be defined as a case in which the phenotypic effect of one mutation is
modified by the presence or absence of another mutation (Phillips 2008). In
addition to epistatic interactions represented by compensatory evolution, interac-
tions between different drug-resistance mutations have also been described.
Importantly, work in Escherichia coli and Pseudomonas aeruginosa has shown
that the fitness cost associated with a mutation conferring resistance to one drug
can be ameliorated by a mutation conferring resistance to a second drug (Trindade
et al. 2009; Ward et al. 2009). This phenomenon is referred to as sign epistasis, as
the “sign” of the fitness effect associated with the second mutation switches from
“negative” to “positive” (Weinreich et al. 2005). Currently, we do not know
whether sign epistasis plays any role in the evolution of MDR-TB, but work is
needed to explore this disturbing possibility.

There is increasing evidence that the strain genetic background can influence
the evolutionary trajectory of drug-resistant MTBC (Borrell and Gagneux 2011).
Presumably, this is due to epistatic interactions between pre-existing strain-specific
genomic features, and subsequently acquired drug-resistance conferring mutations
and compensatory mutations (Mueller et al. 2012). Experimental work in E. coli
has shown that such interactions can limit the available mutational pathway(s)
towards drug resistance (Toprak et al. 2012). In MTBC, one particular phyloge-
netic lineage known as “Beijing” has repeatedly been associated with drug
resistance in clinical settings (reviewed in Borrell and Gagneux 2009). The
underlying basis of this phenomenon remains unknown, but several hypotheses
have been proposed (Parwati et al. 2010). For example, based on various
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non-ysynonymous mutations found in DNA repair genes of Beijing strains, it was
hypothesised that these strains might exhibit an intrinsically elevated mutation
rate, leading to an enhanced likelihood of acquiring resistance mutations (Dos
Vultos et al. 2008). However, fluctuation assays have yielded conflicting results
with respect to the in vitro mutation rate of Beijing compared to other MTBC
strains (de Steenwinkel et al. 2012; Werngren and Hoffner 2003).

Several studies have reported associations between particular drug resistance-
conferring mutations and MTBC lineages, suggesting that the strain genetic
background, as defined by MTBC lineage, can influence the mutational pathway to
resistance (Gagneux et al. 2006a; Homolka et al. 2010a). For example in isoniazid-
resistant MTBC, inhA promoter regions, which are one of the main causes of
isoniazid resistance in clinical settings (Zhang and Yew 2009), have been asso-
ciated with Lineage 1 of MTBC (Fig. 1). The fact that this association was
observed in three independent studies supports a biological basis for this phe-
nomenon (Baker et al. 2004; Fenner et al. 2012; Gagneux et al. 2006a). Moreover,
Fenner et al. showed recently that putative epistatic interactions between specific
isoniazid resistance-conferring mutations and different strain genetic backgrounds
can influence the level of resistance to isoniazid in vitro (Fenner et al. 2012).

4 Conclusions

The past few years have witnessed much progress in our understanding and
appreciation of strain-to-strain diversity in MTBC. This has partially been a
consequence of new opportunities arising from access to novel technologies,
including DNA microarrays, and more recently next-generation DNA sequencing
(Comas and Gagneux 2009). Fresh insights have also been gained by learning from
work in other bacteria. Fifteen years ago, human-associated MTBC was essentially
regarded as a “clone”, and strain variation was generally considered irrelevant by
the majority of the basic science community (Kato-Maeda et al. 2001a). Today, we
know that MTBC harbours more genetic diversity than previously realised, and
experimental studies show very clearly that part of this diversity translates into
important phenotypic variation (Coscolla and Gagneux 2010). Yet, the role of this
diversity for clinical TB remains largely elusive, partially because of the difficulty
of linking MTBC strain genotypes to relevant clinical phenotypes. In addition to
differences at the DNA level, MTBC strains have been shown to differ at the
transcriptome level (Homolka et al. 2010b). Yet, nothing is known with respect to
strain variation at the level of regulatory RNAs, which are highly abundant in this
organism (Arnvig et al. 2011). Similarly, epigenetics is a rapidly emerging field
that has recently been proposed as an avenue to discover host-derived biomarkers
for TB (Esterhuyse et al. 2012). However, little work has been done on epigenetics
in MTBC, and it is unknown whether strain variability will be reflected at the
epigenetic level as well. Much effort today is dedicated to the development of new
diagnostics, drugs and vaccines against TB (Young et al. 2008). Based on the
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existing evidence from other bacterial pathogens, strain genetic diversity in MTBC
should be considered during the development of new tools and strategies to better
control TB (Gagneux and Small 2007). Increasingly, systems approaches should
be used (Comas and Gagneux 2011), not only to determine if and how diversity in
MTBC matters for disease control, but to better understand the biology and epi-
demiology of one of the most important human diseases.
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Abstract Fundamental aspects of the lifestyle of Mycobacterium tuberculosis
implicate DNA metabolism in bacillary survival and adaptive evolution. The
environments encountered by M. tuberculosis during successive cycles of infection
and transmission are genotoxic. Moreover, as an obligate pathogen, M. tubercu-
losis has the ability to persist for extended periods in a subclinical state, suggesting
that active DNA repair is critical to maintain genome integrity and bacterial
viability during prolonged infection. In this chapter, we provide an overview of the
major DNA metabolic pathways identified in M. tuberculosis, and situate key
recent findings within the context of mycobacterial pathogenesis. Unlike many
other bacterial pathogens, M. tuberculosis is genetically secluded, and appears to
rely solely on chromosomal mutagenesis to drive its microevolution within the
human host. In turn, this implies that a balance between high versus relaxed
fidelity mechanisms of DNA metabolism ensures the maintenance of genome
integrity, while accommodating the evolutionary imperative to adapt to hostile and
fluctuating environments. The inferred relationship between mycobacterial DNA
repair and genome dynamics is considered in the light of emerging data from
whole-genome sequencing studies of clinical M. tuberculosis isolates which have
revealed the potential for considerable heterogeneity within and between different
bacterial and host populations.
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1 Introduction

Mycobacterium tuberculosis is characterized by a number of features that are
inextricably linked to DNA replication and repair. First, as a slow-growing
intracellular pathogen that preferentially targets host phagocytic cells, M. tuber-
culosis is exposed to host-derived reactive oxygen and nitrogen species which
exacerbate the oxidative and nitrosative stresses imposed by normal cellular
metabolism (Nathan and Shiloh 2000; Zahrt and Deretic 2002; Russell 2007).
Consistent with this idea, insights from animal models of tuberculosis infection
(Sassetti and Rubin 2003; Darwin and Nathan 2005; Dutta et al. 2010) suggest that
the environments encountered by M. tuberculosis during residence in the human
host are inherently genotoxic and pose a major threat to the integrity of the
genome. Moreover, analyses of M. tuberculosis gene expression in various
infection models (Talaat et al. 2004), and in clinical samples (Rachman et al.
2006), suggest that DNA repair mechanisms are active throughout the course of
infection (Gorna et al. 2010). Second, M. tuberculosis bacilli are able to persist for
extended periods within the human host in a poorly understood subclinical state, in
some cases reactivating decades later to cause post-primary tuberculosis (Lillebaek
et al. 2002). This implies a continual role for DNA repair mechanisms in the
maintenance of genome integrity—and bacterial viability—throughout the course
of prolonged infection. Finally, there is strong evidence that M. tuberculosis is
secluded genetically, and might even be regarded as a monomorph (Achtman
2012): single nucleotide polymorphisms (SNPs) and large sequence polymor-
phisms offer the only means to infer phylogenies reliably among circulating strains
that can be characterized by limited diversity (Comas et al. 2009). Further-
more, resistance to anti-tubercular drugs arises exclusively from mutations in
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Table 1 Notable findings from mycobacterial DNA metabolism research

Discovery Significance Reference
Mycobacterial genomes lack Absence of a mutator phenotype (Mizrahi and Andersen
identifiable MMR components suggests alternative 1998)

mechanism to ensure
replication fidelity
Novel mechanisms of regulation RecA processing via splicing of  (Davis et al. 1992),

of RecA-dependent and RecA- intein (Rand et al. 2003),
independent DNA damage Simultaneous operation of (Wang et al. 2011)
(SOS) responses alternate SOS responses

Regulation of LexA/RecA-
independent response by CIpR
CIpR implicated in genomic

stability
Mycobacteria employ a novel, TLS by a C-family DNA (Boshoff et al. 2003),
dual-polymerase damage polymerase, and adaptor role (Warner et al. 2010)
tolerance system defined for a pseudo Y-family
polymerase

Implicated in the evolution of
rifampicin resistance in vivo
Mycobacteria possess a NHEJ First prokaryote in which NHEJ  (Della et al. 2004),
system for DSB repair was identified (Gong et al. 2005),
(Shuman and
Glickman 2007)
Mycobacteria encode novel Heterodimeric AdnAB motor- (Sinha et al. 2009b)
helicase-nuclease complex nuclease limited to
Actinobacteria and required
for DSB repair

chromosomal genes or regulatory elements that are associated in some way with
drug action (Sandgren et al. 2009; Almeida Da Silva and Palomino 2011), pro-
viding compelling support for the idea that chromosomal mutagenesis drives the
microevolution of M. tuberculosis within the human host. In combination, these
three features imply competing roles for DNA repair and damage tolerance
pathways in ensuring the maintenance of genome integrity while accommodating
the evolutionary imperative to adapt to variable environments and changing
selection pressures. Moreover, the ability of M. tuberculosis to respond rapidly at
the transcriptional level to environmental cues (Rachman et al. 2006; Rohde et al.
2012) suggests that functional transcription-coupled DNA repair could be critical
for mycobacterial adaptation and survival (Prabha et al. 2011), particularly under
infectious conditions which might require the bacillus to make maximum use of
limited transcriptional and translational resources.

Significant advances have been made in the last decade toward elucidating
mechanisms of DNA metabolism in M. fuberculosis and the related non-pathogen,
M. smegmatis, and in exploring the role of DNA metabolic enzymes or pathways
in mycobacterial pathogenesis. In many cases, these studies have contributed novel
insights to the field of DNA metabolism in general (Table 1), and have reinforced
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Fig. 1 The balance between high-fidelity genome maintenance and adaptation. Multiple factors
are expected to influence the fidelity of replication and repair during host colonization
(highlighted in box). Adapted from Warner (2010)

the idea that current models of bacterial DNA repair should be expanded to include
alternatives to the well characterized E. coli system. Different aspects of myco-
bacterial DNA metabolism have been reviewed in a number of recent articles, and
the reader is referred to these for additional mechanistic and biological insight
(Mizrahi et al. 2000; Warner and Mizrahi 2006; Davis and Forse 2009; Dos Vultos
et al. 2009; Gorna et al. 2010; Warner 2010; Kurthkoti and Varshney 2011;
Kurthkoti and Varshney 2012). In this chapter, we provide an overview of DNA
metabolism in M. tuberculosis, focusing particularly on recent findings in the area
of DNA repair, and discuss the role of specific DNA metabolic pathways in
pathogenesis. We then consider insights from whole-genome sequencing projects
on the inferred relationship between mycobacterial DNA metabolic pathways and
genome dynamics, and suggest possible areas for future study.

2 Fidelity of the “3R” System: Striking the Right Balance

The need for M. tuberculosis to maintain genome stability in order to remain fit—
that is, able to establish an infection, grow and persist within a host, and transmit
between hosts—must be balanced against the need for the organism to adapt
genetically to the stresses encountered during infection, including those imposed
by anti-tubercular drug administration. This balance is set by the fidelity of the
so-called “3R” system of DNA replication, repair, and recombination (Fig. 1).
The high-fidelity operation of the system favors genome stability, whereas relaxed
fidelity—or loss of specific 3R functions (Dos Vultos et al. 2008)—might facilitate
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genetic adaptation (Warner 2010). In this context, it is interesting to note that
genomic analyses have implicated DNA repair in the evolution of M. tuberculosis
pathogenesis (McGuire et al. 2012). Moreover, comparatively high numbers of
polymorphisms are found in genes of the 3R system of M. tuberculosis compared
to housekeeping genes, identifying strong selection pressure on 3R genes as a
common component in the modern evolutionary history of different strain lineages
(Dos Vultos et al. 2008). It is tempting, therefore, to speculate that the identified
polymorphisms result in a relaxation of 3R fidelity that facilitates the adaptation of
this clonal pathogen to conditions of stress. To date, however, in vitro mutation
rate analyses by fluctuation assay have failed to associate a hypermutable (or
mutator) phenotype with a specific strain genotype (Werngren and Hoffner 2003).

2.1 Replication Fidelity

Mutations can arise through replication errors or as a consequence of DNA
damage (Fig. 2). Based on fluctuation analyses that utilized rpoB as the target for
rifampicin resistance, and which were corrected for the mutational target size, the
in vitro mutation rate of M. tuberculosis was estimated at ~2 x 107'° per base
pair per round of replication (Ford et al. 2011). This is comparable to E. coli, in
which intrinsic replication fidelity, proof-reading, and post-replicative mismatch
repair (MMR) contribute 107>, 10™* and 107, respectively, to the overall error
rate of 1071° (Mizrahi et al. 2000). Given the lack of a canonical MMR system in
M. tuberculosis, this result is notable since it suggests that intrinsic fidelity and/or
proofreading makes a proportionally greater contribution to mycobacterial repli-
cation fidelity, or that alternative mechanisms exist for the correction of replication
errors, perhaps including a non-orthologous system for MMR (Mizrahi and
Andersen 1998). While the formal possibility exists that the organism possesses an
alternative MMR pathway, multiple lines of evidence instead suggest that
M. tuberculosis has adapted to the lack of MMR through the activity of alternative
repair components (Springer et al. 2004; Machowski et al. 2007; Wanner et al.
2008). This idea has been reinforced by the recent observation (Guthlein et al.
2009) that nucleotide excision repair (NER) might mitigate the absence of MMR
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via UvrD1-dependent processing of recombination-associated mismatches (see
Sect. 2.3). As for replication fidelity and proof-reading, these have not been
studied at all in M. tuberculosis or other mycobacteria and so represent an
important area for future research.

2.2 Excision Repair and DNA Damage Reversal

In contrast to the paucity of information on replication fidelity, considerable
progress has been made in characterizing the DNA damage repair and reversal
systems that operate in M. tuberculosis and the model organism, M. smegmatis,
and in elucidating the contribution of these systems to growth, survival, mutation
avoidance, and mutation induction under conditions of genotoxic stress. Damage
repair and reversal in mycobacteria have been investigated using genetic and
biochemical approaches; however, there are relatively few examples of studies
which have utilized a combination of both (Warner and Mizrahi 2011). Moreover,
as a result of the functional redundancy and/or overlap that exists within and
between certain DNA repair systems, definitive phenotypes have been difficult to
establish for some individual and even multiple gene knockout mutants (Guo et al.
2010). Nevertheless, the phenotypes in animal models of infection of M. tuber-
culosis strains deficient in specific DNA damage repair or reversal components
have proved very useful in inferring the nature and extent of genotoxicity of the
in vivo environment. These derive in particular from screens of pools of trans-
poson mutants by Transposon Site Hybridization (TraSH) (Sassetti and Rubin
2003) or Designer Arrays for Defined Mutant Analysis (DeADMAn) methodology
(Dutta et al. 2010), both of which have elucidated mutants that are comparatively
disadvantaged for growth and/or survival as a result of impaired DNA repair or
reversal function. So, the base excision repair (BER) components ung, xthA, and
nfo are critical for growth of M. tuberculosis in mice (Sassetti et al. 2003) while
fpgl and nei2 are required for bacillary viability in non-human primates (Dutta
et al. 2010); only uvrB, the gene encoding the key NER excinuclease, is essential
in both models.

In addition to reinforcing the idea that the in vivo environment encountered by
M. tuberculosis is genotoxic, the genes identified in these studies specifically
implicate deaminated cytosine, abasic sites, oxidative base damage, and bulky
adducts as the major lesions requiring repair in order for the organism to retain full
replicative fitness during infection. These findings are consistent with the type of
damage expected for an intracellular organism (Fig. 3) with a genome of high
G + C content (O’Sullivan et al. 2005). However, an important caveat is that, of
the five genes listed above, uvrB is the only repair component which has been
independently validated by in vivo phenotyping of a defined allelic exchange
mutant (Darwin and Nathan 2005).

The finding that fpg! is required for growth and survival of M. tuberculosis in
the lungs of non-human primates (Dutta et al. 2010) underscores the risk posed to
M. tuberculosis by persisting oxidative base damage, and is consistent with recent
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Fig. 3 The type of DNA damage expected to be sustained in M. tuberculosis and the genes
implicated in damage repair and reversal (deRojas-Walker et al. 1995; Durbach et al. 2003)

evidence from whole-genome sequencing analyses of bacilli recovered from the
lungs of non-human primates which identified polymorphisms that are potentially
associated with oxidative DNA damage (Ford et al. 2011). At a functional level,
the importance of fpg/ is also consistent with the fact that a second predicted fpg
homolog in the M. tuberculosis genome, fpg2, is truncated at its 5’ terminus and so
non-functional (Olsen et al. 2009; Guo et al. 2010). In contrast, the identification in
the same model of ung, which encodes a class 1 uracil DNA glycosylase, is
unexpected as M. tuberculosis also possesses a class 5 uracil DNA glycosylase,
UdgB (Srinath et al. 2007; Wanner et al. 2009), which exhibits broader substrate
specificity than Ung, but is also able to excise uracil. Similarly intriguing is the
classification of nei2 as essential for growth of M. tuberculosis in the non-human
primate lung: the M. tuberculosis genome contains a second nei homolog, neil,
which encodes a DNA glycosylase that appears to be specific for oxidized
pyrimidines (Guo et al. 2010). It is notable that a recombinant form of Nei2 did not
show any biochemical activity in vitro; however, heterologous expression of M.
tuberculosis nei2 in E. coli decreased the spontaneous mutation frequency of a
triple fpg mutY nei mutant as well as a double nei nth mutant, confirming that Nei2
is functional in vivo and is able to recognize both oxidized guanine and cytosine
products (Guo et al. 2010).

DNA damage also results from exposure to alkylating compounds that are
generated from endogenous metabolism as well as the host environment, including
sources of nitrosative stress. Alkylation damage is both genotoxic and mutagenic;
consistent with this dual threat, the M. tuberculosis genome encodes repair systems
that are specifically directed to the repair of these lesions. Loss of the alkylation
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damage repair and reversal operon, adaA::alkA-ogt, had no effect on the growth of
M. tuberculosis in mouse organs even though the mutant strain was hypersensitive
in vitro to the cytotoxic and mutagenic effects of the alkylating agent, N-methyl-
N’-nitro-N-nitrosoguanidine (Durbach et al. 2003). This result suggests that
M. tuberculosis does not sustain significant alkylation damage in vivo, or that the
alternate DNA glycosylases, TagA and/or Mpg, could substitute for the DNA
glycosylase function of AlkA in recognizing and excising bases damaged by
alkylation. More recent work has established that the adaptive response to alkyl-
ation damage is mediated exclusively by the DNA methyltransferases, AdaA, and
Ogt (Yang et al. 2011a), which are restricted to the suppression of alkylation-
induced mutagenesis. In light of these observations, the failure to detect an in vivo
phenotype in the adaA::alkA-ogt knockout mutant (Durbach et al. 2003) appears to
be even more significant since it implies that any hypermutability that might arise
as a consequence of loss of this response could be tolerated without adversely
affecting virulence. Interestingly, several studies have identified polymorphisms in
the adaA::alkA-ogt operon in both susceptible and multidrug-resistant clinical
strains (Ebrahimi-Rad et al. 2003; Nouvel et al. 2007), perhaps indicating a link
between impaired alkylation damage repair and mutability. This possibility raises
an important question: how might hypermutability be detected utilizing in vivo
infection models where colony counts—and, perhaps, histopathology—are the
standard measures of bacterial viability and “fitness”?

2.3 Recombination and End-Joining

Double-strand breaks (DSBs) in chromosomal DNA are caused by a variety of
genotoxic agents from endogenous and exogenous sources, and constitute a major
threat to bacillary viability. It is not surprising, therefore, that multiple mecha-
nisms exist for the detection, processing, and repair of these potentially cytotoxic
lesions. Until very recently, non-homologous end-joining (NHEJ) and homologous
recombination (HR) were thought to constitute the major systems in M. tubercu-
losis for DSB repair (Shuman and Glickman 2007). However, the application in
M. smegmatis of an elegant reporter assay that distinguishes DSB repair outcomes
has expanded the mycobacterial DSB repair pathway complement to include
single-strand annealing (SSA), simultaneously demonstrating that these pathways
can be distinguished according to their differential requirements for the DSB-
resecting, helicase-nuclease machines, AdnAB, and RecBCD (Gupta et al. 2011).
That is, mycobacterial RecBCD is a dedicated SSA nuclease, while AdnAB is
required for RecA-dependent HR. This represents a key distinction between
mycobacteria and E. coli, in which the absence of an AdnAB homolog requires that
RecBCD functions as the dominant helicase—nuclease and drives HR. Moreover, as
Gupta and colleagues (2011) proposed, the identification of mycobacterial SSA
might imply a key role in the repair of an M. tuberculosis genome that contains
multiple repeat loci (Cole et al. 1998). The observation that alternative DSB
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pathways operate in M. tuberculosis and appear to be regulated asymmetrically
provides another example of a mycobacterial function that has required a re-
evaluation of prevailing models of bacterial DNA repair. This assessment is further
supported by the recent biochemical characterization of a mycobacterial XPB he-
licase, which raises the additional possibility that M. tuberculosis is able to repair
DSBs via synthesis-dependent strand annealing (Balasingham et al. 2012).

Although it was originally thought to be limited to eukaryotes, the first evidence
for prokaryotic NHEJ was provided by the characterization of the mycobacterial
system, which involves the activity of two proteins, Ku and LigD (Della et al.
2004). Mycobacterial Ku is a small protein comprising a core domain which is
required for dimerization and enables binding of free DNA ends via the sugar-
phosphate backbone. Recognition and binding of DNA ends by Ku is critical since
it limits their degradation, and ensures the recruitment of LigD, a much larger
protein that is responsible for end-processing and ligation and contains polymer-
ase, nuclease, and ligase activities within a single polypeptide (Della et al. 2004).
The M. tuberculosis genome also contains a number of other predicted ligases;
however, with the exception of the essential replicative ligase, LigA (Gong et al.
2004), the potential role of these other proteins in processes such as NHEJ remains
unclear (Aniukwu et al. 2008). Moreover, recent data have shown that a Sir2-like
NAD-dependent deacetylase functionally interacts with Ku during NHEJ (Li et al.
2011), suggesting that multiple interacting components might mediate NHEJ
activity and function.

Owing to the processing involved, NHEJ is inherently error-prone (Gong et al.
2005). However, the sensitivity of M. smegmatis ku and ligD mutants to DNA
damage during stationary phase and in response to desiccation (Pitcher et al. 2007)
suggests that NHEJ might fulfil a key repair function under special circumstances,
including long-term survival and during transmission (Davis and Forse 2009).
Importantly, the presence of multiple DSB repair mechanisms with different
intrinsic fidelities reinforces the need to balance the activity of (error-free) DNA
repair mechanisms in maintaining genomic integrity, and the operation of muta-
genic pathways that might generate diversity during host infection (Fig. 1). It also
suggests the possibility that DNA repair functions might have evolved specifically
to cope with the high G + C content of the mycobacterial genome that is likely to
influence both the type and frequency of mutational events (O’ Sullivan et al. 2005).

DNA unwinding by helicases and gyrases is a prerequisite for repair and rep-
licative polymerases to access the nucleic acid strands during replication, repair,
recombination, transcription, and RNA processing (Schmid and Linder 1992;
Matson et al. 1994). Like other mycobacteria, M. tuberculosis encodes two
superfamily I DNA helicases, UvrD1, and UvrD2 (Davis and Forse 2009), which
display 3°-5" polarity (Sinha et al. 2007). The differential essentialities of these
two helicases—uvrD2 is predicted to be essential (Sinha et al. 2008; Williams
et al. 2011), whereas uvrDI is not—suggests non-redundant helicase function.
Interestingly, recent evidence has shown that although wuvrD2 is essential,
expression of a mutant form of UvrD2 lacking helicase activity was able to rescue
the lethal effect of uvrD2 deletion (Williams et al. 2011). UvrD1 depends on an
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interaction at its C-terminus with the key DNA-binding NHEJ protein, Ku, to
stimulate its DNA unwinding activity (Sinha et al. 2007). In contrast, the in vitro
helicase activity of a truncated UvrD2 mutant can be restored in trans by Ku
(Sinha et al. 2007). UvrD1 and UvrD2 are structurally distinct: although UvrD1
resembles UvrD-like helicases, UvrD2 possesses an unusual, superfamily II-like
C-terminal domain that appears to be limited to Actinomycetales and is not
required for helicase function (Sinha et al. 2008). Instead, genetic analyses suggest
that the inferred essentiality vests in the N-terminally encoded ATPase activity,
implying a potential role for UvrD2 in DNA translocation, and/or protein dis-
placement. As noted above, UvrD1 has also been shown to inhibit RecA-mediated
strand exchange (Singh et al. 2010) and, together with the other NER component
UvrB, has been implicated in ensuring the fidelity of HR in the absence of func-
tional MMR (Guthlein et al. 2009).

In addition to UvrD1/2, the M. tuberculosis genome encodes another super-
family I helicase, the heterodimeric helicase-nuclease, AdnAB (discussed above),
that is required for HR and appears to be limited to the actinomycetes (Sinha et al.
2009a). Added to the list of helicases in M. tuberculosis are a number of super-
family II helicases, including homologs of the eukaryotic basal transcription factor
II (TFID) helicases, XPB, and XPD, which together with other TFII complex
proteins, are required for NER and proofreading of transcription initiation (Coin
et al. 2007). Whereas the function and role of mycobacterial XPD (DinG) is
unknown, in vitro work has shown that XPB is an ATP-dependent 3’5" DNA
helicase (Biswas et al. 2009) which, in addition to DNA unwinding, is able to
catalyze the ATP-independent annealing of complementary DNA strands in vitro
(Balasingham et al. 2012). The catalog of superfamily II helicases has recently
been extended with the characterization of a structurally distinct clade of DNA-
dependent ATPases which are well-represented in mycobacteria (Yakovleva and
Shuman 2012). It is notable that SftH provides yet another example of a DNA
repair function that is elucidated in the mycobacterial model; however, additional
studies combining biochemical and genetic analyses will be required to elucidate
the relative contributions of the different helicases to specific mycobacterial DNA
repair functions, as well as transcription-coupled repair (TCR) processes.

2.4 Transcription-Coupled Repair

In addition to the threat posed to genomic integrity, DNA lesions which hinder the
function of RNA polymerase can have serious real-time consequences for cellular
homeostasis and survival, especially where these occur in genes undergoing active
transcription. Stalling of RNA polymerase triggers the TCR pathway, an important
subclass of NER which functions to ensure that actively transcribed genes are
repaired more rapidly than inactive regions of the genome. In bacterial organisms
including M. tuberculosis, TCR is mediated by the mfd (mutation frequency
decline)-encoded protein (Prabha et al. 2011), a homolog of the eukaryotic
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transcription-repair coupling factor (TRCF). As in other bacteria, M. tuberculosis
Mfd does not recognize DNA damage directly, but through its interaction with the
N-terminus of the RNA polymerase f subunit (Westblade et al. 2010). Binding of
RNA polymerase by Mfd initiates a cascade of events which ensure the removal of
the stalled RNA polymerase from the site of damage, and the recruitment of the
NER components to effect the necessary repair. Unlike the E. coli protein, which is
prevalent as a monomer, M. tuberculosis Mfd appears to exist as both monomers
and hexamers which form via a self-interaction that requires the C-terminal region
(Prabha et al. 2011). Although it is tempting to speculate that this might indicate
the adaptation of this repair factor to a specific mycobacterial function(s) or
property, that possibility requires further investigation.

Recently, the model for bacterial TCR was expanded with the demonstration
that, in E. coli, the transcription elongation factor, NusA, directs NER to tran-
scribed genes through a pathway that is independent of Mfd, and so offers an
alternative to “classic” TCR (Cohen et al. 2010). NusA was previously shown to
interact with the dinB-encoded E. coli DNA polymerase IV (Cohen et al. 2009),
and the recent observations of Cohen and colleagues implicate this interaction in
the recruitment of the TLS polymerase for bypass of transcription-blocking DNA
lesions in an additional process dubbed “transcription-coupled TLS” (Cohen et al.
2010). Although similar processes have not been described in M. tuberculosis, it
seems likely that multiple mechanisms exist to ensure the maintenance and
operation of cellular information pathways and, in the context of obligate patho-
gen, to maximize the use of limited transcriptional and translational resources
during host infection. This conclusion is supported by several other lines of evi-
dence which indicate a role for DNA repair components in regulating cellular
functions that are extensions of—or even distinct from—their “traditional” repair
activities: for example, the DNA glycosylase, Tag, appears to modulate myco-
bacterial growth and morphology through a direct interaction with the chromo-
some partitioning factor, ParA (Huang and He 2012). Similarly, in M. smegmatis,
disruption of the uvrA-encoded NER subunit results in an impaired ability to
survive under nutrient- and oxygen-limited conditions (Cordone et al. 2011). The
contribution of these and other DNA repair functions to mycobacterial physiology
and pathogenesis therefore represents an important area for future research.

3 DNA Damage Tolerance

Persisting DNA lesions that have escaped detection and repair present a threat to
the organism. Uracil, 5-hydroxyuracil, 8-oxo-guanine and O°-methylguanine have
strong miscoding potential, and can result in mutation induction and fixation
through normal DNA replication. Because they do not cause distortions in the
DNA helix, these lesions are difficult to detect, and so present the major threat to
genome integrity. If replication-blocking lesions such as cyclobutane dimers and
other bulky adducts persist, they can result in replication fork collapse and cell
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death. Specialized translesion synthesis (TLS) polymerases offer a solution to this
problem: by allowing bypass of replication-blocking lesions, these enzymes pro-
vide a mechanism for tolerating DNA damage (Yang and Woodgate 2007). The
importance of this function is suggested by the fact that TLS polymerases are
conserved across all kingdoms of life (Ohmori et al. 2001). However, while these
polymerases can display a high fidelity of replication across cognate lesions, their
replication fidelities on non-cognate lesions or on undamaged templates are often
reduced (Yang and Woodgate 2007). For this reason, TLS function is often
associated with mutagenesis (Andersson et al. 2010).

3.1 The Y-Family of Specialist DNA Polymerases

Although it now seems obvious that specialized DNA polymerases might have
evolved to replicate across persisting lesions, the discovery that the replicative
flexibility they provide can incur error rates two to four orders of magnitude greater
than those of replicative polymerases demanded a redefinition of traditional con-
cepts of DNA synthesis fidelity (Yang and Woodgate 2007). Moreover, the fact that
many of these polymerases are upregulated in response to stress suggested a
potential role in induced mutagenesis (Andersson et al. 2010). Most TLS poly-
merases fall into the Y polymerase superfamily comprising a wide range of
structurally related proteins present in bacteria, archaea, and eukaryotes (Ohmori
et al. 2001). Of these, the DinB subfamily—represented by E. coli Pol IV—is the
most widespread. Members of the Y-family catalyze low-fidelity synthesis on non-
substrate templates such as undamaged DNA or non-cognate lesions, lack intrinsic
3’ — 5’ proofreading exonuclease activity, adopt a distributive mode of DNA
replication, and are able to support TLS across DNA lesions which might block
replication by members of the other polymerase families. The structural relation of
members of this family to the other main DNA polymerases, the features enabling
faithful bypass of DNA lesions but low-fidelity synthesis of undamaged or non-
cognate DNA and, finally, the factors that co-ordinate multiple different polymerase
classes at a replication fork, have all been subjects of active research (Yang and
Woodgate 2007). These studies have revealed that, while Y-family polymerases
share little sequence homology with the other polymerase families, they exhibit a
similar overall architecture. Critically, the active site of Y-family polymerases is
sufficiently flexible to allow bypass of lesions that might distort replicative poly-
merase geometry, but with a consequent reduction in stringency that has implicated
members of this family in mutagenesis. However, while it has been suggested that
TLS polymerases might have been selected equally for their ability to ensure
continued replication as for their inherent capacity for mutagenesis, it seems
increasingly likely that mutagenesis is a secondary consequence of the reduced
fidelity that tolerance necessarily demands (reviewed in Andersson et al. (2010)).
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3.2 Damage Tolerance and Mutagenesis in Mycobacteria

The E. coli genome contains three DNA polymerases which function in TLS—the
B-family polymerase Pol II, and the Y-family polymerases Pol IV and Pol V which
are encoded by dinB and umuDC, respectively—all of which are upregulated in the
DNA damage or SOS response (Goodman 2002). In contrast to E. coli, there is no
B-family DNA polymerase in M. tuberculosis. Therefore, it was originally
assumed that all specialist bypass function in M. tuberculosis would depend on the
two canonical Pol IV polymerase homologs, originally annotated as DinP and
DinX (Mizrahi and Andersen 1998). The DNA damage response in M. tubercu-
losis is unusual (Rand et al. 2003) in that it comprises both a classic RecA-
dependent SOS regulon (Smollett et al. 2012) as well an alternate,
RecA-independent, damage regulon (Gamulin et al. 2004) that is controlled by a
mycobacterial ClpR-like regulator (Wang et al. 2011) (Table 1). Surprisingly,
neither Pol IV homolog is included in the mycobacterial DNA damage response
(Boshoff et al. 2003), an additional departure from the E. coli model. Instead, the
dnaEl and dnaE2-encoded catalytic (o) subunits of DNA polymerase III represent
the only bona fide DNA polymerases that are induced as part of the mycobacterial
SOS regulon (Boshoff et al. 2003; Warner et al. 2010). Furthermore, DnaE2 has
been shown to be the central player in damage-induced base substitution muta-
genesis in M. tuberculosis, identifying the mycobacterial polymerase as the
founder member of a novel family of DnaE-type family C polymerases from
Gram-positive bacteria that catalyse TLS. Loss of DnaE2 activity renders M.
tuberculosis hypersensitive to DNA damage and eliminates induced mutagenesis.
Moreover, functional inactivation of dnaE?2 attenuates virulence and reduces the
frequency of drug resistance in vivo. Coupled with the induction of dnaE2 during
stationary infection, these observations implicate DnaE2-mediated DNA repair in
the virulence of M. tuberculosis and in the adaptive evolution of drug resistance
during persistent infection (Boshoff et al. 2003).

Subsequent efforts to understand the role of TLS-mediated DNA damage tol-
erance in mutation induction in M. tuberculosis led to the functional character-
ization of a novel damage tolerance system that is widely distributed across other
bacterial genera (Boshoff et al. 2003; Warner et al. 2010). The mycobacterial
version comprises the C-family DNA polymerase, DnaE2 (Boshoff et al. 2003)
[more recently referred to as “ImuC” (McHenry 2011b)], and two ‘“accessory
factors”, ImuA’, and ImuB, (Warner et al. 2010) which are encoded by genes
carried on a split, mutagenesis cassette that forms part of the SOS regulon con-
trolled by RecA and LexA (Smollett et al. 2012). ImuB is one of three putative
Y-family polymerase homologs in the M. tuberculosis genome. However, it is
distinguished from the canonical Y-family homologs, DinB1 (DinX), and DinB2
(DinP), by two key features: in contrast to bona fide DNA polymerases, ImuB
lacks the invariant active site acidic residues that are necessary for catalysis and, in
addition, possesses an extended C-terminal domain comprising stretches of pre-
dicted structural disorder that are reminiscent of protein—protein interaction sites.
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The features of the imuA’-imuB/dnaE2 system were elucidated by genetic
studies in M. smegmatis and M. tuberculosis using DNA damage survival and
induced mutagenesis as phenotypic readouts, and yeast-two hybrid analysis to
probe the protein interaction network. Consistent with the predicted inability of
ImuB to catalyze nucleotidyl transfer, DnaE2 was identified as the TLS poly-
merase with ImuB apparently acting as hub protein that interacts with both ImuA’
and DnaE2 via the C-terminal domain, and with the f-clamp via a canonical
hexapeptide motif. Although the function of ImuA’ remains cryptic, homology
modeling suggests a RecA-type structure, and so reinforces the notion that the
imuA’-imuBl/dnaE2-encoded system constitutes a non-orthologous replacement of
the PolV mutasome, UmuD’,CeRecAeATP, which has been extensively charac-
terized in E. coli (Jiang et al. 2009). As noted elsewhere, the elucidation of this
system represents an important example of the contribution of mycobacterial
research to the DNA repair field in general (McHenry 2011a, b) (Table 1).

In contrast to the demonstrated role for ImuB in damage tolerance, the func-
tions of the two other Y-family polymerases in M. tuberculosis remain poorly
understood (Kana et al. 2010). These proteins are homologous to E. coli Pol IV
which has been implicated in TLS across N*-dG adducts (Jarosz et al. 2006) and
cytotoxic alkylation damage (Bjedov et al. 2007). To date, extensive phenotypic
characterization of mutants of M. fuberculosis lacking dinBl and/or dinB2 has
failed to yield discernible phenotypes in vitro and in vivo (Kana et al. 2010). As
noted above, in contrast to the E. coli model in which three specialist DNA
polymerases, Pol II (B-family), Pol IV, and Pol V (both Y-family) are induced as
part of the SOS regulon (reviewed in (Goodman 2002)), the M. tuberculosis DNA
damage response does not include dinB1 or dinB2 and is instead limited to the two
o subunits, DnaE1 and DnaE2 (Warner et al. 2010). Elucidating the function of the
mycobacterial DinB proteins will therefore require the combined application of
biochemical assays as well as phenotypic analyses in DNA repair-defective strain
backgrounds that offer the potential to uncover defects in damage tolerance by
enabling lesions to persist (Bjedov et al. 2007).

4 DNA Metabolism in Bacterial Pathogenesis

In general, DNA repair pathways in different organisms have been cataloged with
reference to the E. coli model. For the most part, this has provided a useful starting
point; however, the identification of repair pathways and systems that are present
in other organisms but do not possess homologs in E. coli constitutes a major
limitation of this approach. For example, although NHEJ was originally thought to
be limited to eukaryotes owing to its apparent absence in E. coli, homologs of the
bacterial NHEJ system were described in multiple organisms following its first
identification in M. tuberculosis (Shuman and Glickman 2007) (Table 1). As an
aside, it is interesting to note that an alternative end-joining pathway has subse-
quently been characterized in E. coli that differs from conventional NHEJ in its
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dependence on RecBCD (Chayot et al. 2010), again highlighting the potential
existence of as-yet unrecognized repair pathways and/or alternative functions for
known repair proteins.

Even where specific pathways or repair components are present in multiple
organisms, there is a need to establish whether they fulfil identical functions.
Bacterial genomes are characterized by significant differences in size, structure
(including the presence of episomal genetic content), organization (e.g., the dis-
tribution of essential versus non-essential genes, the relative proportion of operons
and intergenic regions), and nucleotide composition (e.g., G + C content, repeat
regions, and homopolymeric runs) and, in the case of pathogens, are located in
organisms with very specific host and tissue tropisms. The selective pressures
determining genome architecture remain poorly understood (Koonin 2009);
however, it seems likely that the composition and function of DNA replication and
repair components have co-evolved with intrinsic features to ensure the propa-
gation of specific properties (Zhao et al. 2007).

Notwithstanding this complexity, comparative genomics of the 3R comple-
ments of selected bacterial pathogens revealed some common themes (Ambur
et al. 2009): for example, only a limited number of pathways are conserved across
all species and, for many organisms, a reduced number of genes characterizes each
repair class relative to the E. coli model. Notably, these analyses identified DNA
replication, NER, and recombinational repair pathways as common to the patho-
gen genomes analyzed (Ambur et al. 2009). While this seems to contradict the
very limited DNA metabolic complement of the inferred “minimal bacterial gene
set” (Gil et al. 2004), it perhaps attests to the fact that the ability to sustain
genotoxic stress represents a major component of the pathogen arsenal. Although
untested, this interpretation is consistent with recent evidence associating DNA
repair with the evolution of M. tuberculosis pathogenesis (McGuire et al. 2012), as
well as previous work implicating selection on 3R genes as a major force in the
differentiation of modern M. tuberculosis lineages (Dos Vultos et al. 2008).

As noted above, there are relatively few examples of the contribution of a single
DNA repair pathway to mycobacterial pathogenesis. This is not unique to M.
tuberculosis: direct evidence of a dominant role for specific DNA repair pathways
has proven difficult to obtain for many pathogens, probably owing in part to the
operation in most organisms of multiple mechanisms for the repair and/or toler-
ance of a specific DNA lesion (Ambur et al. 2009). That said, the need for active
DNA repair has been cogently demonstrated in a number of infection models,
providing insight into the functions that enable continued survival within—and
adaptation to—disparate host environments, as well as the nature of the genotoxic
stresses encountered. For example, Salmonella enterica requires active recombi-
nation repair (Buchmeier et al. 1993, 1995) and BER pathways for infection of
mice (Richardson et al. 2009). Functional recombination repair (Loughlin et al.
2003; Amundsen et al. 2008, 2009) and BER (O’Rourke et al. 2003) enzymes are
also essential for Helicobacter pylori to colonize mouse stomachs, while loss of
BER limits Neisseria meningitidis bacteraemia in rats (Carpenter et al. 2007).
Similarly, disruption of key BER and MMR components impairs the ability of
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Vibrio cholerae to survive passage through the mouse gastrointestinal tract
(Davies et al. 2011). While these examples highlight the deleterious consequences
of impaired DNA repair function, there is also evidence that, in some cases, loss of
specific repair components can result in improved pathogen outcomes. For
example, targeted deletion of selected BER genes increases the virulence of
Streptococcus mutans in a larval model of infection, probably, as a result of a
hypermutator phenotype (Gonzalez et al. 2012). In most cases, however, this
represents a short-term benefit: even where virulence is not negatively affected,
susceptibility to extinction as a result of genetic bottlenecks, and a reduced
capacity to adapt to secondary environments, can limit the ability of mutator
populations to persist through successive infectious cycles (Merino et al. 2002).

In general, detectable phenotypes are limited to gross changes in bacterial cell
number (CFU counts) or effects on host survival—the standard measures of vir-
ulence. Genetic complexity and a shortage of suitable assays to measure repair
function (or the consequences of its loss) have even hindered in vitro approaches to
resolving questions of redundancy for a number of repair pathways. The appli-
cation of a sensitive genetic reporter assay to elucidate the roles of different
mycobacterial recombination and end-joining pathways to DSB repair (Gupta
et al. 2011) might provide an instructive example in this regard: although the DSBs
induced in the experimental system were lethal (fewer than ~0.03 % cells sur-
vived), this provided a pool of surviving mutants which was sufficiently large to
enable the detection and quantification of discrete repair events. In M. tubercu-
losis, the increasing appreciation that bacilli can occupy discrete lesions (Russell
et al. 2010)—and, perhaps, distinct environments (Barrios-Payan et al. 2012)—
within a single host, raises the additional complication that different genotoxic
stresses might be encountered depending on the site and stage of infection. In turn,
this suggests that loss of a specific DNA repair function might be associated with
subtler—and, perhaps, longer term—effects that could demand a more sensitive
measure of genotoxicity. It is possible, for example, that consequences for
adaptability and fitness, albeit significant for global strain prevalence and disease
epidemiology (Gagneux 2012), cannot be assessed within the lifespan of a single,
experimental infection.

5 Targeting DNA Metabolism for New TB Drug
Discovery?

The predicted role of DNA metabolism in pathogenesis suggests the possibility of
targeting selected mycobacterial pathways with novel chemotherapeutic agents.
Antibiotic drug development prioritizes pathways or functions that are essential for
bacterial growth and survival; for this reason, components of the DNA replication
machinery represent the preferred 3R targets. To date, however, the targeting of
bacterial “replisome” proteins has failed to delivered candidate drugs, a
shortfall that has prompted a call for the more vigorous application of new
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technologies—including structure-based drug design and fragment-based lead
generation—to assess the tractability of replication components for chemical
inhibition (Sanyal and Doig 2012). In contrast to the essential DNA metabolic
enzymes, repair components which are dispensable for normal growth in vitro but
critical for pathogenesis in vivo offer an alternative class of drug target. This
strategy is attractive for several reasons: repair components are required only in
response to DNA damage and, although untested, there is an idea that for con-
ditionally essential functions, the selective pressure to mutate to antibiotic resis-
tance might not be as great given that the pathway is essential for pathogenesis but
not survival.

For M. tuberculosis, candidate DNA repair targets in this category would
include UvrB, the Fpg/Nei-family formamidopyrimidine-DNA glycosylase (fpg),
and endonuclease VIII (nei), based on the phenotypes of knockout mutants in
animal models of infection (Sassetti and Rubin 2003; Darwin and Nathan 2005;
Dutta et al. 2010). In support of the attractiveness of these components and the
pathways in which they function, a micromolar inhibitor of the mycobacterial
NER pathway was recently described which selectively targets the UvrABC
complex in damaged cells, preventing the recovery of M. smegmatis following
UV-induced DNA damage (Mazloum et al. 2011). Although the efficacy of this
compound remains to be validated in vivo, the demonstration that a high-
throughput phenotypic screen can be successfully applied to identify a candidate
inhibitor of DNA repair holds promise for the targeting of other mycobacterial 3R
functions. There is also some evidence to suggest that DNA repair components
might be profitably targeted by “co-drugs” designed to potentiate existing com-
pounds by inhibiting proteins/pathways whose operation undermines the efficacy
of frontline therapies. In a clever screen of the E. coli Keio collection, knockout
mutants were identified which exhibited increased susceptibility to specific com-
pounds relative to the wild-type strain (Liu et al. 2010). Notably, many of the
genes that were implicated in the intrinsic “resistome” for many antibiotics would
not have been predicted based on current knowledge of that drug’s mode of action.
Moreover, a number of those fell within the category of DNA repair, which
suggests the utility of this approach in identifying unexpected target combinations
and, simultaneously, its potential to reveal unknown functions of classic 3R
components. Very recent evidence implicating the lethal incorporation of oxidized
guanine into DNA as a major cause of antibiotic-induced bacterial cell death (Foti
et al. 2012) provides further support for the idea that DNA replication and repair
pathways contribute significantly to intrinsic drug resistance and, for that reason,
should be considered as viable targets for novel therapies.

