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Summary

Much of the infection cycle of Mycobacterium tuberculosis (Mtb) is spent within its host cell, the
macrophage. As a consequence of the chronic, enduring nature of the infection, this cell/cell
interaction has become highly intimate, and the bacterium has evolved to detect, react to, and
manipulate the evolving, immune-modulated phenotype of its host. In this review, we discuss the
nature of the endosomal/lysosomal continuum, the characterization of the bacterium’s
transcriptional responses during the infection cycle, and the dominant environmental cues that
shape this response. We also discuss how the metabolism of both cells is modulated by the
infection and the impact that this has on the progression of the granuloma. Finally, we detail how
these transcriptional responses can be exploited to construct reporter bacterial strains to probe the
temporal and spatial environmental shifts experienced by Mtb during the course of experimental
infections. These reporter strains provide new insights into the fitness of Mtb under immune- and
drug-mediated pressure.
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Introduction

Mycobacterium tuberculosis (Mth) represents one of the most successful infectious agents
specific to humans. While it was thought previously to have evolved from the animal
pathogen Mycobacterium bovis (1), it is now known to have accompanied mankind as we
emerged from Africa approximately 50,000 years ago (2, 3). The success of Mtb as a
pathogen is likely due in large part to its ability to infect many yet cause active disease in
only a few, which, in the limited pockets of hunter-gatherer human populations present for
much of human evolution, would ensure its continued maintenance in its chosen host.

Within the body, Mtb resides inside macrophages for much of its infection cycle (4),
although the bacterium is also found in neutrophils, and extracellularly, in the caseous center
of necrotic granulomas. The macrophage is regarded as a key player in both the innate and
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acquired arms of the immune response (5). A resting macrophage performs tasks critical to
tissue homeostasis (6). The cell is highly degradative and clears apoptotic debris in a non-
inflammatory manner. Activation of this cell through either pathogen-derived Toll-like
receptor (TLR) ligands or cytokines such as interferon-y (IFN-vy) leads to enhanced killing
capacity through reactive oxygen and nitrogen intermediates and a reduction in proteolytic
activity coupled with increased antigen presentation capabilities (6, 7). The innate defense
role of phagocytes such as macrophages and neutrophils in the body means that they are
among the most frequent cells that will encounter microbial invaders. While neutrophils are
highly aggressive, short-lived cells, macrophages generate a more regulated antimicrobial
response and are usually not driven to programmed cell death by a microbial encounter.

To appreciate how Mtb survives within these potentially hostile cells, it is important to have
an understanding of the physiology of phagosome maturation. Any particle, whether it be
inert or live, that enters a macrophage through ligation of phagocytic receptors triggers a
cascade of events that can activate specific anti-microbial responses ranging from the
assembly of the NADPH oxidase complex in the phagosomal membrane, to the regulated
fusion with intracellular vesicles and remodeling of the phagosome with subsequent fusion
to lysosomes. Most cellular microbiological studies have utilized immunofluorescent
localization of known lysosomal markers such as rab7 or cathepsin D as a means of
assessing the ‘lysosomal nature’ of an intracellular compartment, but these analyses are for
the most part subjective and do not directly inform the investigator of the functionality of the
marker or the compartment. To overcome this and develop a more in depth understanding of
the kinetics of physiological changes occurring in the phagosome post-internalization, we
developed a broad range of real-time, fluorescence-based readouts of changes that occur in
the lumen of the phagosome (5) (Fig. 1).

Phagosome maturation

The rate of acidification of a phagosome has long been utilized as an indicator of
phagosomal maturation. pH-sensitive dyes such as carboxyfluorescein allow one to measure
this parameter in real-time, and demonstrates that it takes between 12-15 minutes for a
phagosome containing inert, IgG-opsonized particles to reach a pH equilibrium at around pH
4.8 in murine bone marrow-derived macrophages (8). The same experiment conducted on
phagosomes containing Mtb reveals that the bacterium blocks the acidification of its
vacuole, which shows markedly reduced acquisition of the proton-ATPase required for the
acidification process (9, 10). The Mtb vacuole equilibrates to a pH of 6.4, still acidic but
considerably less hostile than the pH of the lysosome.

