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Introduction

Mycobacterium tuberculosis is the causative agent of human tuberculosis. The bacterium has
the capacity to persist in its human host for decades prior to progressing to active disease. In
fact, on balance, humans deal with M. tuberculosis infection quite effectively with only an
estimated 5-10% of those infected actually ending up with clinical disease. However,
because of the extraordinary penetrance of this infectious agent across the global population,
this accounts for in excess of one million deaths due to tuberculosis every year. The
combination with HIV in Sub-Saharan Africa is catastrophic and M. tuberculosis is now the
leading cause of mortality amongst individuals living with HIV.

The success of M. tuberculosis as an infectious agent is due in large part to its ability to
persist in its host, and this is due to the extraordinarily intimate association that is formed
between the bacterium and its host cell. We believe firmly that in considering tuberculosis
one should consider the infected macrophage as the “minimal unit of infection”. Much of
our research interests over the past two decades has centered on understanding how the
physiology and metabolism of both bacterium and host cell are influenced and shaped by
this enduring association.

Our understanding of the early events following infection is restricted predominantly to data
from murine infections and the phagocyte populations in the lung during early M.
tuberculosis infection of mice are extremely plastic. Ernst and colleagues conducted detailed
analysis of the different phagocytes infected with GFP-expressing M. tuberculosis at
different times post infection (1). They showed that M. tuberculosis was differentially
distributed in alveolar macrophages, recruited interstitial macrophages, monocytes, dendritic
cells, and neutrophils. The potential significance of this phagocyte heterogeneity was
illustrated by Leeman and colleagues who demonstrated that bulk depletion of macrophages
prior to infection with a lethal challenge dose of M. tuberculosis improved survival of the
mice, however, in contrast, specific depletion of activated macrophages was detrimental to
the mice (2, 3). One interpretation of these data is that certain macrophages are required to
provide a permissive niche for bacterial growth, but that depletion of classically-activated
macrophages reduces control of the infection. The idea that disease progression can be
influenced both positively and negatively by the relative expansion of distinct subsets of
phagocytes was shown elegantly by the work of Antonelli and colleagues (4). They treated
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mice intra-nasally with the Type 1 IFN inducer Poly (I:C) prior to infection with M.
tuberculosis and found that this induced a marked increase in bacterial load in the lungs.
More recently, Dorhoi and colleagues showed that Type 1 IFN receptor-deficient mice were
partially protected from M. tuberculosis-challenge and exhibited depressed recruitment of
inflammatory monocytes to the lung (5). The data all reinforce the perception that the
identity and characteristics of the host phagocyte populations present and recruited to the
site of infection have a fundamental impact on bacterial survival and growth.

The above studies all focused on initial stages of infection prior to and during development
of the acquired immune response. However, phagocyte heterogeneity is also observed in
established granulomas in non-human primates (NHP). Flynn and colleagues demonstrated
that TB granulomas in macaques contain many diverse types of phagocytes that express
different surface markers and activation proteins such as Argl, Arg2, iNOS and eNOS (6).
These data were the basis for a model for granuloma progression driven by macrophage
polarization developed by Kirschner and Flynn (7). They argue that macrophage polarization
ratios are predictive of granuloma outcome and that stable, necrotic granulomas with low
bacterial burden and limited inflammation are characterized by transient intervals of NF-xB
activation. The heterogeneity in phagocyte phenotype is also reflected in the heterogeneous
balance of lymphocyte subsets in different granulomas in M. tuberculosis-infected macaques

(8).

Clearly the dynamics of the M. tuberculosis-phagocyte interaction /n vivo are extremely
complex. How does one start to unravel the potential significance of this /n vivo
heterogeneity in phagocyte populations on bacteria fitness and growth, and the progression
of disease? In this chapter we explore how the understanding of experimental M.
tuberculosis infections of murine bone marrow-derived macrophage in tissue culture, as a
defined, manipulable model system can be used to develop and validate tools to probe the
extraordinary heterogeneity of the /n vivo infection. Finally, and more significantly, how the
incorporation of the host phagocyte into drug discovery programs allows identification of
metabolic targets unique to the intracellular environment exploited by M. tuberculosis.

Phagocytosis and beyond

M. tuberculosis is internalized by classic phagocytosis. Normally, particles phagocytosed by
macrophages are delivered to the acidic, hydrolytic environment of the lysosome, but M.
tuberculosis has evolved strategies to arrest phagosome maturation (9). The compartment in
which M. tuberculosis resides has a slightly acidified pH (pH 6.4), remains accessible to the
endosomal network, and exhibits minimal acquisition of lysosomal hydrolases. Classic
activation of the macrophage with interferon gamma (IFN-vy) prior to infection enables the
macrophage to overcome this blockade and deliver the bacterium to a more acidic
compartment (10, 11). The ultimate killing of M. tuberculosis by activated macrophages is
dependent on multiple factors most significantly the production of nitric oxide (NO), the low
pH of the lysosome, and the delivery of antimicrobial peptides through the process of
autophagy (12-14).
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Several publications document M. tuberculosis’s ability to escape the phagosome and access
the cytosol of its host cell (15-18). However, this event appears to precipitate the necrotic
death of the infected macrophage therefore we feel it is a transient event that may have
significance with respect to the pathology observed in late stage disease, but is of less
importance to the long-term survival of the pathogen across the phagocyte populations of its
host. We believe that temporally and spatially, the intravacuolar population of M.
tuberculosis represents a more significant target for therapeutics (19).

M. tuberculosis’s response to the intracellular environment

Schnappinger and colleagues published the first transcriptional profiling analysis of M.
tuberculosis in macrophages under differing levels of immune activation (20). These data
indicate that M. tuberculosis perceived the environment within the macrophage as hostile
environment and exhibited upregulation of expression of genes associated with DNA-
damage, cell wall attack, and showed up-regulation of genes linked to fatty acid metabolism
as opposed to glucose metabolism.