The role of damage tolerance in bacterial survival and, possibly, adaptation was
discussed in a preceding section. Consistent with their inferred importance for
mycobacterial pathogenesis, tolerance pathways might offer an additional option
for novel antibacterial therapies. As discussed previously (Warner 2010), the
possibility of inhibiting tolerance mechanisms—particularly inducible mutagene-
sis pathways—represents a subtle deviation from the concept of designing
co-drugs to potentiate existing antibiotics, in this case by developing compounds
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that can be added to existing therapies to protect current drugs by targeting the
mechanisms that underlie the evolution of resistance (Smith and Romesberg 2007).
In some respects, this approach can be considered analogous to inhibiting efflux
pathways (Adams et al. 2011): on its own, a specific efflux pump(s) represents a
useless target but, in combination with the appropriate frontline drug, its inhibition
might be critical to efficacy by ensuring that the active compound is maintained at
an elevated intracellular concentration. While there is some evidence to suggest
the feasibility of this approach (Georgescu et al. 2008; Wigle et al. 2009), the
utility of “anti-evolution” compounds remains to be demonstrated in the context
of an infectious disease such as tuberculosis.

6 Genome Dynamics in M. tuberculosis

The increasing availability of relatively cheap platforms for the generation of
whole-genome sequence (WGS) data has enabled significant advances in the
understanding of M. tuberculosis evolution, epidemiology, population structure,
and strain diversity (Ford et al. 2012). It seems likely, therefore, that the appli-
cation of WGS to in vivo infection models (Ford et al. 2011) and clinical isolates
from strain collections (Hershberg et al. 2008; Ioerger et al. 2010; Casali et al.
2012; Namouchi et al. 2012) as well as individuals presenting with active disease
(Saunders et al. 2011) might similarly enable an unprecedented glimpse into
mycobacterial genome dynamics and the role of DNA repair during host infection.

The motivation for genome-wide characterization of clinical isolates is multi-
faceted: as noted above, M. tuberculosis is non-transformable and non-conjugative
yet, despite (or because of) its relative genetic isolation, is a very successful
pathogen (Russell 2001). At the levels of both species and strains (lineages), the
application of comparative genomics has revealed unexpected genetic diversity in
M. tuberculosis and, therefore, might be applied to correlate particular strain
lineages (phylogenies) with disease outcomes (virulence) (Parwati et al. 2010) and
disease type (eg., pulmonary versus extrapulmonary; Click et al. 2012). So, what
can WGS reveal about the microevolution of M. tuberculosis strains within the
human host? In the most compelling example to date of the application of these
techniques to investigate in vivo genome dynamics, Sarah Fortune and colleagues
analyzed the mutational events that occurred during both active and latent infec-
tion in a non-human primate model (Ford et al. 2011). In accordance with the idea
that oxidative stress constitutes a major source of DNA damage in M. tuberculosis
during host infection, their analysis revealed that the few mutations detected were
indeed consistent with lesions caused by oxidative damage. Moreover, by applying
a flexible range of predicted in vivo replication rates, they were able to estimate
the rate at which the mutations arose. Unexpectedly, the calculated mutation rate
was very similar to rates inferred from in vitro analyses. Furthermore, the mutation
rate did not seem to differ between active and latently infected animals. Although
this may indicate that bacilli replicate throughout latent infection, these results
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might be contrasted with evidence of apparent genomic stasis in sub-clinical
human tuberculosis infections (Yang et al. 2011b).

Is there any evidence to support a role for mutators in mycobacterial evolution?
For many bacterial pathogens, the absence of key DNA repair functions might
facilitate adaptation during specific stages of the life cycle; however, the loss of
repair machinery can impact long-term colonization and transmission. To some
extent, this balance can be offset by the ability to re-acquire genes encoding DNA
repair functions through mechanisms that enable horizontal gene transfer. How-
ever, evidence from comparative genomic studies seems to eliminate horizontal
gene transfer as a contributor to the modern evolution of M. tuberculosis, at least
in the case of drug-resistant isolates (Casali et al. 2012). The potential contribution
of inducible mutagenesis mechanisms to bacterial pathogenesis is less clear, and
might be difficult to infer (or measure) given the predicted role of mutations in
providing the genetic diversity that enables the adaptive evolution of the invading
organism to its host through multiple infection stages. Moreover, recent evidence
suggesting the ability of M. tuberculosis to reside in multiple extrapulmonary sites
and cell types during subclinical infection (Barrios-Payan et al. 2012) implies that
the operation of maintenance versus adaptive functions might be separated spa-
tially and temporally. That is, genome diversification might be favored during
active disease (and transmission), whereas genome maintenance might be para-
mount during subclinical persistence.

7 Conclusions

There is increasing evidence that the DNA metabolic pathways in M. tuberculosis
have evolved to ensure M. tuberculosis survival in the face of the metabolic and
immune-mediated stresses encountered through multiple cycles of infection, rep-
lication, transmission, and persistence. Understanding the emergence and propa-
gation of M. tuberculosis strains better adapted to host pathogenesis, including
isolates resistant to one or more frontline anti-tubercular drugs, will require the
elucidation of the specific molecular mechanisms governing mycobacterial DNA
replication fidelity and maintenance. For that reason, additional work will be
needed to give detail to the existing models of mycobacterial DNA replication and
repair. Future research questions might therefore include the following: In the
absence of MMR, what are the mechanisms that ensure replication fidelity in
M. tuberculosis? Does M. tuberculosis modulate its mutation rate in response to
specific environmental cues? What is the role of the DinB homologs in damage
tolerance or repair? Does the presence of multiple homologs and/or analogs of
specific repair components indicate redundant function or is it indicative of the
specialist adaptation of specific repair proteins?
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1 Introduction

Tuberculosis (TB) has plagued humans since antiquity. During the pre-antibiotic
era, patients diagnosed with this so-called “consumption” disease would have felt
hopeless, much like how people feel about many cancers today. TB was treated
with gold, arsenic, cod liver oil, herbs, bed rest, sunshine and fresh air, etc.
(Birnbaum et al. 1891), but none of these therapies were really effective. It was
therefore one of the most deadly diseases during this long period of time. The
recent discovery of antibiotics, dubbed “magic bullets” because of their powerful
potency against pathogenic bacteria, has brought about a real revolution in TB
chemotherapy. Starting with streptomycin in 1943, series of potent TB drugs were
introduced to clinical practice during this “golden age of antibiotics” (1940s—
1960s). The implementation of these drugs to TB treatment immediately resulted
in a sharp decline of TB incidence throughout the world. In fact, the euphoria of
the great success brought a sense of total control over this disease. It was com-
monly thought that TB was no longer a public health concern in many developed
countries. Some even went further to predict that TB would be soon eradicated
from the world (Myers 1963).

Yet, the disease came back in the 1980s with outbreaks of multidrug resistant
(MDR) strains, often associated with the spreading epidemic of the acquired
immune deficiency syndrome (AIDS). It is currently estimated that M. tuberculosis
is infecting around 2 billion people worldwide, equivalent to one-third of the world
population (Corbett et al. 2003). Besides an ability to persist in the face of host
defense mechanisms, allowing its wide spread, M. tuberculosis is capable of
resistance to most antimicrobial agents available (Nguyen and Pieters 2009). As a
result, the existing options for TB chemotherapy are severely restricted. The
repeated use of the same drugs, together with prolonged regimens that often lead to
poor patient compliance, has resulted in the emergence of strains that are
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increasingly resistant to the available drugs. From the first isolated strains that
were resistant to single drugs, sequential accumulation of resistance mutations has
led to the emergence of MDR, extensively drug resistant (XDR), and most recently
totally drug resistant (TDR) M. tuberculosis strains (Ormerod 2005; Dorman and
Chaisson 2007; Udwadia 2012). Infections with some of the latter strains are
essentially incurable by the current TB drugs. Therefore, these resistant strains of
M. tuberculosis pose a serious threat to worldwide TB control programs. To tackle
the current epidemic of drug resistant TB, novel therapeutic interventions are
urgently needed. Besides the efforts to develop completely new antibiotics that are
not affected by the existing resistance mechanisms, other nontraditional approa-
ches such as targeting resistance mechanisms or repurposing old drugs need to be
further investigated. For these approaches to be successful, drug resistance
mechanisms in M. tuberculosis should be thoroughly studied and well understood.

2 Acquired Antibiotic Resistance Mechanisms

Pathogenic bacteria including M. tuberculosis are able to acquire resistance to a
particular antibiotic to which they were previously susceptible. The concept here
referred to as “acquired antibiotic resistance” is in contrast with the intrinsic
resistance discussed later in this chapter. Acquired resistances might occur through
either mutation or horizontal gene transfer. In M. tuberculosis, horizontal transfer
of resistance genes via plasmids or transposon elements has not been reported. By
contrast, all currently known acquired resistances are mediated through chromo-
somal mutations that arise under selective pressure of antibiotic use. A summary of
M. tuberculosis genes to which mutations confer TB drug resistance is presented in
Table 1.

2.1 Genetic Mutation

Darwin’s theory of evolution is perfectly epitomized by the progression of drug
resistance in M. tuberculosis. Like any new traits arising during selective evolu-
tion, antibiotic resistant strains only become predominant in M. tuberculosis
populations if the resistance phenotypes provide the mutants with survival
advantages over their susceptible counterparts. The prolonged drug exposure due
to lengthy regimens might have greatly contributed to the continued progression of
the selective evolution of resistant strains that otherwise would hardly predominate
the population because of their reduced fitness compared to susceptible strains.
The ever-increasing drug use in response to growing TB incidences has resulted in
a steady evolution of M. tuberculosis strains that are progressively resistant to the
available drugs. Besides the matter of selective survival, recent studies show that
exposure of bacterial cells to sublethal levels of bactericidal antibiotics promotes
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cellular mutagenesis leading to increased mutation rates in other drug resistance
genes (Kohanski et al. 2010a). This phenomenon, possibly mediated through the
increased production of reactive oxygen species triggered by bactericidal antibi-
otics (Kohanski et al. 2007), might play a key role in the rapid emergence of
multidrug resistance phenotypes in pathogenic bacteria such as M. tuberculosis. In
light of this knowledge, many current TB drugs might well represent this double-
edged sword. Both isoniazid and ethionamide require activation by redox enzymes
in the mycobacterial cytoplasm to become inhibitory. This process produces
reactive oxygen and/or radicals that exert the mycobactericidal activity (Fig. 1)
(Ito et al. 1992; Wang et al. 1998). But once a mutant survives the killing action of
reactive oxygen and radicals, these same chemical matters would enhance its
mutability leading to the acquisition of additional drug resistance mutations.
Whether or not, and to what level, reactive oxygen and radical species contribute
to the rise of resistance mutations remains to be understood in M. tuberculosis.

2.1.1 New Insights into Pyrazinamide Action and Resistance

Pyrazinamide is a first-line TB antibiotic that is commonly used in combination
with other drugs to shorten treatment regimens. Despite its widespread applica-
tions in TB chemotherapy, the precise mechanism underlying its action, as well as
the mycobacterial mechanisms conferring pyrazinamide resistance had been elu-
sive until recently. Similar to isoniazid and ethionamide, pyrazinamide is a pro-
drug and conversion to its active form pyrazinoic acid is catalyzed by the
mycobacterial enzyme pyrazinamidase, encoded by the pncA gene (Scorpio and
Zhang 1996). Loss of pyrazinamidase activity leads to pyrazinamide resistance,
whereas overexpression confers increased susceptibility (Boshoff and Mizrahi
2000; Bamaga et al. 2002). Mapping of pyrazinamide resistance in M. tuberculosis
clinical isolates found most mutations associated with pncA (Scorpio et al. 1997).
However, there is a small subset of low-level pyrazinamide resistant strains that
have no mutation in pncA, suggesting that these strains might carry mutations in
genes encoding targets of pyrazinamide. In a search for M. tuberculosis proteins
that bind the active molecule pyrazinoic acid, the 30S ribosomal protein S1 (RpsA)
was identified (Shi et al. 2011). Overexpression of rpsA results in increased pyr-
azinamide resistance (Shi et al. 2011). Sequencing of a non-pncA pyrazinamide
resistant strain revealed a 3-base pair in-frame deletion that leads to loss of Ala-
nine 438 at the C terminus of RpsA (Shi et al. 2011). These observations suggested
that RpsA is involved in M. tuberculosis pyrazinamide resistance.

Besides its essential ribosomal function required for protein translation, RpsA
was previously found to be involved in trans-translation through its specific
binding to transfer-messenger RNA (tmRNA) (Wower et al. 2000; Saguy et al.
2007). Trans-translation is a cellular process involved in rescuing ribosomes that
are stalled during translation as well as in the degradation of the incomplete
polypeptide chain and its messenger RNA (Keiler 2008). In this process, stalled
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«4Fig. 1 Possible interconnections of the TCA cycle, cellular redox homeostasis, and action of
bactericidal antibiotics in M. tuberculosis. The primary interactions between bactericidal
antibiotics and their targets trigger oxidation of NADH, produced in the TCA cycle, through the
electron transport chain. This leads to increased production of superoxide that destroys iron—
sulfur clusters yielding iron for oxidation of the Fenton reaction. The Fenton reaction results in
the formation of hydroxyl radicals that damage nucleic acids, proteins, and lipids, eventually
leading to cell death. However, if a cell survives, these hydroxyl radicals increase its mutagenesis
thus promoting the emergence of MDR strains. The current TB drugs isoniazid (INH) and
ethionamide (ETH) kill mycobacteria via direct conversion to free radicals that may contribute to
the formation of MDR M. tuberculosis strains. The recently discovered MDR determinant PknG
might regulate activity of many enzymes of the TCA cycle via its phosphorylation of GarA.
These enzymes (KGD, GS, and GDH, in red) might affect the cellular NADH pool required for
the downstream electron transport chain triggered by bactericidal antibiotics thus leading to cell
death. MD: malate dehydrogenase, ICD: isocitrate dehydrogenase. Redrawn with modifications
from (Kohanski et al. 2007)

mRNA is displaced by tmRNA that encodes a short peptide tagging the stalled
protein for subsequent degradation.

In vitro binding experiments confirmed that pyrazinoic acid, but not pyrazin-
amide prevents interaction between RpsA and tmRNA (Shi et al. 2011). In
addition, the 3-base pair deletion found in rpsA of the non-pncA pyrazinamide
resistant strain mentioned above abolishes pyrazinoic acid binding (Shi et al.
2011). Also, pyrazinoic acid was shown to inhibit trans-translation of the reporter
protein dihydrofolate reductase (Shi et al. 2011). These results suggested that the
molecular target of pyrazinamide is the trans-translation process that might be
essential for stress survival and recovery from nutrient starvation (Keiler 2008).
Large-scale sequencing needs to be done to evaluate the significance of rpsA
mutations in clinical pyrazinamide resistant M. tuberculosis strains.

2.2 Fitness Compensation and the Inevitable Evolution
to the Totally Drug Resistant Phenotype

Acquired antibiotic resistance mechanisms are often associated with a reduced
fitness of the resistant mutants (Andersson and Levin 1999; Andersson 2000;
Andersson and Hughes 2010). This “fitness cost” affects the development, as well
as the stability and domination of the resistance phenotypes. It has been generally
observed that epidemics of drug resistant M. fuberculosis strains mainly circulate
among HIV positive patients, raising the hope that these mutants might never
spread widely among healthy people. However, first studies using mathematical
modeling, as well as those carried out in other organisms, predict that the fitness
cost of M. tuberculosis drug resistant strains could be reduced by the subsequent
appearance of “compensatory mutations”, i.e., mutations that correct the fitness
cost due to earlier mutations (Reynolds 2000; Andersson and Hughes 2010; Ser-
geev et al. 2012). This compensatory evolution, restoring fitness of resistant



60 T. Smith et al.

strains, might stabilize the epidemic of resistance phenotypes after they emerge.
Indeed, in vitro studies suggest that resistant M. tuberculosis isolates are able to
restore their fitness after prolonged exposure to antibiotics (Gillespie et al. 2002;
Gagneux et al. 2006), although the identity of those mutations was not known. A
recent study using whole-genome sequencing identified a set of compensatory
mutations in the RNA polymerase genes of rifampicin resistant M. tuberculosis
strains (Comas et al. 2012). In vitro growth competition assays confirmed that
these mutations restore fitness of the rifampicin resistant M. tuberculosis strains
compared to their susceptible counterparts. More convincingly, these mutations
were mapped in 30 % of MDR M. tuberculosis strains isolated from regions of
MDR TB prevalence (Comas et al. 2012).

TDR M. tuberculosis strains have been confirmed in India this year (Ormerod
2005; Dorman and Chaisson 2007; Udwadia 2012). Like MDR and XDR
M. tuberculosis strains, the appearance of these TDR isolates is possibly inevitable
with the increasing use of TB antibiotics. It is probably just a matter of time before
these deadly bacteria appear more frequently in other places. The crucial question
is whether compensatory evolution might allow stabilization of these drug resis-
tance phenotypes, thus enhancing transmission rates of the resistant strains. The
coevolution of drug resistance and fitness traits in M. tuberculosis therefore rep-
resents a deadly menace to humans.

3 Intrinsic Antibiotic Resistance Mechanisms

Besides the ability to acquire new resistance through the acquisition of chromo-
somal mutations, M. tuberculosis is endowed with an array of intrinsic resistance
mechanisms that allow active neutralization of antibiotic actions. These resistance
mechanisms provide a high resistance background that not only limits the appli-
cation of available antibiotics to TB treatment, but also hampers the development
of new drugs. M. tuberculosis intrinsic drug resistance can be divided into two
categories: passive resistance and specialized resistance mechanisms.

3.1 Passive Resistance Mechanisms

Similar to the problems encountered in drug development and chemotherapy of
Gram-negative bacteria, the impermeable cell wall of mycobacteria functions as an
effective barrier for the penetration of antibiotics. Although mycobacteria are
classified as Gram-positive bacteria, their cell wall is extremely thick and multi-
layered with varied hydrophobicity. These layers create an interlayer space similar
to the periplasm of the Gram-negative bacterial cell wall (Hoffmann et al. 2008;
Zuber et al. 2008). The peptidoglycan sacculus is covered by an arabinogalactan
layer, both of which are hydrophilic, thus preventing the transport of hydrophobic
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molecules (Brennan and Nikaido 1995). These two layers are covalently linked to
an outward layer of mycolic acids, long chain fatty acids that form a waxy,
nonfluid barrier restricting penetration of both hydrophobic and hydrophilic
molecules (Liu et al. 1995). For example, diffusion of f-lactams through the
mycobacterial cell wall is hundreds of fold slower than the penetration through that
of Escherichia coli (Kasik and Peacham 1968; Chambers et al. 1995).

The role of the mycobacterial cell wall in intrinsic antibiotic resistance is well
demonstrated by the studies of mutants defective in cell wall biosynthesis. Pio-
neering work by the Nikaido laboratory identified a M. smegmatis mutant defec-
tive in mycolate biosynthesis. This mutant exhibited increased uptake of and
sensitivity to erythromycin, chloramphenicol, novobiocin, and rifampicin (Liu and
Nikaido 1999). Also, transposon mutagenesis studies confirmed the role of cell
wall integrity in mycobacterial intrinsic drug resistance (Gao et al. 2003; Philalay
et al. 2004). For example, transposon insertions in kasB or the virS-mymA operon
(rv3082 to rv3089), genes that were defined to be involved in mycolic acid bio-
synthesis, lead to increased chemical penetration and sensitivity to various anti-
biotics (rifampicin, ciprofloxacin, isoniazid and pyrazinamide) (Gao et al. 2003;
Singh et al. 2003, 2005). The ligation of mycolic acids to sugar moieties (arabi-
nogalactan or trehalose) in the cell wall is catalyzed by a family of redundant
mycolyltransferase enzymes initially known as “the antigen 85 complex” (Belisle
et al. 1997). Deletion of the fbpA gene encoding one of the mycolyltransferases
results in reduced levels of trehalose dimycolates and increased sensitivity to
antibiotics widely used for antibacterial chemotherapy (Nguyen et al. 2005). These
observations confirm that the mycobacterial cell wall plays an important role in
mycobacterial intrinsic resistance against antibiotics. However, because the dou-
bling time of M. tuberculosis is extremely long, the slow penetration rate might in
some cases be high enough to allow antibiotics to accumulate to inhibitory levels
well before cell division occurs, thus making cell wall permeability an important
but not a decisive determinant of drug resistance (Brennan and Nikaido 1995;
Chambers et al. 1995; Quinting et al. 1997).

Similar to the cell wall of Gram-negative bacteria, porins are mounted to outer
layers of the mycobacterial cell wall, thus allowing import of nutrients and small
molecules required for growth (Niederweis 2003). These porins might also play a
role in the import of antibiotics through the outer layer of the mycobacterial cell
wall (Danilchanka et al. 2008). In trans expression of the major porin MspA from
M. smegmatis increases susceptibility of M. tuberculosis and M. bovis to f-lac-
tams, isoniazid, ethambutol, and streptomycin (Stephan et al. 2004). By contrast,
deletion of mspA or mspC in M. smegmatis leads to increased resistance to not only
hydrophilic, but also hydrophobic and large antibiotics such as vancomycin,
erythromycin, and rifampicin (Stephan et al. 2004; Danilchanka et al. 2008).
Although M. tuberculosis encodes at least two porin-like proteins, OmpA and
Rv1698 (Senaratne et al. 1998; Siroy et al. 2008), and in trans expression of
rv1698 restores antibiotic susceptibility to a M. smegmatis mspA mutant (Siroy
et al. 2008), the role of porins in antibiotic uptake and susceptibility has not been
demonstrated directly in M. tuberculosis.
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3.2 Specialized Resistance Mechanisms

Besides the cell wall barrier that helps slow down the penetration of antibiotics
(Nikaido 1994), M. tuberculosis and other mycobacterial species operate multiple
specialized resistance machineries that allow active detoxification of drugs once
they reach the cytoplasmic space.

3.2.1 Modification of Drug Targets

Pathogenic bacteria are able to avoid antibacterial activity of antibiotics through
structural modifications of their targets, thereby reducing antibiotic binding
affinity. The mechanism that confers the intrinsic resistance of M. tuberculosis to
macrolide and lincosamide antibiotics represents a typical example for this type of
resistance. M. tuberculosis and other mycobacterial species are naturally resistant
to macrolides and lincosamides. These antibiotics stop the growth of bacterial cells
through inhibitory action on the protein synthetic machinery. They bind reversibly
to a specific site of the ribosomal RNA in the 50S subunit of bacterial ribosomes,
thus inhibiting translocation of peptidyl-tRNA (Buriankova et al. 2004). It has
been observed that the Pasteur vaccine strain Bacillus of Calmette and Guérin
(BCG) is uniquely susceptible to many macrolides and lincosamides, whereas its
parental strain M. bovis and other vaccine strains remain resistant to the antibi-
otics. Through comparative genomics, it was realized that the sensitivity of BCG
to macrolides and lincosamides is due to its chromosomal deletion of the erm37
gene encoding a ribosomal RNA methyltransferase (Buriankova et al. 2004).
erm37 is located within a larger chromosomal locus known as Region of Differ-
ence 2 (RD2) which was deleted in BCG during its culture passage. Genetic
experiments showed that the macrolide-lincosamide resistance of BCG could be
restored to the level of its parental M. bovis strain by in trans expression of the
erm37 gene from M. tuberculosis (Buriankova et al. 2004). Chemical analyses
showed that this enzyme alters structures of the M. tuberculosis ribosomes via
methylation of 23S ribosomal RNA (Madsen et al. 2005). In vitro macrolide
binding assays also confirmed that Erm37 activity reduces affinity of macrolides to
the ribosomes, thus lowering the inhibitory activity of macrolides on protein
synthesis (Buriankova et al. 2004). Other erm genes conferring macrolide and
lincosamide resistance were also identified in M. smegmatis and M. fortuitum
(Nash 2003; Nash et al. 2005). Interestingly, expression of erm genes in myco-
bacteria is inducible by exposure to macrolides and lincosamide antibiotics (Nash
2003; Nash et al. 2005; Andini and Nash 2006), suggesting that their function is
specialized for macrolide and lincosamide resistance. This inducible expression of
Erm37 is most likely controlled by the MDR transcription regulator WhiB7
(Morris et al. 2005; Burian et al. 2012), which is discussed elsewhere in this
chapter.
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Another example demonstrating the ability of M. tuberculosis to neutralize drug
action through enzymatic modification of its target is the methylation of ribosomal
RNA that mediates resistance to cyclic peptide antibiotics. Capreomycin and
viomycin are commonly used to treat MDR TB, but clinical strains resistant to
these drugs have been isolated. Genetic studies carried out with M. smegmatis and
M. tuberculosis found that mutations associated with capreomycin resistance are
mapped to the #t/yA gene that encodes a 2’-O-methyltransferase (Maus et al. 2005).
TlyA methylates both 16S and 23S ribosomal RNA at nucleotide C1409 and
C1920, respectively (Johansen et al. 2006). These methylations render mycobac-
terial ribosomes susceptible to the binding of capreomycin and viomycin (Maus
et al. 2005; Johansen et al. 2006). Inactivation of ¢/yA led to increased resistance to
these cyclic peptides, whereas in trans complementation restored capreomycin
susceptibility (Maus et al. 2005).

3.2.2 Chemical Modification of Drugs

Mycobacteria are also able to inactivate antibiotics via direct chemical modifi-
cations. Recent studies have revealed the importance of acetylation on myco-
bacterial resistance to aminoglycosides. Aminoglycosides are broad-spectrum
antibiotics that can act either as bactericidal or bacteriostatic drugs depending on
concentration. This group of antibiotics constitutes an important position in the
history of TB chemotherapy. Whereas streptomycin was the first effective remedy
for TB, kanamycin and amikacin are currently used as last resorts to treat MDR TB
cases. In addition, resistance to these drugs in MDR strains is the hallmark to
define XDR TB. Aminoglycosides may have multiple potential mechanisms of
action. Although some of them have been shown to act as inhibitors of protein
biosynthesis, the precise mechanism of action of aminoglycosides remains to be
understood. Early studies in M. smegmatis and M. fortuitum identified homologs of
aminoglycoside 2’-N-acetyltransferase (aac) that confer resistance to gentamicin,
dibekacin, tobramycin, and netilmicin (Ainsa et al. 1996). Although a homolog of
AAC is apparently present in M. tuberculosis (Vetting et al. 2003), its function in
aminoglycoside resistance has not been demonstrated. Surprisingly, the intrinsic
resistance of M. tuberculosis to aminoglycosides has been recently attributed to a
different acetyltransferase (Zaunbrecher et al. 2009). The protein termed Enhanced
Intracellular Survival (EIS) was first discovered as a determinant of mycobacterial
survival in host macrophages (Wei et al. 2000).

High-level kanamycin resistance in M. fuberculosis isolates has been mapped to
the 16S ribosomal RNA gene rrs. However, the majority of isolates that display
lower levels of kanamycin resistance have no mutation in rrs. To study mechanisms
underlying kanamycin resistance in these isolates, a cosmid library was constructed
using genomic DNA from one of these kanamycin resistant M. tuberculosis strains
(Zaunbrecher et al. 2009). The cosmid library was transformed into a kanamycin
susceptible M. tuberculosis strain and kanamycin resistant transformants were
obtained. Further mapping of the cosmid, which conferred kanamycin resistance,
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identified mutations within the eis promoter region, which increased transcription of
eis by 180-fold (Zaunbrecher et al. 2009). Importantly, these mutations were found
in 80 % of low-level kanamycin resistant clinical isolates (Zaunbrecher et al. 2009;
Campbell et al. 2011; Engstrom et al. 2011), as well as in MDR M. tuberculosis
isolates (Huang et al. 2011). In addition, in vitro studies showed that Eis acetylates
multiple amine groups of aminoglycosides using acetyl-coenzyme A as an acetyl
donor (Chen et al. 2011), thereby inactivating the antibiotics. The dual function of
EIS in the protection of M. tuberculosis against mycobactericidal mechanisms of
both host immunity and antibiotics indicates a sinister coevolution of these two traits
under the pressure of the recent antibiotic use.

3.2.3 Enzymatic Degradation of Drugs

Another pathway that pathogenic bacteria commonly use to subvert antibiotics is
to directly degrade them using hydrolases. This mechanism is best studied in the
case of f-lactams. These antibiotics bind and inhibit the activity of penicillin
binding proteins (PBPs) involved in the assembly of the peptidoglycan network,
thereby disrupting cell wall biosynthesis and leading to cell death. There are at
least four major PBPs encoded in the genome of M. fuberculosis. These proteins
bind f-lactams at clinically achievable concentrations (Chambers et al. 1995),
indicating that target affinity is not an important determinant of -lactam resistance
in mycobacteria. The cell wall of mycobacterial species clearly contributes to the
reduced accessibility of f-lactams to their targets. In this regard, the slow growth
rate of M. tuberculosis serves both as a negative and positive factor in contributing
to f-lactam resistance. For example, carbapenems are relatively unstable, and
therefore lose activity much faster than the mycobacterial growth rate. However,
daily uptake could lead to lethal concentrations that are sufficient to inhibit the
slow cell division machinery of mycobacteria (Watt et al. 1992). This makes the
cell wall barrier an important but not the principal determinant of f-lactam
resistance.

p-lactamases, which hydrolyze the f-lactam ring of f-lactams, have been
proven to provide the paramount f-lactam resistance in mycobacteria (Chambers
et al. 1995). This conclusion is most supported by studies in M. fallax, the only
Mycobacterium species highly susceptible to f-lactams (Kasik 1979; Quinting
et al. 1997). Permeability assays first showed that f-lactam penetration through the
cell wall of M. fallax is similar to those observed in other mycobacteria. This
barrier apparently slows down accessibility of f-lactams to their targets, but half
equilibration times should allow accumulation of the drugs at concentrations lethal
to the bacterium (Quinting et al. 1997). However, when the f-lactamase from
M. fortuitum was in trans expressed in M. fallax, its resistance was elevated to
levels comparable to other mycobacterial species (Quinting et al. 1997). It is
important to note that mycobacterial f-lactamases are generally considered less
active than those of other pathogenic bacteria. However, the slow penetration of f3-
lactams across the thick cell wall of mycobacteria renders this low f-lactamase
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activity effective enough to protect mycobacteria from f-lactam action (Jarlier
et al. 1991).

The most important f-lactamase in M. tuberculosis is BlaC, which belongs to
the Ambler class-A fS-lactamases (Voladri et al. 1998; Wang et al. 2006), whose
enzymology and structures have been thoroughly characterized (Voladri et al.
1998; Wang et al. 2006). BlaC exhibits broad substrate specificity, possibly due to
its large and flexible substrate-binding site (Wang et al. 2006). In addition, M.
tuberculosis BlaC displays measurable activity to carbapenems, which are gen-
erally resistant to f-lactamases of other pathogenic bacteria (Hugonnet and
Blanchard 2007; Tremblay et al. 2010). Also, f-lactamase inhibitors such as
clavulanic acid are less effective against BlaC compared to other class A enzymes.
Besides BlaC, M. tuberculosis encodes at least three more f-lactamase genes:
blaS, rv0406c¢, and rv3677c, which were shown to provide M. tuberculosis with
lower p-lactamase activities (Flores et al. 2005; Nampoothiri et al. 2008).
Expression of BlaC in M. tuberculosis is inducible by f-lactams (Sala et al. 2009),
indicating that this system has been specialized for f-lactam resistance. The
induction of BlaC was recently shown to be mediated through Blal, a winged helix
regulator that functions as a transcriptional repressor of blaC expression. In the
absence of f-lactams, Blal forms homodimers that bind the promoter of the blaC
gene, thus inhibiting blaC transcription (Sala et al. 2009). When M. tuberculosis is
exposed to f-lactams, Blal is dissociated from its DNA binding site, thereby
derepressing the transcription of blaC that confers increased f-lactam resistance
(Sala et al. 2009).

3.2.4 Molecular Mimicry of Drug Targets

Molecular mimicry represents a fascinating mechanism that M. tuberculosis might
use to neutralize action of fluoroquinolones. These synthetic antibiotics have
recently become important drugs for the treatment of drug resistant TB cases
(Duncan and Barry 2004). Fluoroquinolones are bactericidal drugs that kill bac-
teria through inhibition of DNA replication, transcription, and repair. These
antibiotics interact with DNA gyrase or topoisomerase in complexes with DNA,
thereby stabilizing DNA breaks while inhibiting resealing of DNA strands. These
events eventually result in DNA degradation and cell death (Andriole 2005).
Similar to other bacteria, acquired fluoroquinolone resistance in M. tuberculosis
is commonly mapped to mutations in the genes that encode DNA gyrases, gyrA,
and gyrB (Table 1). However, the molecular mechanisms responsible for the
intrinsic fluoroquinolone resistance in mycobacteria have not been well under-
stood. A M. smegmatis protein (MfpA) was first identified to confer low-level
resistance to fluoroquinolones. Overexpression of mfpA from a multicopy plasmid
results in increased resistance to ciprofloxacin and sparfloxacin in M. smegmatis
and M. bovis (Montero et al. 2001). By contrast, deletion of mfpA leads to reduced
fluoroquinolone resistance, indicating that the resistance level is dependent on
mfpA expression. The sequence of MfpA has highest homology to pentapeptide
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repeat proteins in which every fifth amino acid is either leucine or phenylalanine.
Interestingly, structure of the M. tuberculosis MfpA resembles the 3D structure of
the DNA double helix (Ferber 2005; Hegde et al. 2005), with the tandem of
pentapeptide repeats coiling around in a right-handed helix of the same width as
DNA (Morais Cabral et al. 1997; Hegde et al. 2005). It was suggested that MfpA
mimics DNA structure to sequester fluoroquinolones in the cytoplasm, thus setting
DNA free from the drug attack (Ferber 2005). However, the physiological function
of MfpA and how MfpA contributes to fluoroquinolone resistance in the clinic
remain to be established. Nevertheless, this finding reveals a fascinating capability
of pathogenic bacteria in evolving novel resistance mechanisms against
antibiotics.

3.2.5 Drug Deportation By Efflux Pumps

An active mechanism that commonly provides protection against antibiotics in
pathogenic bacteria is to expel the reagents using efflux pumps. Most of these
membrane-spanning proteins play roles in the physiology or metabolism of bacteria;
for example, transporting of nutrients, toxins, wastes, or signaling molecules
through the cell wall. Therefore, the functions in antibiotic resistance of many
transporters might be secondary and due to nonspecific transportation. Indeed, 20
out of the total of 36 genes encoding membrane transport proteins in the E. coli
genome confer some levels of resistance to one or more antibiotics (Nishino and
Yamaguchi 2001). However, these transporters are commonly controlled by regu-
latory systems that might have evolved to respond to antibiotics, thus making
transport activities specialized for antibiotic resistance. For example, a major MDR
determinant in E. coli is AcrB, a transporter of a broad substrate specificity. How-
ever, activity of AcrB has evolved as its expression is controlled by three antibiotic-
responsive regulatory systems: Mar, Sox, and Rob (Alekshun and Levy 1997).
There are at least 18 transporters thus far characterized to be involved in
antibiotic susceptibility of mycobacterial species (Viveirosa et al. 2012). For more
specific information related to these transporters and their role in antibiotic
resistance, readers are referred to many recent excellent reviews (da Silva et al.
2011; Viveirosa et al. 2012). Most of these transporters confer low-level antibiotic
resistance to mycobacteria. Similar to E. coli, activities of some of these trans-
porters are coupled to regulatory systems that are responsive to antibiotics. For
example, two mycobacterial transporters, encoded by the iniBAC and efpA genes,
are negatively controlled by the transcription regulator Lsr2 (Colangeli et al.
2007). Whereas IniBAC confers resistance to isoniazid and ethambutol, EfpA is
rather a nonspecific MDR transporter (Colangeli et al. 2005, 2007). Importantly,
the transcriptional control of IniBAC and EfpA by Lsr2 is inducible by isoniazid or
ethambutol (Colangeli et al. 2007), indicating a functional evolution toward
antibiotic resistance. Another example is the positive regulation of Tap, a trans-
porter of aminoglycosides and tetracycline, by the MDR regulatory protein WhiB7
(Ainsa et al. 1998; Morris et al. 2005). Expression of WhiB7 and its regulon
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including Tap is induced when M. tuberculosis is exposed to tetracycline, strep-
tomycin, or erythromycin (Morris et al. 2005; Burian et al. 2012). Interestingly, a
recent study showed that expression of multiple efflux pumps including Tap is
induced in mycobacteria residing within host granulomas, indicating that these
molecular pumps may contribute to the drug tolerance of M. tuberculosis in latent
TB (Adams et al. 2011).

3.3 Redox Homeostasis and the Mycobactericidal Activity of Drugs

Pioneering work in E. coli and Salmonella established the relationship of antibiotic
resistance and oxidative stress responses (Demple 2005). These two phenotypes
are controlled by common regulatory proteins such as SoxRS, MarRAB, or Rob.
Although a clear reason for this regulatory overlap has not been established, it is
conserved in both E. coli and Salmonella and believed to provide evolutionary
advantages to these bacteria in the defense against general toxic environments
(Demple 2005). Growing evidence recently revealed a tight relationship of killing
mechanisms of antibiotics and cellular redox homeostasis in bacteria (Kohanski
et al. 2007, 2010a, b), which could help explain the co-evolution of regulatory
systems to control these two phenotypes. In E. coli, exposure to bactericidal
antibiotics stimulates the production of hydroxyl radicals that ultimately lead to
cell death (Kohanski et al. 2007). The terminal production of hydroxyl radicals
triggered by bactericidal antibiotics is mediated through complex sequential events
starting with the tricarboxylic acid (TCA) cycle. First, NADH produced in the
TCA cycle is oxidized via complex electron transport chains, which results in the
production of superoxide. Superoxide then damages iron—sulfur clusters, thereby
donating ferrous iron to the oxidation of the Fenton reaction that produces
hydroxyl radicals. Finally, hydroxyl radicals damage DNA, proteins, and lipids,
resulting in cell death (Fig. 1) (Kohanski et al. 2007).

In mycobacteria, the relationship between oxidative stress responses and anti-
biotic resistance has also been implicated through the studies of the prodrugs
isoniazid and ethionamide. Oxidative stress response proteins such as KatG and
AhpC were found to be important for the oxidative activation of these antibiotics
(Zhang et al. 1992, 1996; Sherman et al. 1996). In addition, expression of the stress
responsive sigma factor F (SigF) is induced by antibiotics (Michele et al. 1999).
Also, mycothiol, the actinobacterial specific thiol molecule involved in myco-
bacterial protection against oxygen toxicity, is also required for antibiotic resis-
tance (Rawat et al. 2002; Buchmeier et al. 2003; Vilcheze et al. 2008). More
recently, the relationship between redox homeostasis and antibiotic resistance has
become clearer from the studies of the MDR systems Lsr2 and WhiB7 (Morris
et al. 2005; Colangeli et al. 2009; Burian et al. 2012). Lsr2 was previously reported
to control expression of the drug efflux pump IniBAC discussed above (Colangeli
et al. 2005, 2007). Interestingly, a recent paper suggested that Lsr2 protects M.
tuberculosis from reactive oxygen intermediates, possibly through its histone-like
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activity that protects DNA from the attacks of hydroxyl radicals (Colangeli et al.
2009). WhiB7 is a MDR determinant found only in actinobacteria including
streptomycetes and mycobacteria. Deletion of whiB7 in mycobacteria leads to
increased susceptibility to multiple antibiotics, whereas overexpression results in
elevated resistance levels, indicating that WhiB7 activity is directly linked to the
multidrug resistance phenotype (Motris et al. 2005). The M. tuberculosis WhiB7
protein is a 122-amio acid iron—sulfur cluster carrying protein. Transcriptomic
analysis showed that WhiB7 affects transcription of multiple structural antibiotic
resistance genes including eis, erm37, and tap that are discussed elsewhere in this
chapter. Interestingly, expression of whiB7 could be induced by exposure to not
only antibiotics such as erythromycin and tetracycline but also the reducing
reagent dithiothreitol (Burian et al. 2012), indicating its function in antibiotic
resistance is responsive to cellular redox fluctuations. Combination of antibiotics
and dithiothreitol further elevates whiB7 expression. By contrast, an oxidative
reagent diamide inhibits whiB7 induction (Burian et al. 2012). These experiments
indicate the importance of a reductive environment for WhiB7 activity. Besides
WhiB7 and Lsr2, another MDR protein whose function might relate to oxidative
stress and the TCA cycle was recently reported in mycobacteria. The eukaryotic-
type protein kinase G (PknG) is required for the intrinsic multidrug resistance in
M. smegmatis and M. tuberculosis (Wolff et al. 2009). Either genetic deletion or
chemical inhibition of PknG kinase activity results in increased susceptibility of
mycobacteria to multiple antibiotics (Wolff et al. 2009). Interestingly, PknG was
previously reported to mediate survival of pathogenic mycobacteria in host mac-
rophages (Walburger et al. 2004). These findings indicate that traits related to
antibiotic resistance and virulence might be interconnected in M. tuberculosis.
Although the precise molecular mechanism underlying the function of PknG in
mycobacterial antibiotic resistance has remained unknown, the possible involve-
ment of this kinase in the control of the TCA cycle might provide an explanation
(Fig. 1). Together with some other kinases, PknG was found to phosphorylate
Odhl, an inhibitor of the 2-oxoglutarate dehydrogenase (ODH) complex of the
TCA cycle, in Corynebacterium glutamicum (Niebisch et al. 2006). ODH cata-
lyzes the NAD*-dependent conversion of 2-oxoglutarate (or a-ketoglutarate) to
succinyl CoA. Phosphorylated Odhl is no longer able to inhibit ODH (Niebisch
et al. 2006). In M. tuberculosis, the TCA cycle lacks ODH activity. Instead, o-
ketoglutarate is first converted into succinic semialdehyde by a-ketoglutarate
decarboxylase (KGD), before further conversion to succinate (Fig. 1) (Tian et al.
2005). The M. tuberculosis Odhl homolog, termed GarA, is also phosphorylated
by multiple mycobacterial kinases including PknG. Unphosphorylated GarA was
suggested to act as an inhibitor of KGD and NAD*-dependent glutamate dehy-
drogenase (GDH), yet as an enhancer of glutamate synthase (GS) activity (Nott
et al. 2009; Chao et al. 2010). These enzymes are required for the interconversion
of NADH and NAD" (Fig. 1). Therefore, PknG kinase activity may affect the
cellular NADH pool that is required for the superoxide production triggered by
bactericidal antibiotics leading to eventual cell death (Kohanski et al. 2007,
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2010b). It remains to be established whether this model is correct and how PknG
affects this NADH-mediated mycobactericidal action of TB antibiotics.

4 Epigenetic Drug Tolerance

Besides the acquired and intrinsic resistance mechanisms that are defined by genetic
determinants, epigenetic drug tolerance has been observed in M. tuberculosis, often
associated with latent or relapsed TB cases. This phenotypic drug tolerance is
associated with the phenomenon of persisters, a small subpopulation of cells with
distinct but as-yet-unknown metabolic or physiological states. Persisters are
genetically identical with susceptible counterparts and able to convert into sus-
ceptible cells upon restoration of normal environments (Lewis 2008; Zhang 2012).

Whereas drug resistance mechanisms result in reduced access of an antibiotic to
its target, drug tolerance displayed by persisters might be associated with low
metabolic activities or cell division during dormancy. This leads to a reduction of
the cellular requirement for the proteins or machineries that are targeted by the
antibiotic (Lewis 2008). Therefore, binding and inhibition of antibiotics to targets
might occur normally, but the inhibition is no longer lethal to the dormant bac-
terium (Lewis 2008). In light of the recent knowledge of how bactericidal anti-
biotics kill bacterial cells (Kohanski et al. 2007, 2010b), inactive metabolic
pathways such as a stalled TCA cycle might prevent cell death caused by those
antibiotics. Once a persister re-enters active growth, cellular requirement for the
targeted proteins is resumed, thus resensitizing the metabolically active cell to
antibiotics. M. tuberculosis enters a dormant state during latent infection that is
characterized by a shutdown of most of its metabolism, leading to increased
antibiotic tolerance (Gomez and McKinney 2004; Gengenbacher and Kaufmann
2012). Indeed, latent infections possibly contain persister cells that are more dif-
ficult to treat than active TB normally caused by actively dividing bacilli (Gomez
and McKinney 2004; Gengenbacher and Kaufmann 2012). M. tuberculosis isolates
obtained from TB patients that had shown prolonged persistence or treatment
relapse showed significantly increased tolerance to isoniazid, ethambutol, and
rifampicin compared to isolates from regular patients, but this tolerance was
strictly phenotypic (Wallis et al. 1999). Also, persister-like bacilli that replicate
very slowly or completely stop growth have been isolated from TB sputum
(Garton et al. 2008). Transcriptome analysis of these cells indicated that drug
tolerance is due to low metabolic rates rather than resistance mutations (Garton
et al. 2008).