Maturing phagosomes acquire lysosomal hydrolases through both fusion with pre-existing
lysosomes and with trafficking vesicles that shuttle the enzymes, usually in an inactive pro-
enzyme form, from the trans Golgi network (TGN). The activity of these enzymes can be
assayed directly through the use of a range of fluorogenic substrates that provide a
quantitative readout of enzymatic activity, which is a combination of enzyme concentration,
the activation state of the enzyme, and the pH of the phago/lysosome (8, 11-13) (Fig. 1).
The majority of lysosomal hydrolases, not surprisingly, have an acidic pH optimum. Most of
these intraphagosomal enzyme assays are processive and only stop when the substrate is
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exhausted. In contrast, another assay developed to quantify phagosome maturation measures
phagosome/lysosome fusion through the use of fluorescence resonance energy transfer
(FRET) (8). The assay utilizes a donor fluorophore on the phagocytosed particle that, when
excited, transfers its energy to an acceptor fluorophore that was pulse-chased into the
macrophage lysosomes prior to initiation of the experiment. The assay measures the
concentration of fluid-phase lysosomal cargo delivered to the phagosome as it matures.
Interestingly, this assay reaches an equilibrium or steady state, which takes around 90 min in
murine macrophages. The differential kinetics of the two steady state readouts, pH and
phagosome/lysosome fusion, raise an interesting point regarding the mature phagosome.
Terminal pH, pH 4.5-5.0, is reached within 12-15 min, yet maximal concentration of
lysosomal constituents requires 90 min to equilibrate. Thus, the degree of maturation of a
phagosome can be a somewhat subjective evaluation unless the relevant parameters are
clearly defined. Immunofluorescent co-localization with markers such as LAMP1 is a
singularly inadequate means of experimentally determining the lysosomal nature of a
phagosomal compartment.

As mentioned previously, the vacuole in which Mtb resides exhibits partial acidification to
pH 6.4. Further analysis of this vacuole demonstrated that it did acquire detectable amounts
of cathepsin D but that the enzyme was predominantly in its pro-enzyme form and therefore
had not come from fusion with lysosomes but presumably from vesicles derived from the
TGN (14, 15). In addition, analysis of transferrin trafficking, as an indicator of the early
recycling endosomal network, revealed that the Mtb-containing vacuole was readily
accessible to transferrin, which passed through this vacuole as a pulse (14). Finally, the
glycosphingolipids on the surface of the macrophage, such as the ganglioside GM1, also
cycled through the Mtb-containing vacuole with considerable efficiency (16). All these data
imply that the Mtb-containing vacuole is not an inert, sequestered compartment, but
functions like a fully integrated compartment of the rapid, recycling endosomal network.
This indicates that Mtb has arrested the maturation of its vacuole to prevent full acidification
or acquisition of active lysosome hydrolases, yet it retains access to cargo delivered to the
cell through the endosomal system. It is possible that this latter characteristic has
significance for nutrient acquisition.

This blockage in phagosome maturation is dependent on the activation status of the host
macrophage. Activation of the cell with cytokines such as IFN-y leads to partial reversal of
this blockage and the delivery of the bacterium into a compartment with a pH of
approximately pH 5.2 (17, 18). Although Mtb is capable of surviving low pH environments
transiently, it does undergo growth arrest at lower pH. So an activated macrophage
represents an inhospitable environment that is capable of restricting bacterial survival. In
addition to modulation of the Mtb-containing vacuole, in mice, the predominant
characteristic responsible for restricting the survival of Mtb is the inducible nitric oxide
synthase (NOS2) (19). Mice deficient in this gene are almost as susceptible to Mtb infection
as mice deficient in either IFN-vy or the IFN-y receptor. Data from human macrophages
activated in vivo indicate that they are also capable of generating reactive nitrogen
intermediates (20, 21); however, NOS expression cannot be readily induced in human
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macrophages by activation in vitro. The intracellular environment inhabited by Mtb is
clearly highly plastic and is actively modulated by changes in the immune status of the host.

The transcriptional response of intracellular Mtb

While Mtb is undoubtedly able to prevent full maturation of the phagosome in which it
resides, it remains subject to various intraphagosomal stresses during its life cycle. These
environmental stresses can act as important cues for Mtb, informing the bacterium of its
location. Proper sensing and response to such environmental cues is thus critical for Mtb’s
ability to successfully colonize its host. Genome-wide transcriptional studies have been very
important in providing insight into the signals that Mtb perceives during infection of its host.
The first global transcriptional study of Mtb during macrophage infection of up to 48 h was
conducted by Schnappinger and colleagues (22) and revealed signatures indicative of a
nitrosative and oxidative environment. Since then, transcriptional profiles of intracellular
Mtb have been studied in various contexts, including in murine bone marrow-derived
macrophage and human macrophage-like cell line infections, in Mth murine infection
models, and in clinical lung samples (23-26).