More recently we have probed M. tuberculosis’s response to the phagosomal environment
by transcriptional profiling with two goals in mind (21, 22). The first was to link
transcriptional responses to specific environmental cues encountered within the phagosome
of the macrophage, and the second was to exploit that information to build fluorescent
reporter bacterial strains that could be used to inform us of the functionally-significant
heterogeneity of the bacterial populations in different infection models (23). Transcriptional
profiling is an extremely powerful approach, but the data generated are always going to
represent an average across the bacterial population, and because heterogeneity exists in
both the host phagocytes and the bacterial population it is critical that we develop effective
means of assessing bacterial fitness and growth across the spectrum of phagocyte
populations that the bacterium infects /n vivo.

Rohde and colleagues developed a long-term culture infection model that allowed us to
maintain M. tuberculosis in macrophage culture for 14 days, Figure 1 (24). Interestingly, the
most marked transcriptional response was at two days post-infection, with the profile
trending towards the mean over the rest of the infection period. Determination of the CFU
counts indicated that there was an initial drop in bacterial viability over the first 2 days
confirming that the transition was stressful for M. tuberculosis. Interestingly, analysis of
bacterial replication rates utilizing a clock plasmid developed by Gill and coworkers (25)
demonstrated that bacterial replication was rapid during early infection, which slowed
considerably from days 2—4, and then recommenced from day 4-6 onwards. These data
indicate that rapid bacterial growth appears to be inconsistent with survival within the
phagosomal environment of the macrophage. If one mapped the temporal changes in
transcriptional profile of genes of known association, such as those in the DosR stress
regulon, one observes increased expression from day 0-2, at a relatively sustained level of
expression from day 2—6, and then decreasing abundance of transcripts from day 6 onwards,
as the bacterial population re-enters growth phase.
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Homolka and colleagues extended these analyses in a comparison between 2 lab strains
(CDC1551 and H37Rv) and 15 clinical isolates that represented the genetic diversity of the
M. tuberculosis complex that currently circulate within humans across the globe (26). The
goal of this study was to identify the “core” or a common transcriptome expressed by M.
tuberculosis inside macrophages. Once again the induced expression of genes associated
with hypoxia, oxidative and nitrosative stress, cell wall and DNA repair, and fatty acid
metabolism across the panel of clinical isolates confirmed the previous, single strain data
(20, 21).

Linking environmental cues and responses

The next step in our analysis was to link the transcriptional responses to specific
environmental cues. Phagosome maturation is a continuum and it would be logical for M.
tuberculosis to have evolved the capacity to sense and respond to gradients linked to the
maturation status of its vacuole. In initial studies we blocked phagosomal acidification with
the V-ATPase inhibitor concanamycin A and compared the transcriptional profile to bacteria
in unperturbed phagosomes (23, 27). In control macrophages M. tuberculosis upregulated
the expression of 68 genes 2 hrs post internalization, whereas in the non-acidified
phagosomal environment only 38 of these genes were up-regulated. Much of this pH-
dependent response was regulated by the two-component regulator PhoPR, which included a
locus, AprABC, that regulates the expression of genes linked to the synthesis of
triacylglycerol (TAG) and pthiocerol-dimycocerosate (PDIM). In fact, M. tuberculosis
exposed to reduced pH exhibits enhanced production of PDIMs such as pthiodiolone and
pthiocerol A, which are virulence-associated lipids that are also linked to the utilization of 3-
carbon intermediates like propionyl-CoA generated from the breakdown of cholesterol (28).
This is discussed in greater depth later in this review.

Chloride is one of the counter-ions that balance the activity of the proton-ATPase
responsible for phagosome acidification, and analysis of phagosome maturation using
fluorogenic chemical readouts show that the concentration of CI™ increases in proportion to
the reduction of pH, reaching a maximal concentration of around 100 mM. We have found
that M. tuberculosis senses and responds to CI™ over this physiological concentration range,
and that the expression of several genes are up-regulated synergistically by exposure to a
combination of lowered pH and increased CI~ concentration (29).

These types of complex multi-genic responses to relatively simple environmental cues are
excellent examples of how bacterial regulons are molded by evolutionary pressure to
facilitate pathogens, such as M. tuberculosis, to rapidly re-align their physiology to exploit
the different environmental niches to which they are exposed within their host.

Construction of reporter strains

We utilized our transcriptional profiling data to select genes that were specifically, and
markedly up-regulated in response to environmental cues of interest. We cloned putative
promoter regions from these ORFs into a plasmid upstream of M. tuberculosis codon-
optimized gfp, and tested for enhanced expression of GFP under appropriate environmental
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conditions (23, 29). For reasons we did not pursue, many constructs did not work!
Nonetheless, we currently have a panel of reporter M. tuberculosis strains that respond to
environmental stimuli. In addition to the inducible GFP expression, these reporter plasmids
also contain the mCherry gene downstream of the constitutive promoter from smyc (30).

We next developed a murine model of vaccination to probe the phenotype(s) of our reporter
strains in the context of both naive and vaccinated hosts (31). Mice were vaccinated with
heat-killed Erdman M. tuberculosis and challenged with three different reporter strains of
Erdman M. tuberculosis. The bacterial strains we used responded to pH and chloride ions
(rv2390c*:GFP, smyc”:mCherry), NO radicals (#sp.X*:GFP, smyc*:mCherry), and a
replication reporter strain that contained a translational fusion between the single strand
binding protein (SSB) with the GFP protein (SSB-GFP, smyc”:mCherry). This latter
construct had been used previously in E. coliwhere replicating bacteria form a green
fluorescent puncta which is associated with chromosomal replication (32). In M.
tuberculosis, we found that this SSB-GFP positive complex persists for 70-80% of the
replication cycle of the bacterium. We sacrificed mice at 14 and 28 days post challenge to
quantify and determine the bacterial responses through imaging of thick sections from
formaldehyde-fixed tissue.