A dormant-like state could be induced in vitro by mimicking environmental
aspects of M. tuberculosis persisters surviving during latent TB. Probably, the best
known of such methods is the Wayne model in which gradual oxygen depletion
results in a stepwise transition to a dormant cell population that exhibits very low or
absent metabolic activities and increased drug tolerance (Wayne and Hayes 1996).
Another system uses nutrient starvation to obtain nonreplicating M. tuberculosis
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cells, which display down-regulated respiration and global metabolism but high
levels of multidrug tolerance (Betts et al. 2002; Xie et al. 2005). In addition,
exposure of M. tuberculosis to antibiotics such as D-cycloserine allows isolation of
drug tolerant persisters whose transcriptome displays a downregulation of metabolic
pathways characteristic of bacterial persisters (Keren et al. 2011). While all of these
models share certain features, such as reduced intracellular ATP level and increased
lipid metabolism, it is not surprising that other markers vary, possibly because of
different inducing conditions (Keren et al. 2011; Gengenbacher and Kaufmann
2012). Nevertheless, these studies confirmed the relationship of phenotypic drug
resistance and low metabolic activity during M. tuberculosis dormancy in the host.

When bacteria are growing in vitro in the absence of antibiotics, persisters can
be steadily isolated with frequencies increasing in stationary phase (Keren et al.
2004, 2011; Hansen et al. 2008; Lewis 2008). Thus, persister formation is likely an
intrinsic characteristic of a bacterial population that is related to community het-
erogeneity. It is thought that persisters function as cells that sacrifice active growth
in order to ensure survival of the population in disastrous events such as antibiotic
exposure (Keren et al. 2004; Lewis 2008). A recent study demonstrated culture
heterogeneity in M. smegmatis arisen from asymmetric cell division and cell aging
(Fig. 2) (Aldridge et al. 2012). After a cell division event, only one of the daughter
cells contains the pre-existing division pole. and thus quickly progresses through
another cycle of division, whereas the second daughter cell must first form a new
growing pole of its own (Aldridge et al. 2012). The latter cell also elongates more
slowly than the former, but it is more tolerant to antibiotics until the next division
event (Fig. 2) (Aldridge et al. 2012). Distinct subpopulations of the diversified
cultures thereby display varied levels of antibiotic susceptibility (Aldridge et al.
2012) that might be related to the formation of persisters triggered by antibiotic
exposures.

The precise molecular mechanisms underlying the formation of drug tolerant
persisters in vivo remain largely unknown. While it is extremely difficult to study
the M. tuberculosis persisters residing in granulomas of human TB infections,
animal studies and in vitro dormancy systems might help to advance our under-
standing. In the Cornell mouse model originally described in the 1950s, infected
mice are treated with isoniazid and pyrazinamide until mice show no sign of active
disease and no detectable bacilli by organ culture (McCune et al. 1956; McCune
and Tompsett 1956). Reactivation of the disease occurs spontaneously following
cessation of the treatment or triggered by immunosuppression, indicating the
existence of drug tolerant persisters that are not cleared by the regimens (McCune
et al. 1956; McCune and Tompsett 1956; Scanga et al. 1999). A similar mouse
model infected with transposon insertion M. tuberculosis mutants was recently
used to screen for mycobacterial genes involved with isoniazid persistence (Dhar
and McKinney 2010). Using this animal infection model, genes required for iso-
niazid persistence have been identified. For example, cydC, encoding a putative
ATP-binding subunit of an ABC transporter, which is upregulated during chronic
infections in mice (Shi et al. 2005), was found to be required for survival in
isoniazid treatment (Dhar and McKinney 2010). Importantly, survival of cydC
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«4Fig. 2 Asymmetric cell division introduces population heterogeneity in growth rate and drug
tolerance levels. A microfluidic chamber, which allows culturing mycobacterial cells for live-cell
imaging, was developed. Growth from single cells (microcolonies) up to five generations were
individually followed and analyzed. a Schematic model of growth and division starting from a
single mycobacterial cell. Elongation occurs at one pole (red arrow) that is inherited by only one
daughter cell, termed accelerator (Acc). The second daughter cell, or alternator (Alt), has to form
a new pole before elongation and cell division can occur again. This requirement for the
formation of a new growing pole results in a downshift of the cell’s elongation rate compared to
accelerators that divide at unchanged speed due to the inherited pole. b The elongation rate of
cells within 10 microcolonies is grouped dependent on cell pole ages (see a). Means of elongation
rates are indicated by the larger ovals, distributions are indicated by smaller ovals. ¢ and
d Microcolonies in which alternators outnumber accelerators (green area, right) exhibit increased
drug persistence compared to those in which accelerators dominate (orange area, left). This is
likely due to decreased elongation rates and metabolic activity of alternator cells. Microcolonies
were treated with either meropenem (c) or isoniazid (d) at concentrations lethal for actively
growing cells. Survival was determined by measuring the number of cells in each microcolony
that could regrow after the termination of antibiotic treatment. Reproduced with permission from
(Aldridge et al. 2012)

mutant in the absence of isoniazid was identical to that of wild-type M. tuber-
culosis, indicating the function of the CydC is specialized for antibiotic
persistence.

In other bacteria, toxin—antitoxin (TA) systems have been identified as the most
obvious mechanism likely involved in persister formation. Interestingly, the
M. tuberculosis genome encodes for over 65 such TA pairs, while E. coli encodes
for roughly 20 (Keren et al. 2011). The principle behind these gene pairs consists
of a sensitive, quickly modulated method to influence large numbers of genes and
pathways by employing two components. While the “toxin” component inhibits
critical cellular functions such as DNA replication or translation, thus leading to
metabolic downshifts, the matching “antitoxin” neutralizes the activity of the
toxin, thereby resulting in upshifts of metabolism (Lewis 2008). The production
and degradation of antitoxin molecules therefore allows regulation of dormancy
triggers. TA modules are thought to be redundant (Keren et al. 2004, 2011), and
the high number contained by M. fuberculosis may indicate the great importance
for TA-mediated persister formation during latent infection. In fact, many of the
65 TA pairs encoded in the M. tuberculosis genome have indeed been shown to
play a role in drug tolerance and dormancy. When M. tuberculosis was exposed to
D-cycloserine to induce persister formation, 10 TA modules were shown to be
upregulated (Keren et al. 2004, 2011). Among those induced was rv2866 that
encodes the toxin component of the TA pair Rv2865-Rv2866. Rv2866 is a
homolog of the mRNA endonuclease RelE, which was shown to induce dormancy
by shutting down translation in E. coli (Keren et al. 2004, 2011). Another study
showed that VapC, the toxin component of the TA module VapC—VapBC, acts
through specific binding and cleavage of RNA, thus downregulating metabolism
(McKenzie et al. 2012; Sharp et al. 2012). Similarly, the toxin Rv1102c of the TA
module Rv1102c-Rv1103c acts through its ribonuclease activity, which can be
neutralized by Rv1103c that forms a complex with the toxin (Han et al. 2010).
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When Rv1102c was expressed without its antitoxin in M. smegmatis, growth was
arrested and the formation of persisters tolerant to kanamycin and gentamycin was
increased (Han et al. 2010).

Phosphates were recently implicated in M. tuberculosis drug persistence.
Specifically, PhoY?2, the M. tuberculosis homolog of E. coli PhoU that regulates
the pst operon, acts as a negative regulator of phosphate uptake (Li and Zhang
2007; Shi and Zhang 2010). Deletion of phoY2 led to decreased tolerance of
pyrazinamide and rifampicin in M. tuberculosis (Shi and Zhang 2010). How
phosphate uptake directly impacts persister formation and drug tolerance remains
largely unknown. However, recent studies suggested that inorganic polyphosphate
might play a role in the transition from vegetative growth to dormancy and drug
tolerance in M. tuberculosis (Thayil et al. 2011). Polyphosphate might act by
inducing expression of the sigma factor RpoS that regulates expression of some 50
genes responsible for downregulation of metabolism and cell division (Shiba et al.
1997; Hengge-Aronis 2002).

In an interesting departure from the common theme of drug tolerance-metab-
olism correlation, a recent study suggested the involvement of efflux pumps in
drug tolerance of M. tuberculosis (Adams et al. 2011). This study using an in vivo
model of zebrafish infected with M. marinum followed by treatment with TB drugs
reported the emergence and enrichment of a multidrug tolerant M. marinum
population that was later disseminated into granulomas (Adams et al. 2011).
Interestingly, drug tolerance in these bacilli could be reduced by co-treatment with
efflux pump inhibitors, indicating that the observed drug tolerance was at least
partially mediated by activity of efflux pumps (Adams et al. 2011).

5 Conclusions and Perspectives

It has only been less than 100 years since antibiotics were first used to treat
bacterial infections. This time period is very short considering the pre-antibiotic
era dated back thousands of years during which infectious diseases might have
acted as selective forces of human evolution (Wang et al. 2012). For a long time,
humans and bacteria had co-evolved in duels. However, everything has changed
since antibiotics were discovered and applied in mass amounts to modern medi-
cine: bacteria now must evolve under the additional selective pressure of these
killing molecules. Evidence thus far indicates that pathogenic bacteria such as
M. tuberculosis are well able to cope with this pressure and that they have evolved
to become progressively resistant to antibiotics. Acquired resistances due to
mutations in genes encoding target proteins or genes required for drug activities
have allowed rapid evolution of mutants that become newly resistant to the anti-
biotics used. Accumulation of these resistance mutations has led to the emergence
of M. tuberculosis strains that are more and more resistant to the available anti-
biotics. More alarmingly, recent studies indicate that these drug resistant mutants
are able to evolve to regain fitness via compensatory mutations, thus enhancing
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their transmissibility and/or virulence. In addition to the acquired resistances
caused by chromosomal mutations, M. tuberculosis is naturally resistant to most
antibiotics. The profound intrinsic drug resistance in M. tuberculosis includes both
passive and specialized mechanisms, the latter of which are able to respond to the
presence of antibiotics. In fact, structural proteins capable of antibiotic resistance
might have existed long before the clinical applications of these molecules
(D’Costa et al. 2006, 2011). While these “drug resistance” proteins might still
play roles in the physiology or metabolism of M. tuberculosis and other bacteria,
inducible expression upon antibiotic exposure allows activities of these proteins
important for antibiotic resistance. In this regard, the evolution of regulatory
systems toward antibiotic responses might play a key role in specializing the
function of those drug resistance systems. In addition to these two types of drug
resistance, transition of M. tuberculosis from active growth into a dormant state
confers increased phenotypic drug tolerance, which reflects the therapeutic
recalcitrance of latent TB. These resistance and tolerance mechanisms hamper not
only the clinical application of available antibiotics but also the development of
new drugs. Nevertheless, understanding the resistance mechanisms could aid in the
discovery of novel chemotherapeutic methods. For example, a recently emerging
strategy termed “targeting resistance” uses inhibitors of resistance mechanisms to
(re)sensitize resistant bacteria to the inactivated antibiotics. This strategy might
help not only to recharge the inactivated drugs but also to synergize drugs that are
less active because of intrinsic resistance mechanisms (Nguyen 2012).
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Abstract The need for lengthy treatment to cure tuberculosis stems from
phenotypic drug resistance, also known as drug tolerance, which has been previ-
ously attributed to slowed bacterial growth in vivo. We discuss recent findings that
challenge this model and instead implicate macrophage-induced mycobacterial
efflux pumps in antimicrobial tolerance. Although mycobacterial efflux pumps
may have originally served to protect against environmental toxins, in the path-
ogenic mycobacteria, they appear to have been repurposed for intracellular growth.
In this light, we discuss the potential of efflux pump inhibitors such as verapamil to
shorten tuberculosis treatment by their dual inhibition of tolerance and growth.
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1 Drug Tolerance is an Important Barrier to Shortening
TB Treatment

The long duration of treatment required with current anti-tuberculous drugs pre-
sents a major challenge in tuberculosis (TB) management. At least 6 months of
treatment are required to achieve acceptable cure and relapse rates for smear-
positive TB (Connolly et al. 2007; Mitchison and Davies 2012). Although an
important breakthrough when first introduced, such “short course” therapy is still
too long. Adherence to months of TB therapy is difficult, with default rates of
nearly 30 % reported in some series (Castelnuovo 2010). The consequences of
poor adherence are serious both for the individual patient and for the community:
drug resistance, treatment failure, and further TB transmission. Attempts to shorten
treatment to 4 months have been thwarted by unacceptably high relapse rates
(Johnson et al. 2009).

Why is lengthy treatment with current medications required to cure TB? The
answer may be found in observations from landmark TB studies. For years, it has
been recognized that when patients with drug-susceptible TB relapse, the bacilli
typically remain genetically drug-susceptible and patients respond to their prior
treatment regimens (British Medical Research Council 1972; Wallis et al. 1999).
Complementary data from early bactericidal activity studies by Jindani and
Mitchison demonstrated that during TB chemotherapy, sputum bacillary counts
decrease in a characteristic biphasic manner (Jindani et al. 1980). For example
with isoniazid, greater than 99 % of the initial sputum bacillary load is killed
during the first 2 days of treatment, after which the rate of killing drops off
markedly. The residual bacteria are a phenotypically resistant, “drug tolerant”
population; TB drug minimum inhibitory concentrations are unchanged. Empirical
studies have shown that it takes months of therapy to eradicate these bacteria and
produce a stable cure (Mitchison and Davies 2012).

The phenomenon of antimicrobial tolerance was recognized in early experi-
ments studying in vitro killing of streptococci and staphylococci by penicillin
(Bigger 1944; Hobby et al. 1942) and was subsequently found to generalize to
other bacteria, including Mycobacterium tuberculosis (Mtb) (McCune and
Tompsett 1956; Wallis et al. 1999). Existing models of antimicrobial tolerance
differ in their specifics but all invoke the presence of a metabolically quiescent,
non-growing population. Older views focused on deterministic mechanisms such
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as hypoxia or nutrient starvation, conditions that are thought to occur in the
tuberculous granuloma; more recent models implicate stochastic mechanisms
whereby so-called “persister” cells arise independently of the growth environment
(Dhar and McKinney 2007; Lewis 2010). Although tolerance models that
emphasize a role for slow-growing or nongrowing bacteria are compatible with the
observation that antimicrobials kill nongrowing TB poorly (Schaefer 1954), evi-
dence from human treatment studies suggest that the drug-tolerant population may
not in fact be quiescent. Serial radiological studies have demonstrated that existing
lesions may enlarge and new lesions may develop despite an overall efficacious
course of therapy, a phenomenon that may be explained by the presence of an
enlarging, drug-tolerant Mtb population (Akira et al. 2000; Bobrowitz 1980).

2 Actively Growing Intracellular Mycobacteria Exhibit
Multidrug Tolerance Mediated by Macrophage-Induced
Bacterial Efflux Pumps

Recent insights from the zebrafish-M. marinum (Mm) model of TB offer potential
explanations for these puzzling radiographic observations. Similar to the expansion
of a subset of tuberculous lesions during human therapy, drug-tolerant Mm continue
to expand and disseminate within macrophages during infection of zebrafish (Adams
et al. 2011). Further investigation with macrophage-like cell lines revealed that
subpopulations of both Mtb and Mm become tolerant to multiple classes of anti-
microbials including isoniazid and rifampicin upon intracellular residence. The
induction of drug tolerance in bacteria by the host macrophage environment has been
previously described for Legionella pneumophila (Barker et al. 1995) and may be a
more widespread phenomenon. Countering prior models, the mycobacterial work
revealed that macrophage-induced tolerance is enriched in actively dividing bacteria
(Fig. 1) (Adams et al. 2011). This surprising result was explained by the finding that
in Mtb, macrophage-induced tolerance to rifampicin is mediated by a bacterial efflux
pump, Rv1258c, that also promotes intracellular bacterial growth in the absence of
antimicrobials (Table 1) (Adams et al. 2011). Rv1258c, a secondary transporter
belonging to the major facilitator superfamily (MES) of efflux pumps, is structurally
related to MefA, a 12-membrane spanning MFS pump involved in macrolide
resistance in Streptococcus pneumoniae (Ainsa et al. 1998; De Rossi et al. 2002;
Li and Nikaido 2009; Saier et al. 2009). Rv1258c is transcriptionally induced
following macrophage residence (Table 1) (Schnappinger et al. 2003) and appears to
function as a virulence factor induced in the intracellular environment that patho-
genic mycobacteria encounter (Chan et al. 2002; Clay et al. 2007; Dannenberg 1993;
Ramakrishnan et al. 2000). Its association with rifampicin tolerance appears to be an
epiphenomenon, and the identity of the “natural” substrate(s) of Rv1258c remains
unknown. Indeed, despite decades of study there are still only a few clearly identified
natural substrates of bacterial efflux pumps, such as spermidine in B. subtilis, bile
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Fig. 1 Model for efflux pump inhibitor action in Mycobacterium tuberculosis (Mtb) Efflux pump
expression is induced in Mtb following macrophage residence, perhaps stimulated by macrophage
antimicrobial peptides. With antimicrobial treatment alone, nontolerant bacteria are killed, but
tolerant bacteria survive and multiply within the macrophage. When antimicrobials are given in
conjunction with an efflux pump inhibitor, the tolerant bacteria are killed along with nontolerant
bacteria. Note that in this simplified diagram, there is no attempt to differentiate between
mycobacterial residence in the cytoplasm versus the phagosome. Modified from (Adams et al. 2011)

salts in Escherichia coli, and cyclic-di-AMP in Listeria monocytogenes (Thanassi
et al. 1997; Woodward et al. 2010; Woolridge et al. 1997).

The findings coupling intracellular bacterial growth and antimicrobial tolerance
through induction of bacterial efflux pumps are compatible with the longstanding
clinical observation that the duration of curative TB treatment is proportional to the
organism burden. Indeed, the highest mycobacterial burden states, smear-positive
and cavitary disease, require the longest therapy for a durable cure (Connolly et al.
2007; British Medical Research Council 1989; Zierski et al. 1980). Models of
nonreplicating tolerance have attributed this association to high burden disease
having increased numbers of nonreplicating as well as replicating bacteria (Connolly
etal. 2007). However, the link between mycobacterial burden and treatment duration
is equally well explained by the alternative model attributing tolerance to actively
growing bacteria. Indeed, this view implicates increased efflux activity as the driver
of both high mycobacterial burden disease and antimicrobial tolerance; high burden
disease states should therefore be enriched in tolerant bacteria.

The role of efflux pumps in promoting drug tolerance opens up a potentially
powerful approach for shortening TB treatment. The use of efflux pump inhibitors
would target not only bacterial growth, but also drug tolerance. In the laboratory
setting, macrophage-induced tolerance is inhibited by verapamil, a calcium
channel antagonist in clinical use for years, which has been shown to also inhibit
multiple bacterial efflux pumps in vitro (Adams et al. 2011; Marquez 2005;
Rodrigues et al. 2011a). Consistent with the observation that macrophage-induced
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pumps mediate intracellular survival, verapamil also reduces intracellular
mycobacterial growth in the absence of antibiotics (Adams et al. 2011; Martins
et al. 2008). This chapter will discuss these findings in the context of a current
understanding of antimicrobial efflux in mycobacteria and other bacteria, with an
emphasis on teleological, functional, and therapeutic considerations.

3 Macrophage-Induced Mtb Efflux Pumps are Virulence
Determinants

Although information about the natural substrates of efflux pumps is lacking,
extensive in vitro studies have shown that efflux pumps in both prokaryotic and
eukaryotic organisms can extrude a variety of toxic agents such as antimicrobials
and chemotherapeutic agents (Ho and Kim 2005; Li and Nikaido 2009). Much
effort has focused on the role of efflux in antimicrobial resistance (Li and Nikaido
2009). For example, the so-called multidrug resistance (MDR) pumps have been
implicated in resistance to structurally diverse antimicrobial agents and contribute
to the burden of bacterial drug resistance. Efflux-mediated antimicrobial resistance
was initially reported in E. coli (Ball et al. 1980; McMurry et al. 1980), but has
been subsequently recognized in a wide range of organisms, including the often
recalcitrant Pseudomonas aeruginosa and Acinetobacter baumannii (Coyne et al.
2011; Li et al. 1995). With the identification of the LfrA pump in M. smegmatis as
a mediator of fluoroquinolone resistance (Liu et al. 1996), there has been a growing
interest in the contributions of drug efflux in mycobacteria (da Silva et al. 2011;
Louw et al. 2009). Efflux has also been proposed to account for isoniazid-induced
tolerance in Mtb and may be mediated by the isoniazid-induced protein IniA
(Colangeli et al. 2005; Viveiros et al. 2002).

Our identification of Rv1258c as a mediator of intracellular growth led us to
investigate if mycobacterial efflux pumps are widely used for this critical virulence
trait. Mining the published literature reveals that 19 of the 55 annotated efflux
pumps in the Mtb genome are transcriptionally induced in macrophages (Table 1)
(Camus et al. 2002; Cole et al. 1998; Schnappinger et al. 2003). Of the 12 tested by
mutational analysis, 7 are required for intracellular growth (Rengarajan et al. 2005).
Thus several macrophage-induced efflux pumps serve nonredundant roles in pro-
moting intracellular growth. Moreover, Mtb efflux pumps not found induced in the
48 hour macrophage infection assay have virulence phenotypes, in a 7-day mac-
rophage infection assay and/or in mouse infection models (Bigi et al. 2004; Curry
et al. 2005; Rengarajan et al. 2005; Sassetti and Rubin 2003; Schnappinger et al.
2003). These may represent virulence genes that are induced later in the course of
macrophage residence or by specific environments in vivo such as the tuberculous
granuloma (Chan et al. 2002; Ramakrishnan et al. 2000). Efflux pumps in Gram-
negative bacteria have been linked to multiple virulence functions including gut
colonization, and adherence and invasion of cultured cells (Table 2) (Piddock
2006b). It is likely that Mtb pumps participate in similar activities. That Mtb
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allocates a great number of efflux pumps to ensure intracellular survival is con-
sistent with it being a central strategy for mycobacterial virulence (Cosma et al.
2003; Shepard 1957).

4 Mtb Macrophage-Induced Efflux Pumps: Signals
and Substrates

The presence of distinct host-generated defenses within the macrophage may
explain the observation that multiple macrophage-induced Mtb pumps are indi-
vidually essential for intracellular growth. What are the stimuli that induce pump
expression and what are the substrates? Do different pumps have shared stimuli but
unique substrates? Although these answers are not clear, indirect clues suggest that
tolerance-producing mycobacterial efflux pumps may be induced by antimicrobial
peptides (AMPs) (Adams et al. 2011). Indeed, macrophage-induced M. marinum
tolerance is not inhibited by dexamethasone, a glucocorticoid that reduces most
macrophage defenses while sparing antimicrobial peptide expression (Adams et al.
2011; Duits et al. 2001; Ehrchen et al. 2007). This model has precedence: the
macrophage-derived AMP LL-37 induces transcription of mefE, which encodes
one component of a Streptococcus pneumoniae efflux pump related to Rv1258c
(Zahner et al. 2010).

Could AMPs also be substrates of the macrophage-induced efflux pumps?
Studies predominantly from Gram-negative bacteria suggest this could be the case
(Bengoechea and Skurnik 2000; Brissette and Lukehart 2007; Padilla et al. 2010;
Shafer et al. 1998; Tzeng et al. 2005; Warner and Levy 2010). For example, in
Neisseria gonorrhoeae, mutation of the Mtr efflux pump and treatment with the
chemical efflux pump inhibitor carbonyl cyanide-m-chlorophenylhydrazone
(CCCP) both increase AMP sensitivity as well as intracellular AMP accumulation
(Shafer et al. 1998). Similar to the Rv1258c pump, Mtr also confers antibiotic
resistance (Hagman et al. 1995). While Rv1258c mediates tolerance to the
hydrophobic antibiotic rifampicin but not the hydrophilic isoniazid, Mtr similarly
mediates resistance to rifampicin and the hydrophobic erythromycin, but not the
hydrophilic antibiotic streptomycin. Though many pumps have been noted to have
broad substrate promiscuity (Neyfakh 2002), these examples suggest that hydro-
phobic compounds may be transported by a more limited subset of pumps.

Of course, other mechanisms likely contribute to AMP resistance aside from
AMP efflux (Kraus and Peschel 2006). While a comprehensive screen of Neisseria
meningitidis mutants with increased susceptibility to an AMP-like cyclic lipo-
peptide revealed a predominance of mutations in the m#r gene, mutations in other
genes involved in lipid A and pilin synthesis were also identified (Tzeng et al.
2005). In addition, S. aureus strains overexpressing the QacA pump showed evi-
dence of decreased membrane fluidity (Bayer et al. 2006). Thus, it would appear
that resistance to AMPs can be mediated directly through efflux pumps as well as
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by compensatory mechanisms such as cell surface remodeling. In this context it is
interesting that MmpL7, an Mtb efflux pump required for intracellular survival, is
thought to exert its virulence effects by transporting phthiocerol dimycocerosates
(PDIM) into the bacterial cell wall (Camacho et al. 2001; Cox et al. 1999).
Similarly, a role in compensatory cell wall remodeling rather than direct drug
transport may explain IniA’s contribution to tolerance to isoniazid and ethambutol,
drugs that act on the mycobacterial cell wall (Colangeli et al. 2005).

A consideration of the signals and substrates of the macrophage-induced Mtb
pumps must account for two observations. First, only a subpopulation of intra-
cellular bacteria exhibits antibiotic tolerance. The most likely explanation for this
finding is that there is variation in efflux pump expression, with higher-expressing
organisms attaining a drug-tolerant, macrophage growth-adapted phenotype. Why
might pump expression vary? Variation could be stochastic or might occur if the
pump inducing signal is accessible to only a subset of bacteria, such as the sub-
population of Mm and Mtb that exit the phagosome into the cytosol (Stamm et al.
2003; van der Wel et al. 2007). However, Mm lacking RDI1/ESX-1, which is
required for cytosolic translocation (Simeone et al. 2012), still become drug-
tolerant after macrophage residence (Adams et al. 2011); pump inducing signals
must therefore be present in the phagosome. Of note, AMPs are known to access
phagosomal bacteria; the macrophage-derived cathelicidin LL-37 has been shown
to effectively kill Mtb in cell culture (Liu et al. 2006, 2007).

Second, in advanced human TB, most bacteria reside in the granuloma’s
necrotic core, known as the caseum (Canetti 1955; Grosset 2003). However, the
effects of macrophage-induced tolerance may still be relevant after Mtb has exited
macrophages. Down-regulation of efflux pumps may occur relatively slowly
and may be balanced by an influx of “freshly tolerant” Mtb brought in by
phagocytes that traffic into and lyse within the necrotic caseum (Cosma et al.
2004; Dannenberg 2003). Alternatively, the original stimulus may persist after
macrophage lysis; in support of this hypothesis is the finding that macrophage-
induced tolerance lasts for at least 5 days in vitro following macrophage lysis
(Adams et al. 2011). Finally, additional stimuli in the extracellular environment
could also maintain tolerance. Again, AMPs remain viable candidates as they can
be produced by a diversity of cell types, including the respiratory epithelium
(Parker and Prince 2011).

5 Function and Regulation of Macrophage-Induced Efflux:
A Teleological Perspective

It is remarkable that the majority of the Mtb macrophage-induced efflux pumps,
including those demonstrated to mediate intracellular growth, are widely conserved
among mycobacteria with divergent lifestyles, ranging from the environmental
Mycobacterium smegmatis to the ultimately host-adapted Mycobacterium
leprae that is incapable of axenic growth (Tables 1 and 3) (Cole et al. 2001;
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Tsukamura 1976). Regulation of these pumps may also be conserved, as seen with
Rv1258c. In Mtb, its expression is under the transcriptional control of WhiB7,
which belongs to an ancient and highly-conserved family of transcriptional regu-
lators found in multiple actinomycetes including the soil-dwelling Streptomyces,
Nocardia, and both environmental and pathogenic mycobacteria (Morris et al.
2005). WhiB7 mediates the characteristic low-level intrinsic resistance of Strep-
tomyces and mycobacteria to antimicrobials of multiple classes (Morris et al. 2005).
It is induced in response to sub-inhibitory concentrations of antimicrobials and
mediates Rv1258c transcription in these settings. Furthermore, WhiB7 is itself
induced by macrophage residence (Larsson et al. 2012; Rohde et al. 2012), and
would also be predicted to be required for Rv1258c¢ transcriptional induction and
bacterial survival in this context.

Despite the varied environments different mycobacterial species face, they may
share signals and substrates for efflux pumps. Environmental mycobacteria like
M. smegmatis may be using pumps to defend against small molecules such as
lantibiotics and antibiotics produced by environmental competitors and perhaps
enhance growth within free-living amoebae (Asaduzzaman and Sonomoto 2009;
Lamrabet et al. 2012). The capacity to extrude AMP-like peptides may have
allowed mycobacteria to expand further into intracellular niches, and thereby to a
wide range of complex hosts. While the strictly host-adapted bacteria like Mtb and
M. leprae have not been subjected to environmental antibiotic pressure for mil-
lennia, these skills again found use with introduction of antimicrobials into
medical practice in the twentieth century.

6 Therapeutic Implications for Drug Tolerance

The conservation of these macrophage-induced pumps in a range of pathogenic
mycobacteria suggests their inhibition may constitute a therapeutic strategy not
only for TB, but for other difficult to treat mycobacterial diseases like leprosy,
Buruli ulcer, and pulmonary infections with M. avium (Table 3). Indeed, Rv1258c
has homologs in these species and rifampicin plays an important part in their
treatment (Tables 1 and 3). Multiple drugs—verapamil, reserpine, phenothiazines
such as thioridazine, and piperine—have been shown to inhibit bacterial efflux
pumps in vitro (Kaatz 2005; Marquez 2005; Rodrigues et al. 2011a; Sharma et al.
2010). In general, the mechanisms by which these agents act are poorly under-
stood. Several models have been proposed, such as: (1) direct binding and inhi-
bition of pump assembly or function; (2) disruption of the transmembrane
gradients utilized by secondary transporters; (3) inhibitor binding to the antimi-
crobial compound; (4) competition for efflux (Marquez 2005; Martins et al. 2008;
Pages and Amaral 2009; Piddock 2006a). It is worth noting that some of these
efflux pump inhibitors may also block macrophage antibiotic efflux, leading to
increased intracellular drug levels (Cao et al. 1992), an effect that would potentiate
their effect on the bacteria.
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Verapamil, a calcium channel antagonist long in clinical use, is perhaps the most
promising inhibitor for further evaluation as an adjunctive TB agent given its ability
to reverse macrophage-induced tolerance to rifampicin (Adams et al. 2011). Other
candidates include piperine, a derivative of black pepper that has been proposed to
inhibit Mtb efflux pumps including Rv1258c (Sharma et al. 2010; Srinivasan 2007);
agents developed to counter Gram-negative efflux pumps such as the Phe-Arg-f3-
naphthylamine derivatives (Pages and Amaral 2009); and P-glycoprotein inhibitors
originally studied in cancer such as tariquidar (Leitner et al. 2011). The greatest
benefit may come from approaches that inhibit multiple pumps, either through
broadly-acting inhibitors or a combination of more specific inhibitors.

Could clinically significant resistance to efflux pump inhibitors arise? Certainly
these compounds could be vulnerable to many of the same mycobacterial defen-
sive measures used against traditional antimicrobials such as decreased membrane
permeability, chemical inactivation of the inhibitor, pump overexpression, pump
mutation (Ahmed et al. 1993; Klyachko et al. 1997), or efflux of the inhibitor
(Garvey and Piddock 2008). It is possible that the barrier to resistance for efflux
pump inhibitors is higher than with traditional antimicrobials. For example,
alteration of a binding site on one pump might not be sufficient to confer inhibitor
resistance, if the inhibitor can target multiple bacterial pumps involved in toler-
ance. Moreover, inhibitors that additionally act on macrophage efflux may present
a further barrier to evolution of resistance.

7 Efflux Pump Inhibition for Drug-Resistant TB

Appreciation for the potential of efflux pump inhibition strategies in drug-tolerant
Mtb is recent, but joins a growing interest in developing this strategy for geneti-
cally drug-resistant Mtb (Amaral et al. 2010), where current treatment options are
limited by even longer duration and increased toxicity (World Health Organization
2011). A substantial proportion of drug-resistant isolates have no identifiable
mutations in known resistance-associated genes, and it appears that resistance in
some of these isolates may result from increased efflux activity (Louw et al. 2009).
In fact, multiple studies have reported increased efflux pump expression in Mtb
clinical isolates (Gupta et al. 2006, 2010; Hao et al. 2011; Jiang et al. 2008; Siddiqi
et al. 2004). Accordingly, efflux pump inhibitors have been shown to reduce
isoniazid, ciprofloxacin, ofloxacin, streptomycin, and linezolid minimum inhibi-
tory concentrations in resistant strains (Escribano et al. 2007; Machado et al. 2012;
Richter et al. 2007; Rodrigues et al. 2012; Singh et al. 2011; Spies et al. 2008).
Although in vivo data are limited, a promising recent study found that verapamil
restored activity of isoniazid, rifampicin, and pyrazinamide against MDR-TB in
mice (Louw et al. 2011).

Efflux has been generally associated with low-level intrinsic drug resistance,
which may nevertheless exceed clinical breakpoints and can be further amplified by
pumps of overlapping substrate specificities (Lee et al. 2000; Piddock 2006b).
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Moreover, this resistance may confer a survival advantage during antibiotic
treatment that allows other chromosomal mutations to accumulate, further
increasing the degree of antimicrobial resistance (Srivastava et al. 2010). Efflux
pump activity also appears able to induce cross resistance to structurally and
mechanistically diverse compounds: rifampicin treatment of rifampicin-resistant
Mtb induced resistance to ofloxacin, which could be reversed with efflux pump
inhibitors (Louw et al. 2011). The clinical implications of this phenomenon are quite
serious. In areas where access to mycobacterial cultures are limited, the standard TB
regiments prescribed to patients with unrecognized drug-resistant TB may not only
have minimal efficacy, they may serve to further limit treatment options. Thus, the
addition of efflux pump inhibitors to overcome drug-tolerance may have the addi-
tional benefit of reducing emergence of genetically drug-resistant Mtb.

8 Conclusions

Long recognized as a common mechanism of genetic antimicrobial resistance,
efflux pump activity may play a dual role in Mtb, contributing to both virulence
and drug tolerance. These pumps may have originally served to defend against
environmental toxins that included antibiotics, but came to be utilized by patho-
genic mycobacteria for intracellular survival. It is intriguing that their ancient
function has come “full circle”—these pumps provide Mtb with a survival
advantage in the era of antituberculous chemotherapy. The demonstration of
verapamil’s activity against macrophage-induced tolerance in the laboratory
warrants its assessment in TB patients to determine if it will permit treatment
shortening. Further understanding of efflux-mediated drug tolerance may pave the
way for new efflux pump inhibitors as well as complementary strategies to kill
drug-tolerant mycobacteria.
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Getting Across the Cell Envelope:
Mycobacterial Protein Secretion

Aniek D. van der Woude, Joen Luirink and Wilbert Bitter

Abstract Protein secretion is an essential determinant of mycobacterial virulence.
Mycobacterium tuberculosis has a unique cell envelope consisting of two lipid
bilayers, which requires dedicated protein secretion pathways. The conserved
general Sec and Tat translocation systems are responsible for protein transport
across the inner membrane and are both essential. Additionally, the accessory Sec
pathway specifically contributes to virulence. How transport of Sec/Tat substrates
across the outer membrane is accomplished is currently an enigma. In addition to
these pathways, M. tuberculosis also developed specialized secretion systems for
protein transport across both membranes, the type VII or ESX secretion systems.
Here, we discuss our current knowledge about the mechanisms and substrates of
these different protein translocation systems and their role in mycobacterial
physiology and virulence.
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1 Introduction

Once classified as acid-fast Gram-positive bacteria, mycobacteria have been long
considered to be enveloped by a single membrane. However, the mycobacterial
cell envelope is in fact even more impermeable for hydrophilic compounds than
the cell envelope of Gram-negative bacteria (Jarlier and Nikaido 1990). This
characteristic has been attributed to the presence of a “waxy coat”, composed of
unique mycobacterial (glyco)lipids. Only recently it has been unambiguously
shown by cryo-electron tomography that the waxy coat actually consists of an
atypical outer membrane surrounded by a loosely associated capsule (Hoffmann
et al. 2008; Zuber et al. 2008; Sani et al. 2010). The inner leaflet of this mycolate
outer membrane is mainly formed by mycolic acids, long acyl chains that are
covalently linked to an arabinogalactan-peptidoglycan polymer. The outer leaflet
contains different unusual (glyco)lipids, including again mycolic acids that are
now linked to the disaccharide trehalose to form trehalose dimycolate (TDM or
cord factor). At the surface of the bacterium is a capsule layer composed of
a-glucan, glycolipids and proteins (Sani et al. 2010). Together, the cell envelope
represents a thick hydrophobic barrier, which is a major contributor to the high
antibiotic resistance of Mycobacterium tuberculosis. The fact that their cell
envelope comprises two cellular membranes also means that mycobacteria have a
periplasm-like compartment. To transport proteins to the different locations in the
cell envelope or into the supernatant, mycobacteria have developed dedicated
protein secretion pathways, which will be discussed in this chapter.

Protein secretion studies started with extensive (proteomic) analyses to identify
proteins of immunological relevance in culture filtrates of M. tuberculosis (Nagai
et al. 1991; Sonnenberg and Belisle 1997; Rosenkrands et al. 2000; Malen et al.
2007). Among the most abundant culture filtrate proteins are Mpt64, the Antigen
85 complex proteins (Ag85ABC), 19 kDa protein, SodA, EsxA, and EsxB.
A number of these proteins are produced with signal sequences and are transferred
across the inner membrane via the Sec and the Tat translocation systems. These
two systems are omnipresent in the bacterial kingdom and mycobacteria are no
exception. The fact that several Sec and Tat substrates have been detected in the
culture filtrate, implies that they also cross the special outer membrane. In Gram-
negative bacteria the Sec and Tat pathways are often coupled to a secondary
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secretion mechanism to accomplish outer membrane transport, such as the type II
or type V secretion systems. However, since mycobacteria do not possess any of
these secretion systems, transport across the outer membrane must be organized
differently. In addition to the signal-sequence-dependent proteins, some proteins
also seem to be secreted without N-terminal processing. These proteins are
secreted by a novel pathway, which has been termed ESX or type VII secretion
(T7S). M. tuberculosis has five of these T7S systems, which seem to have different
functions. Each of the protein transport pathways mentioned above has a specific
role in mycobacterial physiology and virulence and will be discussed in the fol-
lowing sections.

2 Translocation Across the Inner Membrane

The ubiquitous Sec and Tat pathways translocate proteins across the inner mem-
brane. These pathways have been extensively studied in a number of bacterial
species, most notably Escherichia coli. Although a large number of mycobacterial
Sec and Tat substrates have been identified, studies dedicated specifically to the
working of these translocation systems in mycobacteria are limited, with the
exception of the accessory Sec system described in Sects. 2.2 and 2.3. The
description of the Sec and Tat secretion systems hereafter will therefore be largely
based on their conservation and similarity to the systems of other species.

2.1 Sec Translocation Machinery

The Sec pathway is the major pathway for transport over the cytoplasmic membrane
as well as for insertion of integral membrane proteins. Most of our knowledge of this
translocation system stems from studies in E. coli, but the system is conserved in all
bacteria and a homologous system functions for protein import in the endoplasmic
reticulum of eukaryotes (recently reviewed by du Plessis et al. (2011), Luirink et al.
(2012) and Park and Rapoport (2012)). In bacteria, the core components of this
system are three integral membrane proteins SecY, SecE and SecG, which together
form a trimeric protein complex: the Sec translocon. Different structure solutions of
the Sec translocon show that the protein-conducting channel is formed by the ten
transmembrane regions of SecY. Together they form an hour-glass shaped pore,
which is enwrapped and stabilized by SecE with SecG associated more peripherally
(Breyton et al. 2002; Van den Berg et al. 2004). While SecY and SecE are essential
for growth, SecG only increases the transport efficiency and is not essential for
translocation per se. An additional auxiliary membrane complex is formed by
SecDFYajC, which associates with the translocon. The large periplasmic loops of
SecD and SecF are required for efficient protein translocation, but the underlying
mechanism is unknown (Nouwen et al. 2005). This auxiliary complex is not
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Fig. 1 Model for the general and accessory Sec pathway. Genetic representation and schematic
model of the Sec translocation system which targets and transports unfolded preproteins with an
N-terminal signal sequence (in black). Efficient posttranslational transport through the SecYEG
translocon depends on the ATPase SecAl and the accessory membrane complex SecDFYajC.
SecB, which binds to antitoxin (A) neutralizing toxin (7), might also function as a general
chaperone to prevent premature folding of the preprotein. Co-translational targeting of nascent
integral inner membrane proteins involves interaction with the SRP that is located near the exit
site of the ribosomal tunnel, and FtsY located at the Sec translocon. The role of SecAl in
cotranslational targeting is unclear but it is probably required to energize the insertion of
membrane proteins with large translocated domains. YidC is thought to assist in the lateral
transfer of transmembrane segments from the Sec translocon into the lipid bilayer. In addition,
YidC probably functions as an independent insertase for a subset of small membrane proteins.
Secretion of proteins dependent on SecA2 might occur through the canonical SecYEG or an
unknown translocon (in dark purple). The machinery and mechanism of translocation across the
outer membrane (OM) is currently completely unclear

absolutely required for Sec transport, but deletion greatly affects bacterial viability.
None of the subunits of the Sec trans-locon have been studied specifically for
mycobacteria, but they are expected to function in a similar fashion (Fig. 1). High-
density transposon mutagenesis in M. tuberculosis indicated that all three subunits of
the translocon are required for in vitro growth (Griffin et al. 2011), suggesting a
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difference between mycobacteria and E. coli with respect to the role of SecG. The
requirement for the auxiliary complex is comparable; SecD and SecF were also
scored as essential, whereas YajC appeared nonessential.

The cytosolic ATPase SecA is involved in delivery of preproteins to the
tran-slocon and also acts as a motor protein, providing energy for the translocation
process. SecA is present in tenfold excess as compared to the other Sec proteins. It
has been found to interact with a multitude of molecules, including itself, the
ribosome, nascent substrate peptide chain, full length precursor substrate protein,
SecB (discussed below), SecY and different phospholipids. Consequently, SecA is
found both in the cytosol and associated with the inner membrane. Interestingly,
mycobacteria contain two homologs of SecA. Only one of these copies is essential
for growth and is considered the ‘housekeeping’ SecAl. Overexpression of SecA2
does not complement this defect, indicating each SecA performs a specific role in
transport (Braunstein et al. 2001). SecA2 is not essential, but is required for full
virulence and will be discussed separately in Sect. 2.2. SecA1 has been crystallized
as a dimer and the individual subunit structure is similar to other bacterial SecA
structures (Sharma et al. 2003). Two nucleotide binding domains (2-221 and 360-
587 aa) form the motor domain, hydrolyzing ATP. The translocation domain is
composed of a substrate specificity domain (residues 222—-359), which binds the
preprotein, and a C-terminal helical core domain. Full length M. tuberculosis
SecAl does not complement SecA deficiency in E. coli, but a chimera with only
the N-terminal motor domain of M. tuberculosis SecAl does. This indicates that
the substrate specificity domain differs significantly between these species (Owens
et al. 2002). SecA has been detected both in monomeric and dimeric form and
there is a controversy which conformation is functional. Soluble SecA is usually
detected as a homo-dimer, but there is great diversity in dimerization states
between different species (Kusters and Driessen 2011). The interaction interface of
the dimer structures is sometimes, e.g. for M. tuberculosis SecAl, overlapping
with the SecA-SecYEG binding region, suggesting that a dimeric form does not
reflect the functional state of SecA. Perhaps SecA functions as a monomer during
translocation, although lack of definite proof for this mechanism fuels ongoing
discussions.

Proteins that are transported via the Sec translocon are synthesized with an N-
terminal signal sequence that is removed upon transport. Furthermore, transport
through the Sec translocon mainly proceeds in an unfolded state and transport is
usually posttranslational. In contrast, insertion of integral membrane proteins via
the Sec system is cotranslational and involves the ribosome docking to the Sec-
YEG complex via the signal recognition particle (SRP) targeting pathway. Most
bacterial SRP’s consist of the 4.5 S RNA molecule and the GTPase Ffh, which are
both conserved in mycobacteria (Palaniyandi et al. 2012). The SRP binds to
ribosomal proteins near the nascent chain exit site and scans nascent chains for the
presence of a signal anchor sequence. The complex of ribosome, SRP and nascent
membrane protein is then targeted to the SRP receptor FtsY that provides the
connection with the Sec translocon to mediate co-translational membrane insertion
(Fig. 1). During the insertion process, the Sec translocon opens laterally to allow
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partitioning of transmembrane segments into the lipid bilayer. The membrane
protein YidC has been found to assist the Sec translocon in this process. Fur-
thermore, SecA is required for the translocation of sizeable periplasmic loops of
membrane proteins. Of note, a small number of integral inner membrane proteins
require only YidC for membrane insertion in a process that is apparently com-
pletely independent of the Sec translocon (Luirink et al. 2012). Mycobacteria also
have a homologue of the YidC protein, which is essential for growth, but it is
unknown whether it has similar functions in membrane protein insertion.

Posttranslational transport of secreted substrates is facilitated by chaperones
that keep the preprotein in an unfolded state. In Gram-negative bacteria, this
function is usually performed by SecB, which also targets the preprotein to SecA.
A SecB-like protein, encoded by rvi957 in M. tuberculosis, can substitute for
SecB functions in E. coli and thus seems to have a similar chaperone function.
Interestingly, this SecB is not generally present in other mycobacteria and is
transcribed as part of a toxin-antitoxin operon that is induced under various stress
conditions. The unusual SecB was shown to be important for stabilization of the
antitoxin protein, thereby neutralizing the toxin (Bordes et al. 2011). Whether this
SecB protein has a more general role in the mycobacterial Sec pathway still needs
to be determined.