Rohde and colleagues (23) found that host cell contact alone failed to elicit changes in Mth’s
transcriptome, a distinct difference as compared to other intracellular pathogens that respond
to cell contact during infection, such as Yersinia, Salmonella, and Shigella (27-29). In line
with the data from Schnappinger et al. (22) however, internalization of Mtb into the
macrophage led to distinct transcriptional changes: 68 genes were significantly upregulated
at 2 h post-infection, with a further 75 genes identified as demonstrating sustained
upregulation by EDGE analysis, which takes into account the temporal aspect of the changes
(23, 30). The authors delineated several regulons among the upregulated genes, including
the PhoPR and DosR regulons, as well as members of the WhiB family of transcriptional
regulators. These findings are of particular interest due to their relation to bacterial sensing
and response to external stimuli. Acidic pH in the phagosome is sufficient to trigger PhoP
expression in Salmonella enterica Typhimirium (31), and indeed Rohde et al. (23) found
that treatment of Mtb-infected macrophages with concanamycin A, an inhibitor of the
vacuolar H*-ATPase, abolished upregulation of the PhoPR regulon genes previously
observed. The DosR regulon has been shown to be upregulated under conditions of hypoxia
and high levels of nitric oxide (NO), and during dormancy induction in experimental models
(32-38). Observation of upregulation of the dormancy-related genes is also in agreement
with the early transcriptional studies of Schnappinger et al. (22). Finally, members of the
WhiB family all contain an iron-sulfur (Fe-S) cluster component, a recognized basis for
redox-responsive sensor proteins in bacteria (39). In the case of WhiB3, Singh and
colleagues demonstrated that its response to hypoxia and NO occurred through its Fe-S
cluster, in a manner similar to that of Escherichia coli’s fumarate nitrate regulator,
previously shown to regulate gene expression in response to these same environmental cues
(40-42).

Analysis of Mtb’s transcriptional response to its environment through an extended
macrophage infection time course (14 days) revealed that the largest transcriptional changes
occurred at day 2 post-infection, with the expression profiles of different regulons changing
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in distinct patterns (43) (Fig. 2). For example, genes that were induced by acidic pH mostly
had sustained high expression through the 14-day infection. In contrast, many genes of the
dosR regulon that showed upregulation as early as day 2 of infection then demonstrated
marked downregulation at day 8 post-infection, even as expression of the dosRS/T genes
remained constant (43) (Fig. 2). This pattern is particularly intriguing in light of the growth
kinetics of Mtb during this extended macrophage infection. Specifically, by tracking not just
colony -orming units (CFUSs) but also Mtb population growth and death rates with the use of
a ‘clock’ plasmid that is lost at a known rate as the bacteria replicate (44), Rohde and
colleagues (43) defined an initial phase during which both Mtb replication and death rates
were high (0-2 days). This was followed by a period of adaptation, where both Mth
replication and death rates slowed, and finally a period of growth (after day 6), where the
slowed replication rate exceeded the death rate, leading to an increase in CFUs (43) (Fig. 2).
The timing of the initial upregulation followed by marked downregulation of the dosR
regulon genes at day 8 thus coincides with stress and adaptation periods first experienced by
Mtb, before a transition from adaptation to net growth. These results also indicate
interestingly that the initial high replication rate of Mtb was incompatible with intracellular
survival.

There has been growing appreciation that genetic diversity within clinical isolates of Mth
has functional consequences that can impact on infection outcome (3, 45). In a study of two
references strains (CDC1551 and H37Rv) and 15 clinical Mtb isolates representing 5
distinct genotypes, Homolka and colleagues (46) were able to identify a ‘core transcriptome’
but also observed differential abilities in macrophage colonization of the various strains.
Intriguingly, they were able to tease apart different transcriptional responses between the
strains in the presence of host cell stresses, and to correlate these differences with the
macrophage colonization phenotype. For example, the West African strains tested infected
macrophages very poorly, and were also subsequently found to fail to induce genes in the
locus required for synthesis of the virulence-associated cell wall lipid phthiocerol
dimycocerosate (PDIM) during infection (46). Given the role of PDIMs in aiding Mtb’s
infection of its host, discussed in greater depth later in the chapter, this result suggests how
genetic diversity among strains can underlie distinct transcriptional responses that in turn
play a role in differential infection outcomes.