The response of the rv2390c”.GFP, smyc*:mCherry reporter construct was theorized to
correspond to vacuolar maturation. Interestingly, we found that the levels of induction of
GFP in this reporter strain were lower in vaccinated versus naive mice at early time points,
which appears counter-intuitive. The data suggest that in mock-treated mice, M. tuberculosis
initially encounters a high [CI7]/low pH environment consistent with increased phagosomal
maturation, which trends towards a lower [CI7]/higher pH environment at later time points.
This indication of early stress during the establishment of infection is consistent with
published studies in both macrophage and murine infections, which implies that bacteria
coming from broth culture have to re-align their physiology to be compatible with
intracellular survival (22, 27). During this adjustment period, rapidly growing organisms
survive poorly. The reduced expression of rv2390c::GFP in the presence of an acquired
immune response, observed in the current study, could be explained by either of two
mechanistically-divergent scenarios. Firstly, while the adjustment in bacterial physiology
required to support intracellular survival may come at a cost with respect to bacterial
numbers, the re-alignment of bacterial physiology in the surviving bacteria may be
accelerated by the presence of a pre-existing immune response to M. tuberculosis. Or,
secondly, that bacilli expressing higher levels of rv2390c”:GFP may be the very bacteria
that are killed most effectively by the pre-existing immune response. Although the
underlying mechanisms may differ the outcome is the same; the accelerated generation of a
bacterial population better equipped to survive in its host.

The presence of a pre-existing immune response against M. tuberculosis should lead to
immune activation of infected macrophages and the induction of expression of the inducible
nitric oxide synthase (NOS2). Our second reporter strain Asp.X:GFP, smyc”:mCherry, was
selected because of the robustness of the response of hspX expression to NO in culture. In
this bacterium the level of expression of GFP was markedly enhanced in the vaccinated mice
at day 14 post-infection but equivalent at day 28 post-infection suggesting that expression
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closely mirrored development of an acquired immune response, Figure 2. Furthermore, the
levels of expression of GFP in IFN-y-deficient and NOS2-deficient mice were considerably
lower than those of wild-type mice. In addition, co-labeling of the tissue with antibodies
against the NOS2 demonstrated that the regions of tissue positive for NOS2 enzyme
corresponded to those regions containing GFP-positive bacilli.

Our final reporter strain used in these studies contained the plasmid SSB-GFP,
smyc”:mCherry, which reports on bacterial replication. At 14 days post-challenge, there was
considerable diversity in the percentage of actively replicating M. tuberculosis within the
various treatment groups, and no statistically significant differences between M. tuberculosis
in vaccinated and naive mice were observed. In contrast there were distinct differences in the
relative replication status of M. tuberculosis between experimental groups at 28 days post-
challenge. Confocal microscopy of infected tissue showed that fewer M. tuberculosis
exhibiting SSB-GFP foci were observed in vaccinated mice as opposed to naive mice.
Furthermore, consistent with the increased growth of M. tuberculosis in IFN-y-deficient mice
at 28 days post-challenge, we observed a greater number of bacteria positive for SSB-GFP
foci in these mice. These data are consistent with the conventional view that vaccination will
lead to a reduction in the number of actively-replicating M. tuberculosis in the host.

the single cell suspension

In these early studies, performed primarily to validate the reporter strains, we relied on
histological approaches to visualize and quantify the bacterium’s response to the host
immune environment. Moving forward we wanted to exploit these reporters to probe M.
tuberculosis’s phenotypes within the context of the different host phagocyte populations
utilizing methods similar to those developed by Ernst and colleagues (1, 33).

In our first study probing bacterial phenotypes in the context of phagocyte subsets during the
course of infection we investigated the impact of the immune status of the host cell on the
susceptibility of the intracellular M. tuberculosis in response to different frontline drugs,
Figure 3 (34). Mice were infected with M. tuberculosis expressing mCherry for 21 days
prior to euthanasia and we generated single cell suspensions from the infected lung tissue.
We identified infected phagocytes by gating on cells that were CD11b-positive which
contained mCherry expressing M. tuberculosis. We then sorted infected myeloid cells into
CDB80 high and CD80 low populations to segregate activated versus resting M. tuberculosis-
infected cells. Further flow cytometric analysis of these sorted populations showed that the
CD8O0 high cells also expressed high levels of MHC class Il and NOS2 confirming their
immune activated state. These cells were then established in culture and incubated with
isoniazid (INH) or rifampin (RIF) for 24 hr. Bacterial survival was then scored by counting
CFUs from these isolated cells. Normalizing the bacterial burden from the drug-treated cell
populations to the appropriate control populations revealed that M. tuberculosis in activated
myeloid cells exhibited markedly decreased sensitivity to both INH and RIF. We
subsequently determined that immune activation of macrophages in tissue culture induced
drug tolerance to INH, RIF, pyrazinamide (PZA), and ethambutol (EMB) in the intracellular
M. tuberculosis. We went on to demonstrate, with NOS2-deficient mice, that the expression
of NO was a dominant driver of this drug tolerant phenotype. However, the stress response
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induced in drug tolerant M. tuberculosis is multigenic and involved up-regulation of 4 major
regulons, including dosR, mprA, phoP, and sigK. The expression of the genes in these
regulons is up-regulated in response to exposure to NO, low pH, oxidative stress, hypoxia,
membrane damage and nutrient starvation, implying that the acquisition of a drug tolerant
phenotype could result from exposure to different host-derived stresses. These data are
consistent with the previous report by Manina and colleagues documenting the phenotypic
heterogeneity that the immune response to infection induces in M. tuberculosis, and how this
links for metabolic activity and drug tolerance (35).