Substrates translocated via the Sec machinery are commonly characterized by a
tripartite N-terminal signal sequence, which is cleaved upon transport. The signal
sequence consists of a positively charged N terminus followed by a hydrophobic
helical region and a polar region containing the cleavage site (including the
consensus sequence Ala—X-Ala). Lipoproteins, which are in general also trans-
ported by the Sec translocon, contain an additional lipobox motif including a
cysteine at the +1 position that is lipid modified prior to cleavage by a specific
signal peptidase. Several bioinformatic signal sequence prediction programs have
been developed, but none of them seem to be ideal for mycobacteria (Leversen
et al. 2009). Experimental approaches using (putative) signal sequences fused to -
lactamase or alkaline phostatase reporter proteins (see also Sect. 2.4) have indi-
cated a large number of proteins with functional signal sequences (Gomez et al.
2000; McCann et al. 2011). However, these methods currently are not specific for
Sec substrates and will also identify Tat signal sequences.

2.2 The Accessory Sec Pathway

The mycobacterial genome contains a second copy of SecA (Cole et al. 1998).
This SecA2 shares 50 % similarity with the ‘housekeeping’ SecAl, and is
important for mycobacterial virulence (Braunstein et al. 2003), which suggests it is
responsible for the secretion of a specific set of substrates involved in virulence.
This secretion route, known as the accessory Sec pathway, is also present in other
mycolic-acid containing bacteria and in many Gram-positive bacteria. Two basic
types of accessory Sec systems have been described: the SecA2/SecY?2 system and
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the SecA2 only system. The first type, described for Streptococcus sp. and
Staphylococcus sp., consists not only of SecA2 and SecY2, but also of other
proteins specifically involved in protein transport and glycosylation that are all
encoded in the same operon (Bensing and Sullam 2002; Siboo et al. 2008). The
complete system is involved in transport of a serine-rich glycoprotein that is
encoded within the SecA2/SecY?2 cluster. This substrate protein, which is secreted
independent of the canonical Sec pathway, contains a specific motif behind its
relatively long signal sequence that is believed to target it to the accessory Sec
pathway (Bensing and Sullam 2010). Interestingly, this complete accessory system
can also be functionally expressed in E. coli (Bensing et al. 2012). In contrast,
substrates of the SecA2 only systems are proposed to codepend on the general Sec
pathway. SecA2 only systems are found in different species of mycolates and
Gram-positive bacteria, including Listeria sp.

How SecA2 functions is still largely unknown. First of all, (how) does SecA2
work in conjunction with the general secretion pathway? SecA2 is roughly 15 kDa
smaller than SecAl and misses large parts of the C terminus that are important for
binding to SecB and phospholipids (Breukink et al. 1995; Fekkes et al. 1997,
Braunstein et al. 2001). Localization of SecAl and SecA2 also appears to be
different, as shown by studies using Mycobacterium smegmatis. Whereas SecAl is
distributed evenly between cell envelope and cytosol, SecA?2 localizes primarily in
the soluble fraction (Rigel et al. 2009). Similar to generic SecA, the ATPase
activity of SecA2 appears important for its function (Hou et al. 2008; Rigel et al.
2009). Disruption of ATP binding even leads to a dominant negative phenotype,
demonstrating the importance of ATP hydrolysis for SecA2 function. Interestingly,
the ATPase-dead mutant of SecA?2 is also affected in localization and is found to
be mostly cell envelope-associated (Rigel et al. 2009). As stated before, SecA1 and
SecA2 are not functionally redundant. However, depletion of SecAl in M.
smegmatis also negatively affected SecA2-mediated secretion, indicating a func-
tional link between the two SecA homologs (Rigel et al. 2009). It therefore seems
likely that SecA2 functions in conjunction with the general Sec pathway, and
perhaps also communicates with SecAl, possibly through dimerization. Alterna-
tively, a different, currently unidentified translocon is involved in the accessory
Sec pathway (Fig. 1). In depth interaction studies might elucidate the mechanism
by which SecA2 aids in secretion of specific substrate proteins.

2.3 The Role of SecA2 in Virulence

Deletion of secA2 in M. tuberculosis results in attenuated growth in both cultured
macrophages and in murine infection models (Braunstein et al. 2003; Kurtz et al.
2006). However, knowledge about mycobacterial SecA2 substrates is limited. In
contrast to the secA2 mutant of Listeria monocytogenes, which lacks a significant
amount of its secreted and surface proteins (Lenz and Portnoy 2002; Lenz et al.
2003), only minor differences were found in the culture filtrate of a secA2 mutant
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in M. tuberculosis. Comparative proteomic analysis identified Superoxide dis-
mutase A (SodA) as SecA2-dependent (Braunstein et al. 2003). Curiously, this
putative substrate lacks a signal sequence and is also abundant in the cytosol.
Determination of SecA2-dependent substrates in the nonpathogenic species M.
smegmatis did reveal two specific substrates, both of which contain a predicted N-
terminal lipoprotein sequence, Msmegl704 and Msmegl712. When cultured in
low glucose and glycerol conditions, these homologous lipoproteins were detected
in the cell wall, but only when SecA2 and their signal sequences were not per-
turbed (Gibbons et al. 2007). No homologues of these lipoproteins are present in
M. tuberculosis, although heterologous expression of Msmegl704 in M. tuber-
culosis does show moderate SecA2-dependency (Gibbons et al. 2007). Of note,
although M. smegmatis contains two homologs of SodA, it is unclear whether
these are dependent on SecA2.

The function of SodA is to neutralize radical oxygen species, which protects
intracellular bacteria during oxidative-burst in macrophages. Therefore, the
secretion defect of SodA could be responsible for the observed reduction in vir-
ulence of the secA2 mutant. To test this, SodA was fused to an N-terminal signal
sequence, which restored release of SodA into the culture filtrate of the secA2
mutant, suggesting rerouting to the general Sec system (Hinchey et al. 2007).
Although rerouting SodA suppresses the pro-apoptotic phenotype of the secA2
mutant, it did not restore intracellular growth in macrophages (Hinchey et al. 2007;
Sullivan et al. 2012). In addition, the secA2 mutant is still defective in intracellular
growth of oxidative-burst deficient macrophages, further indicating that the
absence of SodA secretion is not (solely) responsible for the attenuation of the
secA2 mutant (Kurtz et al. 2006). A specific defect of the secA2 mutant in
phagosome acidification suggests that the accessory Sec pathway also transports
effector proteins involved in phagosome maturation arrest (Sullivan et al. 2012).
Further proteomic analysis should identify the SecA2 substrates that define its role
in virulence.

Another unsolved question is how substrates are targeted to the accessory
pathway. Especially SodA presents an enigma, due to its lack of a recognizable
signal sequence. Interestingly, also in L. monocytogenes several SecA2 substrates,
including a homolog of SodA, were shown to lack a signal sequence (Lenz and
Portnoy 2002; Archambaud et al. 2006). Although it is currently unknown whether
the SecA2-dependency for SodA transport is direct or indirect, increasing evidence
indicates that SodA is secreted via the Sec pathway. In Rhizobium leguminosarum
bv. viciae 3841 targeting of SodA to the Sec system was demonstrated to depend
on its ten N-terminal amino acids (Krehenbrink et al. 2011). Perhaps this region
contains a specific pattern that is sufficient for interaction with/targeting to
SecA(2), instead of a classical signal sequence. Because the M. tuberculosis secA2
mutant is attenuated and defective in apoptosis inhibition, this mutant, combined
with an auxotrophic mutation, has been recently tested for vaccine development
(Jensen et al. 2012).
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2.4 The Tat Pathway: Transport of Folded Substrates

Many bacteria, including mycobacteria, use the twin-arginine translocation (Tat)
system to transport proteins across the inner membrane. The major feature of the
Tat system is that it allows secretion of (partially) folded proteins and even
oligomers. Like the Sec pathway, the Tat system is best studied in E. coli, which
was recently reviewed (Palmer and Berks 2012). It consists of three major inner
membrane components, TatA, TatB and TatC, which are expressed from an
operon in E. coli. This operon is also coding for TatD, a cytoplasmic protein with
DNase activity. Although this protein is not essential for Tat-mediated transport, it
does play a role in turnover of misfolded substrates and thereby contributes to
optimal transport (Wexler et al. 2000; Matos et al. 2009). In contrast, most Gram-
positive bacteria only have the TatA and TatC component with TatA functionally
replacing TatB, and some bacteria have multiple copies of these proteins (Dilks
et al. 2003). Mycobacteria have a tatAC operon, whereas fatB and tatD are both
separately located elsewhere in the genome (Fig. 2) (McDonough et al. 2005;
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Posey et al. 2006). TatA and TatB are small proteins that share limited sequence
homology. Both contain an N-terminal transmembrane domain and an amphi-
pathic o-helix. In contrast, TatC has six transmembrane domains and is the most
conserved Tat component. In M. tuberculosis tatA, tatB and tatC are essential for
growth in contrast to fatD (Saint-Joanis et al. 2006; Griffin et al. 2011). Deletion of
tatA, tatB or tatC in M. smegmatis is possible, but results in severe growth defects
(McDonough et al. 2005; Posey et al. 2006).

The exact mechanism of translocation via the Tat pathway is unknown. Tat
components have been found to form two different membrane complexes. One
complex consists mainly of TatC and TatB, whereas the other complex is an
oligomer of variable size that primarily consists of TatA subunits (Bolhuis et al.
2001; Mangels et al. 2005). A low resolution structure of the TatBC complex was
obtained by electron microscopy and likely consists of 6-8 copies of each protein
(Tarry et al. 2009). The TatBC complex, and especially TatC, has been shown to
recognize the Tat signal sequence discussed below (Cline and Mori 2001; Tarry
et al. 2009). Upon substrate binding, TatA oligomers are recruited, which probably
form the translocation channel (Fig. 2). Tat-mediated translocation is energized by
the proton-motive force. The reversible association of the Tat subcomplexes
allows the system to be modified and activated according to its specific substrates.

Similar to the Sec pathway, Tat substrates are recognized via an N-terminal
tripartite signal sequence. The Tat signal sequence is distinguished from the Sec
signal sequence by a consensus motif of (S/T)-R-R-x-F-L-K (or, more generally,
R-R-x-¢-¢p with ¢ representing an uncharged residue) between the positively
charged N terminus and the central hydrophobic domain. The signature arginine
pair (twin-arginine) gave rise to the name of the pathway. The two arginine res-
idues are crucial for Tat-mediated transport; mutation of these residues into lysines
usually aborts secretion. In addition to the twin-arginine motif, Tat signal
sequences have a central domain of lower hydrophobicity and sometimes contain a
basic residue in the polar C-terminal region, which was proposed to function as a
“Sec-avoidance” motif. Several bioinformatic programs are available to predict
Tat substrates based on their signal sequences, including TatP, Tatfind, and Tat-
Pred (Rose et al. 2002; Bendtsen et al. 2005; Taylor et al. 2006). A number of
these programs have also been used to predict Tat substrates in M. tuberculosis,
but the overlap in substrate identification using these programs was limited and the
programs also suffered from false positive hits (Posey et al. 2006; McDonough
et al. 2008). Therefore, mycobacterial Tat substrates will need to be validated
experimentally.

Substrates of the Tat pathway in E. coli are often proteins that bind cofactor
molecules in the cytoplasm, and thus need to be folded prior to export. Using the
possibility to create viable tar deletion mutants in M. smegmatis, several myco-
bacterial Tat substrates have been identified, including two major f-lactamases,
BlaS and BlaC. Consequently, these tar mutants are much more sensitive to f3-
lactam antibiotics (McDonough et al. 2005; Posey et al. 2006). As for all known
Tat substrates, export of BlaC was abrogated if the Tat signal sequence was
removed or the RR motif mutated. Interestingly, although BlaC does not seem to
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be associated with a cofactor, its signal sequence could not be functionally
replaced by a Sec signal sequence (McDonough et al. 2005), indicating that this
protein has to be partially folded in the cytosol. Using truncated BlaC and f-lactam
resistance as a reporter for Tat export, a screening method was employed to
experimentally identify novel Tat substrates by screening random genomic fusion
constructs. This study resulted in 13 novel Tat substrates in M. tuberculosis,
including four different phospholipases C (McDonough et al. 2008). Additional
Tat substrates, including secreted antigenic proteins Apa and Ag85A, were iden-
tified in a similar screening method using alkaline phosphatase (PhoA) fusion
technology in E. coli (Marrichi et al. 2008). One of the identified substrates,
phospholipase Rv2525¢, was affected in growth rate and f-lactam susceptibility in
vitro, but showed enhanced virulence in infection models (Saint-Joanis et al.
2006). Interestingly, a different phospholipase, PlcB, was shown to be Tat-
dependent in M. tuberculosis, but was not secreted in M. smegmatis. This suggests
that M. tuberculosis could have an additional, yet unidentified chaperone that assist
in Tat-mediated translocation (McDonough et al. 2008).

Although the currently described Tat substrates have been shown to influence
mycobacterial growth and virulence, none of these Tat substrates are essential for
viability. Since the Tat system itself is essential in M. tuberculosis, this means that
either additional indispensable Tat substrates remain to be identified or that several
Tat substrates have an overlapping but essential function.

3 Type VII Secretion

Between 1908 and 1919 at the Institut Pasteur in Lille, Calmette and Guérin
cultured a virulent M. bovis strain by 230 serial passages on glycerinated bile
potato medium until it lost its virulence potential. This attenuation of M. bovis
resulted in a strain that could be used as a vaccine for tuberculosis, the bacille
Calmette-Guérin (BCG). The distribution of this strain to several countries during
the 1920s and subsequent subculturing resulted in a number of different BCG
vaccine strains. Compared to the original M. bovis strain, all BCG vaccine strains
consistently lacked one common genomic locus, known as ’region of difference
1’(RD1) (Mahairas et al. 1996; Behr et al. 1999). Deletion of the RD1 locus is one
of the main events causing attenuation of the M. bovis BCG strain. (Pym et al.
2002; Lewis et al. 2003). The RD1 locus comprises nine genes, including the
genes coding for two small secreted proteins, EsxA and EsxB (also known as
ESAT-6 and CFP-10, respectively) (Sorensen et al. 1995; Harboe et al. 1996;
Berthet et al. 1998). These small secreted proteins are cotranscribed and lack an
apparent signal sequence (Berthet et al. 1998).

Completion of the M. tuberculosis H37Rv genome sequence revealed the
presence of 23 homologs of the esxAB genes in 11 different loci (Cole et al. 1998),
which were all named esx genes. The encoded Esx proteins are generally char-
acterized by a length of ~100 aa and a central WXG motif, and therefore also
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referred to as WXGI100 family proteins (Pallen 2002). Inspection of the genes
flanking the esx gene couples, showed a specific functional genomic organization
for five duplications, which were proposed to form a dedicated secretion apparatus
(Tekaia et al. 1999; Gey Van Pittius et al. 2001). This theory was proven in an
elegant approach, in which different parts of the RD1 locus were re-introduced in
M. bovis BCG. Indeed, only the complete RD1 locus was sufficient to restore
functional secretion of EsxAB (Pym et al. 2003). This RDI1-encoded dedicated
secretion system, together with the other four homologous regions were renamed
ESX- or type VII secretion (T7S) systems (Abdallah et al. 2007).

3.1 Type VII Secretion Components

The five T7S or ESX systems of M. tuberculosis are likely derived from gene
duplication events, in the order ESX-4, ESX-1, ESX-3, ESX-2, and finally ESX-5
(Fig. 3d) (Gey Van Pittius et al. 2001). Until now, only the ESX-1, ESX-3, and
ESX-5 clusters have been experimentally shown to encode functional secretion
systems. Although activity of the ancestral ESX-4 system remains to be shown, it
is part of the SigM regulon, which suggests it has a function in vivo (Raman et al.
2006). Also the ESX-2 system does not seem to be expressed under laboratory
conditions, but is specifically upregulated during infection (Talaat et al. 2004).
Each ESX system appears to have a different role in mycobacterial virulence, but
the genetic composition and organization of the five ESX clusters is similar
(Fig. 3d). The ESX clusters each contain two esx genes surrounded by genes
encoding ESX conserved components EccA to EccE and MycP (Bitter et al. 2009),
although some of two of these components (EccA and EccE) are lacking in the
ancestral ESX-4.

Five ESX components are predicted to be associated with the inner membrane.
The first membrane component is EccB, which has one predicted transmembrane
domain and a large periplasmic domain. EccC contains 3 GTP/ATP binding sites
and 2 N-terminal transmembrane domains. This protein belongs to the family of
FtsK/SpolllIE ATPases and resembles the DNA-coupling protein VirD4, an
essential component of the type IV secretion pathway. In some ESX systems eccC
is split in two different genes (Fig. 3d). The integral membrane protein EccD
contains up to twelve transmembrane domains and has been proposed to form the
transport channel. EccE has two predicted N-terminal membrane domains and is
not found in the ancestral ESX-4 system, which indicates it is the most recent
addition to the machinery. Finally, the mycosin (MycP) is a membrane-anchored
protease. The catalytic triad domain of MycP, typical for a subtilisin-like serine
protease, is located between an N-terminal signal sequence and a C-terminal
domain resembling a transmembrane domain, which suggests the active site is
located to the periplasm (Brown et al. 2000; Dave et al. 2002). Interestingly, a
mutation in the catalytic domain of MycP1 resulted in an attenuated strain but
actually enhanced secretion of EsxA (Ohol et al. 2010).
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Although studies of the ESX-1 secretion system have demonstrated that these
membrane-associated components are each essential for translocation (Stanley
et al. 2003; Converse and Cox 2005; Ohol et al. 2010; Champion et al. 2012) it is
still unknown how they interact to form a translocation machinery. Preliminary
studies of the ESX-5 system have shown that the EccBCDE components form a
large multimeric complex of > 1000 kDa, which does not include MycP (Houben
et al. 2012b). This indicates that a large translocon is formed by multiple copies of
each component, which is likely energized by EccC (Fig. 3a). Whether this large
translocon is sufficient to accomplish transport across both membranes of the
mycobacterial cell envelope or an additional (unknown) outer membrane com-
ponent is required (Fig. 3a), remains to be determined.

The ESX systems, except again for ESX-4, also contain the cytosolic ATPase
EccA, which belongs to the AAA+ class. Studies of heterologous EccAl have
shown that it forms a hexameric complex with ATPase activity (Luthra et al.
2008). A similar complex was observed for the AAA + ATPases of the type VI
secretion pathway, which are crucial for the assembly of system machinery
(Bonemann et al. 2010). Disruption of the eccA gene of the ESX-1 and ESX-5
systems affects their respective secretion pathways (Gao et al. 2004; Abdallah
et al. 2006; Bottai et al. 2012). Yeast-2-hybrid interaction studies suggest that the
EccAl ATPase interacts with some, but not all, ESX-1 substrates (DiGiuseppe
Champion et al. 2009). This substrate specificity also correlates with the observed
instability of specific ESX-1 substrates upon disruption of eccAl (Brodin et al.
2006; McLaughlin et al. 2007; Carlsson et al. 2009).

Although T7S is best studied in mycobacteria, it is not restricted to this genus.
In fact, it is found among a large number of Gram-positive bacteria (Pallen 2002),
in which it frequently has a role in virulence (Burts et al. 2005; Abdallah et al.
2007). Many GC-rich Gram-positive bacteria, such as Corynebacterium diphteriae
and Streptomyces coelicolor, contain a T7S cluster homologous to the mycobac-
terial ESX-4 cluster, which suggests that these are derived from a common
ancestor (Gey Van Pittius et al. 2001). T7S-like systems of low-GC Gram posi-
tives are evolutionary more distant from those in mycobacteria and in fact only
contain as conserved components the WXG100 family proteins and a homologue
of the FtsK/Spolll ATPase EccC. A growing number of these type VII secretion
systems have been demonstrated to function in transport of their respective Esx
proteins (Burts et al. 2005; Garufi et al. 2008; Akpe San Roman et al. 2010).

3.2 Esx Proteins and Other Substrates

The Esx proteins are the most recognizable T7S substrates. Most of the 23
members of this protein family found in M. tuberculosis H37Rv, are either
encoded as a pair inside one of the esx clusters, or are direct duplications of one of
these pairs (Gey Van Pittius et al. 2001). EsxA and EsxB, substrates of the ESX-1
system, are the best studied Esx proteins. These proteins form a tight 1:1
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<« Fig. 3 Mycobacterial type VII secretion systems. a Tentative model for type VII secretion,
including conserved cytosolic and membrane components, and a number of ESX-1 and ESX-5-
secreted substrates, modified from (Bitter et al. 2009; Houben et al. 2012b). The secretion motif
YxxxD/E is indicated with a red box, if present. Plausible interactions between substrates and
components are indicated by arrows. Complex formation of inner membrane (/M) components is
as described in text; Channel present in the outer membrane (OM) represents a possible
unidentified component. b Solution structure of the EsxA/B complex (Renshaw et al. 2005). The
WXG loop is marked in magenta and the C-terminal type VII secretion motif YxxxD is marked in
red. ¢ Solution structure of the PPE41/PE25 complex (Strong et al. 2006). PE/PPE residues are
marked in blue. Unstructured C and N termini, including the YxxxE motif present on PE25, are
lacking in this structure. Structures were prepared using RCSB Protein Workshop. d Genomic
organization of the five ESX clusters

heterodimer (Renshaw et al. 2002). The complex consists of two antiparallel
positioned proteins forming a four helical-bundle, both attaining a similar helix-
turn-helix structure with the WXG motif producing the crucial turn. The
unstructured C- and N-terminal tails of these proteins are presented as flexible
loops (Fig. 3b) (Renshaw et al. 2005). The formation of a heterodimeric complex
is a common feature for all Esx pairs, since EsxG/H and EsxR/S were also found to
form a 1:1 complex, although of slightly different structure (Lightbody et al. 2004;
Ilighari et al. 2011). Interestingly, the small WXG100 proteins of both Staphylo-
coccus aureus and Streptococcus agalactiae also form helical-bundle structures,
comparable to those of M. tuberculosis, but they do so as homodimers (Sund-
aramoorthy et al. 2008; Shukla et al. 2010). The main difference with the myco-
bacterial structures is that one of the long a-helices has a kink, which is probably
required for homodimerization. The available evidence (see also below) indicates
that EsxA and EsxB are secreted as a dimer, which would implicate that T7S
facilitates the export of (partially) folded proteins.

Although Esx proteins are the best studied T7S substrates, these proteins are
certainly not the only T7S substrates. In recent years, thorough analysis of ESX-1
and ESX-5 has shown that each ESX system secretes a specific set of additional
substrates. The ESX-1 secretion system is responsible for secretion of a number of
so-called ESX-1 secretion-associated proteins (Esp), most of which are encoded
within the ESX-1 cluster (Fig. 3a/d) (Fortune et al. 2005; MacGurn et al. 2005;
McLaughlin et al. 2007; Bitter et al. 2009; Carlsson et al. 2009; Sani et al. 2010).
Intriguingly, some secreted Esp’s, including EspACD and EspB, are essential for
EsxA/B secretion, and vice versa (Fortune et al. 2005; MacGurn et al. 2005;
McLaughlin et al. 2007; Stoop et al. 2011; Chen et al. 2012). The cause of this
mutual interdependence is currently unknown, but it might reflect an interaction
between these proteins before transport.

Also PE and PPE proteins were found to be T7S substrates (Fortune et al. 2005;
Abdallah et al. 2006, 2009; Bottai et al. 2012; Daleke et al. 2012). A number of
PE/PPE:s is encoded within the ESX clusters (Fig. 3d), but the majority is found at
different locations. The large, mycolate-specific families of pe and ppe genes were
one of the major surprises in the M. tuberculosis H37Rv genome sequence with
their 99 and 69 members, respectively (Cole et al. 1998). The names of PE and
PPEs are derived from an N-terminal signature motif, which consists of Proline (P)
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and Glutamic acid (E). The relatively conserved N termini, referred to as PE and
PPE domains, are ~110 and ~ 180 aa in length. Conversely, the variable C-
terminal domains of these protein families are the basis of division into several
subfamilies, of which the PE_PGRS (with polymorphic GC-rich sequence) is the
largest. The ESX-5 system is the major secretion pathway for PE/PPEs, but some
have also been found to be secreted via ESX-1 (Fortune et al. 2005; Abdallah et al.
2006, 2009; Sani et al. 2010; Daleke et al. 2011; Bottai et al. 2012; Daleke et al.
2012). Interestingly, disruption of specific pe and ppe genes can also affect the
ESX secretion pathways (Bottai et al. 2012). Similar to Esx proteins, PE/PPE
proteins are believed to specifically interact with their cognate partner (Riley et al.
2008). One PE/PPE pair, consisting of the small PE/PPE-domain-only PPE41 and
PE25, has been crystallized and forms a heterodimeric complex of helix-turn-helix
structure similar to the EsxA/B complex (Fig. 3c) (Strong et al. 2006). Most PPE
proteins also have a WXG motif producing a turn between the two o-helices
pairing with the PE protein (Daleke et al. 2012).

In depth analysis of the secretion requirements for the PPE41/PE25 complex has
identified a short specific secretion motif at the C terminus of the PE protein: YxxxD/
E. Mutation of the tyrosine or the negatively charged residue, or changing the
spacing between these two residues completely disrupts secretion of both PPE41 and
PE25. Significantly, this secretion motif is conserved at the end of all PE domains
and is essential for secretion, irrespective of the secretion system that the PE protein
is targeted to. A similar YxxxD/E secretion motif is also detected on EsxB, EspB,
and various other Esp proteins (Fig. 3a/b) and is also important for secretion via
ESX-1 for these different classes of substrates (Daleke et al. 2012). The secretion
motif partly corresponds to the specific C-terminal secretion sequence that was
previously described to be important for secretion of EsxB (Champion et al. 2006).
Exchange of this motif between different substrates resulted in functional secretion,
but did not alter the secretion route to a different ESX system (Daleke et al. 2012).
Therefore, YxxxD/E is a general T7S motif, which does not provide system spec-
ificity. Likely, an additional signal is necessary for targeting to a specific ESX
system. The identification of a general T7S motif greatly contributes to the identi-
fication of novel T7S substrates. Bioinformatic analysis of the coding sequence of M.
tuberculosis for the secretion motif has already indicated a number of novel ESX
substrates (Daleke et al. 2012). Further experiments are required to establish how
extensive the set of T7S substrates really is.

3.3 ESX-1: An Interplay Between Substrates Essential
Jor Virulence

Since the deletion of RD1 was shown to greatly affect mycobacterial virulence, the
associated secretion system ESX-1 has been the object of many studies. A number
of studies now indicate that the ESX-1 secretion system is associated with
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membrane damage/rupture. For example, wildtype Mycobacterium marinum
bacteria, but not ESX-1 mutants, can cause lysis of red blood cells upon interaction
(Gao et al. 2004). Moreover, a functional ESX-1 system is essential for escape of
both M. tuberculosis and M. marinum from the phagosome to the cytosol (Gao
et al. 2004; van der Wel et al. 2007; Smith et al. 2008; Simeone et al. 2012). This
escape is likely facilitated by rupture of the phagosomal membrane by one of the
ESX-1 substrates. EsxA has been postulated to be responsible for this, since
purified EsxA was shown to destabilize artificial lipid membranes (de Jonge et al.
2007; Smith et al. 2008). However this theory is not undisputed, because several
(non-pathogenic) mycobacterial species do secrete EsxA, but do not escape the
phagolysosomal compartment (Houben et al. 2012a). A complicating factor is that
any EsxA/B secretion defect in mycobacteria always coincides with impaired
secretion of Esp’s, so observed effects could also be indirect. It has been shown
that abrogation of EspA secretion specifically without affecting EsxAB secretion
results in serious attenuation in macrophage infections (Garces et al. 2010). It is
thus well possible that the phagosomal membrane rupture associated with ESX-1
secretion is actually caused by one of the Esp’s or a combination of ESX-1
substrates. Further research should identify the true ESX-1 substrate necessary for
phagolysosomal escape.

Interestingly, in M. smegmatis ESX-1 is additionally involved in a completely
different process, i.e. specific conjugal DNA transfer mechanism. Disruption of
ESX-1 in the donor strain resulted in hyperconjugative mutants (Flint et al. 2004),
whereas in the recipient strain a functional ESX-1 system seems to be crucial for
conjugation (Coros et al. 2008). Whether specific ESX-1 substrates are involved in
this process remains to be determined.

Since ESX-1 secretion was shown to be crucial in a specific step of the
mycobacterial infection pathway, it is no surprise that expression of this system
seems to be strictly regulated. One important ESX-1 regulator is the two-com-
ponent system PhoP/R. This two-component systems regulates directly the
espACD operon (Walters et al. 2006). As EspA secretion is essential for ESX-1
functioning, PhoP/R therefore also indirectly regulate EsxAB secretion (Frigui
et al. 2008; Gonzalo-Asensio et al. 2008).

The espACD operon is also regulated by the repressor Lsr2 (Gordon et al. 2010)
and activated by Rv3849. Since this latter protein was suspected to be a secreted
substrate of ESX-1, it was named EspR (Raghavan et al. 2008). However, it has
been shown recently that EspR is not secreted and actually binds and regulates a
large number of genomic loci. A consensus binding motif of EspR was deter-
mined, which also corresponds to the region upstream of the espACD operon
(Blasco et al. 2012). It therefore seems likely that EspR is a nucleoid-associated
protein that performs a more general role in regulation.
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3.4 ESX-3: A role in Iron Uptake

The ESX-3 system is essential for in vitro growth in M. tuberculosis, as shown by
whole genome transposon screens (Griffin et al. 2011). This suggests that ESX-3
has an important physiological role. A role in metal metabolism was suspected,
since the complete ESX-3 cluster is regulated by zinc uptake regulator Zur, as well
as iron-dependent transcriptional repressor IdeR (Rodriguez et al. 2002; Maciag
et al. 2007, 2009). This link to iron and zinc was further established by studies with
conditional ESX-3 mutants in M. tuberculosis. Although these mutations are lethal
in normal culture conditions, the supplemental addition of either iron or zinc to the
culture medium allowed ESX-3 mutations (Serafini et al. 2009). Remarkably,
ESX-3 mutations are well-tolerated in M. smegmatis, although not under iron-
limiting conditions (Siegrist et al. 2009). Currently, the only known substrates of
this system are its encoded WXG100 family proteins EsxG/H (Siegrist et al. 2009;
Rosenberger et al. 2012). Structure solution of the EsxG/H complex revealed a
Zinc binding site (Ilghari et al. 2011), which could suggest that this substrate has a
role in zinc uptake. Iron uptake in M. tuberculosis is facilitated by the siderophore
mycobactin, which suggests that a substrate of the ESX-3 system is involved in the
acquisition and utilization of iron bound to the secreted siderophore mycobactin
(Siegrist et al. 2009). Whether this unknown ESX-3 substrate is a secreted
mycobactin-binding protein or an iron uptake system in the cell wall, remains to be
determined.

3.5 ESX-5: Major Pathway for PE/PPE Proteins

The most recently evolved type VII secretion system, ESX-5, is restricted to the
genomes of the slow-growing mycobacterial species, including all the major
pathogens (Gey Van Pittius et al. 2001). This could imply that ESX-5 contributes
to either the slow-growing phenotype and/or mycobacterial virulence. Interest-
ingly, the introduction of the genome cluster encoding ESX-5 precedes the large
expansion of pe and ppe genes (Gey van Pittius et al. 2006). In line with this
observation, the ESX-5 system was demonstrated to be the major secretion
pathway for the PE and PPE proteins, including the PE_PGRSs (Abdallah et al.
20006, 2009; Bottai et al. 2012). Several studies have shown that the PE and PPE
domains of these proteins are essential for their secretion (Cascioferro et al. 2011;
Daleke et al. 2011), which can also be explained by the presence of the T7S motif
on the PE domain as described above (Daleke et al. 2012). The function of PE/PPE
proteins is largely unknown, although a number have been shown to be involved in
different steps of mycobacterial virulence (recently reviewed by (Sampson 2011)).
For instance, LipY, a PE protein containing a C-terminal lipase, has an important
role in hydrolyzing triacylglycerols upon nutrient starvation (Deb et al. 2006).
LipY was also shown to be secreted via ESX-5 (Daleke et al. 2011).
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Infection studies with several ESX-5 mutants of both M. tuberculosis and M.
marinum have shown that they are attenuated in macrophage infection experi-
ments, although this effect is not observed for every gene disruption of the ESX-5
cluster (Abdallah et al. 2006, 2011; Bottai et al. 2012). Similar to ESX-1 mutants,
mutations in ESX-5 affect macrophage cell death, but for this secretion system the
escape of the bacteria from the phagolysosome into the cytosol is not affected
(Abdallah et al. 2008, 2011). In striking contrast with these macrophage infection
experiments, the same M. marinum ESX-5 mutant showed a marked hyperviru-
lence phenotype in adult zebrafish, which appeared independent of the adaptive
immune system. This ESX-5 mutant has a specific growth advantage in adult
zebrafish, which indicates that ESX-5 substrates might be involved in establishing
a moderate and persistent infection in its natural host (Weerdenburg et al. 2012).
For M. tuberculosis removal of eccD5 or the five pe/ppe genes of the ESX-5
cluster resulted in an attenuated phenotype in both immunocompetent and SCID
mice (Bottai et al. 2012; Sayes et al. 2012). Interestingly, this last mutant also
showed vaccine potential (Sayes et al. 2012). The inconsistency in virulence
defects observed for M. tuberculosis and M. marinum ESX-5 mutants might be
explained by differences in ESX-5 substrates, since the M. marinum genome
contains many more pe/ppe genes, especially pe_pgrs, as compared to M. tuber-
culosis (Stinear et al. 2008). Future experiments will have to show the exact role of
ESX-5 secreted proteins.

4 Conclusion

Protein secretion pathways are essential elements of mycobacterial virulence.
Similar to other bacteria, the Sec and the Tat pathway play a central role in
translocation across the inner membrane and insertion of proteins into the inner
membrane. In addition to these systems, mycobacteria also use the accessory
SecA2 protein to participate in the transport of specific virulence factors. Both the
mechanism of routing via SecA?2 and the subset of virulence factors that depend on
this pathway for efficient transport, need to be examined in more detail. Similarly,
the substrate specificity of the Tat pathway need to be analyzed to explain why this
pathway is essential for growth in M. tuberculosis unlike the situation in E. coli.

Of note, a number of proteins that contain a signal sequence, e.g. Apa, Mpt64,
and the antigen 85 proteins are cell surface exposed or secreted into the extra-
cellular environment. While the Sec and Tat translocons are likely responsible for
translocation of these proteins across the inner membrane, the mechanism and
machinery for translocation across the outer membrane is completely unknown.
Given the unique chemical composition of this membrane and the absence of
obvious homologs of other secretion systems active in Gram-negative bacteria, a
yet undiscovered protein conducting channel likely exists. Future studies in this
direction would benefit from the elucidation of the proteome of this intriguing
mycomembrane.
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In contrast, the recently discovered mycobacterial T7S systems are hypothe-
sized to transport proteins that lack a classical signal peptide across both mem-
branes. The key players of this system are currently pieced together, but defining
the molecular basis for protein transfer will prove a challenging task. At present, it
is not even clear whether translocation across the inner membrane and myco-
membrane occurs in one synchronized mechanism or in two consecutive steps.
The five different T7S systems of M. tuberculosis each could be responsible for
secretion of different virulence factors and therefore also play a role in different
steps of the tuberculosis infection cycle. Interestingly, disruption of either of the
ESX-1, ESX-3, or ESX-5 system leads to serious attenuation and even results in
strains that could potentially be used as (novel) vaccines for tuberculosis (Sweeney
et al. 2011; Sayes et al. 2012). Many of the effector proteins involved have been
identified. Future challenges include the identification of novel T7S substrates and
their role in virulence, the composition and the structure of the secretion
machinery in both the inner membrane and the mycomembrane and the role of this
system in other bacteria.
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on Non-Growing but Metabolically
Active (NGMA) Bacteria
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Abstract A long-standing and fundamental problem in microbiology is the non-
trivial discrimination between live and dead cells. The existence of physically intact
and possibly viable bacterial cells that fail to replicate during a more or less pro-
tracted period of observation, despite environmental conditions that are ostensibly
propitious for growth, has been extensively documented in many different organ-
isms. In clinical settings, non-culturable cells may contribute to non-apparent
infections capable of reactivating after months or years of clinical latency, a phe-
nomenon that has been well documented in the specific case of Mycobacterium
tuberculosis. The prevalence of these silent but potentially problematic bacterial
reservoirs has been highlighted by classical approaches such as limiting culture
dilution till extinction of growing cells, followed by resuscitation of apparently
“viable but non-culturable” (VBNC) subpopulations. Although these assays are
useful to demonstrate the presence of VBNC cells in a population, they are
effectively retrospective and are not well suited to the analysis of non-replicating
cells per se. Here, we argue that research on a closely related problem, which we
shall refer to as the “non-growing but metabolically active” state, is poised to
advance rapidly thanks to the recent development of novel technologies and
methods for real-time single-cell analysis. In particular, the combination of fluo-
rescent reporter dyes and strains, microfluidic and microelectromechanical systems,
and time-lapse fluorescence microscopy offers tremendous and largely untapped
potential for future exploration of the physiology of non-replicating cells.
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1 Introduction

The second half of the nineteenth century marked the beginning of a new era in
microbiology. A number of techniques were introduced to select and maintain pure
bacterial cultures, resulting in the emergence of the “germ theory” of disease
causation followed by the establishment of a system of proofs to link a specific
microbe to a specific diseases state known as “Koch’s postulates.” It was during
this period that microbes like Mycobacterium tuberculosis and Vibrio cholerae
were identified as the etiological agents of specific communicable diseases. At the
same time, the introduction of differential-staining techniques dramatically
improved the resolution of features that could be achieved by optical microscopy,
allowing the user to distinguish the physical and morphological characteristics of
cells in order to assess the viability and death of individual bacteria. In subsequent
years, fluorescent dyes—for example, dyes that specifically stain nucleic acids,
were broadly used in conjunction with epifluorescence microscopy or flow
cytometry to assess total bacterial counts or specific metabolic activities, such as
respiration or intracellular enzyme activities (Roszak and Colwell 1987). More
recently, microbiologists have relied on commercial kits based on combinations of
fluorescent reagents to differentiate between live and dead cells. Despite the
widespread application of such “live/dead” reagents, it is important to note that
these reagents provide only an indirect assessment of cellular viability, as they
typically measure cellular physiological parameters (e.g., specific enzyme activi-
ties, cell envelope permeability, etc.) that are assumed but not necessarily proven
to correlate with live/dead cell states.

The application of fluorescent reagents and single-cell measurements, often
involving optical microscopy or flow cytometry, led to the realization that bacterial
populations are phenotypically heterogeneous. This realization raised difficult
questions about the relationship among the metabolic state, growth rate, and
viability of individual cells. Many techniques for counting the number of live
cells in a bacterial population, such as the standard method for plate counts of
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colony-forming units (CFU), rely on bacterial growth for detection. Although
growth-dependent techniques unequivocally detect viable cells and exclude dead
cells (which cannot grow, by definition), they may detect only the most active
subpopulations of cells within a culture and may underestimate the actual number
of living cells, because some viable cells may fail to grow during the time window
of observation. Furthermore, these techniques typically provide only a retrospec-
tive view of the physiology of cells within a population—for example, by counting
colonies of M. tuberculosis that do not become visible until several weeks after
plating. These issues became increasingly problematic when investigators realized
that bacterial populations often contain large numbers of cells that appear to be
viable, inasmuch as they are physically intact and may even display metabolic
activity, yet which fail to grow and divide during the period of observation.
Despite decades of intensive research, the significance of these so-called “viable
but non-culturable” (VBNC) cells remains elusive (Mukamolova et al. 2003;
Oliver 2010; Trevors 2011), and in only a few cases has it been shown
unequivocally and reproducibly that VBNC cells can be converted to actively
growing cells by the application of a specific stimulus.

When bacteria do not grow under conditions that are apparently favorable for
growth, a number of questions arise. Is a non-growing cell truly dead, in the sense
that it has lost all capacity to resume growth in future? What is the metabolic state
of a cell that remains intact but fails to grow? Can we consider a cell to be “alive”
in some meaningful sense if it is metabolically active but non-replicating? For how
long can such a non-replicating cell remain capable of resuming growth, and what
stimuli might be effective in triggering the resumption of growth? Finally, related
to that last question, for how long should we monitor a cell before concluding that
it has entered a non-replicating but possibly still-viable state? These questions are
not merely of academic interest, as VBNC cells have been implicated in the ability
of bacteria to persist in diverse environments, including animal and human hosts.

In general, we can consider a bacterial cell to be “viable” if its genetic
information is intact and if it carries out essential metabolic processes, generates
ATP, and maintains a metabolic potential required to sustain chromosome repli-
cation, RNA transcription, protein translation, balanced increase in biomass, sur-
face synthesis, partition of cytoplasmic macromolecules, and finally division into
two daughter cells (Fig. 1). Thus, assessing the dynamics of the molecular events
that are necessary to sustain cell survival and proliferation can serve as reliable
evidence of cell viability. However, the time scales on which these processes
unwind may differ quite substantially between individual cells of the same species.
According to this perspective, in order to reach a more thorough and accurate
understanding of bacterial physiology, bacteria should be studied not only at the
population level but also at the level of individual cells. As most biological assays
are based on population-averaged measurements, the latter goal necessitates the
development and application of new investigative tools for real-time single-cell
analysis of cell physiology and metabolism.

In the following chapter, we will address issues relating to the definition of
life and death of individual bacteria, focusing on the still-enigmatic state of
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Fig. 1 Schematic illustration of fundamental cellular processes. Cells carry out a number of
processes necessary to their survival, including: DNA replication (/), transcription (2), translation
(3), ATP synthesis (4), enzymatic reactions involved in metabolic processes (5), respiration (6),
symport and antiport of various molecules (7). The use of fluorescent reporter-tagging methods to
visualize one or more of these intracellular processes, in combination with microfluidic culture
systems and time-lapse fluorescence microscopy, can provide direct evidence of ongoing
metabolic activity occurring in replicating cells as well as non-replicating NGMA cells

non-culturability of intact and potentially viable cells. We will describe some
documented examples of VBNC organisms, and attempt to relate this literature to
M. tuberculosis, a naturally slow-growing species that may also be capable of
long-term survival in a VBNC-like state. We will describe recent progress in the
field of mycobacteriology with the aim of understanding the physiology of the
dormant and persistent states, both in vitro and in vivo, and we will highlight some
classic experiments as well as new technologies. Lastly, we will discuss the use of
fluorescent markers for direct, real-time measurements of physiological processes
inside individual living cells by time-lapse fluorescence microscopy, and the
specific utility of these techniques for the study of non-replicating bacteria.

2 Non-Growing but Metabolically Active (NGMA)
Bacteria

2.1 Viable, Dead, or Just “Non-Culturable”? Not a Trivial
Question...

The visible processes of bacterial growth and division giving rise to two daughter
cells not only ensures the perpetuation of the genetic material but also provides
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compelling evidence that the bacterium is alive. On the other hand, demonstrating
unequivocally that a bacterium is not alive is less straightforward. Ascertaining the
metabolic and growth states of individual cells within a microbial community is a
highly relevant albeit complex and challenging problem in microbiology that has
important implications for microbial ecology and human health. Bacterial popu-
lations, even those that are isogenic, are characterized by substantial phenotypic
heterogeneity (Balaban 2011; Davidson and Surette 2008; Dhar and McKinney
2007; Lidstrom and Konopka 2010; Walling and Shepard 2011), which makes the
task of discerning the physiological status of a cell population using markers or
reporters a real challenge. An additional layer of complexity is the further mod-
ulation of this phenotypic heterogeneity by environmental inputs.

It is thought that microorganisms may sometimes enter into a VBNC state as a
survival strategy in response to unfavorable growth conditions or stressful envi-
ronmental assaults. The term VBNC was coined by Colwell and collaborators in
their early studies on the detection of Escherichia coli and V. cholerae in aquatic
environments, in which they noted the importance to public health of measuring the
true viable counts of water-borne pathogens (reviewed in Colwell 2000). They
observed a markedly smaller number of culturable cells, compared to direct enu-
meration by microscopy-based techniques, suggesting the presence of subpopula-
tions of cells that were non-culturable using standard culture methods yet could
potentially serve as a reservoir of organisms retaining pathogenic potential (Colwell
2000). In the ensuing years, many non-sporulating bacterial species, including some
pathogenic species, have been shown to form VBNC cells. Typically, the VBNC
state is induced by exposure of bacteria to nutrient starvation or physicochemical
stresses, resulting in diversified cellular phenotypes (Oliver 2010).

Traditional bulk-cell techniques, such as incorporation of radiolabeled precur-
sor molecules (Rahman et al. 1994; Pawlowski et al. 2011), determination of
intracellular ATP levels (Gengenbacher et al. 2010), real-time PCR (Asakura et al.
2006; Lahtinen et al. 2008; Lothigius et al. 2010; Trevors 2011), microarrays (Liu
et al. 2008), and protein gel electrophoresis (Heim et al. 2002; Muela et al. 2008)
can provide strong evidence of ongoing metabolic activity, including active
transcription and translation (Table 1). However, these techniques are not optimal
for the study of the VBNC phenomenon. Bulk-cell techniques provide population-
averaged measurements, which do not necessarily provide reliable information
about the status of individual cells or minor subpopulations (discussed in Dhar and
McKinney 2007; Lidstrom and Konopka 2010; Walling and Shepard 2011; Yin
and Marshall 2012). Thus, even the earliest studies of the VBNC state used bulk-
cell techniques in conjunction with the single-cell techniques that were available at
the time, especially epifluorescence microscopy and flow cytometry.

Total cell counts can be determined by epifluorescence microscopy of cells
stained with dyes like acridine orange and 4’,6-diamidino-2-phenylindole, which
stain nucleic acids (Roszak and Colwell 1987). Similarly, cellular “viability” can
be assessed using microscopy-based techniques to measure cellular phenotypes
that are thought to be characteristic of live or dead cells. Kogure’s “direct viable
counting” (DVC) method relies on the microscopic detection of cell elongation
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Table 1 Old and new techniques for population-averaged and single-cell studies

Invasive bulk-averaged Invasive single-cell Live single-cell Single-cell recovery
Radiolabel Fluorescent dyes GFP fusions Flow cytometry
incorporation
Intracellular ATP Fluorescence MS2-tagging, PCA FACS-based cell
content microscopy sorting
Real-time PCR FISH Imaging in Optical tweezers
microfluidics
Microarrays RING-FISH FLIP, FRAP Dielectrophoresis
(DEP)
Mass spectrometry Flow cytometry FRET Microfluidic cell
sorting

over time (Kogure et al. 1987); thus, it is not capable of distinguishing between
dead cells and viable but non-growing cells. Respiratory activity of single cells can
be detected by respiration-dependent reduction of 5-cyano-2,3-ditolyl tetrazolium
chloride, a water-soluble non-fluorescent dye, to the corresponding formazan
product, which is water-insoluble and red-fluorescent (Lew et al. 2010). Intra-
cellular enzymatic activity can be detected by cellular uptake of non-fluorescent
fluorescein diacetate (FDA) and its hydrolytic conversion to fluorescent FDA by
intracellular esterases (Hamid Salim et al. 2006). Energization of the bacterial
cytoplasmic membrane can be detected by staining cells with Rhodamine 123, a
red-fluorescent dye that preferentially accumulates in energized membranes (Kell
et al. 1998). Maintenance of the cell envelope permeability barrier can be assessed
with the so-called “LIVE/DEAD” BacLight kit (Molecular Probes), which com-
bines two nucleic acid stains: membrane-permeable SYTO9 (green) and mem-
brane-impermeable propidium iodide (red), to identify “live” cells (which stain
green) versus “dead” cells (which stain red).

Although these reagents can provide useful insights into the physiological status
of single cells when used in conjunction with epifluorescence microscopy or flow
cytometry (Davey et al. 2004), at least two drawbacks should be mentioned. First,
the assays themselves are potentially toxic for bacterial cells, which may result in
under-estimation of the number of “viable” cells in a population. Second, because
the assays measure phenotypes that are only indirectly related to cell viability, they
may result in incorrect assignment of cells to the “live” or “dead” category—for
example, a cell that appears be dead because it can be stained with propidium
iodide may nonetheless be capable of repairing its cell envelope and resuming
active growth and division (Davey and Hexley 2011).

Fluorescent in situ hybridization (FISH) has also been used to study the VBNC
phenomenon, especially the dynamics of fecal bacteria in river water. A combi-
nation of DVC and FISH has been used to assess the VBNC status of environ-
mental Helicobacter pylori, in the presence or absence of different DNA-gyrase
inhibitors (Piqueres et al. 2006), and Recognition of Individual Gene-FISH
(RING-FISH) has been used to target low copy chromosomal DNA (Griffitt et al.
2011). However, one could argue that DNA is too stable to be a reliable indicator
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of cell viability, and could potentially persist long after the cells had actually died;
moreover, FISH requires sample fixation so it cannot be used on living cells
(Table 1).

An important innovation allowing the real-time detection of cellular activities
in unperturbed (unstained and unfixed) samples was the introduction of methods
for engineering cells to express one or more chromatic variants of green fluores-
cent protein (GFP). By tagging cells with the expressed GFP marker, non-
destructive measurements of single-cell fluorescence variation could be used to
distinguish between different cell states—active, dormant, live, dead, VBNC, etc.
(Lowder et al. 2000). The introduction of fluorescent expressed reporter tags
opened a promising new avenue for the investigation of non-culturable cells that
has only partly been exploited (Table 1).

2.2 Interpretations of the VBNC Phenomenon

In their natural environments, bacterial communities frequently encounter different
types of stresses, such as nutrient starvation, natural antimicrobials, irradiation,
temperature shifts, host immune mechanisms, and competition with other micro-
organisms. Besides genetic mutations, phenotypic heterogeneity due to non-genetic
variability, arising from multiple sources such as stochastic fluctuations in gene
expression and asymmetric partitioning of cell components during cell division,
may allow microbes to adapt quickly to new conditions, guaranteeing the survival of
at least a fraction of the original population (Balaban 2011; Davidson and Surette
2008; Dhar and McKinney 2007; Lidstrom and Konopka 2010; Walling and
Shepard 2011). Not only single-cell variation in expression of specific genes that
modulate the fitness of individual cells but also variation in single-cell growth rates
could contribute to survival in fluctuating environments. Spontaneous entry of
individual cells into a non-growing and potentially non-culturable state could
potentially serve as an advantageous mechanism to attenuate or modify their met-
abolic requirements, thereby providing a long-term state of tolerance to multiple
external stresses (Balaban et al. 2004; Kussell et al. 2005; Kussell and Leibler 2005).

An extreme example of an adaptive response to unfavorable conditions is the
transition from replicating vegetative cell to non-replicating and metabolically
dormant spore in sporulating bacteria. Spores are structurally distinct from vege-
tative cells, and the stimuli required for germination and outgrowth of spores are
known. Recently it has been shown that the RNA profile is highly dynamic during
and after the sporulation process, with the degradation rates of RNA molecules
changing according to temperature variations (Segev et al. 2012). Amino acids and
sugars are well-known germinants, and cell wall muropeptides released by
growing cells have been shown to play a major role in exit from dormancy in
Bacillus subtilis spores (Shah et al. 2008). Once triggered, germination is a fast
process that is dependent on the ability of dormant spores to sense changes
occurring in their external environment. The signals and processes that govern
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sporulation and germination are understood in considerable detail. In contrast, the
physiological basis and dynamics of entry into and exit from a state of non-
culturability in non-sporulating bacteria, which may provide some of the same
survival advantages as sporulation, are less well understood. In part, this
“knowledge gap” stems from the difficulty of obtaining for analysis homogeneous
populations of VBNC cells with no contaminating culturable cells (Barcina and
Arana 2009).

By comparison, more is known about the ability of non-sporulating bacteria to
sense changes in their external environment and to modulate their growth rate
accordingly. For example, the stringent response is triggered by various stresses
including nutrient (especially amino acids) starvation, leading to intracellular
accumulation of the “alarmone” (p)ppGpp, which influences both initiation and
elongation of rRNA synthesis and expression of stress-response genes (Jin et al.
2012). Another phenomenon observed in several bacterial species during sta-
tionary phase is the so-called “ribosomal hibernation”, which is controlled by a set
of proteins that promote the transition and dimerization of the active 70S ribo-
somal subunit into the inactive 100S form. Formation of 100S hibernating ribo-
somes is a mechanism used by both Gram-negative and Gram-positive bacteria to
temporarily interrupt the ribosome cycle under stressful conditions (Ueta et al.
2008, 2010; Williamson et al. 2012).

In this chapter, we will focus on phenotypic states of non-culturability in which
the cells retain metabolic activities that can be detected at the single-cell level
using a variety of techniques, some of which have already been described. Because
the viability (i.e., future replicative potential) of these cells is uncertain, we will
largely eschew the term VBNC, which seems to beg the question. As an alter-
native, we propose the more conservative term NGMA to describe cells in this
physiological state, which are indeed something of an enigma in the field of
microbiology.

The search for stimuli and molecular mechanisms that could trigger entry into
and exit from the NGMA state has elicited different interpretations from different
groups. Nystrom interpreted the phenomenon of bacterial non-culturability,
induced by starvation or stress, in two alternative ways (Nystrom 2001). The first
interpretation evokes direct causation, whereby loss of culturability could be due
to cellular deterioration after exposure to essentially any damaging stress.
Although metabolic rates are reduced under nutrient starvation, the respiration, and
consequent production of reactive oxygen species (ROS) probably remain sub-
stantial, as suggested by the observed induction of oxidative stress-response pro-
teins and accumulation of oxidatively-damaged proteins (Nystrom 2001; Desnues
et al. 2003). Consistent with the idea that ROS might contribute to the non-
culturability of nutrient-starved cells, it has been shown that addition of catalase or
ROS scavengers to the medium of nutrient-starved cultures increased plating
efficiency (i.e., culturability) of the stressed cells (Mizunoe et al. 1999). The
second interpretation evokes indirect causation, whereby an active adaptive
response allows stressed cells to enter into a non-replicating and non-culturable
state as a mechanism to promote their long-term survival in the face of potentially
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lethal stresses. Consistent with the idea that non-culturability is an actively
regulated phenomenon, mutants of V. cholera have been isolated that display
altered frequencies of entry into the VBNC state (discussed in Nystrom 2001).
Stress could also arise from a natural process of self-catabolism during long-term
nutrient starvation, resulting in depletion of intracellular stores and cellular
components and gradual accumulation of intracellular waste products. The ability
of subpopulations of aging cells, during prolonged stationary phase, to express
stress-response genes and outcompete younger cells was defined as a “Growth
Advantage in Stationary Phase” (GASP) phenotype (Finkel 2006; Navarro Llorens
et al. 2010). GASP was proven to be due to accumulation of advantageous
mutations in aging cultures, thereby increasing the overall fitness of the population
under nutrient-limiting conditions.

Focusing on these stages of life in stationary-phase bacterial communities: on
the one hand, the high-density population of nutrient-scavenging cells leads to
nutrient depletion from the external milieu; on the other hand, death of a fraction
of cells releases molecules that can be scavenged by the survivors. The simulta-
neous occurrence of these two opposing processes could permit the maintenance of
a relatively stable number of culturable cells over time due to dynamic and bal-
anced processes of cell death and cell proliferation. It could even be envisaged that
natural selection might favor a “division of labor” along these lines, in which
starving populations bifurcate into cells that are “eaters” and cells that are
“eaten.” Consistent with this idea, a model of cannibalism has been reported for B.
subtilis in which starving populations show marked cell-to-cell variation in the
expression of the master regulator SpoOA, which governs exit from vegetative
growth and entry into the differentiation pathway leading to spore formation.
Individual cells with high levels of SpoOA produce toxins that kill and lyse their
non-sporulating siblings, thereby releasing nutrients that delay commitment to
sporulation (Gonzalez-Pastor 2011).

Connecting this concept to the NGMA phenomenon, any bacterial population
subjected to environmental challenge or nutrient limitation could potentially
release molecules, either to kill or to cause loss of culturability in other members
of the population, thereby reducing the overall metabolic rates and nutrient
requirements of the population. The presence of so-called “altruistic” and “sur-
vivor” members within a bacterial population has been proposed as a successful
survival strategy to cope with environmental stresses (Barcina and Arana 2009).
The maintenance of “non-demanding” subpopulations of cells could represent an
inexpensive bacterial reservoir for future re-expansion when auspicious conditions
return. Moreover, slowing down or freezing cellular functions could reduce the
physiological impact of target inhibition by antimicrobials.

The “Scout Hypothesis” provides a different perspective in the presence of
apparently altruistic cells in a dormant bacterial population (Epstein 2009).
According to this hypothesis, individual cells within a dormant population could
periodically “wake up” due to stochastic changes in expression of a master reg-
ulatory gene, for example. The awakened “scout” cells may resume proliferating
if conditions are favorable or may die if conditions are adverse. Such random
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Fig. 2 Bacterial heterogeneity and identification of NGMA subpopulations. Bacterial popula-
tions are characterized by the presence of physiologically distinct subsets of cells, due to genetic
and non-genetic heterogeneity, dynamic patterns of gene expression, cell—cell communication,
environmental fluctuations, and physical stresses (/). The classical method of NGMA cells
isolation by dilution to extinction of the replicating populations and reinoculation in vitro,
ex vivo, or in vivo is commonly used to demonstrate viability through resuscitation of the non-
culturable population (2 and 3). The use of fluorescent reporter-tagging methods, coupled to cell
sorting, optical tweezers, or dielectrophoresis (DEP), represents a valid alternative approach to
isolate and purify NGMA supopulations, which can then be subjected to ‘omic studies or
reinoculated under different environmental conditions to test for resuscitation (4)

awakenings have been proposed as a parsimonious strategy for a population of
dormant cells to sample the environment, thereby risking only a few individuals to
sense the environment and stimulate the revival of their dormant siblings if con-
ditions are favorable for growth. Recently, the scout hypothesis has been inves-
tigated in E. coli and Mycobacterium smegmatis, a non-pathogenic and fast-
growing relative of M. tuberculosis (Buerger et al. 2012).

The common element linking these studies and interpretations is that bacterial
populations are heterogeneous, comprising subsets of cells characterized by dif-
ferent phenotypes and different roles within their community. Long-term single-
cell studies are required to better understand the NGMA phenomenon, and to
elucidate how non-genetic phenotypic diversity within a population could poten-
tially influence the response and survival of bacterial populations under different
stressful conditions (Fig. 2).
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2.3 Recovery and Virulence of Non-Culturable Cells

A common challenge in the VBNC field is to perform successful resuscitation
experiments, thereby proving that revival is truly due to resuscitation of previously
non-culturable cells rather than outgrowth of a small minority of viable and cul-
turable cells still present in the population. This technical problem highlights once
again the need for new approaches to obtain pure subpopulations of bacteria from
mixed cultures (Fig. 2).

A commonly used method utilized to separate culturable from non-culturable
cells is the Most Probable Number (MPN) strategy, which involves serially
diluting a mixed culture sufficiently such that each subculture contains, on average,
less than one CFU (Roszak and Colwell 1987). Afterward, resuscitation of the
diluted cultures is induced by appropriately modifying the culture conditions and
the appearance of culturable cells is monitored using appropriate techniques, for
example, by counting CFU. If the number of viable counts that appears in the
stimulated cultures exceeds the number that could be achieved by simple prolif-
eration of a small number of culturable cells contaminating the original culture, the
experimenter can infer that previously non-culturable cells have been resuscitated
(i.e., have reverted to a culturable state) by the stimulus.

Experiments with Micrococcus Iluteus have provided one of the most con-
vincing cases of bacterial resuscitation from a state of non-culturable dormancy
(Kaprelyants and Kell 1993). Transition of M. luteus to a dormant state can be
induced by prolonged incubation in spent culture medium. Typically, following
entry into stationary phase, the CFU count declines to non-detectable levels while
the total cell count decreases by about 40 % and then stabilizes. Entry of cells into
the non-culturable state is accompanied by a reduction in cell diameter, respiration
rate, rhodamine uptake, and protein amount per cell, whereas the DNA content per
cell remains constant. To eliminate any residual culturable cells, bacteria are
further treated with penicillin G, which Kkills replicating cells but spares non-
replicating cells. Resuscitation is then triggered by washing the dormant cells and
inoculating them into fresh medium at high density. About 20 h later, the revived
bacteria show signs of metabolic activity and the viable counts return to the initial
level. The increase in CFU following resuscitation can be ascribed to resuscitation
of previously non-culturable cells, because the 4-h generation time of M. luteus is
too long to explain the observed increase in CFU from 1,000 CFU/ml at 30 h of
recovery up to 100 million CFU/ml at 50 h. However, expansion of the CFU count
by this magnitude could be explained by re-awakening of a large fraction of a
VBNC population whose starting total cell number, based on microscopic counts,
was about 200 million CFU/ml.

Interestingly, resuscitation of non-culturable cells of M. luteus can be enhanced
by addition of cell-free supernatant from stationary-phase cultures (Kaprelyants
et al. 1994). The extracellular factor responsible for recovery of dormant M. luteus
has been identified as a secreted protein termed Resuscitation Promoting Factor
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(Rpf). Purified M. luteus Rpf can also exert a resuscitation effect on heterologous
species, including M. tuberculosis. It is noteworthy that the M. tuberculosis gen-
ome encodes five Rpf-like genes (Mukamolova et al. 2002), which are collectively
dispensable for growth in liquid medium but required for resuscitation from a non-
culturable state; interestingly, this defect can be rescued by addition of wild-type
culture supernatant (Kana et al. 2008).

Taking into consideration the evidence suggesting that non-culturable cells of
different species can be resuscitated by appropriate stimuli, an important question
is the state of virulence of these non-replicating populations. This problem is
relevant not only for water-borne pathogens, which have historically been a major
focus in the VBNC field, but also for food-borne or air-borne bacteria that cause
long-term clinically inapparent infections, such as M. tuberculosis. To test the
virulence potential of VBNC cells, it is first required to isolate pure sub-popula-
tions of non-culturable cells, assess their potential to be resuscitated, and verify the
ability to re-initiate an infection (Fig. 2). This procedure in fact recalls Koch’s
postulates, four criteria proposed to establish a deterministic relation between a
disease and its causative microbe. Once a microorganism has been identified and
isolated as a pure culture from a diseased host, it should be able to cause the same
disease if re-inoculated into a healthy host; it should then be possible to re-isolate
the microorganism from the secondarily infected host and confirm that it is
identical to the initial causative agent. Even if we accept the concept that in vivo
resuscitation of non-culturable bacteria represents a potential risk to human health,
it will be difficult to demonstrate that resuscitation and virulence are exclusively
due to the reawakening of non-culturable cells, unless and until a clean procedure
for single-cell identification and purification becomes available.

In 1995, Oliver and Bokian tested whether non-culturable cells of Vibrio vul-
nificus were able to infect mice (Oliver and Bockian 1995). The VBNC state was
induced by incubation of V. vulnificus in artificial seawater and exposure to a
temperature downshift, causing the viable counts in the culture to drop to levels
that were undetectable by Kogure’s method. Subsequently, mice were infected
with different doses of the VBNC culture and the lethal dose causing death of half
the infected mice (LDso) was determined, as well as viable counts (CFU) from
various tissues. These experiments established that VBNC cells of V. vulnificus
retain pathogenicity. However, there was an inverse temporal relationship between
time of incubation at low temperature and virulence, which could indicate either a
gradual shift into the VBNC state, the presence of mixed populations of culturable
and non-culturable cells in the inocula used to infect the animals, or gradual death
of VBNC cells.

A similar example of in vivo resuscitation was performed in human volunteers
using an attenuated strain of V. cholerae Ol that expressed a mutated subunit of
cholera toxin (Colwell et al. 1996). The non-culturable state was induced by
nutrient starvation and temperature downshift for either 10 or 28 days; total and
viable (culturable) counts were measured using standard techniques. Each vol-
unteer ingested about one billion cells, including an estimated ten million VBNC



A Single-Cell Perspective 147

cells, the remainder being simply non-viable. Remarkably, “young” (10 days)
inocula of VBNC cells retained the ability to cause infection resulting in clinical
signs and symptoms, whereas “old” (28 days) inocula did not.

Interpretation of studies reporting in vivo resuscitation and virulence of VBNC
cells, whether in mice (Oliver and Bockian 1995) or in humans (Colwell et al.
1996), is complicated by the difficulty of achieving pure VBNC populations using
standard bulk methods. Interestingly, VBNC cells of several species have been
shown to exit the non-culturable state when co-cultured with different types of
eukaryotic cells (Senoh et al. 2012). Further studies along these lines would greatly
benefit from the advent of new non-destructive single-cell techniques to isolate
pure subpopulations of non-culturable cells in order to assess the pathogenic
potential of non-culturable bacteria both in vivo and ex vivo.

3 Mycobacterium tuberculosis

3.1 Mycobacterium tuberculosis: A Case of Dormancy
and Revival

Bacterial growth is a complex process that can display a broad spectrum of states.
In comparison to actively replicating cells, which are the usual object of micro-
biology research, assessing the physiological states of non-replicating cells can be
technically challenging. Dormancy, a reversible state of low metabolic activity
used by non-sporulating bacteria to survive for long periods of time under stressful
environmental conditions, is often coupled to non-culturability.

M. tuberculosis is a major human pathogen and a prominent example of bac-
terial dormancy. It is estimated that perhaps one-third of the global human pop-
ulation is latently infected with tubercular bacilli, and it is generally assumed
(although not proven) that these bacteria are metabolically sluggish or quiescent.
Understanding latent M. tuberculosis infection is important for at least two rea-
sons: first, reactivation of latent M. tuberculosis infections represents a huge
burden of future disease; second, latent M. tuberculosis infections are thought to be
refractory to antibiotic therapy (Young et al. 2006). Regarding the latter, there is
an apparent discrepancy between the refractoriness of nonreplicating M. tuber-
culosis toward drugs that target cell wall biogenesis, such as isoniazid, and the
effectiveness of prolonged prophylactic isoniazid therapy in preventing reactiva-
tion of latent tuberculosis infection. This discrepancy could indicate that dormant
cells of M. tuberculosis retain some sensitivity to wall-targeting antibiotics or,
alternatively, that dormant cells periodically “wake up” and revert to an active
state of drug susceptibility. A related question concerns the true extent of effec-
tiveness of anti-tuberculosis therapy for active disease, and whether some dormant
bacteria could persist in the lungs despite prolonged dug therapy and maintain the
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potential to reactivate in the future. These open questions underscore the need to
elucidate the metabolic state of nonculturable M. tuberculosis, a topic that had
been investigated intensively over the years but which has not, as yet, yielded
much in the way of definitive answers.

In the 1950s and 1960s, McCune and colleagues at Cornell University Medical
College performed a series of pioneering experiments focused on M. tuberculosis
dormancy and antibiotic persistence in a murine model of tuberculosis (McCune
et al. 1966). In the so-called “Cornell Model”, mice were infected with
M. tuberculosis and treated extensively with various combinations of anti-tuber-
culosis drugs. At the conclusion of treatment, the bacilli were apparently cleared
(“vanished”) from the lungs of mice that received the most effective regimens,
inasmuch as no remaining bacteria could be detected using sensitive techniques,
such as CFU assays, acid-fast staining of lung sections, and re-inoculation of tissue
homogenates into normal and immune-suppressed mice. Nonetheless, it became
clear that the apparently “cured” mice still harbored tubercle bacilli, apparently in
a non-culturable state, because immune suppression of these animals led to nearly
uniform bacteriological relapse, as verified by CFU counts of tissues following
immune suppression (Fig. 3). Remarkably, the bacteria that were recovered by
plate culture post-relapse retained sensitivity to the drugs that were used to treat
the infected animals. In sum, prolonged treatment of infected mice with anti-
tuberculosis drugs resulted in “vanishing” of culturable bacteria from the tissues,
whilst immune-suppression of the treated animals led to “reappearance” of cul-
turable bacteria in the tissues. These experiments provided strong evidence for
reactivation of M. tuberculosis from a VBNC-like state in vivo. Similar results
have been reported in a guinea pig model of tuberculosis (Obregén-Henao et al.
2012).

Molecular analyses of the “vanishing” phenomenon in the Cornell Model have
also been performed (de Wit et al. 1995; Hu et al. 2000). De Wit and colleagues
searched for the presence of M. tuberculosis DNA in tissue homogenates using
quantitative PCR (qPCR). The estimated bacterial count by qPCR in acutely
infected mice was similar to the numbers detected by plating for CFU, whereas in
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chronically infected mice the bacillary count by qPCR exceeded the CFU count,
suggesting that some bacteria had died, or, alternatively, entered into a VBNC-like
state. Following prolonged drug therapy of infected mice, resulting in the “van-
ishing” of CFU from the tissues, bacterial DNA could still be detected in the
tissues by qPCR; however, this approach was not informative about the metabolic
status and potential for resuscitation of bacteria in the tissues of the treated animals
and the detected DNA could simply represent dead cells. Inoculation of the
apparently sterile (no CFU) tissue homogenates into healthy mice resulted in the
induction of infection and disease in a small fraction of the inoculated animals. In
these experiments, as in the original experiments by the Cornell group, it is
extremely difficult to distinguish between resuscitation of VBNC cells and out-
growth of a very small number of persistent viable (culturable) cells that may have
escaped detection. In principle, these interpretations could be distinguished by
purification of the nonculturable cell population in order to exclude any contam-
ination by culturable cells prior to inoculation. In practice, this ideal goal seems
unachievable using current techniques.

In principle, the relatively shorter half-life of RNA compared to DNA should
make RNA a better marker of the metabolic state of dormant and VBNC-like M.
tuberculosis. Hu et al. (2000) detected the presence of ribosomal RNA and mes-
senger RNA transcripts in the Cornell Model and in an in vitro model of hypoxia-
induced dormancy, the so-called “Wayne model” (Wayne 1976). They also
demonstrated ongoing transcription in rifampicin-treated cultures of M. tubercu-
losis in vitro by measuring incorporation of tritiated uridine, despite the “van-
ishing” of detectable CFU in the rifampicin-treated cultures (Hu et al. 2000). In
these experiments, it was also shown that inoculation of liquid medium with
serially diluted cultures provided a more sensitive measure of residual viable
counts compared to inoculation of solid medium and CFU formation. A similar
discrepancy between results obtained by inoculation of liquid versus solid media
was also reported for experiments with stationary-phase cultures or tissue
homogenates from chronically infected mice (Dhillon et al. 2004). These obser-
vations underscore the fact that the current distinction between viable and VBNC-
like mycobacteria is essentially an operational definition (does the cell form a
colony on solid medium? does it replicate in liquid medium?) that provides little
insight into the actual physiology of these two contrasting states.

Despite the pioneering work done by the Cornell group nearly half a century
ago, in the intervening decades there has been rather slight progress in the
understanding of the VBNC-like state in M. tuberculosis. The relative stagnation
of this area of inquiry, which lags behind the remarkable advances that have been
made in other areas of tuberculosis research in recent years, underscores the lack
of suitable tools to query the physiology of VBNC-like cells of M. tuberculosis at
the single-cell level in the absence of small numbers of contaminating and
potentially confounding “ordinary” (i.e., viable and culturable) cells.



150 G. Manina and J. D. McKinney

3.2 Resuscitation in Mycobacteria: From Bulk
to Single-Cell Studies

The physiological and molecular bases of mycobacterial entry into and exit from a
state of dormancy are still poorly understood, despite the existence of several
models in vitro (Hu et al. 2000; Dhillon et al. 2004; Sala et al. 2010; Shleeva et al.
2011), ex vivo (Biketov et al. 2000), and in vivo (McCune et al. 1966; Obregén-
Henao et al. 2012). In this section, we will focus on experiments that have
attempted to address these questions, and in this context we will argue for the
potential importance of single-cell approaches based on new technologies and
nondestructive techniques that permit the real-time tracking of individual cells.

Long-term in vitro cultures subjected to medium acidification, oxygen deple-
tion, or nitric oxide exposure are some of the conditions that have been used to
induce M. tuberculosis dormancy, based on the belief that these conditions mimic
the conditions that mycobacteria encounter in vivo in the host tissue environment.
After prolonged incubation of M. tuberculosis in stationary-phase liquid cultures,
the cells become nonculturable and phase-dark ovoid cell bodies accumulate
(Shleeva et al. 2011). These morphologically abnormal cells are dwarfish, acid-fast
positive, and propidium iodide negative, implying an intact cell envelope barrier;
although these cultures are non-culturable in the sense that they do not form
colonies on plates, they incorporate tritiated uracil and they are capable of out-
growth when inoculated into liquid medium. Furthermore, using the MPN method
described above, these non-culturable cells can be resuscitated by exposure to
culture supernatants from actively growing cultures of M. tuberculosis or (albeit
less efficiently) by exposure to Rpf from M. luteus (Shleeva et al. 2011). Similar
results have been obtained in experiments demonstrating the ability of phospho-
lipids and peptides isolated from culture supernatants of M. tuberculosis to
resuscitate very old (6 months) stationary-phase cultures of M. tuberculosis
(Zhang et al. 2001). Fatty acids, especially oleic acid, can also promote the
resuscitation of VBNC-like cells of M. smegmatis (Nazarova et al. 2011). It has
also been shown that M. tuberculosis in the sputum of untreated patients could be
cultivated only in the presence of Rpf; however, this Rpf-dependence was even-
tually lost after sustained in vitro cultivation (Mukamolova et al. 2010). Rpf
displays peptidoglycan hydrolytic activity, and it has recently been shown that
mycobacterial peptidoglycan fragments, obtained by Rpf hydrolysis, are sufficient
to resuscitate VBNC-like mycobacterial cells (Nikitushkin et al. 2013).

The presence of non-culturable forms of M. tuberculosis has also been inferred
from in vivo studies using a “replication clock™ system to assess the replication
dynamics of M. tuberculosis in chronically infected mice (Gill et al. 2009). This
system comprises a strain of M. tuberculosis harboring an unstable episomal
plasmid that is lost at a rate proportional to the rate of bacterial division. By
measuring the rates of plasmid loss during the course of murine infection, in
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conjunction with mathematical modeling, the authors concluded that the actual
numbers of division events occurring in chronically infected mice exceeded the
numbers predicted by counting CFUs. These observations suggest that a fraction of
the replicating population is either killed or enters into a VBNC-like state, thereby
resulting in a deceptively stable number of culturable cells (CFU) over time.

Although the experiments described above provide evidence for the existence
of VBNC-like forms of M. tuberculosis that can be resuscitated by appropriate
stimuli, the conclusions are largely based on indirect assays, such as MPN, and are
limited to bulk culture measurements or destructive microscopy techniques. Thus,
they provide little insight into the physiology and behavior of individual cells
during entry into and exit from the VBNC-like state. Flow cytometry, combined
with fluorescent markers and dyes that can report on specific aspects of bacterial
physiology—such as gene expression, respiratory activity, membrane potential,
etc.—can provide detailed insight into the “instantaneous” phenotype of indi-
vidual cells (Davey et al. 2004). A major drawback of this technique, however, is
that it does not permit the temporal tracking of individual cells and, unless coupled
to cell sorting, each cell that is measured is lost to further analysis. Thus, flow
cytometry suffers from the same limitation as the techniques described above, viz.
it cannot be used to track the behavior of individual cells as they enter into and exit
from the VBNC-like state.

A promising technique to separate and recover subpopulations of cells for
further analysis is cellular dielectrophoresis (DEP), which can be used to separate
intact and damaged cells based on their different dielectric behavior (Table 1).
Recently, DEP has been used to study non-culturable populations of M. smegmatis
and to separate live, dead, and dormant cells (Zhu et al. 2010a, b). In these studies,
the authors used exponentially growing, late stationary-phase, and killed cultures
of M. smegmatis. Each of these cell preparations was characterized by differences
in cell morphology, structure, and composition, resulting in different cellular
conductivities, which is a sine qua non condition for DEP-based separation of
dielectric particles. In particular, the calculated conductivities were highest for
dead cells (915 £ 15 uS/cm), intermediate for stationary-phase cells
(812 £ 10 pS/cm), and lowest for exponentially growing cells (560 £ 20 uS/cm),
presumably due, at least in part, to differences in the insulating properties of the
cell envelope. By modulating the frequency of the alternating current electric field,
crossover frequencies were identified at which cells with different conductivities
displayed either positive DEP (particles migrate to regions of high field strength)
or negative DEP (particles migrate to regions of low field strength) (Zhu et al.
2010b). Thus, DEP-based separation is a potentially powerful approach to obtain
relatively pure preparations of cell subpopulations from mixed cell cultures; if this
technique can be scaled up, it might be possible to obtain sufficient numbers of
purified cells to perform detailed phenotypic analyses of these distinct cell states.
An important caveat is the damage that could result from subjecting cells, even
briefly, to a strong electric field, which could lead to damage-related artifacts.
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Notwithstanding this potential confounder, DEP-based cell separation looks like a
promising approach to purification and analysis of bacterial subpopulations from
mixed starting cultures.

4 Tools to Investigate the NGMA Phenomenon
at the Single-Cell Level

Microbial phenotypic heterogeneity occurs at different levels of environmental
complexity, ranging from axenic cultures in vitro to host tissue environments
in vivo, where fluctuations of physico-chemical parameters can induce replicating
cells to die or enter a non-replicative state while maintaining a certain level of
metabolic activity. A deeper understanding of the NGMA phenomenon at the
single-cell level—and, in particular, the ability to track individual cells as they
enter and exit the NGMA state—would provide new insights into the survival
mechanisms of microorganisms. The metabolism and physiology of individual
cells, linked to different growth states (e.g., replicating, non-replicating, and non-
culturable), can be characterized by measuring fundamental cellular activities at
the single-cell level, such as growth, division, DNA replication, gene expression,
biochemical networks, respiratory activity, membrane energization, metabolite
fluctuations, etc. (Fig. 1).

Phenotypic heterogeneity can arise from multiple sources, including (but not
limited to) stochastic flucutations in gene expression (Golding et al. 2005; Yu et al.
2006; Larson et al. 2009; Suter et al. 2011; Ferguson et al. 2012; Lionnet and
Singer 2012), noisy production of proteins (Cai et al. 2006; Bar-Even et al. 2006),
and asymmetric partitioning of cell components at division (Huh and Paulsson
2011). A number of studies have demonstrated that both eukarytic and prokaryotic
cells are characterized by extremely heterogeneous dynamics in gene expression.
These processes can be studied at the single-cell and single-gene level by use of
fluorescent reporters, time-lapse microscopy, and quantitative modeling tools.

Two broad categories of gene expression noise have been proposed to influence
the transcriptional activity of individual genes (Locke and Elowitz 2009; Lionnet
and Singer 2012). “Extrinsic” noise reflects fluctuations at the level of the cell; for
example, time-dependent variation in the amount or activity of a regulatory factor.
“Intrinsic” noise reflects fluctuations at the level of the gene itself; for example,
thermodynamic fluctuations affecting the binding or unbinding of a regulatory
factor to its cognate binding site on the DNA. These two sources of gene
expression noise obviously intersect, as, for example, intrinsic noise affecting the
expression of a regulatory factor could propagate as extrinsic noise affecting
expression of the target genes that are regulated by that transcription factor.

It is conceivable that entry into and exit from the NGMA state could be trig-
gered, or at least modulated, by noise-driven fluctuations in gene expression,
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resulting in transient phenotypic switching between growing and non-growing
states. This is an area of investigation that seems ideally suited to real-time, single-
cell experimental approaches, such as time-lapse fluorescence microscopy, in
conjunction with computational modeling (Locke and Elowitz 2009; Chubb and
Liverpool 2010). Within this realm, there is broad scope for application of the
rapidly expanding arsenal of biomolecular and microengineered technologies
(Rowat, et al. 2009; Tang et al. 2009; Taniguchi et al. 2010; Dalerba et al. 2011;
Fidalgo and Maerkl 2011; Gobaa et al. 2011; White et al. 2011; Srigunapalan et al.
2012). For example, highly automated microfluidic tools, micro-patterned with
chambers to contain cells, microchannels for delivery of liquid media, and
pneumatic valves to permit user-specified opening and closing of the micro-
channels, allow rapid and precise control over the cells’ microenvironment. These
microdevices can be deigned and inexpensively manufactured to match the end-
users’ specific requirements and can be used in conjunction with time-lapse
microscopy for real-time single-cell analysis of microbial responses to fluctuating
environments.

The use of fluorescent reporter strains of bacteria, often comprising fusions of
sequences encoding a fluorescent protein to promoter sequences (transcriptional
fusions) or protein-coding sequences (translational fusions), has revolutionized the
study of gene expression in single cells. This approach is particularly powerful
when combined with live-cell time-lapse microscopy and microfluidic culture
systems that provide dynamic control over the culture environment (Golding et al.
2005; Lionnet and Singer 2012). The development of new fluorescent proteins,
such as short-lived (Andersen et al. 1998), “timer” (Terskikh et al. 2000), pho-
toactivatable (Patterson and Lippincott-Schwartz 2002), and photo-switchable
variants (Bates et al. 2007), is progressively expanding the spectrum of applica-
tions and enabling deeper insights into intracellular processes, time-dependent
gene expression patterns, protein localization in space and time, and molecular
interactions at the sub-micron scale (Table 1).

In the specific case of the NGMA phenomenon, there is exciting but largely
untapped potential in the use of transcriptional and translational fusions of fluo-
rescent proteins to genes controlling processes involved in cell growth, metabo-
lism, ribosome production, chromosome replication, etc., to elucidate the
physiology of individual NGMA cells (Fig. 1). By tracking time-dependent
changes in the production, degradation, and localization of fluorescently-tagged
proteins in single cells, it should be possible to construct a picture of the metabolic
activities and potentialities of NGMA cells as compared to replicating cells. The
use of conditional gene expression systems to switch on/off the expression of
fluorescent reporters should also permit a quantitative analysis of the transcrip-
tional and translational potentialities of NGMA cells compared to replicating cells.
Demonstration that individual NGMA cells retain the ability to respond to an
external inducing agent by switching on de novo transcription and translation of a
fluorescent reporter would go a long way to strengthening the case that these cells
might be viable.



154 G. Manina and J. D. McKinney

New tools have also been introduced for microscopy-based monitoring of time-
dependent fluctuations in single-cell gene expression at single-molecule resolution.
Examples include the mRNA MS?2 tagging system (Golding et al. 2005) and the
fluorescent Protein Complementation Assay (PCA) (Valencia-Burton et al. 2007).
These techniques can be used to monitor individual gene transcription events in
real-time, as a stretch of the newly transcribed RNA, tagged with MS2 arrays or by
RNA aptamers (which are bound by copies of split GFP that combine only at the
moment of transcription), provide very fine temporal resolution of individual gene
expression events (Table 1).

Other relevant methods that could be appropriate for investigating the physi-
ology of individual NGMA cells include the combination of fluorescent reporters
with photobleaching techniques, optical nanosensors, and real-time fluorescence
microscopy. These tools can be used for single-cell techniques such as Fluores-
cence Loss in Photobleaching (FLIP), Fluorescence Recovery after Photobleach-
ing (FRAP), and nanosensors based on Forster Resonance Enegy Transfer (FRET)
(Lippincott-Schwartz et al. 2001). In both FLIP and FRAP, PB causes the loss of
fluorescence in one portion of a cell or the entire cell. In FLIP, the intracellular
movement of molecules can be followed through fluorescence diffusion after PB.
In FRAP, the resurgence of fluorescence provides a real-time readout of de novo
transcription and translation occurring after PB. FRET-based nanosensors employ
two distinct fluorescent proteins, a donor molecule and an acceptor molecule,
characterized by overlapping emission spectra and coupled to a substrate-binding
protein domain. Upon binding of the specific substrate to the substrate-binding
protein, conformational changes bring the fluorescent proteins into closer juxta-
position, thereby enhancing resonance energy transfer from donor to acceptor
following excitation of the donor. Thus, changes in the fluorescence ratio (donor
fluorescence : acceptor fluorescence) provide an estimate of the intracellular
substrate/metabolite concentration.

Combining the aforementioned techniques with flow cytometry-based cell
sorting, microfluidic cell sorting, DEP-based cell sorting (Zhu et al. 2010a), or
single-cell trapping with optical tweezers (Ericsson et al. 2000) could, in principle,
allow the isolation and collection of NGMA cells for ‘omics-based studies, new
targets identification, and virulence assessment through in vivo recovery experi-
ments (Fig. 2). Fluorescent reporter strains can also be used for live-cell studies of
host-pathogen interactions, thereby avoiding the artifacts associated with cell
fixation (Fig. 4). Microfluidic devices for ex vivo studies (James et al. 2009),
in vivo imaging systems (Manicassamy et al. 2010; Nam et al. 2011), and intravital
microscopy (Meissner et al. 2009) have become increasingly available to academic
researchers. Despite these exciting advances, in vivo imaging is still far from
achieving the sensitivity and resolution required to perform studies on individual
bacteria residing within infected animals. In principle, infecting cultured mam-
malian cells or animal models with bacterial reporter strains whose intracellular
activities can be monitored through a wide variety of fluorescent reporters would
provide the most direct way to visualize growth dynamics, metabolic activity,
cellular processes, and virulence potential of both replicating and NGMA bacteria.
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Fig. 4 Microscopy-based real-time analysis of host-pathogen interactions at the single-cell level.
RAW macrophages infected with two-color fluorescently tagged M. tuberculosis (GFP short-
lived reporter of metabolic activity, DsRed long-lived constitutively expressed reporter).
Representative snapshots were taken over 4 days of continuous time-lapse fluorescence
microscopy of a single macrophage infected with a single bacterium. The addition of a potent
anti-tuberculosis drug to the medium causes a marked decrease in green fluorescence (metabolic
reporter) within 24 h

5 Conclusions

The ecological and clinical relevance of VBNC bacteria has been a fascinating and
prominent but largely unresolved issue in microbiology for several decades. Due
to limitations in standard culturing techniques, artifacts associated with cell fixa-
tion, and potential toxicity of reporter dyes, there is a clear need for new methods
to study the physiology of non-growing but physically intact and metabolically
active bacteria. Ideally, such studies should be focused on the single-cell level.
Population-averaged bulk-cell measurements can provide only partial and poten-
tially misleading information on NGMA cells, inasmuch as there is no certainty of
isolating pure subpopulations of NGMA cells, which might themselves comprise
multiple distinct phenotypic states. Moreover, the standard limiting dilution
techniques used to isolate non-growing from growing cells has obvious limitations
and resuscitation experiments would benefit from higher-resolution techniques. A
promising approach that has not been fully exploited to date is the combination of
fluorescent reporter strains, time-lapse fluorescence microscopy, and microfluidic
systems for real-time single-cell analysis of NGMA cells. Other techniques for
single-cell analysis, some of which have been described in this chapter, have
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proven their value in single-cell analysis of replicating cells but have not, so far,
been applied to the analysis of NGMA cells. Tools to detect and measure
molecular events and dynamics within intact and metabolically active cells that
have lost (at least temporarily) the ability to grow and divide offer alternative ways
to assess cellular “viability”. For example, detection of ongoing transcription,
translation, and metabolic activity (e.g., ATP synthesis) within individual non-
growing cells would provide compelling evidence that these cells retain funda-
mental activities associated with “viability” and may also retain the capability of
reactivating growth if provided with the appropriate stimulus.

In the specific case of M. tuberculosis, there is considerable scope for applying
new single-cell approaches to the study of dormant and persistent states in this
unusually refractory pathogen. M. tuberculosis is considered to be an exemplar of
“persistent pathogens” that maintain long-term parasitic relationships with their
chronically infected mammalian hosts by slowing their rates of metabolism, growth,
and cell division. Reactivation of M. tuberculosis after years or even decades of
clinically latent infection may, in some respects, resemble the resuscitation of non-
culturable microorganisms. The application of new single-cell micro-technologies
to the study of mycobacteria is still in its infancy (Aldridge et al. 2012; Golchin et al.
2012; Wakamoto et al. 2013), and to the best of our knowledge the new approaches
have not been applied to the specific problem of the NGMA state in mycobacteria. In
future, it should be possible to develop co-culture microsystems for real-time single-
cell analysis of host-pathogen interactions—for example, bacteria interacting with
cultured host cells or bacteria within tissue sections derived from infected animals.
These approaches could provide new insights into the NGMA phenomenon during
the course of infection and might identify new strategies for targeting this physio-
logically distinct subpopulation.
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Abstract Metabolism is a widely recognized facet of all host—pathogen interac-
tions. Knowledge of its roles in pathogenesis, however, remains comparatively
incomplete. Existing studies have emphasized metabolism as a cell autonomous
property of pathogens used to fuel replication in a quantitative, rather than qual-
itatively specific, manner. For Mycobacterium tuberculosis, however, matters
could not be more different. M. tuberculosis is a chronic facultative intracellular
pathogen that resides in humans as its only known host. Within humans,
M. tuberculosis resides chiefly within the macrophage phagosome, the cell type,
and compartment most committed to its eradication. M. tuberculosis has thus
evolved its metabolic network to both maintain and propagate its survival as a
species within a single host. The specific ways in which its metabolic network
serves these distinct, through interdependent, functions, however, remain incom-
pletely defined. Here, we review existing knowledge of the M. tuberculosis—host
interaction, highlighting the distinct phases of its natural life cycle and the diverse
microenvironments encountered therein.
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1 Introduction

Most bacterial pathogens reside in polymicrobial niches and seek to replicate as
quickly as possible to overtake their host niche. However, humans are the only
known host and reservoir of M. tuberculosis. M. tuberculosis has thus evolved
within a niche, in which either unrestrained replication or perfect symbiosis
threaten its very existence as a species. Instead, the M. tuberculosis lifecycle
consists in a prolonged period of replicative quiescence tolerant to host immunity
and conventional chemotherapy, and while sometimes lasting decades, if not the
lifetime of the host, is followed by an obligatory episode of replication, required
for transmission to a new host. M. tuberculosis thus both replicates and persists
within the same host species.

Interest in metabolic aspects of the M. tuberculosis—host interaction dates to
Koch’s discovery of M. tuberculosis and its distinct chemical staining properties
among the “heaping nuclei and detritus” of tuberculous lesions in animals that had
died from tuberculosis several weeks earlier, suggesting the existence of specific
metabolic differences (Sakula 1983). This discovery prompted several decades of
human autopsy, experimental animal, bacteriologic, and biochemical studies that
focused chiefly on histopathologic descriptions of the host niches occupied by
M. tuberculosis, its crude biochemical composition, and cell autonomous growth
capabilities (Rich 1946; Youmans 1979). The advent of protein biochemistry later
shifted attention to descriptions of its enzymatic activities as reported by whole
cell lysates and indirect chemical reporters (Murthy et al. 1962; Wheeler and
Blanchard 2005). Based on such studies, Segal and Bloch adduced seminal evi-
dence that M. tuberculosis grown in vitro and recovered from the lungs of infected
animals existed in distinct metabolic states, in the latter of which it was found to
preferentially respire on fatty acids rather than on carbohydrates more typically
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used to cultivate M. tuberculosis in vitro (Bloch and Segal 1956). Following
publication of the M. tuberculosis genome sequence in 1998, studies of the
M. tuberculosis—host interaction turned heavily, if not exclusively, to the use of
comparative genomics, transcriptional profiling, homology-based bioinformatic
modeling, and gene knockout approaches (Cole et al. 1998; Sassetti et al. 2001;
Rhee et al. 2011; Griffin et al. 2011). These studies afforded unprecedented gen-
ome-scale insight into the biology of M. tuberculosis with single nucleotide
resolution.