We are currently probing the phagocyte subsets with greater resolution to determine the
bacterial fitness in the different host cell populations. Similarly to the reported findings of
Srivastava and colleagues (1, 33), we detect M. tuberculosis in alveolar macrophages,
neutrophils, recruited interstitial macrophages and monocyte-derived dendritic cells. The
relative number of bacteria in the different phagocyte subsets is extremely dynamic during
the first 4 weeks of infection as the mouse transitions from a naive host to one with an
acquired immune response. Some preliminary analysis of the dynamic nature of this
interaction is illustrated in Figure 4 (Huang and Russell, unpublished data). We show
analysis of the single cell suspensions isolated from infected mouse lung tissue. The flow
cytometric analysis involves the identification of live cells, that are infected with reporter
strains of M. tuberculosis, in this case the AspX”::GFP, smyc”:mCherry strain. Gating on the
mCherry-positive cells these can be subjected to preliminary assignment as alveolar
macrophages, monocyte-derived dendritic cells, and recruited interstitial macrophages on the
basis of the levels of surface expression of SiglecF and CD11c. The cells are fixed for
further analysis to correlate the bacteria’s stress response status (4sp.X”:GFP) with the level
of expression of the host nitric oxide synthase (NOS2). The level of induction of GFP
expression in M. tuberculosis increases between the 14 and 28 day time points, which is
consistent with the increased expression of NOS2 in the different cell subsets. The level of
expression of NOS2 is lowest in the alveolar macrophages, as is the level of induction of
GFP in those M. tuberculosis. These data suggest that the alveolar macrophage population
represents a less stressful host cell environment than the other phagocyte populations shown
here. But a more extensive analysis of the hypothesis that these different phagocyte
populations present differing degrees of permissiveness or control of bacterial growth is in
progress. This figure is intended to show the experimental approaches behind this rationale,
and not provide a definitive answer.

Nonetheless, what these reporter strain studies have shown us is that the environment(s)
within the host phagocytes are heterogeneous, both spatially and temporally, and that this
heterogeneity has fundamental consequences on bacterial fitness and growth, and ultimately
on the progression of the infection to active disease.

Chemical genetics of M. tuberculosis infection in macrophages

Intracellular pathogens such as M. tuberculosis have evolved to specifically survive within
their respective host cells and these pathogens are inextricably linked to the unique
constraints of the various cells they infect. With this in mind we conducted an unbiased
chemical screen designed to identify small molecules that specifically target pathways
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required for M. tuberculosis replication in macrophages. In collaboration with Vertex
Pharmaceuticals we screened a collection of ~340k small molecules and identified 1,359
compounds that inhibit M. tuberculosis replication in macrophages. Characterization of
these hits revealed that only ~50% of the 300 most potent compounds (ICsq values < 5.0 uM
in the macrophage assay) displayed equivalent inhibitory activity when M. tuberculosis was
grown in standard Middlebrook 7H9 OADC medium. Unfortunately the majority of these
“universally active” compounds have previously been described in the literature. These
compounds were likely discovered because of their ability to inhibit M. tuberculosis growth
in standard media formulations. This class of compounds represents the classic type of
antibiotics that inhibit M. tuberculosis growth and target essential bacterial pathways
regardless of the growth conditions.

The remaining ~50% of the most potent compounds from the macrophage assay displayed
no inhibitory activity against M. tuberculosis in 7H9 OADC media indicating that this
“macrophage active” group of compounds likely target some aspect of M. tuberculosis
physiology that is required for replication in macrophages (36). To begin to understand the
mechanism of action for these “macrophage active” compounds we evaluated the
compounds against M. tuberculosis cultured in conditions thought to mimic the intra-
phagosomal environment. We tested these compounds when M. tuberculosis was exposed to
in vitro pH and NO stresses or during growth in media that contained either fatty acids or
cholesterol as carbon sources. To our surprise, we found that ~50% of the ~150
“macrophage active” compounds are cholesterol dependent and inhibit M. tuberculosis when
the bacteria are grown in cholesterol media. Based on this observation we hypothesized that
some of these compounds directly target aspects of cholesterol metabolism or propionyl-
CoA assimilation. To identify compounds involved in these pathways we counter screened
all of the 1,359 hits to discover specific inhibitors of enzymes involved in propionyl-CoA
assimilation through the methylcitrate cycle (MCC) or required for cholesterol breakdown.
To do this, we focused on compounds that rescue M. tuberculosis growth from a cholesterol-
dependent intoxication in a M. tuberculosis Alcl1l mutant. In this assay compounds that
inhibit key bottleneck enzymes involved in cholesterol breakdown or propionyl-CoA
assimilation reverse toxicity in the M. tuberculosis Alcll mutant and allow the bacteria to
grow in the presence of cholesterol (36). Using this method we have now discovered ~20
inhibitors that specifically block these metabolic pathways in M. tuberculosis and these
compounds have ICgq values between 5-20 uM in macrophages.