Notwithstanding, knowledge of the M. tuberculosis—host interaction remains
incomplete. Unlike the case for other cellular processes, metabolism consists of
reactions whose substrates and products are atomic, rather than molecular, in
diversity and often cannot be inherently deduced from genetic information. As a
result, homology-based comparison have failed to suggest a function for nearly
40 % of M. tuberculosis annotated genes, while up to 30 % of detected enzymatic
activities have not been ascribed to a known gene (Cole et al. 1998; Chen 2007).
Their levels, connectivities, and directionalities remain similarly undefined due to
regulation by multiple pathways and regulatory circuits, many of which are non-
genetic in nature. In this regard, efforts to infer the in vivo metabolic state of
M. tuberculosis based on its transcriptional profile or survival of gene knockouts in
animal models of tuberculosis have been hindered by fundamental biochemical
ambiguities. While emergent metabolomics technologies have begun to resolve
such ambiguities, these same technologies have simultaneously revealed unique
properties of its metabolic network that have prompted a re-evaluation current
experimental knowledge.

All tools and approaches have inherent strengths and limitations. Classical
bacteriology and biochemistry have provided insight into the cell autonomous
traits and capabilities of M. tuberculosis and its proteins but also been limited by
the artificial culture conditions used to study them. Genetic approaches, by con-
trast, have afforded a singular specificity but relied almost completely on the
accuracy and completeness of their accompanying bioinformatic gene annotations.
Metabolomics, defined as the simultaneous measurement of all metabolites in a
biological system under a given set of conditions, is the youngest of systems level
disciplines and begun to deliver unique insights into the intracellular biochemistry
of M. tuberculosis and its response to perturbation. However, while metabolites
represent the integrated product of a cell’s genome, proteome and environment,
and most direct reporters of a cell’s metabolic state, technical limitations have thus
far precluded the ability to profile M. tuberculosis recovered from host cells or
tissues (Rhee et al. 2011).

Technical limitations aside, knowledge of the M. tuberculosis—host interaction
has been limited by biological dissociations between M. tuberculosis life cycle in
vitro and in vivo. As a result, experimental studies of M. tuberculosis pathogenesis
have primarily focused on its ability to persist, while its physiology has been most
extensively studied when replicating at maximal growth rates.
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Here, we review and assimilate existing knowledge of M. tuberculosis
physiologic and pathophysiologic traits within the context of its natural life cycle
and primary experimental evidence.

2 The Mycobacterium tuberculosis Host Niche: Down
the Rabbit Hole

Following aerosol transmission to a new host, M. tuberculosis first encounters the
terminal airspace, or alveolus, of the lung where it is phagocytosed by tissue
resident alveolar macrophages and dendritic cells. M. tuberculosis is then believed
to undergo a period of unrestricted replication, migrate to the local draining lymph
node, and spread throughout the bloodstream, infecting additional macrophages
and reseeding additional regions of the lung to establish a systemic infection until
contained by the onset of cellular immunity. Activation of the adaptive immune
response results in the production of interferon-y (IFN-y), which enables macro-
phages to kill or restrain replication of M. tuberculosis and marks the onset of a
period in which M. tuberculosis persists in a non- or slowly-replicating state that
often lasts decades, if not the lifetime of the host (Russell 2001; Barry et al. 2009;
Philips and Ernst 2012).

Mycobacterium tuberculosis has been reported to infect and/or be found in both
phagocytic and nonphagocytic cell types, including myeloid dendritic cells, neu-
trophils, adipocytes, and epithelial cells (Neyrolles et al. 2006; Wolf et al. 2007,
Nathan 2009). However, macrophages constitute the quantitatively largest and the
most significant cellular reservoir of M. tuberculosis during the establishment and
maintenance of a chronic infection. Moreover, not all macrophages, nor their
phagosomes, are the same. Though microscopically well defined, phagosomes are
both diverse and dynamic. Following internalization of a particle or pathogen,
phagosomes undergo a series of rapid and extensive changes in their biochemical
composition and function that can be further modulated by immune activation.
Nascent phagosomes, for example, while hypoxic and nutrient poor, are generally
not competent to kill intracellular bacteria (James et al. 1995; Vieira et al. 2002).
However, subsequent fusion with endomembrane compartments, such as lyso-
somes, leads to a progressive acidification, alteration in ionic composition, and
accumulation of lytic enzymes, oxygenated lipids, and reactive oxygen species that
can be further intensified with immune activation by cytokines. Cytokines such as
IFN-y can further modify this chemistry with the coordinated production and
trafficking of reactive oxygen and nitrogen intermediates, antimicrobial peptides
and mediators of autophagy, such as inducible nitric oxide synthase (iNOS), the
immunity-related GTPase LRG-47, and guanylate-binding proteins (GBPs)
(MacMicking et al. 1997; MacMicking 2003; Gutierrez et al. 2004; Alonso et al.
2007; Purdy and Russell 2007; Kim et al. 2011; Shenoy et al. 2012).
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Mycobacterium tuberculosis-containing phagosomes have long been noted to
exhibit an exceptional degree of heterogeneity (Russell 2001; Rohde et al. 2007).
Unlike the case for pyogenic bacteria, some M. tuberculosis-containing phago-
somes are remarkably long lived, lasting days, rather than hours, in vitro, and
years, rather than days, in vivo, while others succumb to their replication, and yet
others undergo apoptosis (Fratazzi et al. 1999). In addition, considerable bio-
chemical and cell biologic evidence has established that M. tuberculosis can
actively regulate the phagosome, by preventing its fusion with the lysosome and
antagonizing its acidification (Sturgill-Koszycki et al. 1994; Schaible et al. 1998).
More recent studies have suggested that M. tuberculosis may even escape the
phagosome to reside in the cytosol (van der Wel et al. 2007; Houben et al. 2012).

Given this extensive heterogeneity, it is likely, if not certain, that M. tuber-
culosis encounters phagosomal environments that vary according to the specific
cell type, location, and time of infection. Indeed, bone marrow-derived macro-
phages, alveolar macrophages, and dendritic cells have all been shown to be
capable of producing similar levels of nitric oxide (NO) (the major determinant of
immune control of M. tuberculosis in mice), upon immune stimulation with IFN-y
(MacMicking et al. 1997; Bodnar et al. 2001; Choi et al. 2002; Roy et al. 2004).
Yet, infection of each is associated with a distinct physiologic outcome. For
example, alveolar macrophages support sufficient replication to enable M. tuber-
culosis to establish infection, while dendritic cells achieve sufficient control to
enable maturation of a T cell response and bone marrow-derived macrophages,
which are believed to predominate during the chronic or persistent phase of
infection, and characterized by their unique ability to restrict, if not kill,
M. tuberculosis over prolonged periods of time. Such differences thus highlight
key, yet unresolved, differences in the cellular microenvironments associated with
the M. tuberculosis lifecycle.

From an experimental perspective, it is important to note that biochemical
studies of the host milieu of M. tuberculosis have relied heavily, if not exclusively,
on the in vitro use of murine bone marrow-derived macrophages or immortalized
cell lines (Vogt and Nathan 2011) that, when used, have been challenged by
methodologic shortfalls associated with identifying their constituents and pre-
serving their concentrations during subcellular fractionation.

Limitations aside, experimental studies of M. tuberculosis-infected macro-
phages of immunocompetent mice or humans have provided direct biochemical
(rather than inferred genetic) evidence for: a transient burst of ROI mediated by
assembly of the phagocyte oxidase complex accompanying formation of the
phagocytic cup; decreased oxygen; a pH of about 6.3 in resting macrophages, due
to exclusion of the vacuolar proton-exchanging ATPase, that can be overcome
with TFN-y-stimulation to achieve a pH of approximately 4.5; and NO generated
upon IFN-y-induced production and vesicular localization of iNOS as well as from
chemical dismutation of its auto-oxidation product, nitrite (Nathan and Shiloh
2000; MacMicking 2003; Vandal et al. 2008). The relevance of NO-derived
species in human TB has been specifically affirmed by the demonstration of
co-localizing immunoreactivity of iNOS and nitrotyrosine, a biochemical footprint



168 S. Ehrt and K. Rhee

of NO reactivity (Choi et al. 2002). Transcriptional profiling studies of M. tuber-
culosis recovered from macrophages in vitro and from the lungs of infected mice
have been used to infer the availability of fatty acids, and lack carbohydrates,
lysine, leucine, and iron in resting and immune-activated phagosomes
(Sambandamurthy et al. 2002; Schnappinger et al. 2003; Timm et al. 2003;
Voskuil et al. 2003). However, direct biochemical support for such inferences
remains lacking. Interestingly, studies of M. tuberculosis’ bioactive cell surface
lipids and secreted proteins have documented trafficking into host cytosol and
extracellular vesicles, while electron microscopy has demonstrated co-localization
of M. tuberculosis-containing phagosomes with host lipid bodies, suggesting a
potential biochemical connectivity (Russell 2001; Russell et al. 2009).

Looking more macroscopically, both human patient and animal studies have
extended this heterogeneity to include broader changes in the tissue surrounding
M. tuberculosis-infected macrophages. For example, while the initial infection of
alveolar macrophages triggers a localized inflammatory response consisting in
tumor necrosis factor (TNF)-o and IFN-y, the concurrent release of inflammatory
chemokines initiates the formation of a granuloma, the pathologic hallmark of
tuberculosis (Russell 2006). Initially the granuloma, is an amorphous mass of
macrophages, monocytes, and neutrophils, but over time undergoes differentiation
giving rise to specialized cell types, including multinucleated giant cells, foamy
macrophages and epithelioid macrophages, that organize into a multicellular
structure consisting in a macrophage-rich center surrounded by a mantle of lym-
phocytes and fibrous sheath. This microanatomic heterogeneity is accompanied by
further variations in vascular supply and oxygen tension that can range from
neovascularized to hypoxic necrotic granulomas within the same host (Via et al.
2008; Russell et al. 2010). Moreover, studies of rabbit and human tuberculous
granulomas have shown M. tuberculosis to exist in anatomically distinct tran-
scriptional states within a single lesion (Kaplan et al. 2003).

Albeit brief, M. tuberculosis also traverses key extracellular environments that
are critical to completion of its life cycle. As granulomas progress, their fibrous
sheath becomes more marked, while their vasculature wanes and the number of
foamy macrophages increases. These changes are accompanied by further
increases in hypoxia, as reported by in situ staining with pimonidazole, and pre-
sumptive gradients of other blood borne nutrients, that culminate in necrosis, a
central caseation that is sometimes surrounded by calcification, and accumulation
of extracellular bacilli (Boshoff and Barry 2005; Russell 2006; Via et al. 2008).
Biochemical analysis of the major lipid species within this caseum has revealed an
abundance of cholesterol ester, cholesterol, and triacylglycerol, and also a high
level of lactosylceramide (Kim et al. 2010). Ultimately, such granulomas rupture
into the airways, perhaps via an increase in levels of matrix metalloproteinase 9
(MMPY), and spill thousands of viable bacilli, poised to re-enter cell cycle (Russell
2006; Elkington and D’Armiento 2011). Once released into the airways,
M. tuberculosis completes its lifecycle via infectious sputum aerosol and trans-
mission to a new host. Though generally considered aerated mucus polysaccha-
rides and epithelial cell debris of the lower respiratory tract, cytologic studies of
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M. tuberculosis-containing sputum have identified a significant number of expelled
bacteria within neutrophils, while bacteriologic and transcriptional profiling
studies of M. tuberculosis have revealed distinct subpopulations of nonreplicating
as well as viable but not culturable subpopulations suggestive of a more complex
environment (Garton et al. 2008; Eum et al. 2010; Mukamolova et al. 2010).
Sputum aerosol studies have further established a distinct array of physical
characteristics associated with droplets of different size that may further contribute
to the heterogeneity of this critical niche (Rieder 1999).

3 The Mycobacterium tuberculosis Looking Glass: Current
Gaps in Knowledge

3.1 Eating and Sleeping on an Atkins Diet?

Looking from the pathogen seminal studies from Segal and Bloch taught that
M. tuberculosis isolated from the lungs of infected mice preferentially metabolized
fatty acids over carbohydrates implicating fatty acids as the predominant carbon
source encountered by M. tuberculosis in vivo (Bloch and Segal 1956). This view
was later enforced with the completion of the M. tuberculosis genome and
discovery of its extensive duplications of genes encoding enzymes associated with
beta-oxidation (Cole et al. 1998). Genome wide transcriptome analyses of
M. tuberculosis recovered from primary mouse macrophages, mouse lungs and TB
patients similarly revealed that genes encoding enzymes required for lipid and
fatty acid metabolism were induced in the host niche (Schnappinger et al. 2003;
Timm et al. 2003).

The specific lipid and fatty acid substrates accessible to M. tuberculosis remain
incompletely defined. However, M. tuberculosis expresses a number of lipases and
phospholipases capable of catalyzing the release of fatty acids from host lipids
(Cotes et al. 2008; Singh et al. 2010; Dedieu et al. 2012). Accordingly, an M.
tuberculosis strain lacking three phospholipase C enzymes failed to persist normally
during mouse infection indicating a potential demand for lipid degradation in the
later phase of infection (Raynaud et al. 2002). In addition, a large fraction of bacilli
isolated from tuberculosis patient sputum samples have been shown to contain lipid
bodies similar to those observed in hypoxic, nonreplicating M. tuberculosis (Garton
et al. 2002, 2008; Daniel et al. 2004; Deb et al. 2006). The dominant component of
these lipid bodies consists of triacylglycerol (TAG), which intracellular bacilli seem
to synthesize directly from fatty acids released from host TAG (Daniel et al. 2011).
Mycobacterium tuberculosis-infected macrophages have similarly been found to
undergo foamy maturation followed by migration of M. tuberculosis-containing
phagosomes toward newly formed intracellular lipid bodies, which ultimately
encapsulate the pathogen (Peyron et al. 2008). Such encapsulation provides
M. tuberculosis with potential access to nutrients in the form of fatty acids from host
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TAG that can be stored in its own lipid bodies as potential source of energy, even
when not replicating. LipY a TAG hydrolase (Deb et al. 2006; Mishra et al. 2007)
has been detected in the M. tuberculosis cytosol and on the bacterial surface sug-
gesting that it is involved in hydrolysis of intrabacterial, stored TAGs as well as
TAGs from host lipid bodies (Dedieu et al. 2012).

Studies of genetically engineered M. tuberculosis mutant strains have provided
similar evidence of fatty acids in the host niche. Bacteria grown on fatty acid-
derived acetyl-CoA rely on gluconeogenesis and the anaplerotic glyoxylate shunt
(Fig. 1). Accordingly, M. tuberculosis mutants lacking the glyoxylate shunt
enzyme isocitrate lyase (ICL) or phosphoenolpyruvate carboxykinase (PEPCK),
catalyzing the first committed of gluconeogenesis, were shown to be incapable of
growing on fatty acids in vitro and found to be profoundly attenuated during the
acute and chronic phases of mouse infections (McKinney et al. 2000; Muiioz-Elias
and McKinney 2005; Marrero et al. 2010; Blumenthal et al. 2010). Together, these
mutants implicated fatty acid metabolism as essential for growth and survival of
M. tuberculosis in vivo.

More detailed interpretations of these phenotypes, however have proven
challenging. For example, recent work showed that M. tuberculosis ICL functions
as a bifunctional isocitrate and methylisocitrate lyase (Mufioz Elias et al. 2006),
thus making it unclear which of its bifunctional metabolic roles in the glyoxylate
shunt and methylcitrate cycles explains the profound attenuation of ICL-deficient
M. tuberculosis in vivo. Loss of methylisocitrate lyase activity is predicted to
result in the accumulation of toxic propionyl-CoA metabolites (Upton and Mc-
Kinney 2007), while loss of isocitrate lyase activity is expected to impair carbon
assimilation through inactivation of the glyoxylate shunt. While disruption of the
methylcitrate cycle via deletion of the downstream enzymes, prpDC encoding
methylcitrate synthase and methylcitrate dehydratase (Fig. 1), attenuated
M. tuberculosis growth on propionate and in isolated macrophages, replication and
persistence in mice was unimpaired, suggesting the primacy of the glyoxylate
shunt (Munoz Elias et al. 2006). However, absence of methylcitrate cycle activity
can also be compensated for by the vitamin B12-dependent methylmalonyl
pathway (Savvi et al. 2008; Griffin et al. 2012), while the ability of M. tuberculosis
to scavenge vitamin B12 from the host or synthesize it during infection remains to
be investigated.

The failure of M. tuberculosis lacking PEPCK to replicate in resting macro-
phages or during acute mouse infections further supports the view that M.
tuberculosis relies on gluconeogenesis for biomass during growth within a host.
However, the profound death following PEPCK deletion or silencing in vivo at
early and at late stages of the infection remains unexplained. In contrast to the ICL
deficient mutant, the growth defect of M. tuberculosis lacking PEPCK in media
containing fatty acids could be rescued by supplementation with glucose or
glycerol (Marrero et al. 2010). Lack of PEPCK may, however, cause metabolite
perturbations that might sensitize M. tuberculosis to stresses encountered within
the host and lead to its death. Together, these examples illustrate that, while
powerful, the use of genetically engineered M. tuberculosis strains as a bioprobes
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of the host—pathogen interaction can be complicated by their limited biochemical
resolution, as exemplified by their inability to determine if the attenuation of a
given enzymatic mutant is due to depletion of its product or an intoxication arising
from the accumulation of an upstream or distantly related metabolite. Nonetheless,
that fatty acids and lipids are relevant carbon substrates during M. tuberculosis
growth and persistence in macrophages and during infections remain the pre-
vailing paradigm.

3.2 Good Cholesterol?

Cholesterol is an essential constituent of mammalian cell membranes where it
plays important structural and regulatory roles (Munro 2003; Brown and Goldstein
2008; Yuan et al. 2012). It is also a component of lipid droplets, which accumulate
in alveolar macrophages of tuberculosis patients and in foamy macrophages of
mouse granulomas (Russell et al. 2009). In fact, M. tuberculosis can induce the
formation of foamy, lipid-loaded macrophages, and electron microscopy showed
that the bacilli containing phagosomes are found in close proximity to intracellular
nonmembrane bound lipid bodies (Peyron et al. 2008; Melo and Dvorak 2012).
These foamy macrophages appear to provide a hospitable niche for M. tubercu-
losis as they protect the bacilli from direct contact with lymphocytes, appear to
have lost bactericidal activity and might facilitate the acquisition of lipid and fatty
acid nutrients. That M. tuberculosis utilizes cholesterol in vivo is supported by a
wealth of data. It encodes a dedicated cholesterol uptake system and the complete
pathway for its degradation (van der Geize et al. 2007), can catabolize cholesterol
in vitro and use it as sole carbon source for replication (Pandey and Sassetti 2008;
Griffin et al. 2012). Catabolism of cholesterol is predicted to yield propionyl-CoA,
acetyl-CoA, and pyruvate (van der Geize et al. 2007) and cholesterol contributes to
M. tuberculosis propionyl-CoA pool in vitro and when it resides in macrophages
(Yang et al. 2009; Griffin et al. 2012).

Mycobacterium tuberculosis mutants whose ability to degrade cholesterol is
impaired via deletion of the mce4-encoded cholesterol transporter, or abolished
due to lack of enzymes required for cholesterol catabolism, fail to persist normally
in the chronic phase of mouse and guinea pig infections (Pandey and Sassetti 2008;
Nesbitt et al. 2009; Yam et al. 2009; Hu et al. 2010). This suggested that cho-
lesterol is an important nutrient in vivo, but also indicates access to alternative
carbon sources prior to the onset of adaptive immunity. A mutant lacking the
“intracellular growth (igr)” locus, that encodes enzymes important for early steps
in cholesterol degradation was similarly attenuated during early mouse infections
(Chang et al. 2009). This phenotype has been attributed to a presumptive intoxi-
cation from cholesterol metabolites as disruption of the Mce4 cholesterol trans-
porter suppressed the in vivo growth defect of the irg mutant. In contrast, M.
tuberculosis lacking 3f-hyroxysteroid dehydrogenase (HSD), the enzyme cata-
lyzing the first step in cholesterol catabolism, grew normally in guinea pig lungs
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and persisted normally for up to 7 weeks suggesting that cholesterol is not an
essential nutrient source for M. tuberculosis during infection of guinea pigs (Yang
et al. 2011). The dispensability of HSD could be explained if M. tuberculosis has
access not only to intact cholesterol, but also the product of HSD, cholest-4-en-3-
one; or it expresses a second, regulated HSD that is only induced during infection.
However, while these data further highlight the complexity of interpreting the
phenotypes of gene deletion mutants, they clearly support a role for cholesterol as
a “good” carbon source for M. tuberculosis during chronic infection.

3.3 Carb Counting and the Role of Sugar Transporters

While the weight of prevailing evidence has clearly implicated fatty acids as an
essential carbon source for M. tuberculosis in vivo, roles for other carbon sources
remain conspicuously unresolved. Recent work showed that, unlike most bacterial
pathogens, M. tuberculosis is capable of utilizing multiple carbon substrates
simultaneously (de Carvalho et al. 2010a; Rhee et al. 2011). In addition, genetic
studies have clearly demonstrated that the LpqY-SugA-SugB-SugC carbohydrate
transporter is required for normal growth of M. tuberculosis in mouse lungs and
spleens (Kalscheuer et al. 2010). This transporter was shown to be highly specific
for uptake of the disaccharide trehalose, which is not present in mammals, but can
be released by M. tuberculosis from trehalose-containing cell wall glycolipids
(Kalscheuer et al. 2010). The intracellular fate of recycled trehalose remains to be
identified; it might serve as a precursor for a-glucans, for trehalose-containing
glycolipids, which are very prevalent in the mycolic acid cell wall, and as a
reservoir of glucose. Trehalose biosynthesis is mediated by three biosynthetic
pathways (De Smet et al. 2000) and is required for growth of M. smegmatis, likely
because it serves as an essential precursor for cell wall biosynthesis. In vitro, M.
tuberculosis can grow with trehalose as sole carbon source (Kalscheuer et al. 2010)
presumably due to conversion of trehalose to glucose by trehalase (Carroll et al.
2007). Trehalose hydrolysis by trehalase yields two molecules of glucose, while
trehalose phosphorylase catalyzes the phosphorolytic cleavage of trehalose into
glucose 1-phosphate and glucose (Argiielles 2000). A phosphate dependent tre-
halase yet, has been purified from M. smegmatis and M. tuberculosis contains a
homolog. Yet, despite the requirement for phosphate, there was no evidence of
phosphorolytic cleavage, suggesting that the enzyme produces two molecules of
glucose. No matter how it is metabolized, it is intriguing to speculate that trehalose
serves as carbon store in M. tuberculosis in form of cell wall glycolipids such as
trehalose dimycolate. Within the host, M. tuberculosis may also have a direct
access to glucose and glucose-phosphate. Salmonella typhimurium uses primarily
glucose when replicating in the phagosome (Bowden et al. 2009), while glucose-6-
phosphate serves as a carbon source for intracellular Listeria monocytogenes
(Chico-Calero et al. 2001). Uptake of glucose-6-phosphate is mediated by a spe-
cific hexose-phosphate transporter, which is present in several intracellular
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pathogens such as L. monocytogenes, Shigella flexneri, Salmonella enterica, and
Chlamydia pneumonia (Schwoppe et al. 2002; Fuchs et al. 2011), but has not been
identified in M. tuberculosis. Glucose-6-phosphate is an important precursor for
anabolic processes, especially cell wall and nucleotide biosynthesis and serves as a
source of reducing power in mycobacteria (Hasan et al. 2010). Whether glucose
metabolism is important for the generation of biomass during in vivo growth
remains to be shown. M. tuberculosis expresses two hexokinases (Cole et al.
1998). Transposon mutant analysis suggested that one of them, encoded by ppgK,
is important for replication in mouse spleens (Sassetti and Rubin 2003), but this
awaits confirmation with gene deletion mutants. Thus, while it is clear that M.
tuberculosis relies on trehalose recycling during mouse infections, the intracellular
fate of trehalose remains to be determined and the importance of host-derived
glucose or glucose-6-phosphate at any stage of the infection unresolved.

3.4 The Glycerol Paradox

Early studies showed that M. fuberculosis growth was most strongly enhanced
with the inclusion of glycerol in the culture medium. Glycerol-fed M. tuberculosis
grows faster and the bacilli reach a higher density than when metabolizing other
carbon sources such as glucose or fatty acids, which has thus led to the use of
glycerol in virtually all standard mycobacterial growth media (Dubos 1947; Edson
1951). Recent work, however, demonstrated that M. tuberculosis lacking glycerol
kinase GlpK, which is essential for the first step in glycerol catabolism (Fig. 1),
was unable to utilize glycerol as sole carbon source in vitro, yet replicated and
persisted like wild type M. tuberculosis in mouse lungs suggesting that glycerol is
not a critical carbon source for M. tuberculosis, at least in the mouse model (Pethe
et al. 2010). After uptake, glycerol is phosphorylated by glycerol kinase and
glycerol-3-phosphate dehydrogenase converts the resulting glycerol-3-phosphate
(glycerol-3-P) to dihydroxyacetone phosphate, which enters glycolysis and glu-
coneogenesis (Fig. 1). The possibility of a redundant glycerol kinase induced in
the intracellular environment during infection thus remains to be evaluated. An
alternative model consistent with the foregoing observations is that M. tuberculosis
utilizes glycerol-3-P liberated from phospholipids and metabolizes it via glycerol-
3-P dehydrogenase into dihydroxyacetone phosphate, at the same time perhaps
metabolizing the released free fatty acid chains. E. coli expresses glycer-
ophosphodiester phosphodiesterase, which can convert phospholipid derived
glycerophosphodiesters into glycerol-3-P (Larson et al. 1983), however this
enzyme has not been identified in M. tuberculosis. The pathogen might instead
utilize host-derived glycerol-phosphate consistent with the observation that
intracellular M. tuberculosis induced expression of the ugp operon encoding a
putative ABC transporter for glycerol-3-P (Schnappinger et al. 2003). M. tuber-
culosis contains two genes encoding probable glycerol-3-phosphate dehydrogen-
ases, glpDI and glpD2 (Fig. 1) and the latter is required for normal growth on
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solid media containing glycerol and glucose (Griffin et al. 2011). Their importance
during host infection has not yet been investigated. The phagosome might not
provide easy access to glycerol-3-P; however, M. tuberculosis that escaped to the
cytosol (van der Wel et al. 2007; Houben et al. 2012) or to the extracellular space
might face a less restricted nutritional environment. Of note, there is ample evi-
dence that glycerol and glycerol-3-P serve as major carbon sources for several
cytosolic pathogens including Shigella flexneri and cytosolic Listeria monocyt-
ogenes (Eisenreich et al. 2010). In summary, while M. tuberculosis does not
appear to utilize glycerol to replicate or persist during mouse infections, glycerol-
3-P potentially derived from host phospholipids might serve as alternative carbon
source in vivo.

3.5 Eating and Breathing at the Same Time: Effects
of Oxygen and Carbon Dioxide Tensions
on Mycobacterium tuberculosis’s Central Carbon
Metabolism?

Putting aside the specific nutrients consumed in the host, M. fuberculosis resides
within granulomas, which are frequently hypoxic (Via et al. 2008) and situated in
the CO,-rich environment of the lung. Not surprisingly, M. tuberculosis’s meta-
bolic activity has been found strongly influenced by oxygen tension and CO,
availability. That M. tuberculosis can utilize CO, as source of carbon has been
known for many years (Nishihara 1954); however, the functional relevance of this
was unknown until recently. '*C metabolic flux analysis revealed that in a carbon-
limited chemostat M. tuberculosis dissimilated pyruvate via the glyoxylate shunt
and incorporated CO, into central carbon metabolism as shown by CO,-derived
'3C incorporation into several amino acids and produced succinyl-CoA (Beste
et al. 2011). Importantly, in conditions of low oxygen tension, at levels that mimic
those identified in lung granulomas, M. fuberculosis generated fumarate though the
reductive TCA cycle, assimilated CO,, and used fumarate as an electron sink
(Watanabe et al. 2011). Reduction of fumarate generates succinate, which
M. tuberculosis actively secretes into the extracellular environment thereby
maintaining an energized membrane (Watanabe et al. 2011). This led to the
hypothesis that, in hypoxic granulomas, M. tuberculosis might reverse its TCA
cycle, incorporate CO, and accumulate and secrete succinate to maintain a state of
persistence, if provided a glycolytic carbon source. While PEPCK was found to
catalyze the conversion of oxaloacetate to PEP in vitro in oxygenated conditions, it
is possible that it may also function in the reverse direction, especially during
nonreplicative persistence, contributing to CO, utilization and energy generation
instead of anabolism and biomass production (Zhang et al. 2010; Watanabe et al.
2011).



176 S. Ehrt and K. Rhee

These studies separately emphasize the inherent dependence of all genetic
studies of M. tuberculosis metabolism on the limitations of the specific host model
used. The mouse strains most commonly used for such studies do not form necrotic
and caseating granulomas in response to M. tuberculosis infection (McMurray
et al. 1996; Rhoades et al. 1997; Flynn 2006). Accordingly granulomas from
C57BL/6 mice were not severely hypoxic in contrast to those in guinea pigs,
rabbits, and nonhuman primates (Aly et al. 2006; Tsai et al. 2006; Via et al. 2008).
This difference in pathology and oxygen tension might be associated with an
altered nutritional environment and different metabolic adaptations of the bacilli
within the lung of mice compared to humans, nonhuman primates, rabbits, and
guinea pigs. Notwithstanding, hypoxia is likely not the only cue triggering CO,
utilization as this is also associated with slow growth (Beste et al. 2011); even in
mouse lesions the oxygen concentration may be reduced and growth of M.
tuberculosis is significantly slowed with the onset of adaptive immunity so that
metabolic adaptations become essential that enable the pathogen to maintain its
energy metabolism during phases of persistence.

3.6 Adapting to Nutritionally Diverse Environments

As described above, M. tuberculosis encounters a diverse and dynamic array of
microenvironments during infection that require the pathogen to adapt its carbon
and energy metabolism accordingly. While the intracellular phagosomal envi-
ronment is clearly one of the chief niches M. tuberculosis resides in, the bacilli can
actively escape into the cytosol (van der Wel et al. 2007; Houben et al. 2012), are
found in the acellular center of caseating granulomas (Kaplan et al. 2003), and
must survive at least for some time in air during transmission. In addition, when
the host responds to infection, the intracellular niches change. Several examples
indicate that M. tuberculosis is metabolically flexible and well capable of utilizing
and realigning different metabolic pathways to optimally exploit available nutri-
ents or adapt to nutrient deficiency. Many bacteria use available carbons substrates
selectively: when presented with a mix of carbon substrates, they first catabolize
their preferred carbon source, which in model organisms such as E. coli and
Bacillus subtilis is glucose and only when this preferred substrate is exhausted will
they catabolize secondary substrates (Gorke and Stiilke 2008). This carbon
catabolite repression is mediated by different sophisticated regulatory mechanisms
and represents one of the most studied global control systems in bacteria. Similar
to some highly host-adapted pathogens such as Chlamydia trachomatis, M.
tuberculosis lacks classical carbon catabolite repression and instead regulates its
growth through simultaneous co-catabolism of multiple carbon sources (Nicholson
and Chiu 2004; de Carvalho et al. 2010a). When fed with 13C_labled glucose and
acetate, M. tuberculosis metabolized glucose preferentially through glycolysis and
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the pentose phosphate pathway and converted acetate mostly into intermediates of
the TCA cycle. Yet, at the same time, it incorporated low amounts of acetate-
derived carbon into glycolytic/gluconeogenic and pentose phosphate intermediates
and dextrose-derived carbon into intermediates of the TCA cycle. M. tuberculosis
thus metabolizes different carbon substrates simultaneously to feed different
pathways and is capable to segregate carbon flow through the same metabolic
pathway but in opposite directions. This unusual metabolic network topology
likely benefits the capacity of M. tuberculosis to adapt to different host niches.
Other examples of metabolic plasticity come from M. tuberculosis’s TCA cycle
enzymes. An M. tuberculosis mutant, whose pyruvate dehydrogenase (PDH)
complex was inactivated due to the deletion of dlaT, coding for dihydrolipoamide
dehydrogenase, the E2 of PDH, upregulated a branched-chain keto acid dehy-
drogenase (BCKADH) complex (Venugopal et al. 2011). BCKADH activity
prevented accumulation of pyruvate, branched-chain amino acids, and branched-
chain keto acids in DIaT deficient M. fuberculosis. The genes encoding BCKADH
were also upregulated in response to nutrient starvation (Betts et al. 2002) sug-
gesting that catabolism of branched-chain keto and/or amino acids in nutrient
restricted environments might fuel M. tuberculosis’s energy metabolism.
Metabolic capabilities aside, the nature of M. tuberculosis’s TCA cycle has
proven surprisingly difficult to dissect. It was thought to lack a functional o-keto-
glutarate dehydrogenase (KDH) complex (Tian et al. 2005b) and the predicted E1
enzyme was found to function as a thiamine diphosphate-dependent a-ketoglutarate
decarboxylase (KGD) (Tian et al. 2005a). This enzyme also has carboligase activity
and produces 2- hydroxy-3-oxoadipate (HOA) from o-ketoglutarate and glyoxylate
(de Carvalho et al. 2010b), thereby perhaps detoxifying the cell from high glyoxylate
concentrations or producing biosynthetic precursors. The discovery of an aero-
tolerant anaerobic-type «-KG ferredoxin oxidoreductase (KOR) that could link the
oxidative and reductive branch of the TCA cycle and produce succinyl-CoA from o-
KG and CoA-SH further supported the model that M. tuberculosis lacks KDH
(Baughn et al. 2009). Recent work, however, revealed that M. tuberculosis’s KGD is
in fact multifunctional and in vitro capable of catalyzing KG dehydrogenase, KG
decarboxylase, and HOA synthase activities (Wagner et al. 2011) (Fig. 2). KGD and
KOR together could enable M. tuberculosis to convert o-ketoglutarate into succinate
via three parallel pathways linking the oxidative and reductive branch of the TCA
cycle. M. tuberculosis lacking KOR grew like wt when provided with either
heightened CO, concentration, in the absence of fatty acids, or when the glyoxylate
cycle was inhibited (Baughn et al. 2009). KOR thus appears to be necessary to
provide succinyl-CoA, CO, and reducing equivalents during growth on fatty acids,
thereby fueling gluconeogenesis. A different not mutually exclusive interpretation
of the data is that KOR is important when the reverse TCA cycle, which requires
CO,, is active. Operation of the reverse TCA cycle has only been demonstrated with
glycolytic carbon sources and in a hypoxic environment (Watanabe et al. 2011),
however it is plausible that additional metabolic cues and environmental conditions
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trigger reversal of the cycle. Notwithstanding, these alternative functional pathways
of the TCA cycle might provide metabolic flexibility required for growth and sur-
vival in nutritionally diverse environments and allow the pathogen to consume
various carbon sources.

3.7 How Do Others Do It?

Elegant work has investigated the intracellular lifestyle and metabolic require-
ments of S. typhimurium (reviewed in Eisenreich et al. 2010; Dandekar 2012), a
pathogen that remains within a vacuole throughout its life inside the host. This
revealed that metabolism of carbohydrates including glucose via glycolysis is
essential for intracellular growth of Salmonella in macrophages and during mouse
infections (Bowden et al. 2009; Paterson et al. 2009; G6tz and Goebel 2010). Fatty
acid catabolism and gluconeogenesis, by contrast, were dispensable for virulence
of S. typhimurium in mice (Tchawa Yimga et al. 2006). This differs significantly
from the metabolic pathways required by M. tuberculosis and suggests that
intracellular pathogens, despite sharing the intraphagosomal habitat, have evolved
distinctive carbon acquisition strategies. Host-derived amino acids are essential for
the intracellular growth of Legionella pneumophila, which parasitizes various
protozoan species, but can also be transmitted to humans where it infects and



Mycobacterium Tuberculosis Metabolism and Host Interaction 179

replicates in alveolar macrophages causing Legionnaires’ disease (Sauer et al.
2005; Wieland et al. 2005; Newton et al. 2010). L. pneumophila replicates within a
specialized endosome-derived vacuole that maintains a neutral pH and acquires
characteristics of the endoplasmic reticulum. While it seems to depend on
metabolism of amino acids (George et al. 1980), it can also utilize glucose via the
Entner-Doudoroff pathway (Eylert et al. 2010). Recent work revealed that
Legionella ‘hijacks’ the host proteasome to generate amino acids from poly-
ubiquitinated proteins (Price et al. 2011). Whether this strategy is exploited by
other intracellular pathogens remains to be seen; M. tuberculosis might rely on its
own proteasome for the generation of amino acids as carbon substrates during
nutrient starvation, as a proteasome mutant was unable to survive in stationary
phase, during chronic mouse infections and in a model of strict carbon starvation
(Gandotra et al. 2010).

It is possible that some of the differences in nutrient dependence between
intracellular M. tuberculosis and Salmonella or Legionella may be explained by
the ability of M. tuberculosis to gain access to the cytosol. L. monocytogenes,
which replicates in the cytosol, relies predominantly on glycerol for intracellular
growth and also utilizes sugar phosphates (Eisenreich et al. 2010; Fuchs et al.
2012). In contrast, glucose seems not to play a role (Stoll and Goebel 2010) and
there is no evidence that L. monocytogenes accesses lipids or catabolizes fatty
acids inside a host. In fact, L. monocytogenes lacks the genes for f—oxidation and
the glyoxylate shunt (Eisenreich et al. 2010); its TCA cycle is interrupted
(Eisenreich et al. 2006) and it requires pyruvate carboxylase (PYC) for the syn-
thesis of oxaloacetate from pyruvate bypassing TCA cycle activity (Schar et al.
2010). This is essential for in vivo growth as a mutant lacking PYC was strongly
attenuated in a mouse sepsis model (Schar et al. 2010). Major differences thus exist
with respect to both the carbon sources that different pathogens scavenge from
their host cells and the metabolic pathways they employ for biomass and energy
generation.

It is similarly possible that pathogens may manipulate host metabolism to
directly or indirectly modifying the metabolic environment they are confronted
with. For example, macrophage activation by IFN-y and proinflammatory cyto-
kines induces NADPH oxidase and iNOS. NADPH oxidase consumes ATP, whose
production requires flux through glycolysis; generation of NO requires arginine, is
accompanied by recycling of citruline and inhibition of ornithine and polyamine
biosynthesis (Gordon 2003; Mori and Gotoh 2004; Naderer and McConville 2007).
In contrast, macrophages activated by Th2-type cytokines IL-4 or IL-13 are
characterized by increased arginase activity and production of polyamine bio-
synthesis precursors (Gordon 2003). Leishmania parasites induce a Th2 response
in susceptible mouse strains (Sacks and Anderson 2004) and benefit from the
increased availability of essential amino acids and polyamines supporting their
intracellular replication (Naderer and McConville 2007).

Finally, hormone-, growth factor-, and nutrient-regulated signaling pathways
control the metabolism of mammalian host cells (Levine and Puzio-Kuter 2010).
Pathogens might directly interfere or modulate such signaling pathways in
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pathogen-specific ways thereby altering host cell metabolism and controlling
nutrient accessibility.

4 Concluding Remarks

Multiple lines of evidence have implicated M. tuberculosis’ metabolic network as
a central mediator of its pathogenicity. However, knowledge of how it achieves
this remains incomplete. Most textbooks depict metabolism as a housekeeping
activity of all cells relegated to bulk restocking of biosynthetic precursors and
energy. We believe that such views are both outdated and incomplete. They
misequate evolutionary conservation with biological law, neglect the selective
pressure of an organism’s ecologic and nutritional niche on its physiology, and
dissociate metabolism from cell physiology. Moreover, it remains a fact that cells
have evolved an extensive array of mechanisms to regulate the activity of indi-
vidual pathways and that metabolism serves as the chemical arbiter of all cellular
reactions.

Existing studies have focused on compiling a molecular inventory and
homology-based reconstruction of M. tuberculosis’ metabolic network. However,
facts do not equate into knowledge nor knowledge into understanding. Key
challenges thus await. Chief among them is a more detailed understanding of the
specific biochemical needs served by M. tuberculosis’ metabolic network during
each phase of its nutrient-limited life cycle. Studies of the M. tuberculosis cell
surface components have revealed their distinct host regulatory activities, ranging
from phagocytosis by alveolar macrophages to phagolysosomal maturation of
bone marrow-derived macrophages to secretion of pro-inflammatory cytokines.
These are associated with specific cell wall lipids and carbohydrates, and pre-
sumably derive from distinct metabolic pathways that await elucidation (Torrelles
and Schlesinger 2010; Mishra et al. 2011; Neyrolles and Guilhot 2011). Knowl-
edge of such links, however, is likely to require more integrated views of
metabolism that include balanced homeostasis of essential noncarbon metabolites,
such as sulfur, nitrogen, and phosphorous, as well as metals including but not
limited to Fe, Cu, Zn, Mg, Mn, and Mo.

An equally important area of M. tuberculosis metabolism in need of further
study is its nutrient uptake and transport mechanisms (Niederweis 2008). Con-
siderable knowledge about lipid transport across the cytoplasmic membrane has
been gained (Jackson and Stadthagen 2007), and transporters of nitrogen, phos-
phate, sulfates, and several metal ions have been identified using bio-informatic
methods (Niederweis 2008). Such analyses, for example, helped predict five car-
bohydrate transporters in M. tuberculosis, whereas M. smegmatis was predicted to
encode 28 such transporters, underscoring important differences in their physiol-
ogy (Titgemeyer et al. 2007). Direct biochemical and structural understanding of
these and most other nutrient transport processes however remains scarce, while
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transport across the outer membrane of M. tuberculosis is even less well under-
stood (Niederweis 2008; Niederweis et al. 2010).

A larger mystery awaiting investigation is how M. tuberculosis senses various
nutrients and different forms of nutrient limitations. Some bacteria can regulate
their cell size in response to nutrient availability (Schaechter et al. 1958; Chien
et al. 2012). In B. subtilis, the glucosyl transferase UgtP serves as UDP-glucose
dependent metabolic sensor of nutrient availability to coordinate cell size with
growth rate thus linking nutritional information from the environment with cell
division (Weart et al. 2007). Whether M. tuberculosis employs similar nutritional
regulatory pathways remains to be investigated. Addressing these questions may
thus help further elucidate the intracellular lifestyle of M. tuberculosis and its
interaction with the host.
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Surviving the Macrophage: Tools
and Tricks Employed by Mycobacterium
tuberculosis

Rajesh Jayachandran, Somdeb BoseDasgupta and Jean Pieters

Abstract Mycobacterium tuberculosis has evolved to withstand one of the most
inhospitable cells within the human body, namely the macrophage, a cell that is
normally geared toward the destruction of any invading microbe. How
M. tuberculosis achieves this is still incompletely understood; however, a number
of mechanisms are now known that provide advantages to M. tuberculosis for its
survival and proliferation inside the macrophage. While some of these mecha-
nisms are mediated by factors released by M. tuberculosis, others rely on host
components that are being hijacked to benefit survival of M. tuberculosis within
the macrophage as well to avoid the generation of an effective immune response.
Here, we describe several of these mechanisms, also pointing out the potential
usage of this knowledge toward the development of novel strategies to treat
tuberculosis. Furthermore, we attempt to put the ‘macrophage niche’ into context
with other intracellular pathogens and discuss some of the generalities as well as
specializations that M. tuberculosis employs to survive.

Contents

1 190

2 . 191

3 Host Factors and M. tuberculosis Survival Within Macrophages............cccoceceeveiinnenine 192
3.1 Modulation of Lysosomal DeliVery .......cccccccevirieriniiniiiinieieceeieeee e 192
3.2 Modulation of Autophagy .. 193
3.3 PhOSPROINOSIEIACS ....c.vieuieitieiiiieie ettt sttt ettt s be et e eneens 193
34 COTOMIN 1 oottt ettt 194
3.5 Mycobacterial Survival, Coronin 1, and Calcium Signaling..........c..cccceeveevuenennne 195

R. Jayachandran - S. BoseDasgupta - J. Pieters (D<)

Biozentrum, University of Basel, Klingelbergstrasse 50/70, 4056 Basel, Switzerland

e-mail: jean.pieters@unibas.ch

Current Topics in Microbiology and Immunology (2012) 374: 189-209 189

DOI: 10.1007/82_2012_273
© Springer-Verlag Berlin Heidelberg 2013
Published Online: 16 November 2012



190 R. Jayachandran et al.

4 Bacterial Factors and M. tuberculosis SurvivalWithin Macrophages...........c.ccecceuevueunne 196
4.1 Exported Repetitive Protein .. 196
4.2 Eukaryotic-Like Protein Kinases and Phosphatases............cccceevievieiiiniincncnennns 196
4.3 Mycobacterial Proteases .........cccoerieririeriirieniieiesieeieeeeetesiteee sttt 197
4.4 Enhanced Intracellular Survival Protein . 197
4.5 ESX-1 Secretion SySteM/ESAT 6.....coeeiiiiiiniiiiieinieieieeeeseeeeee e 198

5 Macrophage Activation as a Response to Mycobacterial Infection............c.ccccceceiinine 199

6 How Unique is M. tuberculosis with Regard to ItsSurvival Strategy?... .. 201

T CONCIUSION ...ttt ettt b ettt st e eae 202

REFEIEICES. ..ot 202

1 Introduction

Mycobacterium tuberculosis, probably one of the most successful pathogens on
Earth, has coexisted with the human population for centuries and in the course of
doing so managed to evade the human immune system at multiple levels.
Normally the human immune system is quite efficient in mounting an effective
immune response against both extracellular and intracellular pathogens, resulting
in the rapid clearance of an acute infectious state. Although microbes are usually
cleared by the immune system, several pathogens, not only M. tuberculosis, but
also other bacterial pathogens such as Salmonella enterica, Helicobacter pylori as
well as parasitic pathogens including Leishmania, Plasmodium, and Toxoplasma
can escape immune recognition, thereby resulting in a chronic infectious condition
that can either remain unnoticed or turn debilitating resulting in severe morbidity
and mortality of the affected individual (Davies et al. 1993; Kaye et al. 1994;
Hassett 1996; Kima et al. 1996; Restrepo et al. 1999; Allen et al. 2000; Iniesta
et al. 2001; Parkhill et al. 2001; Townsend et al. 2001; Wain et al. 2001; Hughes
and Galan 2002; Mahdavi et al. 2002; Tateda et al. 2003; Zheng and Jones 2003;
Franchi et al. 2006; Ling et al. 2006; Pieters 2008; Raoust et al. 2009; Lang et al.
2012).