The rescue approach using the M. tuberculosis Alcll mutant did not reveal any putative
targets for our most potent cholesterol dependent, “macrophage active” compounds. To
understand the mechanism of action for these compounds we used transcriptional profiling
to characterize M. tuberculosis’s response to these compounds in cholesterol media. By this
approach we discovered 7 structurally unrelated compounds that prevent M. tuberculosis
from metabolizing cholesterol as indicated by the strong down regulation of the KstR
regulon (36). To further understand these compounds we next screened a M. tuberculosis
transposon library and isolated mutants resistant to these compounds and we found that
inactivating Rv1625c/cya conferred resistance to all 7 of these compounds. The protein,
Rv1625c/cya is a well-characterized adenylyl cyclase that forms cAMP from ATP (37, 38).
We have now confirmed that this group of compounds directly stimulates Rv1625c/cya to
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overproduce CAMP. These compounds are unusual in that they inhibit cholesterol utilization
and induce very high levels of cAMP in M. tuberculosis, which can potentially perturb
multiple different pathways (39-45). Additionally, the high levels of cAMP produced by the
M. tuberculosis in response to these compounds may modulate the TNF-a production in the
infected cell by activating cytosolic sensors of CAMP in the infected macrophage (46).

Together, these data are consistent with previous observations (47-51) indicating that
cholesterol is an important nutrient for M. tuberculosis and that pathways associated with
the utilization of this molecule are required for growth in macrophages (52-55). This work
further demonstrates that the cholesterol utilization pathways are “druggable” and tractable
as targets for drug discovery. However, these observations do raise some new and puzzling
questions such as: (i) why do other nutrients, such as fatty acids, not substitute for
cholesterol in supporting M. tuberculosis growth in macrophages, (ii) what is the link
between cAMP and cholesterol metabolism, and (iii) is there an equivalent to carbon
catabolite repression in M. tuberculosis that is activated in macrophages to govern M.
tuberculosis’s utilization of host-derived nutrients? In recent years our field has gained new
insight into these aspects of M. tuberculosis physiology and pathogenesis and here we
incorporate these findings with our own observations and current understanding of M.
tuberculosis metabolism in macrophages.

Lipid utilization by M. tuberculosis in macrophages

Although M. tuberculosis likely utilizes a many different nutrients /n vivo and during
infection in macrophages the bacterium appears to preferentially utilize host-derived lipids
(fatty acids and cholesterol) as carbon sources to produce energy and fuel biosynthetic
pathways. The notion that M. tuberculosis preferentially metabolizes host lipids during
infection began with classic experiments reported by Segal and Bloch in 1954. These studies
demonstrated that ex vivo respiration rates of M. tuberculosis isolated from mouse lung
tissues was stimulated by fatty acid substrates but not carbohydrates (56). Consistent with
the idea that lipids are important nutrients the early genome annotation efforts revealed that
M. tuberculosis has an expanded repertoire of genes associated with lipid metabolism and -
oxidation, which exceeded 250 genes (57). Although several of the M. tuberculosis genes
originally annotated as having a p-oxidation functions are now known to have anabolic
activities (58, 59) or act in multimeric complexes to oxidize lipids (60, 61) the M.
tuberculosis genome still encodes more genes involved in lipid metabolism and p-oxidation
relative to other bacteria. Another critical pathway that is required when bacteria metabolize
lipids is the anaplerotic glyoxylate cycle and a key enzyme in this pathway is isocitrate lyase
(Icl). Early gene expression studies demonstrated that Icl1 is strongly induced by M.
tuberculosis during infection in macrophages (62-64) and that the Icl1 gene is required for
M. tuberculosis pathogenesis /7 vivo (53). A series of elegant experiments from John
McKinney’s lab established that M. tuberculosis expresses two Icl homologs (Icl1/Icl2) and
these enzymes play critical roles lipid metabolism in the glyoxylate cycle and the methyl
citrate cycle (MCC) (55, 65, 66). Early transcriptional profiling experiments of M.
tuberculosis during infection in macrophages reported by Schnappinger et a/. found that
numerous genes associated with lipid metabolism were induced in M. tuberculosis (67).
Importantly, over one half of the genes associated with metabolic adaptations in this report
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are now known to be involved in cholesterol metabolism (FadD19, FadE27, EchA19,

FadA5, FadD3, FadE28, FadE29, FadE31, and FadA6) and/or propionyl-CoA assimilation
through the MCC (Icl1 and PrpC) in M. tuberculosis (68—70). More recent transcriptional
studies on M. tuberculosis in macrophages demonstrated that genes involved in propionyl-
CoA assimilation, lipid break down, and cholesterol metabolic genes are induced in M.
tuberculosis across a 14 day infection period in macrophages (24). Lastly, the growth of M.
tuberculosis on lipid-based substrates during infection in macrophages would also
necessitate that M. tuberculosis synthesizes carbohydrates de novo through gluconeogenesis.
Recent studies have confirmed that PckA, a key bottleneck enzyme in gluconeogenesis is
required for optimal Mb growth in macrophages (71). In total, these observations continue to
support the idea that M. tuberculosis relies heavily on lipids (fatty acids and cholesterol) as a
carbon sources and that the flux of propionyl-CoA through the MCC represents a critical
axis in M. tuberculosis central metabolism during infection in macrophages.

Fatty acids

M. tuberculosis can utilize exogenously acquired fatty acids as: (/) substrates for B-oxidation
to produce energy, (/i) acyl-primers for polyketide lipid synthesis, or (/i) can be directly
assimilated into phospholipids and/or TAG (59, 72). The fatty acid oxidation pathways in M.
tuberculosis still remain largely uncharacterized and the lipid substrates for the various p-
oxidation enzymes poorly defined. In addition to catabolism, fatty acids can be used as acyl-
AMP primers for the biosynthesis of polyketide lipids PDIM, poly-acylated trehaloses
(PATS), and sulfolipid (SL) (73). Interestingly, the fate of fatty acids in M. tuberculosis can
be impacted when the bacteria metabolizes cholesterol. M. tuberculosis produce more PDIM
and SL when the bacterium metabolizes cholesterol and this is also observed during
infection in mouse tissues (52, 74, 75). During growth on cholesterol M. tuberculosis also
synthesizes a modified form PDIM and SL lipids that contain additional methyl-branching
which consistent with the assimilation of more methylmalonyl-CoA (derived from
propionyl-CoA) into these lipids (52, 74, 75). Thus, metabolizing cholesterol induces the
production of methyl-branched polyketide lipids, which requires a pool of available fatty
acids as acyl-primers. Metabolic labeling experiments with infected macrophages were used
to track exogenously added 14C-labeled fatty acids into PDIM and TAG (28) and we
demonstrated that the growth defect of M. tuberculosis Alcll mutant in macrophages can be
overcome by stimulating foam cell formation through the provision of excess fatty acid to
the host macrophages (28). This is consistent with the idea that during infection fatty acids
can be shunted into the anabolism of methyl-branched lipids and TAG to act as a sink for the
assimilation of excess propionyl-CoA during infection (76). Fatty acids can also be
assimilated directly into cell membrane phospholipids or converted into TAG. Phospholipids
are required to maintain cytoplasmic membrane integrity while TAG is classically thought to
function as a carbon storage molecule that can be turned over when nutrients are limiting
(72, 77). Cytosolic accumulation of TAG also negatively regulates M. tuberculosis growth
and exporting TAG from the bacterial cytosol appears to be required for optimal growth of
M. tuberculosis in macrophages (78, 79). In addition to fueling biosynthesis and energy
production, lipid metabolic pathways can influence the physiology of M. tuberculosis during
infection. For example, TAG synthesis can also reduce M. tuberculosis growth rate and
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antibiotic sensitivity by reducing acetyl-CoA availability (80). The balance of fatty acid
catabolism and anabolism can also influence cytosolic redox homeostasis during infection in
macrophages (76).

Cholesterol

Cholesterol has been repeatedly shown to be required for optimal growth and persistence of
M. tuberculosis during infection (36, 47-49, 51, 81). Mechanisms involved in cholesterol
import, side chain degradation, and early ring cleavage events have been partially
characterized in M. tuberculosis (49, 52, 81-95). The current model is that when cholesterol
is broken down by M. tuberculosis, the 2- and 3-carbon intermediates acetyl-CoA,
propionyl-CoA, and pyruvate are generated. The 3-carbon intermediate, propionyl-CoA,
plays an important role in M. tuberculosis physiology and recent studies have indicated that
cholesterol is the major source of propionyl-CoA during infection in macrophages. The
MCC genes (prpC and prpD) are induced by propionate and cholesterol indicating that the
transcriptional induction of prpC and prpD is activated by propionate or propionyl-CoA (52,
96). Griffin et al. demonstrated deleting the Mce4 cholesterol transporter in M. tuberculosis
could reverse propionyl-CoA toxicity induced by the Icl1 inhibitor, 3-nitropropionate (3-NP)
during infection in macrophages (52). It is now understood that 3-NP inhibits the pure M.
tuberculosis Icl1 enzyme (55) but also inhibits the M. tuberculosis succinate dehydrogenase
in intact cells (97). Since the prpD promoter is responsive to cholesterol-derived propionate
or propionyl-CoA we fused the promoter region of prpD to GFP and made cholesterol
reporter strain in M. tuberculosis prpD*:GFP, smyc”:mCherry. This reporter strain responds
to cholesterol and stoichiometric amounts of propionate, Figure 5. Importantly, the GFP
signal in this reporter strain is strongly induced during infection in macrophages and an
inhibitor of M. tuberculosis cholesterol metabolism completely abolishes the GFP signal
Figure 5. Together these observations support the idea that cholesterol is the major source of
propionyl-CoA for M. tuberculosis during infection. Additionally, it is likely that other
sources of propionyl-CoA such as branched chain amino acids, or odd chain fatty acids are
minor contributors to the bacterial pools o propionyl-CoA during infection in macrophages.
Whether the requirement for cholesterol for optimal growth in macrophages reflects the
abundance, availability of the molecule, or a preference for the catabolic intermediates
released from the molecule remains unclear. Given that M. tuberculosis has the capacity to
simultaneously metabolize simple substrates (98) it is puzzling why other nutrients such as
fatty acids do not fully substitute for cholesterol during infection. Since the cholesterol
catabolism produces only 2- and 3-carbon intermediates this molecule may fulfill a
dedicated role in M. tuberculosis metabolism. Fatty acids are more versatile substrates in
metabolism and can be B-oxidized, stored, or used for biosynthesis. Perhaps M. tuberculosis
uses cholesterol to fuel central metabolism and signals the bacterium to shunt fatty acids
away from oxidation pathways during infection. This might explain why genetically and
chemically inactivating cholesterol metabolism negatively impacts bacterial growth in
macrophages despite the presence of other nutrients such as fatty acids. Clearly this is a
poorly understood area of M. tuberculosis physiology and perhaps a potential therapeutic
intervention could be developed that disrupts these complex pathways.
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The role of ICL and the MCC