The tremendous success of M. tuberculosis as a pathogen is due to the fact that
these bacilli have developed a plethora of strategies to counteract the bactericidal
activities of the host macrophages, thereby successfully establishing a niche for
long-term survival inside the affected individual (Pieters 2008;Gengenbacher and
Kaufmann 2012; Goldberg et al. 2012; Soldati and Neyrolles 2012).

M. tuberculosis is transmitted through aerosols that are released by individuals
harboring an active tuberculosis infection. These aerosols, containing living
tubercle bacilli, reach the alveoli, where the bacteria can be efficiently phagocy-
tosed by alveolar macrophages. Such internalization can be mediated by means of
various receptors that ultimately result in the bacterial engulfment into the
phagosome (Aderem and Underhill 1999). It is at this early stage, namely
immediately following alveolar internalization, that M. tuberculosis initiates a
response to avoid immune destruction: instead of allowing the macrophage to
rapidly shuttle the bacteria to the destructive environment of the lysosome,
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M. tuberculosis manages to interfere with the normal phagosomal maturation
pathway by blocking its transfer to lysosomes (Armstrong and Hart 1971). As a
result, M. tuberculosis remains in the relative hospitable environment of the
phagosomes, where it can survive for decades.

The default route for phagocytosed cargo includes a series of maturation steps
carried out by fusion and fission, which gradually result in the delivery of cargo to
lysosomes, in which efficient degradation is ensured by the activity of various
destructive mechanisms (Vieira et al. 2002; Rohde et al. 2007). These destructive
mechanisms include vacuolar acidification, oxidative burst via production of
reactive oxygen species and nitrogen species, changes in ion fluxes, and the
activation of lytic enzymes (Aderem and Underhill 1999; Nathan and Shiloh 2000;
Shiloh and Nathan 2000; Akira et al. 2006; Uematsu and Akira 2006; Rohde et al.
2007; Pieters 2008; Soldati and Neyrolles 2012).

As mentioned, M. tuberculosis actively avoids lysosomal delivery, and as a
result, mycobacterial phagosomes are characterized by the absence of the char-
acteristic set of late endosomal and lysosomal markers such as Rab7, v-ATPase,
LAMPI, and the two PI(3)P binding proteins EEA1 (early endosome antigen 1)
and Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate)
(Chakraborty et al. 1994; Vergne et al. 2004). In addition, M. tuberculosis utilizes
several proteins as well as lipid molecules to arrest phagosome maturation at an
early stage (Philips 2008; Pieters 2008; Steinberg and Grinstein 2008). In the
following section, the various routes employed by mycobacterial to enter into its
host cells, the macrophages, as well as the different host and mycobacterial factors
which they employ to modulate phagosomal trafficking for their prolonged
survival are discussed.

2 The Process of Mycobacterial Entry

Entry of M. tuberculosis can be mediated by a variety of receptors expressed on
the surface of the phagocytic cells, including C-type lectin receptors, scavenger
receptors, and complement receptors. The various C-type lectin receptors involved
in mycobacterial uptake include the mannose receptor and the dendritic cell-
specific intracellular adhesion molecule 3 grabbing nonintegrin (DC-SIGN)
(Schafer et al. 2009; Ehlers 2010). These receptors recognize mannosylated
molecules such as lipoarabinomannan (ManLAM) or phosphatidylinositol mannan
(PIM) of the mycobacterial cell wall (Torrelles et al. 2006). Dectin 1 is another
phagocyte receptor whose mycobacterial ligand is unknown (Yadav and Schorey
2006; Reid et al. 2009). However, the precise nature of the various M. tuberculosis
cell wall components interacting with these receptors can influence the outcome of
the mycobacterium—phagocyte interaction: for example, pathogenic mycobacteria
posses ManLAM, which elicits lower innate immune responses compared to the
arabinosylated lipoarabinomannan (AraLAM) of nonpathogenic mycobacteria
(Briken et al. 2004). Also, mannosylated mycobacterial surface molecules can
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enhance mycobacterial opsonization thereby influencing their mode of uptake
(Cywes et al. 1997). Furthermore, macrophage inducible C-type lectin (Mincle)
recognizes the mycobacterial glycolipid trehalose dimycolate (TDM) and plays an
important role in cytokine signaling in response to TDM (Ishikawa et al. 2009).

Mycobacteria can be internalized by complement receptors both in opsonized
and nonopsonized forms. Interestingly, the macrophage integrin CR3 plays an
important role in the entry of mycobacteria where the complement cleavage
products were found to bind directly to the mycobacterial cell wall, resulting in
mycobacterial opsonization and recognition via the complement receptor type 3
(Schorey et al. 1997). Nonopsonic entry of mycobacteria can occur as well via
complement receptor type 3 but utilizes a distinct binding site, results in a different
signaling pathway and involves Racl and Cdc42 (Le Cabec et al. 2000, 2002). In
order to eradicate infections in opsonin-poor sites such as lungs, other receptors
including the mannose receptor, scavenger receptor, CD14, or f-glucan may help
in the ingestion process (Le Cabec et al. 2002).

Another key component that regulates mycobacterial entry is cholesterol
(Gatfield and Pieters 2000). Cholesterol is the major sterol constituent of
eukaryotic organisms, involved in stabilization of membranes as well as being a
factor in hormonal and other signaling pathways (Simons and Ikonen 1997; Brown
and London 2000; Lingwood et al. 2009). Nonpathogenic mycobacteria, especially
the fast growing bacilli, degrade cholesterol from their culture media and are able
to grow on cholesterol as the sole carbon source (Av-Gay and Sobouti 2000). In
contrast, slow-growing mycobacteria, including M. tuberculosis and M. bovis
BCG, cannot degrade or use cholesterol as a carbon source though they internalize,
modify, and accumulate it from liquid growth media (Av-Gay and Sobouti 2000).
Interestingly, cholesterol was found to be an essential component for entry of
mycobacteria into macrophages; depletion of macrophage plasma membrane
cholesterol drastically reduced mycobacterial uptake (Gatfield and Pieters 2000).
The precise role for cholesterol in mycobacterial entry remains to be established.
Cholesterol may be required as a plasma membrane component to provide direct
entry via the plasma membrane (Simons and Ikonen 1997); alternatively, the
presence of cholesterol allows the stable expression of signaling molecules at the
plasma membrane that assist mycobacterial entry (Peyron et al. 2000; Brown and
London 2000).

3 Host Factors and M. tuberculosis Survival Within
Macrophages
3.1 Modulation of Lysosomal Delivery

Macrophages are probably among the most hostile cells of the immune system,
geared toward destruction of anything that can be phagocytosed. Possibly as a



Surviving the Macrophage 193

result of their long-term interaction with macrophages, pathogenic mycobacteria
have developed a plethora of strategies to combat the bactericidal milieu that is
encountered upon ingestion, most prominently by blocking phagosome maturation
via a number of different strategies. For instance, mycobacterial phagosomes fail
to acidify due to mycobacterial interference with recruitment of the vesicular
proton ATPase pump, fail to acquire late markers of the endocytic pathway such as
Rab7, and reduce the levels of phosphatidylinositol 3-phosphate (PI3P) on their
phagosomal membranes (Chakraborty et al. 1994; Sturgill-Koszycki et al. 1994;
Fratti et al. 2003; Vergne et al. 2004).

Multiple host factors play an active role in the modulation of the endocytic
trafficking pathway of mycobacteria. Importantly, one of the immune cell-
activating cytokines that are released following an infection is interferon y (IFNvy),
a macrophage-activating cytokine that induces several genes involved in the
modulation of intracellular trafficking of mycobacteria (Boehm et al. 1997). For
example, IFNy upregulates the transcriptional machinery to produce immune
related GTPases (Feng et al. 2004) and guanylate-binding proteins (Gbps) (Kim
et al. 2011), and at the same time IFNy modulates a plethora of macrophage
activities involved at all levels of the host defense (see also below).

3.2 Modulation of Autophagy

Autophagy is a potent immune effector mechanism against intracellular pathogens,
which is the process wherein the intracellular pathogen along with bacterial
products and damaged organelles are sequestered into an autophagosome for
degradation in autolysosomes (Singh et al. 2006). Pathogenic mycobacteria have
been known to secrete factors, which apart from preventing phagosome maturation
can also prevent autophagy. For example, the secreted phosphatase SapM is
known to reduce the levels of PI3P at the phagosome membrane, which on the one
hand modulates phagosome maturation, and on the other hand results in the
activation of STATG to inhibit autophagy (Deretic et al. 2006; Harris et al. 2007).
An important molecule is the below described IFNy-induced protein LRG47 has
been shown to promote autophagy; in the absence of LRG-47, the mycobacterial
phagosomes were found to carry lower levels of the v-ATPase that additionally
hindered the process of phagosomal maturation by preventing acidification of the
mycobacterial phagosome (see below and Taylor et al. 2004).

3.3 Phosphoinositides

Phosphoinositides play critical roles in regulating a diverse array of signal trans-
duction processes. Class I phosphoinositol 3 kinase (PI3K) generates PI3P in a
spatially restricted manner on the nascent phagosome, while class IIT PI3K which
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generates PI3P, function during phagosome maturation by recruiting the early
endosomal antigen-1 (EEA1) (Fratti et al. 2003; Roth 2004). Thus, PI3P, a
membrane trafficking regulatory lipid essential for phagosomal acquisition of
lysosomal constituents (Vergne et al. 2005), is retained on phagosomes harboring
dead mycobacteria but is continuously eliminated from phagosomes containing
live bacilli (Fratti et al. 2003; Roth 2004). Interestingly, several mycobacterial
products contribute to inhibition of phagosomal maturation, including the lipid
phosphatase SapM that hydrolyzes PI3P (Saleh and Belisle 2000; Vergne et al.
2005), as well as the tyrosine phosphatase PtpA which, upon secretion, dephos-
phorylates and inactivates the host protein Vacuolar Protein Sorting (VPS33B), a
regulator of membrane fusion (Grundner et al. 2005; Bach et al. 2008). Inactive
VPS33B cannot generate GTP-activated Rab7 thereby resulting in a block in
phagosome maturation (Bach et al. 2008). The different mechanisms used by
pathogenic mycobacteria to interfere with phosphoinositide signaling may reflect
the importance of this pathway in the regulation of phagosomal trafficking
(Grinstein 2010).

3.4 Coronin 1

One host factor important for intracellular survival of M. tuberculosis is coronin 1.
Coronin 1, also known as Tryptophan Aspartate containing COat protein (TACO,
or P57), is highly expressed in macrophages and other leukocytes, and was found
to be exclusively associated with phagosomes harboring living mycobacteria
(Hasan et al. 1997; Ferrari et al. 1999). Coronin 1 is a member of a large family of
proteins characterized by the presence of WD repeat domains and is widely dis-
tributed in the animal kingdom, from Dictyostelium discoideum to primates
including humans (Rybakin and Clemen 2005). Coronin 1 is distributed both in the
subcortical and the cytosolic fractions of the macrophages, and following
phagocytosis of cargo, coronin 1 becomes recruited at the cytosolic surface of the
phagosome (Gatfield et al. 2005). In the course of the normal process of phago-
cytosis, coronin 1 is slowly released from the cytosolic surface of the maturing
phagosome, ultimately resulting in fusion of this vesicle with lysosomes trans-
ferring the internal contents for degradation. When macrophages are infected with
live pathogenic mycobacteria, the release of coronin 1 from the mycobacterial
phagosome is prevented and coronin 1 is retained for a prolonged duration of time
resulting in a block in fusion with or maturation into degradative lysosomes
(Ferrari et al. 1999, Gatfield and Pieters 2000, 2003).

Infection of coronin 1-deficient macrophages, either isolated from mice har-
boring a targeted gene disruption of coronin 1 or through siRNA-mediated knock-
down revealed that mycobacteria are rapidly delivered to lysosomes resulting in an
efficient degradation and Kkilling of the mycobacteria, revealing the importance of
coronin 1 for mycobacterial survival (Jayachandran et al. 2007, 2008).
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How mycobacterial phagosomes manage to retain the coronin 1 coat for
prolonged times remains unknown. One report demonstrated that pathogenic
mycobacteria secrete a factor, called lipoamide dehydrogenase, which potentially
interacts by means of cholesterol-dependent interactions with coronin 1, thereby
preventing the release of coronin 1 from the mycobacterial phagosome (Deghmane
et al. 2007), a scenario consistent with a role for cholesterol in mycobacterial
pathogenesis (Gatfield and Pieters 2000).

3.5 Mycobacterial Survival, Coronin 1, and Calcium Signaling

The activity via which coronin 1 excerpts its protective effect on intracellularly
residing mycobacteria was somewhat serendipitously found to occur via the
modulation of calcium mobilization. In fact, analysis of mice lacking coronin 1
revealed that these mice were effectively depleted of peripheral T lymphocytes
(Foger et al. 2006; Jayachandran et al. 2007; Mueller et al. 2008). Notably, T cell
survival is absolutely dependent on calcium mobilization, that in turn induces
calcineurin activation, thereby activating the T cell essential transcription factor
NFAT (Winslow et al. 2003); Indeed, direct analysis of Ca”* mobilization revealed
that coronin 1 is essential for activating Ca**-dependent signaling following T-cell
receptor engagement (Mueller et al. 2008) as well as in B cells following B-cell
receptor triggering (Combaluzier et al. 2009). Interestingly, mycobacterial infec-
tion of macrophages similarly induces a coronin 1-dependent calcineurin activa-
tion, which is essential for preventing mycobacterial destruction in lysosomes.
Importantly, the calcineurin inhibitors cyclosporine and FK506 block mycobac-
terial survival and allow the efficient lysosomal transfer and clearance of
M. tuberculosis in lysosomes. Thus, in leukocytes, coronin 1 is an essential
molecule in the activation of Ca®*-dependent signal transduction (Jayachandran
et al. 2007; Pieters 2008).

Coronin 1-dependent activation of calcium mobilization was observed for
nonopsonized live mycobacterial entry (Jayachandran et al. 2007), which is in
apparent contradiction of previous work showing a suppression of calcium
mobilization upon mycobacterial entry (Malik et al. 2000, 2003). How can these
results be reconciled? In fact, in the studies by Malik et al. (2000, 2003), all
mycobacteria were fully opsonized with complement prior to macrophage infec-
tion, which indeed results in a suppression rather than an elevation of cytosolic
calcium ((Malik et al. 2000, 2003) and RJ and JP, unpublished results). One reason
why mycobacterial entry may result in either suppression or enhancement of Ca**
mobilization, thereby activating different downstream signaling cascades, could be
due to the fact that there are distinct recognition domains on the complement
receptor type 3, which is involved in recognition and uptake of mycobacteria
depending on whether the bacilli are opsonized or nonopsonized at the time of
entry (Le Cabec et al. 2000, 2002). Indeed, it is known that opsonized versus
nonopsonized entry of mycobacteria does affects recruitment of downstream
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signaling components, subcellular localization of mycobacteria, and the composition
of mycobacterial phagosome (Le Cabec et al. 2000, 2002).

4 Bacterial Factors and M. tuberculosis Survival
Within Macrophages

Most human pathogens have a repertoire of different virulent factors that are shed
or secreted in the host cell milieu at defined stages of the infection. In pathogenic
mycobacteria, several of such virulent factors have been characterized that can
interfere with various host factors at different stages of infection, finally deciding
the outcome of the infection.

4.1 Exported Repetitive Protein

One of the first mycobacterial virulence factors characterized was the exported
repetitive protein (Erp). This 36 kDa secreted protein is required for mycobacterial
survival within cultured macrophages as well as in mice (Berthet et al. 1998). Erp
is also known to maintain cell wall integrity. Erp interacts with two membrane
proteins Rv1417 and Rv2617c of which the former is linked to the riboflavin
metabolism pathway. Further studies need to be done to determine the exact mode
of action of this virulence factor (Cosma et al. 2006; Klepp et al. 2009).

4.2 Eukaryotic-Like Protein Kinases and Phosphatases

Interestingly, mycobacteria encode 11 different eukaryotic-like protein kinases
that either have been retained during evolution or may have arrived in the
M. tuberculosis genome through horizontal gene transfer (Ponting et al. 1999; Han
and Zhang 2001). Most of these kinases, apart from protein kinase G and K, are
transmembrane proteins, exposing the kinase domain within the bacterial cytosol,
and therefore are likely to regulate mycobacterial signal transduction processes
and morphology (Kang et al. 2005; Thakur et al. 2008; Thakur and Chakraborti
2008; Wehenkel et al. 2008). Protein kinase A and B (PknA and PknB) are the best
characterized in this group of mycobacterial kinases and have been shown to play
multiple roles in cell division and morphology (Thakur et al. 2008; Thakur and
Chakraborti 2008). Protein kinase D (PknD), on the other hand, has been dem-
onstrated to play an important role in regulating mycobacterial gene expression by
phosphorylating alternative sigma-factor regulators (Greenstein et al. 2007). More
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recently, PknD has also been shown to play an active role in invasion of the central
nervous system via vascular endothelium of the brain (Be et al. 2012).

As mentioned, two of the mycobacterial kinases, protein kinase G and protein
kinase K, lack a transmembrane domain, thus potentially being able to be released by
mycobacteria into the host cell environment (Av-Gay and Everett 2000; Houben
etal. 2009). PknG is specifically expressed in virulent mycobacteria such as M. bovis
BCG or M. tuberculosis but is absent in nonpathogenic mycobacteria such as
M. smegmatis. Importantly, the human pathogen M. leprae that is considered to have
retained the most important genes required for pathogenicity within its downsized
genome, expresses PknG (Cole et al. 2001; Houben et al. 2009). Analysis of the
phenotype of pathogenic mycobacteria lacking PknG revealed that this kinase is
essential for promoting survival within host macrophages (Cowley et al. 2004;
Walburger et al. 2004). Upon infection, PknG from pathogenic mycobacteria is
released into the cytosol of macrophages where it prevents lysosomal delivery and
degradation (Walburger et al. 2004; Houben et al. 2006; Scherr et al. 2009b). In fast
growing mycobacteria, expression of PknG is suppressed, which is possibly due to
the presence of regulatory elements through inefficient ribosome binding in the
pknG upstream region or by interactions with other regulatory factors such as reg-
ulatory RNA or proteins (Houben et al. 2009). Wfen mycobacteria are engineered to
be deficient for PknG or upon chemical inhibition of PknG from pathogenic species,
this results in rapid mycobacterial transfer to lysosomes (Scherr et al. 2007).
Interestingly, a small molecular weight inhibitor of PknG has been identified, named
AX20017, which effectively blocks proliferation of M. tuberculosis within macro-
phages (Walburger et al. 2004). The availability of the crystal structure of PknG in
complex with AX20017 may contribute to the development of a novel class of drugs
to block the survival of M. tuberculosis within macrophages (Scherr et al. 2007,
2009a; Warner and Mizrahi 2007).

4.3 Mycobacterial Proteases

A putative Zn**-dependent metalloprotease (Zmpl) released by mycobacteria was
proposed to interfere with phagolysosome biogenesis by interfering with caspase
1-dependent activation and secretion of interleukin-1f5. In the absence of this
metalloprotease, this activation is suppressed and mycobacteria are eliminated
within lysosomes, suggesting that the production of Zmp1 is required for virulence
and survival of M. tuberculosis (Master et al. 2008).

4.4 Enhanced Intracellular Survival Protein

The ‘enhanced intracellular survival’ (Eis) protein of virulent mycobacteria
inhibits the c-Jun NH2-terminal protein kinase (JNK)-dependent reactive oxygen
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species production via its aminoglycoside acetyltransferase activity (Wei et al.
2000; Shin et al. 2010; Kim et al. 2012). Eis is thermostable and active in its
hexameric form, where it dampens TNFo and IL-10 production, and thereby
prevents macrophage activation, inflammation, and autophagy (Ganaie et al.
2011). Eis rapidly acetylates lysine-55 of dual-specificity protein phosphatase 16
(DUSP16)/mitogen-activated protein kinase phosphatase-7 (MKP-7), a JNK-
specific phosphatase. As a result, M. tuberculosis Eis initiates the inhibition of
JNK-dependent autophagy, phagosome maturation, and ROS generation by acet-
ylating DUSP16/MKP-7.

4.5 ESX-1 Secretion System/ESAT 6

Many of the virulence factors employed by pathogenic mycobacteria have to be
translocated to the host cytosol in order to effectively subvert macrophage func-
tion. While several secretion systems have been characterized in mycobacteria (see
also Chapter by van der Woude, Luirink and Bitter), recent work has focused on
the early secretory antigenic target of 6 kDa (ESAT-6) system 1 (ESX-1) (Ab-
dallah et al. 2007; DiGiuseppe Champion and Cox 2007). Esx-1 is encoded by the
RD1 (region of difference 1) genomic region and has been demonstrated to be a
major virulence determinant related to the modulation of phagosome maturation
(Gao et al. 2004; Majlessi et al. 2005; Brodin et al. 2006; DiGiuseppe Champion
and Cox 2007). Infection of macrophages with M. tuberculosis displaying defects
in Esx-1-dependent secretion results in increased lysosomal delivery and killing of
the bacteria (Tracy Tan 2006). On the other hand, M. bovis BCG, which lacks the
RDI1 region, can still block phagosome maturation, and in addition, the known
secreted products ESAT-6 (early secretory antigenic target 6, EsxA), CFP-10
(culture filtrate protein 10, EsxB) (Welin and Lerm 2011), and EspA (Fortune et al.
2005) have been found to be dispensable with regard to the arrest of phagosome
maturation, indicating the existence of other effector proteins that could as well
play similar roles in modulating mycobacterial trafficking that promotes their
survival in host macrophages (Gao et al. 2004; MacGurn and Cox 2007).

The ESX-1 system has also been implicated in the escape of mycobacteria to
the cytosol. Cryoelectron microscopic studies detected a certain percentage of
mycobacteria residing outside the phagosome in the cytoplasm of macrophages,
and this percentage of nonphagosomal mycobacteria increased with time post
infection (van der Wel et al. 2007). Similarly, mycobacteria lacking the RDI
region fail to escape from the phagosome (Smith et al. 2008). Interestingly, a
reduced pH present within phagolysosomes causes an increased expression of the
ESX-1 gene cluster (Chen et al. 2012). ESX-1 genes have also been suggested to
be involved in establishing pores within the phagolysosome membrane, through
which mycobacteria may escape into the cytosol (de Jonge et al. 2007). The exact
contribution of the cytosolic escape pathway to mycobacterial virulence remains,
however, to be established; it could well be that depending on the precise nature of
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the macrophage—mycobacterium interaction, different strategies are being used by
the pathogen, in some cases blocking phagosome maturation, and in others escape
from the phagosome to the cytosol (Welin and Lerm 2011).

5 Macrophage Activation as a Response to Mycobacterial
Infection

Many of the strategies that M. tuberculosis employs to resist destruction within
macrophages operate in nonactivated macrophages; however, one of the conse-
quences of an infection is the release of macrophage-activating cytokines by other
immune cells. Activated macrophages, which are particularly efficient in clearing
microbial load (North 1974) are known to induce a plethora of genes including the
aforementioned LRG-47 and Gbpl which help to promote phagolysosome for-
mation resulting in mycobacterial destruction. Also, macrophage activation helps
to overcome the reduced levels of phosphoinositides at the phagosomal membrane
thereby mediating the exchange of Rab5 on the phagosome membrane by Rab7
leading to phagosome-lysosome fusion (Vergne et al. 2005). Macrophage acti-
vation can also initiate autophagy, resulting in the elimination of pathogenic
mycobacteria by transferring these to lysosomes. Furthermore, macrophage acti-
vation results in an upregulation of reactive oxide and nitric oxide products that are
particularly effective in inducing mycobacterial killing (Nathan and Shiloh 2000;
Nathan 2006).

Macrophage activation is primarily mediated by the host cytokine IFNy, that
has a broad spectrum of activities. IFNy is critical for resistance to infection,
exerting its effects through the induction of broad transcriptional programs
involving ~2,000 genes, many of which remain uncharacterized (Waddell et al.
2010). For example, LRG-47 (LPS-stimulated RAW 264.7 macrophage protein
47), which is a member of the IFNy regulated family of p47 GTPases, that plays an
important role in containment of trypanosomiasis and salmonellosis infection, is
needed for controlling mycobacterial infection (MacMicking et al. 2003; Feng
et al. 2004; Henry et al. 2007; Shenoy et al. 2012), see also the chapter by
MacMicking et al. LRG47 may act by associating with the mycobacterial phag-
osomal membrane and accelerating lysosomal fusion (Hunn and Howard 2010).
Along with LRG-47, other prominent members of the families of guanosine tri-
phosphatases are the 65-73-kD Gbps and 285-kD very large inducible GTPases
(Vligs/Gvins) (Kim et al. 2011). The immunity-related GTPase family M protein 1
(Irgm1) can enhance the formation of autophagosomes that in turn control
mycobacterial pathogenicity (Hunn and Howard 2010), see also below). Recent
analysis shows that at least four guanylate-binding proteins, namely Gbp1, Gbp6,
Gbp7, and Gbpl0, confer cell-autonomous immunity to mycobacterial infection
within macrophages by inducing the expression of hundreds of genes that include
phagocyte oxidase, antimicrobial peptides, and autophagy effectors which thereby
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help to combat infection. These guanylate-binding proteins are involved in
regulating the activity of several host defense proteins to kill intracellular myco-
bacteria (Kim et al. 2011). Thus, specific 65-kD Gbps coordinates a potent oxi-
dative and vesicular trafficking program to protect the host from infection.

IFNy also limits the inflammation response by halting the translation of the
inflammatory genes through the activation of the IFNy-activated inhibitor of
translation (GAIT) complex genes, comprising glutamyl-prolyl tRNA synthetase
(EPRS), NS1-associated protein 1 (NSAP1), ribosomal protein L13a, and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). This complex binds defined 3’
untranslated region elements within a family of inflammatory mRNAs and sup-
presses their translation. IFNy-dependent phosphorylation, and consequent release
of EPRS and L13a from the tRNA multisynthetase complex and 60S ribosomal
subunit, respectively, regulates GAIT complex assembly (Mukhopadhyay et al.
2009). Whether or not pathogenic mycobacteria are able to modulate this process
to prevent macrophage activation remains to be analyzed.

Several M. tuberculosis products are known to interfere with macrophage
activation. In particular, LAM is known to potently prevent IFNy-mediated
macrophage activation (Sibley et al. 1988, 1990) that may play a role in the ability
of M. tuberculosis to sustain itself within macrophages, e.g., within granuloma’s,
for prolonged times, despite the presence of activated lymphocytes. Mycobacteria-
generated Eis (see above), by inhibiting host redox-dependent signaling is also
known to prevent macrophage activation (Shin et al. 2010). Finally, M. tubercu-
losis utilizes the proteasome to interfere with the damaging activity of nitric oxide
that is generated within activated macrophages (Darwin et al. 2003; Pieters and
Ploegh 2003), a process that is a potential target for antimycobacterial drugs (Lin
et al. 2009; Cheng and Pieters 2010). Thus, M. tuberculosis has evolved several
ways to circumvent the macrophage activation response in order to cope with host
responses.

Besides IFNy toll-like receptor ligands can also potently activate infected
macrophages, resulting in the generation of nitric oxide intermediates as well as
modulating phagosome-lysosome fusion (Janeway and Medzhitov 2002;
Kleinnijenhuis et al. 2011; Saiga et al. 2011). For example, mycobacterial DNA in
the form of palindromic sequences including the 5’-CG-3’motif, now called CpG
motif, are known to activate TLR9 (Hemmi et al. 2000). Also, the mycobacterial
cell wall components LAM, lipomannan (LM), and PIM are ligands for TLR2
(Ryffel et al. 2006). The in vivo importance of the different toll-like receptor-
mediated signaling pathways in host defense to mycobacteria was highlighted in
studies using mice lacking MyD88, which is a critical and common component of
TLR signaling. MyD88-deficient mice are highly susceptible to airborne infection
with mycobacteria (Drennan et al. 2004).

It has long been realized that individuals having reduced levels of vitamin D
have an increased susceptibility to tuberculosis, but the molecular basis of this
increased susceptibility was unknown. Interestingly, it turns out that vitamin D,
upon interaction with the vitamin D receptor, promotes the production of the
antimicrobial peptide cathelicidin, an effective antimycobacterial peptide (Liu
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et al. 2006, 2007). The role of vitamin D in controlling mycobacterial defense
responses is highlighted by the fact that people predisposed to lower vitamin D
levels in serum have a higher incidence of active tuberculosis (Liu et al. 2006;
Adams et al. 2009). Furthermore, vitamin D is required for several of the
antimicrobial effects induced by IFNy (Fabri et al. 2011), suggesting that the
vitamin D pathway appears to be an important host defense mechanism to over-
come the ability of M. tuberculosis to evade host innate immune mechanisms at
multiple levels.

6 How Unique is M. tuberculosis with Regard to Its
Survival Strategy?

As is clear from the above description, pathogenic mycobacteria employ a plethora
of survival strategies. But how unique are these strategies, in relation to other
intracellular pathogens? Although initially it was suspected that diverse intracel-
lular pathogens employ common strategies to circumvent immune responses, it is
becoming increasingly clear that each pathogen is modulating the immune
response in a rather unique way. This may on the one hand have to do with the
distinct niches in which different pathogens reside, and on the other hand with the
uniqueness of the separate pathogens in terms of their biology and growth
requirements.

For example, there are several other pathogenic microbes that avoid lysosomal
delivery: Listeria spp ensure escape from the phagosome at an early stage by
secreting a lysogenic factor, listeriolysin, that allows their escape into the cytosol
(Lemeland et al. 1974; Tilney and Portnoy 1989; Hurme and Cossart 1999); Also,
Brucella spp as well as Legionella are phagocytosed but then home to the endo-
plasmic reticulum for survival and replication (Meresse et al. 1999). Chlamydia is
another example of an intracellular pathogen that avoids lysosomal transfer, but in
this case by residing in a compartment that is believed to be completely segregated
from the endocytic pathway (Hackstadt et al. 1997). The intracellular fate of
Salmonella is also distinct from that of mycobacteria; whereas in some cases,
Salmonella-containing vacuoles have characteristics of Golgi-like organelles
(Lahiri et al. 2010), in other studies Salmonella spp. were found to thrive and
replicate within lysosomal organelles (Rosales-Reyes et al. 2005). One pathogen
that probably comes the closest to employing strategies similar to pathogenic
mycobacteria is Leishmania. This parasite is normally phagocytosed by macro-
phages, but once inside the macrophage it utilizes cell surface components to
efficiently block phagosome-lysosome fusion (Mauel 1990; Desjardins and
Descoteaux 1997). Taken together, although some overlap exist in the strategies
employed, most pathogens seem to have evolved their preferred ways to interfere
with and circumvent host innate immune responses.
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7 Conclusion

Research over the past few decades is beginning to provide the details of how
M. tuberculosis manages to withstand the hostile environment of the macrophages.
The strategies employed range from hijacking several host proteins for their own
survival to the intracellular release of a plethora of molecules that are either shed
or secreted into the host cells at different stages of infection. Furthermore, the
exact route via which M. tuberculosis enters the macrophage can also dictate the
outcome of the pathogen—host balance. Together, the knowledge that is accumu-
lating on the different survival strategies employed by M. tuberculosis is helping
the development of compounds that interfere with these pathways, holding
promises for the availability of novel drugs to combat tuberculosis.
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Host—Pathogen Interactions During
Mpycobacterium tuberculosis infections

Sarah A. Stanley and Jeffery S. Cox

Abstract The intimate and persistent connection between Mycobacterium
tuberculosis and its human host suggests that the pathogen has evolved extensive
mechanisms to evade eradication by the immune system. In particular, the
organism has adapted to replicate within phagocytic cells, especially macrophages,
which are specialized to kill microbes. Over the past decade of M. tuberculosis
research, the means to manipulate both the organism and the host has ushered in an
exciting time that has uncovered some of the mechanisms of the innate macro-
phage-pathogen interactions that lie at the heart of M. tuberculosis pathogenesis,
though many interactions likely still await discovery. In this chapter, we will delve
into some of these advances, with an emphasis on the interactions that occur on the
cellular level when M. tuberculosis cells encounter macrophages. In particular, we
focus on two major aspects of M. tuberculosis biology regarding the proximal
physical interface between the bacterium and host, namely the interactions with
the phagosomal membrane as well as the distinctive mycobacterial cell wall.
Importantly, some of the emerging paradigms in M. tuberculosis pathogenesis and
host response represent common themes in bacterial pathogenesis, such as the role
of host cell membrane perforation in intracellular survival and host response.
However, the array of unique bacterial lipid mediators and their interaction with
host cells highlights the unique biology of this persistent pathogen.
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1 Mycobacterium tuberculosis—Macrophage Interactions

How M. tuberculosis adapts to and manipulates its intracellular environment in
order to replicate and persist is a central question in the field that continues to both
fascinate and perplex researchers. Over four decades of experimental work sup-
ports the conventional notion that the in vivo niche of M. tfuberculosis is primarily
the membrane-bound phagosome of macrophages, though growth in other cell
types and even extracellular spaces is also likely important (Wolf et al. 2007).
Certainly, the profound ability of M. tuberculosis to avoid killing and to replicate
within macrophage cells is important for the establishment of infection and for
virulence, but the question of how bacilli can interact with and manipulate mac-
rophage functions while confined inside the phagosome lumen is an unsolved
conundrum. Indeed, the notion that M. tuberculosis can alter membrane traffic,
acquire nutrients, etc., while sealed within a phagosome that is impermeant to even
protons seems implausible. Accumulating evidence points to the importance of the
interactions that occur between M. tuberculosis and its surrounding phagosomal
membrane, and specifically cytosolic access mediated by pore formation, indi-
cating that not all M. fuberculosis cells during infection remain entirely lumenal.
In light of this evidence, we argue that the standard model of the intracellular
location of M. tuberculosis should be revised. In particular, recent data demon-
strate that M. tuberculosis actively punctures the surrounding phagosomal mem-
brane allowing for cytosolic access, though this activity is less robust when
compared to cytosolic bacterial pathogens such as Listeria monocytogenes. In view
of this work, and in combination with a careful examination of the classic liter-
ature, it is also becoming clear that M. tuberculosis cells quickly become non-
uniform in their intracellular location after infection of naive macrophage, with
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some bacteria localized to endosomal compartments and others targeted to lyso-
somes via the autophagy pathway. This heterogeneity is augmented by the fact that
the intracellular environment of bacilli changes over time (Rohde et al. 2012) and
that the behavior of individual M. tuberculosis cells within a population is not
uniform (Armstrong and Hart 1975). Thus, the notion that M. tuberculosis adopts
one particular intracellular location does not encapsulate the diversity of cell’s fate
that arise during infection. These two key concepts, membrane-perforation and
temporal changes in intracellular location, have been generally underappreciated
in reviews of the literature but these must be incorporated to accurately understand
how M. tuberculosis interacts with its host cell. We propose a model that seeks to
more thoroughly encompass these dynamic interactions between M. tuberculosis
and macrophage that embrace the heterogeneous response phenomenon of phag-
osome rupture and concomitant cytosolic access.

1.1 Evidence Supporting the “Classic” View

Numerous studies of M. tuberculosis-infected macrophages over the past 40 years
support the predominant view that bacilli reside in a compartment that is bounded
by phagosomal membrane and that these organelles fail to fuse with lysosomes.
Classic electron microscopy (EM) studies showed that after 1-4 days of infection,
live M. tuberculosis exists inside membrane-bound phagosomes and that for the
majority of phagosomes, do not fuse with lysosomes (Armstrong and Hart 1971,
1975). These were important and seminal studies showing that phagosomal
membranes continuously surround M. tuberculosis after infection and strongly
suggested that M. tuberculosis avoids the lysosome in order to replicate. In fact,
these authors noted that bacteria without surrounding host membranes were “never
seen” (Armstrong and Hart 1971; Wolf et al. 2007). A number of subsequent
immuno-EM studies corroborated these results showing that membranes were
uniformly present surrounding the bacilli and that the M. tuberculosis-containing
vacuole included markers of endosomes (Clemens and Horwitz 1995, 1996; Rohde
et al. 2012; Xu et al. 1994). Microinjection of anti-TB antibodies into the cytosol
of infected cells failed to bind to the bacterial surface, and although these results
were negative, they further helped to instill the idea that M. tuberculosis does not
access the cytosol (Armstrong and Hart 1975; Clemens et al. 2002). Microscopy
studies using endosomal membrane markers showed that M. tuberculosis exists in
the lumen of an early endosome-like compartment that is accessible to luminal
flow and that M. tuberculosis actively prevents acquisition of lysosomal markers
(Armstrong and Hart 1971, 1975; Clemens and Horwitz 1996; Crowle et al. 1991;
Sturgill-Koszycki et al. 1994). The mechanism of phagosome maturation arrest has
been extensively studied and involves bacterial manipulation of a number of host
molecules, including the phosphoinositide composition of the cytosolic face of the
phagosomal membrane (Vergne et al. 2005), sphingosine kinase (Malik et al.
2003), and Coronin-1 (Jayachandran et al. 2007). These results are consistent with
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the notion that M. tuberculosis actively inhibits the maturation of its phagosome
along the endolysosomal pathway and resides in a compartment that has not
matured into a phagolysosome. It is these data, as well as many other corroborating
studies, that have established a dominant paradigm in the field that M. tuberculosis
resides within the confines of the phagosome (Russell 2011). How M. tuberculosis
bacilli would be able to control membrane trafficking from within the phagosome
lumen, however, has remained mysterious.

More recent EM studies also corroborate the classic view. Rohde et al. (2012)
carefully followed M. tuberculosis’ intracellular localization and bacterial replica-
tion dynamics during long-term macrophage infections and found that most of the
replicating bacteria were present inside membrane bound compartments of the cell.
Likewise, Lee et al. used an inducible GFP reporter system to show that the
M. tuberculosis cells that reside in “less mature” phagosomes are more metaboli-
cally active than bacteria in more acidified phagosomes. Both of these reports show
that M. tuberculosis can replicate within membrane bound compartments of the cell
and suggest that the subset of bacterial cells that are delivered to the lysosome are
killed, consistent with the initial EM studies (Armstrong and Hart 1975). However,
while these studies support the classical view, both groups noted that by 3—4 days
post-infection, a significant proportion of bacteria (12-25 %) did not have “defin-
itive” host membranes surrounding them and observed evidence of phagosomal
“membrane damage.” Whether this was due to actual dissolution of membranes, or
simply a limitation of membrane visualization inherent to EM analysis, was unclear.

Finally, direct pH measurements of the local environment surrounding bacilli
indicate the pH reaches approximately 6.0 in naive macrophages (Rohde et al.
2007), suggesting that most of the bacteria is sealed inside a compartment that can
support the generation of a proton gradient and thus separate from the cytosol.
Likewise, the demonstration that bacterial resistance to acidification is required for
intracellular survival also suggests that survival in a membrane-bound, acidified
compartment is an important part of the M. tuberculosis lifecycle inside naive
macrophages (Vandal et al. 2008).

1.2 Evidence Supporting an Alternative View:
Phagosomal Escape

A number of localization studies, both older and more recent, challenge the classic
paradigm by providing evidence for phagosomal escape during M. tuberculosis
infection (Houben et al. 2012; Leake et al. 1984; McDonough et al. 1993; Myrvik
et al. 1984; van der Wel et al. 2007). In particular, these EM studies reported that a
significant number of M. tuberculosis bacilli were observed without visible host
membranes and, in most cases, this occurred only after several days of infection
and not during the early stages after infection. The percentage of bacteria identified
without membranes increased during the course of infection, with 12-40 % of
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bacilli localized to the cytosol depending on the M. tuberculosis strain (Houben
et al. 2012). While the interpretation of these results that M. tuberculosis exists
outside the confines of the phagosome is antithetical to the classic view, these
findings are relatively consistent with the phagosomal “damage” observed by
Hohde et al. and Lee et al. at later time points of infection. It should be noted that
in all of these cases, the sole means of experimentation was EM, which can be
subject to artifacts and the key issue of being able definitively determining the
absence of a membrane can be limited by experimental staining of membranes.
Regardless, these studies provide direct support for the idea that a sub-population
of M. tuberculosis escape the phagosomal membrane during infection.

Importantly, the reports by van der Wel et al. (2007) and Houben et al. (2012)
demonstrated that the ESX-1 specialized secretion system is required for phag-
osomal escape, indicating that this is a specific activity of M. tuberculosis. ESX-1
mutant bacteria localized exclusively inside membranous compartments, induced
less host cell death, and were attenuated for growth. While these studies draw a
correlation between phagosomal escape and virulence, the question of whether the
localization of M. tuberculosis in the cytosol is important for growth and virulence
is still not entirely clear as this secretion system likely mediates multiple inter-
actions with host cells.

A number of recent reports provide increasing evidence supporting the notion
that the ESX-1 pathway allows M. tuberculosis to gain “access” to the cytosol.
Use of a beta-lactamase/fluorescence substrate reporter system demonstrated that
the enzyme secreted by M. tuberculosis has access to cytosolic substrate even
during the earliest stages of infection (Manzanillo et al. 2012; Siméone et al.
2012). Thus, lumenal contents were able to mix with the cytoplasm, a phenomenon
that, like phagosomal escape, was dependent on ESX-1. Mycobacterial-derived
products, including peptidoglycan fragments and DNA, interact with and are
recognized by host cytosolic receptors, including Nod proteins and the IFI201
DNA receptor (Divangahi et al. 2008; Manzanillo et al. 2012; Pandey et al. 2009;
Stanley et al. 2007). Likewise, Wong and Jacobs showed that phagosomal damage
mediated by ESX-1 also led to activation of NLRP3, a cytosolic inflammasome
component that activates caspase-1 (Wong and Jacobs 2011). Importantly, most of
these studies showed that cytosolic access occurs extremely early, only hours after
macrophage infection, at which time all bacilli are surrounded by phagosomal
membranes. Thus, there is ample evidence that ESX-1 functions early during
infection to permeabilize the membrane, which precedes overt escape of the
bacterium from the phagosome.

Although the two sets of data supporting the classic and alternative views may
seem diametrically opposed, there are a number of parallels between these studies
suggesting that a synthesis and re-evaluation of the complexity of the intracellular
fate of M. tuberculosis may reconcile the paradox. First, it is important to note that
these different studies used different M. tuberculosis strains and phagocytic cells,
and variation in the robustness of membrane permeabilization, perhaps due to
differences in ESX-1 secretion, could give rise to disparities in the experimental
results. Indeed, many studies using models of M. tuberculosis, including the BCG
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vaccine strain and M. avium, must be analyzed with caution as these strains
naturally lack ESX-1 (Gey Van Pittius et al. 2001; Mahairas et al. 1996). Likewise,
as mentioned above, even different strains of M. tuberculosis give rise to con-
siderable differences in phagosome escape (Houben et al. 2012). Most importantly,
it is clear that there are significant differences in the timing of events after
infection. In any of these studies, there is ample evidence that the events occurring
during the first few hours versus later stages of infection are different, and thus a
temporal understanding of these events will be critical.

1.3 Role of ESX-1 in Phagosomal Membrane
Permeabilization

Importantly, the phenomena of cytosolic access (early) and phagosomal escape
(late) require the ESX-1 specialized secretion system, a key mediator of M.
tuberculosis pathogenesis (Houben et al. 2012; van der Wel et al. 2007). ESX-1
modulates host-cell functions, presumably by translocating bacterial effectors into
the host (Abdallah et al. 2007). M. tuberculosis mutants lacking ESX-1 are
defective for replication within macrophages and are severely attenuated in animal
models of infection, but the mechanism by which this system functions to promote
infection remains unclear (Guinn et al. 2004; Hsu et al. 2003; Stanley et al. 2003).
There is growing evidence that ESAT-6, a major substrate of the ESX-1 pathway,
directly perturbs membranes (De Jonge et al. 2007; Hsu et al. 2003). Although
in vitro, this activity is relatively weak compared to well-known pore forming
toxins, it has been proposed that M. tuberculosis utilizes the ESX-1 system to
deliver ESAT-6 to create conduits in phagosomal membranes, allowing limited
perforation of the lipid bilayer early after infection. The mechanism of ESAT-6
pore forming activity, however, remains a critical area of investigation.