It has been repeatedly demonstrated that the M. tuberculosis Icl enzymes are required for
optimal bacterial growth in macrophages. Complicating our understanding of this growth
phenotype is that M. tuberculosis expresses two Icl enzymes termed Icl1 and Icl2 (65).
These enzymes are also bifunctional and catalyze the isocitrate lyase reaction in the
glyoxylate cycle and the methyl-isocitrate lyase reaction in the MCC that are required for the
assimilation of acetyl-CoA and propionyl-CoA, respectively. Recently, Eoh and Rhee
reported a metabolomic-based characterization of the effects of blocking propionyl-CoA and
acetyl-CoA assimilation in an M. tuberculosis Icl1/Icl2 mutant. This work demonstrated that
when the M. tuberculosis Icl1/Icl2 mutant is provided acetate or propionate inactivation of
the methyl-isocitrate lyase activity is primarily responsible for bactericidal effect of the Icl1/
Icl2 mutation which depletes central metabolic intermediates, blocks gluconeogenesis, and
perturbs multiple downstream aspects of cellular homeostasis (99). These studies required
defined growth conditions and carbon sources to carefully quantify the isotopically labeled
substrates which would make these experiments difficult to conduct with intracellular
bacteria. That said, our studies with intracellular M. tuberculosis also indicate that the
methyl-isocitrate lyase activity is principally responsible for the growth defect of the M.
tuberculosis Alcll mutant. It is established that vitamin-B12 activates the methylmalonyl
pathway and can reroute propionyl-CoA into central metabolism bypassing the MCC (100).
Adding vitamin-B12 to macrophages infected with M. tuberculosis Alcl1l mutant restores
growth of the mutant to wild type levels (28). This vitamin-B12 dependent growth
restoration could be interpreted as simply opening an additional anaplerotic pathway that
fuels central metabolism however, we do not think this is the case because chemically or
genetically inactivating PrpC in a M. tuberculosis Alcl1 background also rescues growth of
the bacteria to wild type levels in 7H9 OADC containing cholesterol and in macrophages
(36). Because this chemical and genetic rescue occurs without seemingly opening any
anaplerotic route for propionyl-CoA it is likely that the “dead ended” MCC pathway in the
M. tuberculosis Alcl1 mutant allows the accumulation of a toxic intermediate metabolite of
the MCC and is responsible for the growth defect of this mutant.

Lipid acquisition from the host cell

The mechanisms required for the bacterial acquisition of host-derived lipids is another
poorly understood aspect of M. tuberculosis pathogenesis and physiology. Microscopy-
based studies indicate that phagosomes containing M. tuberculosis can interact with lipid-
loaded droplets in foamy macrophages (101, 102) and exogenously added radiolabeled fatty
acids can be incorporated by M. tuberculosis during intracellular growth (28, 72). However,
it remains unclear if the fatty acids were acquired from host lipid droplets, membrane
bilayers, or other sources. One possibility is that M. tuberculosis acquires cholesterol and
fatty acids from serum-derived lipoproteins that traffic within the macrophage endocytic
network (103). Serum lipoproteins can be internalized by macrophages using the same
scavenger receptor as the M. tuberculosis bacillus (104).

On the bacterial side, the mycobacterial Mce4 cholesterol transporter complex is involved in
the assimilation of host cholesterol during infection (50). Interestingly, a mutant lacking the

Microbiol Spectr. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanderVen et al.

Page 13

permease subunit of the Mce4 transporter can grow on cholesterol as a sole carbon source
after a lag period and the mutant can partially metabolize the substrate (50). This suggests
that cholesterol transport is redundant or a compensatory pathway exists in M. tuberculosis
to assimilate either the intact sterol or some form of the molecule. In preliminary studies we
have observed a ~50% reduction in GFP expression using our proD*:GFP, smyc*:mCherry
reporter in a M. tuberculosis AMce4 mutant during infection in macrophages (data not
shown). Together these observations indicate that Mce4 is clearly involved in cholesterol
assimilation but during infection some form of the sterol may still be metabolized to
propionyl-CoA in the Mce4 mutant. Despite the important role fatty acids play in M.
tuberculosis physiology our understanding of how fatty acids are transported across the M.
tuberculosis cell envelope remains uncharacterized.

Manipulating the host cell for nutritional purposes

The immune response mounted against M. tuberculosis also perturbs the host cell
metabolism to seemingly favor M. tuberculosis survival. For example, chronic inflammation
observed in human tuberculosis leads to the accumulation of lipid-loaded foamy
macrophages that are infected with M. tuberculosis and the development of these cells is
associated with transcriptional and metabolic reprogramming of cells within the granuloma
(101, 105). One mechanism involved in remodeling the macrophage involves M.
tuberculosis activation of peroxisome proliferator-activated receptors (PPARS) (106). PPARs
are a family of transcription factors that respond to fatty acid metabolites and during M.
tuberculosis infection increases PPAR~y expression in a toll-like receptor 2 dependent
manner, leading to foam cell formation (106-108). Conversely, antagonists of PPARy down
regulate the lipid content of infected macrophages which has a negative effect on
intracellular growth of M. tuberculosis (107-109). Many of the mechanisms involved in
foam cell formation remain uncharacterized however a recent report suggested that M.
tuberculosis infection may stimulate PPARy to increase the expression of CD36 through
testicular receptor 4 (110). CD36 is a low-density lipoprotein receptor that is involved in
uptake of serum-derived lipoproteins and this may increase the lipid concentration and drive
foam cell formation. Another mechanism that has recently been described by Singh et a/
demonstrates that M. tuberculosis infection induces glycolysis in infected macrophages,
which can drive foam cell formation (111). Specifically, M. tuberculosis-directed
dysregulation of the anti-lipolytic G-Protein-coupled receptor GPR109A in infected cells
leads to increased lipid droplet accumulation and a permissive bacterial growth environment.

Conclusion

The interaction between M. tuberculosis and its host cell is highly complex and extremely
intimate. Were it not for the disease, one might regard this interaction at the cellular level as
an almost symbiotic one. The metabolic activity and physiology of both cells are shaped by
this co-existence. We believe that where this appreciation has greatest significance is in the
field of drug discovery. Evolution rewards efficiency, and recent data from many groups
discussed in this chapter indicate that M. tuberculosis has evolved to utilize the
environmental cues within its host to control large genetic responses or regulons. However
these regulons may represent chinks in the bacterium’s armor because they can constrain M.

Microbiol Spectr. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanderVen et al.

Page 14

tuberculosis’s metabolic plasticity. The prime example is how the presence of cholesterol
within the host cell appears to limit the ability of M. tuberculosis to utilize or assimilate
other carbon sources (36). And that is the reason for this title of this book chapter. We
believe firmly that to understand the physiology of M. tuberculosis, and to identify new drug
targets, it is imperative that the bacterium be interrogated within the context of its host cell.
The M. tuberculosis-infected macrophage truly is the “minimal unit of infection”.
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Figure 1. Life and death dynamics during long-term intracellular survival of M. tuberculosis
(A) Survival Assays. Resting murine bone-marrow derived macrophages were infected at

low MOI (~1:1) with M. tuberculosis CDC1551. Viable CFU were quantified at day 0 and at
2 day intervals post-infection (p.i.) over a 14-day time-course by lysis of monolayers, serial
dilution, and plating on 7H10 medium. Error bars indicate standard error of the mean. (B)
Replication Clock Plasmid. The percentage of bacteria containing the pBP10 plasmid during
growth in resting macrophages was determined by comparing CFU (mean + s.d.) recovered
on kanamycin vs. nonselective media (red). The cumulative bacterial burden (CBB) (black)
was determined by mathematical modeling based on total viable CFU and plasmid
frequency data. Data shown represents two independent experiments. (C) The “bottleneck”
response. Temporal expression profiles of genes differentially regulated at Day 2 p.i.,
including genes from (A) that were up- (red) or down-regulated (blue) >1.5-fold (shown as
ratio of signal intensity relative to control). Note the maximal change in transcript levels at
day 2 p.i. followed by majority trending back towards control levels. (D) “Guilt by
association” analysis. Genes regulated in synch with known virulence regulons — i.e. the
DosR regulon - were identified by using a highly regulated member of this regulon, Asp.X; in
place of synthetic profiles. This figure is reproduced from Rohde et al. (24).
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Figure 2. Demonstrating the usefulness of the HspX’::GFP reporter strain in assessing and
reporting on the localized induction of iNOS at the site of infection

PBS-immunized (naive) and mice vaccinated with heat-killed M. tuberculosis (vac) were
infected with AspX::GFP, smyc”. mCherry Erdman M. tuberculosis reporter strain.
Fluorescence induction of the Asp.X promoter-dependent GFP is higher at 14 days in the
vaccinated animals assessed by confocal microscopy of thick tissue sections (A), that were
scored subsequently by Volocity (B). (C) The thick tissue sections were probed with
antibodies against murine NOS2 (magenta) demonstrating the co-localization between GFP
induction and NOS2 expression at the site(s) of infection. Data shown are detailed in
Sukumar et al, (31).
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A. Flow cytometry sorting strategy
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Figure 3. Flow sorting of activated and resting M. tuberculosis-infected host cells demonstrates
that the drug sensitivity of M. tuberculosis recovered from in vivo infection correlates inversely
with the immune activation status of the host phagocyte

(A-C) M. tuberculosis recovered from activated host cells /n vivo were more tolerant to both
INH and RIF than those recovered from resting host cells. C57BL/6J mice were infected
with mCherry-expressing M. tuberculosis Erdman for 21 days, and M. tuberculosis-
containing myeloid cells with different immune activation status isolated from lung tissue
using flow cytometry. (A) CD11b* mCherry* CD80M3M cells (activated population) and
CD11b* mCherry* CD80!°W cells (resting population) were sorted according to the depicted
gating strategies. (B—C) Isolated cells were established in culture and subjected to treatment
with 1 pg/ml INH or RIF, or an equivalent volume of DMSO. Following 24 h drug
treatment, bacterial survival was determined by CFU enumeration (B), and the percentage of
M. tuberculosis surviving drug treatment quantified by normalizing bacterial load in drug-
treated samples against that in DMSO-treated samples (C). This figure is modified from the
work of Lui et al, (34).
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Figure 4. Examination of the bacterial stress reporter strain hspX’::GFP, smyc’::mCherry
Erdman M. tuberculosis at the level of different host phagocyte populations in murine lung
infection model

A. The flow cytometry gating strategy for the identification of M. tuberculosis-infected
phagocyte subsets from infected mouse lung showing preliminary identification of alveolar
macrophages, recruited interstitial macrophages, and monocyte-derived dendritic cell
populations. B. The level of expression of NO-driven GFP under regulation of the /Asp.X
promoter identifying those phagocytes that induce the highest level of bacterial stress, and
how the stress intensifies from 14 to 28 days post-infection. The levels of induction of
expression of GFP indicate that the most stressful host cells appear to be neutrophils, and the
least stressful, alveolar macrophages. C. Labeling of the host cells with antibody against
NOS2 demonstrates the direct correlation between expression levels of the host nitric oxide
synthase, NOS2, and levels of expression of the bacterial stress response reporter
hspX*:GFP, shown in panel B.
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Figure 5. The prpD’::GFP reporter strain responds to cholesterol during infection
A GFP expression is induced with propionate and cholesterol. The GFP mean fluorescent

intensity (MFI) was determined from 10,000 bacteria by flow cytometery. B resting bone
marrow derived macrophages were infected with the M. tuberculosis prpD’::GFP reporter
strain for 24 hours. Within macrophages the prpD’::GFP reporter is active. C treating
macrophages were infected with the M. tuberculosis prpD’::GFP reporter strain with an
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inhibitor abolishes reporter signal. Nuclei are stained with DAPI and the images are courtesy
of Kaley Wilburn.
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