An important report by Stamm et al. (2003) demonstrated that Mycobacterium
marinum, a poikilothermic pathogen of fish and amphibians and closely related to
M. tuberculosis, patently escapes the phagosome early after infection and recruits
host actin to move within the cytoplasm. Because this phenomenon has not been
observed with M. tuberculosis, it is likely that motility represents a major differ-
ence between M. marinum and M. tuberculosis. Importantly, Smith et al. (2008)
showed that ESX-1 is required for phagosomal escape, consistent with the evi-
dence that ESAT-6 has membrane-lytic activity. We envision that pore formation
is a common activity between these two pathogens, but it is M. marinum’s unique
ability to recruit host actin that propels the bacteria away from permeabilized
membranes, whereas M. tuberculosis remains relatively static. The ability of some
pathogens to move within the cell is likely important for cell-cell spread (Smith
et al. 2008) as well as autophagy evasion (see below) (Yoshikawa et al. 2009).
Indeed, we envision that this capacity was lost in the evolution of M. tuberculosis,
perhaps tampering virulence to its host and promoting persistence. The mechanism
by which M. marinum recruits and utilizes actin remains unknown.



Host-Pathogen Interactions 217

The notion that M. tuberculosis would permeabilize host membranes is not
without precedence as other “vacuolar pathogens”, such as Salmonella enterica
serovar Typhimurium (S. Typhimurium), have also been observed to perturb host
membranes and, at low frequency, found in the cytoplasm (Thurston et al. 2009).
Because this membrane damage requires the type III secretion apparatus, it has
been suggested that cytosolic access is due to membrane damage as a result of
exuberant pore formation via this needle-like structure. In this way, S. Typhimu-
rium must puncture membranes in order to manipulate the host cell by delivering
host-interacting factors, but that perforation leads to phagosomal escape by some
of the bacteria. In the same way, ESX-1-mediated phagosomal permeabilization
may serve to deliver virulence factors into, or acquire nutrients from, the host cell
cytosol. Perhaps, then, it is not that M. tuberculosis necessarily escapes phagos-
omal membranes to grow in the cytosol, but that it must simply gain access to the
cytosol. We hypothesize that most (if not all) intracellular bacteria must, at some
point, require interactions with the cytosol. Thus, the balance of pore formation
mediated by M. tuberculosis and host repair mechanisms may ultimately dictate
the abundance of membranes surrounding the bacterium (Welin and Lerm 2012).

1.4 Consequences of Membrane Permeabilization

A growing concept in the field is that macrophages innately discriminate patho-
gens from non-pathogens early after phagocytosis, and tailor their responses to
match the level of the threat (Vance et al. 2009). One way this is achieved is
through sensing membrane permeabilization, either directly or via the recognition
of bacterial molecules in the cytosol (Thurston et al. 2012; Vance et al. 2009).
Here, we consider the role of M. tuberculosis pore formation in the elicitation of
two important host responses—induction of type I interferon and activation of
autophagy.

1.4.1 Type I Interferon

The perforation of the phagosomal membrane by ESX-1 opens up a myriad of
possibilities for interactions between M. tuberculosis and its host (Fig. 1).
Although ESX-1 has a profound influence on the host—pathogen interaction during
M. tuberculosis infection, a growing body of work indicates that ESX-1 pore
formation contributes to M. tuberculosis virulence by modulating host innate
immune responses of macrophages. For example, elicitation of type I interferon
(IFN) by M. tuberculosis infection of both murine and human macrophages
requires the ESX-1 secretion system (Novikov et al. 2011; Stanley et al. 2003).
Although type II IFN (IFN-y) is critical for activating host defenses, type I IFNs
(IFN-o and IFN-f) can negatively regulate host resistance to M. tuberculosis in
mouse models of infection (Manca et al. 2001). Bacterial pathogens that replicate
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Fig. 1 ESX-1-mediated permeabilization of the phagosomal membrane leads to specific,
pathogen-associated innate responses early after macrophage infection. After phagocytosis,
permeabilization of the phagosomal membranes surrounding M. tuberculosis occurs, likely
mediated by the ESX-1 substrate ESAT-6. Although the phagosome lumen and cytosolic
compartments can mix, the level of membrane damage appears to be limited. Permeabilization
leads to recognition of bacterial products, including M. tuberculosis DNA, by cytosolic receptors.
Activation of the STING/TBK1/IRF3 signaling pathway leads to induction of a transcriptional
response that includes Type 1 interferons, which appear to promote bacterial infection.
Conversely, STING and TBKI1 also activate targeting of a sub-population of the bacteria to the
ubiquitin-mediated autophagy pathway. Via both cell-intrinsic killing and cell-extrinsic effects on
the immune system, this pathway plays a critical role in host resistance to infection. Patent
localization of M. tuberculosis in the cytosol at later time points may be the result of exuberant
ESX-1 activity, tipping the balance between permeabilization and repair

in the cytoplasm of macrophages, such as L. monocytogenes and Franciscella
tularensis, induce IFN-f transcription as part of a large transcriptional response
controlled by the “cytosolic surveillance pathway” (CSP) (Henry and Monack
2007; McCaffrey et al. 2004). CSP activation by these species occurs early after
infection specifically by cytoplasmic bacteria, whereas mutants unable to breach
phagosomal membranes fail to induce transcription (Henry and Monack 2007;
Leber et al. 2008). The CSP is controlled by the host transcription factor, inter-
feron regulatory factor 3 (IRF3), which is activated via phosphorylation by the
TBKI1 kinase. It is thought that upon phagosomal membrane rupture, bacterial
products are granted cytosolic access and recognized by cytosolic receptors that
lead to IRF3 activation (Vance et al. 2009).

Importantly, M. tuberculosis elicits the same innate immune transcriptional
response induced by cytoplasmic pathogens. M. tuberculosis induces IFN pro-
duction during macrophage infection via activation of the CSP from within the
phagosome. This response requires the IFI204 DNA receptor which stimulates
the STING/TBK1/IRF3 signaling axis, the same host components as required for
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the interferon stimulatory DNA (ISD) pathway (Ishikawa et al. 2009b; Stetson
et al. 2008). Extracellular mycobacterial DNA is the critical ligand for CSP
activation and the ESX-1 system allows extracellular mycobacterial DNA access
to cytoplasmic DNA receptors via limited permeabilization of the phagosomal
membrane (Manzanillo et al. 2012). Surprisingly, CSP activation is required for
M. tuberculosis pathogenesis as Irf3~"~ mice are profoundly resistant to infection.
Importantly, artificially breaking down the membrane via the secretion of LLO
restores Nod and IRF3 signaling (Manzanillo et al. 2012; Pandey et al. 2009).

Because virulence-associated protein secretion systems activate cytosolic
responses in other pathogens (Monroe et al. 2010), we envision that the primary
role of ESAT-6-mediated membrane damage is to provide access of secreted
virulence factors to enter the host cytosol, and extracellular DNA exposure to
cytosolic receptors is an indirect consequence of membrane perforation. Moreover,
sensing of M. tuberculosis DNA likely takes place during human tuberculosis, as
ESX-1 mediated activation of the CSP is operative in human macrophages and is
likely responsible for the robust type I IFN signature associated specifically with
active disease (Berry et al. 2010; Novikov et al. 2011).

Although Type I IFN is absolutely critical for resistance to viruses, there is
growing literature about the role of IFN-o/ff in bacterial infections (Barber 2011;
Monroe et al. 2010). Importantly, recent work has shown that type I IFN sup-
presses type II IFN responses in human macrophages during infection (Teles et al.
2013), as well as inhibits IL-1f, a cytokine that promotes M. tuberculosis clear-
ance (Novikov et al. 2011). Thus, it is likely that differential cytokine responses
mediated by IFN-o/f contribute to the phenotype of the Irf3~~ mouse. It is
important to note that while IFN-o/f likely plays a role in this phenotype, the
Irf3~~ mouse is much more resistant to M. tuberculosis infection than the If-
nar~’~ mouse that is only deficient for type I IFN signaling (Stanley et al. 2007).
These results indicate that other immune modulators regulated by ESX-1 activa-
tion of the CSP contribute to pro-M. tuberculosis inflammatory immune responses.

Since bacterial infection correlates with type I IFN production, it is suggestive
that one fitness advantage for pore formation is that it represents a strategy by
which M. tuberculosis promotes infection by triggering cytosolic responses (No-
vikov et al. 2011). The phenotype of the Irf3~~ mouse is certainly consistent with
this notion. However, if cytosolic access by M. tuberculosis provides a fitness
advantage in vivo, an alternative view is that exposure to the cytosol is an inev-
itable consequence of membrane perforation that allows virulence proteins a
passageway into the cytosol. In this way, while CSP activation initiates profound
inflammatory responses, M. tuberculosis may have evolved to require these
changes in host tissues to activate virulence mechanisms or produce an environ-
ment conducive to growth. Consistent with this idea, recent studies have shown
that S. Typhimurium promotes inflammatory immune responses which, in turn,
enhances persistent infection (Arpaia et al. 2011; Winter et al. 2010). Thus, M.
tuberculosis may have evolved a dependency that requires the effects of robust
innate immune signaling triggered by ESX-1-mediated cytosolic access. In either
case, it is likely that excessive host immunopathology triggered by ESX-1
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activation of the CSP contributes to the susceptibility of wild-type mice to
M. tuberculosis (Philips and Ernst 2012).

1.4.2 Autophagy

Cytosolic access mediated by M. tuberculosis ESX-1 also triggers autophagy, an
evolutionarily conserved process in eukaryotes whereby cytoplasmic components
are enveloped and sequestered by double-membrane structures, termed phago-
phores that subsequently fuse to lysosomes for degradation (Deretic and Levine
2009). The functions of autophagy are multifaceted and have profound effects on
eukaryotic cell biology. In response to nutrient limiting conditions, general
autophagy serves a catabolic function by mediating non-selective consumption of
organelles and other cellular components to generate substrates for energy
metabolism and protein synthesis (Deretic and Levine 2009). In contrast, selective
autophagy functions to specifically renovate the cell by targeting cytosolic protein
aggregates and specific organelles for removal through the use of ubiquitin-
mediated targeting. In this way, “cargo” destined to be degraded in the lysosome
is first ubiquitinated and subsequently recognized by ubiquitin-autophagy adapt-
ors. Recognition leads to sequestering them into autophagosomes, delivering them
to the lysosome. Importantly, cytoplasmic pathogens can also be ubiquitinated and
targeted to autophagy, which plays an important role in innate defense against
invading intracellular pathogens (Zhao et al. 2008). The prevailing view is that
autophagy functions to eliminate intracellular microbes that enter into the cytosol.
Indeed, the work of the Deretic’s group was the first to show that autophagy is a
cell-intrinsic pathway by which macrophages can destroy bacteria (Gutierrez et al.
2004). Subsequent studies using S. Typhimurium and L. monocytogenes infection
of cultured epithelial cells have shown that bacteria which exit the endosomal
pathway and enter into the cytosol are ubiquitinated and delivered to autophago-
somes via recognition by the cytosolic autophagy receptors p62 and NDP52
(Thurston et al. 2009; Zheng et al. 2009).

Much of the early work on the role of autophagy in mycobacterial clearance was
performed using BCG (Gutierrez et al. 2004; Singh et al. 2006; Zhao et al. 2008).
Curiously, BCG does not undergo selective autophagy and recruitment of LC3 to
the phagosomal membrane unless autophagy is experimentally induced. Although
inducing autophagy exogenously via starvation, treatment with rapamycin, inter-
feron gamma (IFN-y), vitamin D3, or genetic depletion of autophagy inhibitors can
lead to decreased bacterial replication in macrophages (Gutierrez et al. 2004;
Kumar et al. 2010; Singh et al. 2006; Yuk et al. 2009), recent work shows that wild-
type M. tuberculosis engages the selective autophagy pathway early after phago-
some biogenesis (Watson et al. 2012). Wild-type M. tuberculosis cells elicit
ubiquitin-mediated autophagy targeting in resting macrophages, resulting in the
delivery of bacilli to lysosomes (Watson et al. 2012). As with M. tuberculosis, ESX-
1 secretion is also required for localization of ubiquitin to M. marinum during
macrophage infection (Collins et al. 2009; Lerena and Colombo 2011).
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There are at least four critical steps in the pathway by which M. tuberculosis
cells are recognized by host macrophages and targeted to autophagosomes
(Fig. 1). First, the bacterial ESX-1 secretion system initiates the interaction by
permeabilizing the phagosomal membrane early after phagocytosis. Second, per-
meabilization exposes the surface of the bacteria and/or the phagosomal membrane
that is recognized by components of the cytosolic DNA pathway, including
STING, to initiate autophagy targeting (Watson et al. 2012). Third, a population of
the engulfed bacteria become associated with, and surrounded by, host ubiquitin
chains. Most of the labeled bacteria are associated with K63-linked chains but
some K48 linkages are also detectable on a lower percentage of bacteria. Fourth,
the ubiquitin LC3 binding autophagy adaptors, p62 and NDP52, are required to
recruit autophagy components to create a phagophore surrounding the bacilli, a
process that also requires the TBK1 kinase and ATGS (Pilli et al. 2012; Watson
et al. 2012). Once targeted to the ubiquitin-mediated autophagy pathway, bacilli-
containing autophagosomes are matured via fusion with lysosomes to create
autophagolysosomes. Given the timing of LC3-recruitment and the development
of the subpopulation of killed bacteria described by Rohde et al. (Rohde et al.
2012) and Armstrong and Hart (Armstrong and Hart 1971), it is likely that
autophagy is responsible for this phenomenon. Although delivery of this popula-
tion of bacteria to the lysosome is responsible for limited bacterial killing by
macrophages ex vivo, the entire autophagy pathway in macrophages is a major
determinant of host resistance to M. tuberculosis infection in vivo as mice lacking
Atg5 in monocytes are extremely susceptible to infection (Watson et al. 2012).

1.5 Role of Autophagy During M. tuberculosis Infection

Given the modest effect of ATGS on M. tuberculosis survival in macrophages, it may
be surprising that the Azg5™ mice are so profoundly susceptible to infection. Indeed,
Atg5™ mice succumb to infection with kinetics nearly identical to that of mice that
completely lack an adaptive immune system or are missing key activators of mac-
rophage activation, such as IFN-y (MacMicking et al. 2003). However, it is becoming
clear that autophagy plays a broader role in innate and adaptive immune responses
than simply leading to direct killing of microbes in the lysosome. For example,
autophagy enhances antigen presentation in dendritic cells (Jagannath et al. 2009)
and negatively regulates inflammasome activation (Nakahira et al. 2011; Saitoh et al.
2008; Zhao et al. 2008). Indeed, the pronounced increase in inflammatory cytokines
during infection of Azg5™ mice, such as IL-1f, suggests that inflammasome signaling
is augmented in Azg5™ mice during M. tuberculosis infection (Shi et al. 2012).
Therefore, while delivery of bacteria to the lysosome plays a direct role in acute
bacterial restriction, autophagy may play a more pronounced role in overall control
via non-cell autonomous effects on innate and specific immune responses.

The findings that DNA is a bacterial-derived molecule recognized by host cells
to target M. tuberculosis to autophagy, and that STING and TBK1 are required for
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this process, reveals a surprisingly broad connection between cytosolic DNA
detection and innate immune responses to pathogens. Indeed, introduction of
exogenous DNA into the cytosol of cells triggers three distinct yet inter-related
responses: autophagy, cytokine signaling, and inflammasome activation (Hornung
et al. 2009; Roberts et al. 2009). STING is a required factor for both autophagy
(Saitoh et al. 2009; Watson et al. 2012) and cytokine signaling (Ishikawa et al.
2009b), and functions by sensing cyclic di-nucleotides either directly from bacteria
or endogenously catalyzed in response to the DNA-activated cyclic di-nucleotide
synthase, cGAS (Sun et al. 2013). Upon recognition of DNA, STING activation
leads to ubiquitination and recruitment of both TBK1 and NDP52. It will be
interesting to determine if other ubiquitin binding adaptors implicated in autoph-
agy, including NBR1 and optineurin, are also important for this pathway (Kirkin
et al. 2009; Wild et al. 2011). Although the molecular connections between DNA
and ubiquitination remain unknown, STING itself is a plausible ubiquitinated
target as it colocalizes to bacteria and is ubiquitinated during DNA stimulation
(Tsuchida et al. 2010). It is likely that cytoplasmic DNA detection also targets
other pathogens that access the cytosol to the autophagy pathway. Although it
remains to be seen if autophagy targeting of other bacterial pathogens depends on
DNA sensing and STING, it is becoming clear that this same pathway is also
operational to limit dsDNA virus infection which expose their genome during
virion assembly in the cytoplasm (McFarlane et al. 2011; Rasmussen et al. 2011).
Taken together, ESX-1 and ESAT-6 are active early during infection, allowing
pores to be formed that provide a conduit between the phagosomal lumen and
cytosol, but at this time point the level of permeabilization does not allow escape
from the phagosome. During this early time, within the first few hours post-infec-
tion, these pores allow for cytosolic sensing that initiates transcriptional, inflam-
matory, and autophagic responses. We propose that the observed phagosomal escape
is due to prolonged permeabilization, which can eventually lead to membrane dis-
solution. Moreover, it is becoming clear that a common requirement of intracellular
pathogens is the ability to penetrate host cell membranes in order to gain access to
the cytosol. The mechanisms described here illustrate that it is the combination of
pathogen molecule and spatial distribution of pattern recognition receptors that
allow host cells to detect membrane puncture and discriminate pathogens from non-
pathogens. It is thus a combination of ESX-1 secretion and exposure of bacterial
molecules to the cytosol that constitutes the “pattern of pathogenesis” recognized by
host cells to mount innate responses against M. tuberculosis (Vance et al. 2009).

1.6 Heterogeneity of Bacterial Cell Fate During
Macrophage Infection

It is curious that only one-third of intracellular M. tuberculosis are targeted by the
ubiquitin pathway and colocalize with LC3. This observation is consistent,
however, with many of the EM studies mentioned in Sect. 1.1 regarding
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M. tuberculosis trafficking in macrophages which showed that although live M.
tuberculosis bacilli were able to profoundly inhibit phagosome maturation to
lysosomes; approximately a third of bacilli still trafficked to lysosomes (Armstrong
and Hart 1971; Houben et al. 2012; Rohde et al. 2012). It is likely that the fate of
the lysosomal bacteria in these studies was mediated by autophagic targeting.
Likewise, the results of Rohde et al. are consistent with this notion, in which it was
found that during the very early events after infection only approximately one-
third of the bacteria are targeted to lysosomal compartments, while the other
bacilli are not. This work also indicated that this phenomenon is absent at later
time points after infection, which is consistent with a reduction in autophagic
targeting after an initial burst of activity (Rohde et al. 2012; Watson et al. 2012).
Moreover, the vast weight of the evidence supports the idea that while most M.
tuberculosis reside in early phagosomal compartments, M. tuberculosis phago-
somes within a host cell exhibit significant variation in their maturation status
within the endosomal-lysosomal pathway (Lee et al. 2008). Although we do not
yet understand the mechanistic basis for the heterogeneous response, one possi-
bility is that M. tuberculosis may employ an autophagy evasion strategy that
prevents ubiquitination but is only partially effective. Similarly, though perhaps
more appealing, is the possibility that phenotypic variation within the bacterial
population drives the heterogenous response. For example, stochastic fluctuations
in ESX-1 activity may give rise to cell-to-cell variations in flux of ESAT-6 and
thus create variations in membrane permeability from phagosome-to-phagosome
(Ohol et al. 2010). In either case, heterogeneity of autophagic targeting may be
important for successful infection by M. tuberculosis. For example, although
bacilli that become targeted to lysosomes may be killed, the resultant increase in
pro-inflammatory responses and elicitation of adaptive immune responses may
promote and favor the persistence strategy of the rest of the bacterial population.
Alternatively, it is possible that the heterogeneity is due to host processes, for
example, there may be an exclusive interplay between bacterial targeting and
membrane repair. In either case, the ability of M. fuberculosis to perforate the
membrane without its dissolution is likely under a delicate balance of factors, and
fine control of ESX-1 secretion may serve to limit membrane perforation and
cytosolic signaling (Ohol et al. 2010).

The other source of heterogeneity is temporal. The state of the infection
changes during later stages of infection, leading to morphological and transcrip-
tional changes during these later stages. Although it is not exactly known whether
bacilli that reach the more acidified compartments are viable, the evidence
strongly suggests that most of the bacterial growth occurs in the non-acidic
phagosomal compartment. Using an inducible GFP reporter system, Lee et al.
(2008) provide evidence that the M. tuberculosis cells that reside in less mature
phagosomes are more metabolically active than bacteria in more acidified com-
partments. Likewise, Rohde et al. (2012) directly showed that most of the bacterial
killing occurred in the first day after infection at which time bacterial colocalize
with lysosomes. This correlated with bacterial gene expression analysis, sug-
gesting that the intracellular environment changes during the course of
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macrophage infection. Taken together, this data indicate that during the first 2 days
of infection, naive macrophages are relatively adept at killing at least some bacilli,
an activity that likely requires autophagic targeting. Importantly, the authors go on
to show that after 2 days of infection, this “bottleneck” that constricts M. tuber-
culosis dissipates, leading to increased viability. An effect that was also observed
in vivo (Gill et al. 2009).

We propose a model in which ESX-1 plays an important and multifaceted role
during initial infection of macrophages (Fig. 1). We posit that cytosolic access is a
fundamental requirement of M. fuberculosis (and other intracellular bacterial
pathogens), and ESAT-6 serves to perforate the phagosomal membrane early after
infection. During this early time inside the phagocyte, bacterial-derived molecular
cues are recognized in the cytosol, initiating both the IRF3-dependent transcrip-
tional response and autophagy targeting. We suspect that a subpopulation of
bacteria, perhaps due to cell-to-cell fluctuations of ESX-1 secretion, are subject to
autophagy targeting and are killed during the early stages of infection. As infection
proceeds, cues from the intracellular environment are received and processed,
allowing the bacterium to adapt and promote cell survival, perhaps tampering pore
formation. Although the causal relationships have not been established, it is clear
that there is a great deal of dynamic changes occurring very early after M. tuber-
culosis infection of macrophages.

2 Lipid Virulence Factors of M. tuberculosis

The cell wall of M. tuberculosis contains numerous complex lipids. These lipids
have a dual role as both important structural components and as virulence factors
that mediate intimate interactions with host cells. M. tuberculosis cell wall lipids
confer a unique chemical composition and architecture that distinguishes this
bacterium from typical gram-negative and gram-positive bacteria. Surrounding a
standard inner membrane is a peptidoglycan—arabinogalactan polymer that is
linked to an outer membrane-like structure known as the mycomembrane (Hoff-
mann et al. 2008). The inner layer of the mycomembrane consists of very long
chain branched beta-hydroxy acids known as mycolic acids that are unique to
mycobacteria and related actinobacteria and are found covalently linked to arab-
inogalactan. The outer mycomembrane is comprised of a large variety of non-
covalently attached lipids and glycolipids, including additional mycolic acids in
the form of the glycolipid trehalose-6,6'-dimycolate (TDM), and a family of
structurally related phthiocerol dimycoserosates (DIMs) (Fig. 2). Finally, the
surface of M. tuberculosis is coated with a capsular layer that contains additional
extractable glycans, lipids, and proteins (Sani et al. 2010). Thus, the outer surface
is extremely hydrophobic and a reservoir for a myriad of bacterial products that are
poised for delivery to host cells.

From the earliest investigations into the virulence of M. tuberculosis, it was
recognized that the unique cell envelope of this organism confers the fundamental
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Fig. 2 Lipids from the M. tuberculosis cell wall and interactions with host signaling and immune
pathways. Non-covalently attached lipids found in the outer leaflet of the M. tuberculosis cell
wall, including trehalose dimycolate (TDM) and phthiocerol dimycoserosate (PDIM), are poised
for release inside of host cells. Lipids released from M. tuberculosis traffic outside the phagosome
and accumulate in host membranes, including multivesicular bodies (MVBs). M. tuberculosis
lipid virulence factors may have evolved to mimic host lipids and thereby directly influence
innate immune responses of macrophages via interactions with specific signaling pathways. For
example, activation of the lipid sensing nuclear receptor PPAR-y results in a gene expression
pathway that is anti-inflammatory and promotes M. tuberculosis growth in macrophages. In
addition, M. tuberculosis lipids released in the phagosome are loaded into CD1 molecules for
presentation to CD1 reactive T cells that participate in the adaptive response to infection. Finally,
M. tuberculosis lipids are exocytosed from infected macrophages where they can exert influence
beyond the infected cell. Uptake by neighboring dendritic cells would promote the priming of
CDI reactive cells and may influence the characteristics of the adaptive immune response.
Uptake by uninfected macrophages would serve to down-regulate effective innate immune
responses in the environment of the granuloma

basis of its ability to modulate host immunity. The effectiveness of M. tuberculosis
as an immunological adjuvant was found to result from properties of components
of the cell envelope, and this observation motivated the earliest investigations into
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the chemical composition of this structure. Early in the twentieth century it was
recognized that M. tuberculosis produces an astounding diversity of complex
lipids. The fact that many of these lipids are non-covalently attached to the surface
of the organism facilitated their isolation and characterization, and promoted the
hypothesis that lipids may be released from the cell surface during infection to
mediate interactions with the host. Association of specific bioactivities with dif-
ferent components of the M. tuberculosis cell wall soon followed, and mycobac-
terial lipids were confirmed as key virulence factors. Lipidomic and genomic
analysis of the M. tuberculosis cell have affirmed the complexity and importance
of lipids in M. tuberculosis biology (Cole et al. 1998; Layre et al. 2011).

Lipids produced by M. tuberculosis have been demonstrated to influence
inflammatory responses, macrophage differentiation and polarization, vesicular
trafficking, and host lipid metabolism. M. fuberculosis lipids are recognized by
innate immune receptors on macrophage and dendritic cells where they serve to
initiate inflammatory and immune responses. M. tuberculosis lipids are not limited
to being ligands for innate immune receptors as many M. fuberculosis lipids intersect
diverse host signaling processes in ways that may serve to down-regulate micro-
bicial and immune response pathways. Indeed, an exciting current area of recent
research is the intersection of M. tuberculosis lipids with host lipid sensing nuclear
receptors, an interaction that may have significant consequences for macrophage
differentiation upon infection. By regulating the innate response to infection, lipids
are able to influence the adaptive immune response thereby exerting effects on the
immune system that are observable at a systemic level. Purified M. tuberculosis
lipids are capable of initiating granulomatous responses, and regulate virulence of
the organism by fine-tuning the inflammatory response to a pitch that is optimal for
M. tuberculosis growth. Finally, M. tuberculosis lipids directly influence adaptive
immunity through activation of CD1 responsive T-cells and NK T-cells. Clearly,
lipids are key mediators of the host—pathogen interaction, with complex effects on
host cells and tissues. A full understanding of this complex biology as it relates to
human infection is an exciting area of current and future research.

2.1 Phthiocerol Dimycoserosate

Like many of the complex lipids found in the M. tuberculosis cell wall, lipids of
the phthiocerol family, including a family of structurally related phthiocerol di-
mycoserosates are found non-covalently attached to the cell surface where they are
important for cell wall integrity and intrinsic defense of M. tuberculosis against
environmental insults. In addition, phthiocerol dimycoserosates of M. tuberculosis
have long been associated with virulence. Decades ago, spontaneous M. tuber-
culosis mutants were isolated that were found to be attenuated in the guinea pig
model of infection, and were soon recognized as deficient for production of
phthiocerol dimycoserosate (PDIM) (Goren et al. 1974). The very first genetic
screens that sought to identify virulence factors in M. tuberculosis provided the
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first rigorous genetic proof that lipids in general, and PDIM in particular, play a
role in M. tuberculosis pathogenesis (Camacho et al. 1999; Cox et al. 1999). The
first published genetic screen conducted in M. tuberculosis, a signature tagged
mutagenesis screen for mutants with defective growth in the lungs of mice,
identified genes required for the biosynthesis of phthiocerol dimycoserosate
(PDIM). Mutants unable to synthesize or secrete PDIM to the cell surface were
found to be defective for replication in lung tissue during the acute phase of
infection (Cox et al. 1999), establishing PDIM as one of the first virulence factors
described in M. tuberculosis. In addition, mutants lacking PDIM have an altered
colony morphology suggesting that PDIM may play a structural role in the
mycobacterial cell wall (Cox et al. 1999). Despite the considerable evidence that
PDIM is required for full virulence of M. tuberculosis, the mechanism by which
PDIM contributes to pathogenesis is unclear. PDIM mutants arrest phagosome
maturation to the same degree as wild-type M. tuberculosis, and are not defective
for growth in inactivated macrophages (MacGurn and Cox 2007; Rousseau et al.
2004), suggesting that the interaction of PDIM with the host may occur at the level
of a complex interaction with the immune system. PDIM deficient mutants are
defective for growth in interferon-y (IFN-y) activated macrophages, pointing to a
role for PDIM in resisting the effects of IFN-y. However, PDIM mutants do not
show increased susceptibility to reactive nitrogen intermediates in vitro (Camacho
et al. 1999), and are highly attenuated in iNOS deficient mice (Kirksey et al. 2011;
Murry et al. 2009). Taken together, the data suggest that PDIM is required for
resistance to an IFN-y dependent mechanism that is iNOS independent. Whether
PDIM contributes to resistance through its role in cell wall integrity, or through a
more specific host—pathogen interaction is an area of future investigation.

2.2 Mycolic Acids in Inflammatory Responses

Although much attention has been focused on the ability of M. tuberculosis to
resist or inhibit immune responses, it is clear that inducing an inflammatory
response can be beneficial to the bacterium in some contexts. The inflammatory
response to infection leads to the formation of granulomas, immune structures that
are the hallmark of M. tuberculosis infection. The role of the granuloma in the
pathogenesis of tuberculosis is complex. Although a robust granulomatous
response has been associated with local control of bacterial replication and reso-
lution of disease (Capuano et al. 2003; Lin et al. 2009), granulomas have also been
demonstrated to promote bacterial replication and dissemination in M. marinum
infected fish (Bold and Ernst 2009; Lesley and Ramakrishnan 2008). In addition,
necrotic granulomatous lesions with liquid caseated centers are responsible for
transmission of disease in the human population. Intriguingly, a single lipid found
on the cell surface of virulent mycobacteria, Trehalose-6,6’-dimycolate (TDM), is
capable of eliciting a granulomatous response that recapitulates the hallmarks of
the granulomatous response induced by infection with the fully virulent organism.
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TDM is a glycolipid consisting of two mycolic acids linked by a trehalose
sugar, and is the most abundantly produced lipid on the surface of virulent strains
of M. tuberculosis. TDM has a long and rich history, as it was one of the first lipids
associated with the virulence of M. tuberculosis. In 1884, Robert Koch observed
that M. tuberculosis forms microscopically visible serpentine cords in broth cul-
ture. Decades later, Middlebrook noted that this cording morphology is observed
only in virulent strains of M. tuberculosis, initiating the search for a “cord factor”
that might confer virulence on the organism (Middlebrook et al. 1947). Subsequent
investigations resulted in the isolation of “cord factor”, later identified as TDM
(Bloch 1950; Noll et al. 1956). Although more recent research has determined that
TDM is not required for mycobacterial cording, the contribution of TDM to vir-
ulence of M. tuberculosis is an area of ongoing investigation. Numerous studies
have demonstrated that purified TDM is highly bioactive, with potent effects on
mammalian cells (reviewed in Daffe and Draper 1997; Hunter et al. 2006),
including a proposed role in the modulation of phagosome maturation (Axelrod
et al. 2008; Indrigo et al. 2003), the ability to elicit production of the inflammatory
cytokines such as IL-1 and TNF-« (Geisel et al. 2005), and the capacity to stim-
ulate lung granuloma formation (Bekierkunst et al. 1969). Injection of purified
beads coated with mycobacterial lipids (including TDM) into mice induces a
potent local granulomatous response characterized by the recruitment of immune
cells, neovascularization, and the differentiation of macrophages into epithelioid
cells and lipid droplet laden foamy macrophages (Kim et al. 2010).

In recent years, the ultrastructure of mycolic acids has become an area of
considerable interest, as specific modifications found on mycolic acids have been
found to profoundly affect the bioactivity of these molecules. Three distinct sub-
classes of mycolic acids are found on virulent M. tuberculosis, the o-, methoxy-,
and keto-mycolic acid forms. These forms of mycolic acids are classified based on
specific modifications of the meromycolate chain; o-mycolic acids have two
cyclopropane rings, methoxymycolates have a single cyclopropane ring and a
methoxy group, and ketomycolates have a single cyclopropane ring and a ketone
(Takayama et al. 2005). These modifications are instilled by a specific family of
S-adenosyl methionine dependent methyltransferases (George et al. 1995; Yuan
and Barry 1996; Yuan et al. 1995). In an elegant series of experiments, genetic
manipulation of these mycolic acid-modifying enzymes in M. tuberculosis has
defined the role that the modifications play in virulence. Inactivation of individual
mycolic acid modifying enzymes results in mutants with defined and specific
changes in pattern of modifications found on the mycolic acids. Surprisingly, TDM
obtained from these M. tuberculosis mutants is either hypo-inflammatory or hyper-
inflammatory, depending upon the specific modifications of the mycolic acid fine
structure resultant in each mutant (Dao et al. 2008; Glickman et al. 2000; Rao et al.
2005, 2006). The in vivo phenotypes of these mutants correlate with the inflam-
matory properties of the TDM; mutants with hypo-inflammatory TDM are hyper-
virulent, whereas mutants with hyper-inflammatory TDM are attenuated (Rao et al.
2005, 2006). Likewise, the cyclopropanation modifications have been clearly
established to suppress immune responses (Barkan et al. 2012). Taken together,
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there is strong evidence that in addition to their important structural role in the cell
wall, mycolic acids are also crucial virulence determinants that specifically
influence the nature of the immune response to M. tuberculosis infection.

2.3 M. tuberculosis Lipids and Interactions with the Host

Despite abundant evidence that lipids are important virulence factors for
M. tuberculosis, relatively little is known about how M. tuberculosis lipids interact
with the host at the molecular level. This is in part because of the difficulty of
studying lipids relative to proteins, which are biochemically more tractable and for
which more tools are available. Identification of lipid interaction partners is dif-
ficult, and although a few receptors for M. tuberculosis lipids have been identified
(Ishikawa et al. 2009a; Underhill et al. 1999), very little is known about how M.
tuberculosis lipids specifically interact with the host to achieve effector function.
Indeed, although it is possible that lipids exert their effects by interacting with host
proteins, it is also possible that interaction with host membranes is a key to
understand the role that M. tuberculosis lipids play in pathogenesis.

In contrast to protein virulence factors that require active transport and secre-
tion mechanisms to traverse host membranes, the hydrophobic nature of
M. tuberculosis lipids means that these molecules can readily insert into virtually
any biological membrane, including those of the host. Accordingly, M. tubercu-
losis lipids have been observed intercalated into numerous host membranes,
including membranes of the endosomal-lysosomal network, and mitochondria.
TDM inserts into model phospholipid monolayers where it decreases membrane
fluidity and increases passive permeability (Rhoades and Ullrich 2000). Similarly,
biochemical studies have suggested that the biological effects of PDIM on host
cells may be a consequence of influencing host cell membrane structure (Astarie-
Dequeker et al. 2009). Purified PDIM inserts into model membranes, increasing
the rigidity of the bilayer, and the ability of PDIM to alter host membranes has
been observed in macrophage infections. Mycobacterium bovis BCG was found to
interact with human macrophages in a manner that led to a change in global
membrane fluidity of the host cell, and this was found to be dependent on PDIM.
The ability of PDIM to alter host membrane fluidity may influence phagocytosis
and subsequent trafficking events in a manner that promotes bacterial survival in
the macrophages. Given the evidence for pore formation in phagosomal mem-
branes mediated by M. tuberculosis, it is an intriguing possibility that PDIM could
participate in this process.

Studies have suggested that M. tuberculosis lipids are abundantly produced
during macrophage infection, and that these lipids are actively trafficked out of the
mycobacterial phagosome (Beatty et al. 2000, 2001; Beatty and Russell 2000; van
den Elzen et al. 2005). These lipids include many known to be associated with the
outer cell envelope, including TDM and DIMs. Once released from the phago-
some, M. tuberculosis lipids are observed intercalated into the membranes of host
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organelles and endocytic compartments including MHC class II rich multi-
vesicular bodies. Ultimately, M. tuberculosis lipids are exocytosed from infected
macrophages, where they traffic into neighboring uninfected macrophages. As
much of the bioactivity of M. tuberculosis lipid virulence factors has been ascribed
to the ability to modulate inflammatory responses and macrophage differentiation,
spread of M. tuberculosis lipids from infected cells to uninfected “by-stander”
cells is a potential mechanism for expanding the influence of M. tuberculosis
virulence factors beyond individual infected macrophages (Russell 2011; Russell
et al. 2009) (Fig. 2). In addition, the exocytosis of M. tuberculosis lipids from
infected macrophages may be important for acquisition of lipid antigens by den-
dritic cells which express class I CD1 molecules and can therefore present these
lipid antigens to CD1 reactive T-cells (van den Elzen et al. 2005).

2.4 Complex Crosstalk Between Host and Pathogen Lipid
Metabolism

Intriguingly, M. tuberculosis lipids may have a major role in influencing host-lipid
metabolism and in the development of host immune cells. Foam cells are a type of
differentiated macrophage that is filled with host-derived lipids stored in organelles
known as lipid bodies. These cells are thought to be relevant to the pathophysi-
ology of human disease as they are observed in granulomas isolated from human
patients, most often in association with granulomatous lesions that are necrotic
with caseous centers (Peyron et al. 2008). The role that foamy macrophages play in
the pathogenesis of tuberculosis has become an area of interesting research.
Infection of macrophages with M. tuberculosis in vitro has been shown to lead to
differentiation into foamy macrophages. This has been attributed to mycolic acids
found in the cell wall of M. tuberculosis, and purified mycolic acids, including
TDM, isolated from virulent mycobacteria can also induce foamy macrophage
differentiation in vitro (Korf et al. 2005; Peyron et al. 2008; Puissegur et al. 2004).
This effect is likely dictated by the bacteria as the ability to drive foamy macro-
phage differentiation seems to be specific to oxygenated keto-and hydroxyl
mycolic acids (Peyron et al. 2008).

In EM studies of M. tuberculosis infected foamy macrophages, lipid bodies
formed upon infection quickly associated with and fused with phagosomes, pre-
sumably delivering a rich source of lipids to the bacteria. It is well documented
that host lipids are an important nutrient source for M. tuberculosis in vivo, leading
to the hypothesis that lipid bodies found in foamy macrophages are important
nutrient sources for persistent infection (Kim et al. 2010; Peyron et al. 2008). The
biology of lipid bodies and the role that they may play in infection is complex, as
these organelles are also sites for the production of eicosanoids, lipid mediators of
inflammation that are important for determining the outcome of M. tuberculosis
infection (D’ Avila et al. 2006). In addition, the association of foamy macrophages



Host-Pathogen Interactions 231

with necrotic lesions, and the similarity of lipids found in lipid bodies with those
comprising the caseum of necrotic lesions, has led to the hypothesis that foamy
macrophages play a key role in the formation of caseous lesions, and therefore the
tissue damage and destruction are required for transmission of the disease (Russell
et al. 2009). It is interesting to speculate one way that mycolic acids on the surface
of M. tuberculosis contribute to virulence is by driving the differentiation of foamy
macrophages, thereby creating both a nutrient reservoir for bacterial growth and
promoting immune responses that favor transmission of the disease.

Mammalian lipids are important regulators of inflammatory signaling path-
ways, suggesting that some of the complex lipids of M. tuberculosis may have
evolved to mimic host lipids to activate specific host signaling pathways. The
recent finding that M. tuberculosis lipids may activate signaling via host lipid
sensing nuclear receptors in the macrophage provide insight into the mechanisms
by which M. tuberculosis lipids may influence host lipid metabolism, macrophage
differentiation, and inflammatory responses. Peroxisome proliferator-activated
receptors (PPARs) are type II nuclear receptors with well-established roles in
cellular differentiation, lipid metabolism, and inflammation (Mahajan et al. 2012;
Varga et al. 2011). Of particular relevance to immunity is the ability of PPARs to
respond to fatty acid derived eicosanoids. Eicosanoids are potent host signaling
molecules that have been proposed to regulate may act as a key aspect of M.
tuberculosis infection, whether infected macrophages die by apoptosis or necrosis
(Behar et al. 2011; Divangahi et al. 2010; Lu et al. 2005; Mahajan et al. 2012;
Rajaram et al. 2010), and the balance of inflammation that is critical for deter-
mining the outcome of infection at a systemic level (Beckman et al. 1994; Tobin
et al. 2010). Responses mediated by activated PPAR-y include a role as a negative
regulator of macrophage activation that inhibits the expression of inflammatory
genes, enhances IL-10 expression, and inhibits the macrophage respiratory burst. It
is possible that mycobacterial lipid virulence factors have evolved to take
advantage of PPAR-y signaling to alter responses to infection and promote an
environment that is conducive to bacterial growth and persistence. In this way, it is
possible that some M. tuberculosis lipids may mimic natural ligands. Mycobac-
terial lipids are potent transactivators of PPAR-y mediated transcriptional
responses (Mahajan et al. 2012; Sieling et al. 1995), and knockdown of PPAR-y
during M. tuberculosis infection of macrophages results in impaired growth of the
bacterium that is correlated with increased levels of IL-6, TNF-«, PGE2, and
reactive nitrogen species, and decreased levels of IL-10 (Mahajan et al. 2012;
Moody 2006; Rajaram et al. 2010). Intriguingly, in PPAR-y silenced macrophages,
a decrease in lipid body formation/foamy macrophage differentiation was also
observed. This data support the hypothesis that activation of PPAR-y by
M. tuberculosis lipids may promote virulence by modulating macrophage function,
both by creating a foamy niche for bacterial persistence and/or by down-regulating
harmful inflammatory responses, potentially by influencing the balance of eico-
sanoids produced during infection.

The ability to regulate immune responses by modulating host lipid sensing
nuclear receptors is likely not limited to signaling through PPAR-y. Indeed,
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evidence suggests that the crosstalk between mycobacterial lipids and these
receptors may be complex, as other receptors such as TR4 seem to play similar
roles to PPAR-y in downregulating macrophage inflammatory responses, LXRa
plays a role in upregulating effective immune responses. It is interesting to
speculate that the differential requirements for host lipid sensing nuclear receptors
have evolved as a mechanism by which M. tuberculosis is able to fine-tune
immune responses to elicit the optimal balance of immunity that promotes growth,
persistence, or transmission.

2.5 CDI and T Cell Responses to M. tuberculosis Lipids

Although much of the work describing the ability of M. tuberculosis infection to
stimulate and modulate immune responses has focused on the host—pathogen
interaction at the level of the infected macrophage, this is only a single component
of a multi-dimensional immune response encompassing a large number of cell
types with complex and dynamic interactions. The documented effects that M.
tuberculosis lipids have on macrophage responses likely have ramifications for
influencing adaptive immune responses, however it is also likely that M. tuber-
culosis lipids play a more direct role in orchestrating the adaptive response to
infection via the activation of CDI1 restricted T-cells.

CDl1 proteins are MHC like proteins that present lipid antigens to T-cells and
NK T-cells. CD1 molecules are classified as group 1 (CDla, CD1b, CDIc) and
group 2 (CD1d) with CDle considered to be intermediate between the two groups.
It is well documented that human T-cells respond to group 1 CD1 presentation of
lipid antigens derived from M. tuberculosis, including mycolic acids (Beckman
et al. 1994; Fischer et al. 2004), lipoarabinomannans (Kasmar et al. 2011; Sieling
et al. 1995), and other lipids (Behar et al. 1999; Moody 2006). In addition, there is
evidence that mycobacterial phosphatidylinositol mannosides can bind CD1d and
activate NK T-cells (Fischer et al. 2004). Considerable effort has gone into
identifying the molecular basis by which CD1 molecules acquire and present lipid
antigens from mycobacterial species, and a wealth of evidence supports the idea
that M. tuberculosis lipid antigens presented by CD1 antigens activate T-cells by
both direct and indirect mechanisms (Kasmar et al. 2011).

Insights into the functional consequences of CDI1 lipid antigen presentation
have been limited by the fact that mice lack group 1 CD1 orthologs. Mice do
express CD1d molecules, however, CD1d is thought to be less relevant to
mycobacterial infection, and knockout mice lacking CDI1d lack a discernable
phenotype (Behar et al. 1999). Nevertheless, in vitro studies of CD1 function using
human cells have demonstrated that human CD1 reactive T-cells express Thl
associated cytokines and can limit the in vitro growth of M. tuberculosis through
cytolysis and other bactericidal activities, suggesting that these cells may help
control infection with M. tuberculosis (Stenger et al. 1997, 1998). In addition,
clinical studies of human tuberculosis patients have consistently identified
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lymphocytes that are responsive to mycobacterial lipid antigens (Gilleron et al.
2004; Moody et al. 2000a, b; Ulrichs et al. 2003). These findings demonstrate that
M. tuberculosis infection results in the activation of CD1 reactive T-cells, however
they do not clearly establish the functional consequences of this activation. Several
in vitro studies have hypothesized that M. tuberculosis may actively downregulate
CD1 expression, leading to the hypothesis that CD1 mediated responses may be
detrimental to bacterial growth and persistence. However, the hypothesis that
M. tuberculosis may elicit CD1 mediated responses as a pathogenic strategy has
also been proposed (Shinkai and Locksley 2000). The difficulty with which in vitro
observations of CD1 function during M. tuberculosis infection can be translated
into in vivo experimental systems has made a clear understanding of the role of
CD1 in M. tuberculosis infection difficult to obtain. If CD1 mediated responses are
indeed protective, an important question is whether these responses are long
lasting and may therefore contribute to memory responses for vaccine develop-
ment. The area of human immunology describing adaptive immune responses to
lipid antigens is therefore an exciting area of research for future investigation.
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