Environmental cues utilized by Mtb inside its host

It is evident from the studies described above that Mtb displays distinct transcriptional
responses to host cell infection and that these responses can be matched to particular
environmental signals ‘seen’ inside the host. The integration of the transcriptional-based
studies and mutant studies with analysis of the physiology of the intraphagosomal
environment have highlighted several candidate environmental cues that may be sensed and
responded to by Mtb inside its host. One such major cue is pH. As mentioned earlier, the
Mtb phagosome acidifies to a pH ~6.4 (9, 10), which represents a significant decrease from
neutrality, even as it is much higher than the pH of a lysosome (pH 4.5-5.0). In essence, the
ability to sense environmental pH, and other cues that likewise flux during phagosomal
maturation, would act as a ‘global positioning system’ for Mtb in determining its location in
the cell. Several groups have documented the profound transcriptional response of Mtb to

Immunol Rev. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tan and Russell

Page 6

pH (23, 47, 48). Notably, treatment of macrophages with concanamycin A prevented
phagosomal acidification and resulted in elimination of the induction of almost half the
genes (30/68) found to be upregulated by Mtb during initial macrophage infection (23) (Fig.
3). This result is an indication both of the importance of pH as an environmental cue for Mth
during colonization of its host, and also of the existence of yet other signals that play critical
roles in allowing Mtb to sense its location in the host.

What are the consequences for Mtb if it fails to sense and respond to external pH in its
environment? The two-component system PhoPR has been implicated as a central player in
regulating Mth’s transcriptional response to low pH (23, 49), and a phoP-deficient mutant is
significantly attenuated both in macrophage and murine model infections (48). A locus
unique to the tuberculosis complex, aprABC (‘acid and phagosome regulated’), was among
the Mtb genes upregulated within 2 hours of macrophage infection that was sensitive to
concanamycin A treatment (23, 49). An aprA-deficient mutant exhibited extensive
transcriptional changes, suggesting a role as a transcriptional regulator (49). aprABC
expression was regulated by phoP, as acidic pH induction of aprA expression was lost in a
phoP mutant background (49). Like the phoP-deficient Mtb, the aprABC-deficient mutant
was attenuated for growth in macrophages (48, 49). At acidic pH, Mtb increased synthesis of
PDIMs, and both phoP and aprABC were found to be involved in regulation of PDIM
synthesis: aprA-deficient mutants failed to induce phthiocerol A and phthiodiolone
mycocerates at low pH, while phoP-deficient mutants overproduced these two lipids (49).
These data are in agreement with results from screens for acidic pH-sensitive Mtb mutants,
in that an ability to maintain cell wall integrity appears to be an important component of
Mtb’s pH response. For example, in a screen for Mtb mutants unable to resist acidic pH,
Vandal and colleagues identified rv3671c as a gene required for maintenance of
intrabacterial pH homeostasis in the face of low external pH, with a mutant deficient in this
gene severely attenuated in a murine model of Mtb infection (50). rv3671c encodes a
membrane-bound protease, and the mutant possessed cell wall defects, as illustrated by an
increased sensitivity to detergents, and to lipophilic antibiotics such as rifampicin and
erythromycin. All of the above data demonstrate the importance of pH sensing and response
to Mtb’s survival and growth in its host.

Phagosomal acidification is the influx of protons into the phagosome, and recent studies
have begun to shed further insight into other environmental cues linked to this influx of
positive charge that Mtb also responds to. In accord with data from endosomal maturation
(51-53), chloride was found to act as a counter-anion that balances proton movement during
phagosomal acidification: as pH decreased in the maturing phagosome, chloride
concentration increased (54) (Fig. 3). Tan and colleagues (54) found that Mtb responds
transcriptionally to high chloride concentration ([CI7]), with many of the genes induced in
high [CI7] also induced in low pH. Strikingly, Mtb’s response to pH and [CI7] was
synergistic, allowing it exploit these two interlinked host signals to inform it of its location
in the host. As a further link between pH and CI~, the PhoPR two-component system known
to be critical in Mtb’s response to pH was also found to play a role in the bacterium’s
response to CI~, with a phoPR-deficient mutant showing much reduced induction in
expression of Cl™-responsive genes, in the presence of high [CI7] (54), (Fig. 3).
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In addition to the flux of ions such as H* and CI~, metal ions constitute a potentially
important environmental aspect of the phagosome. Using X-ray fluorescence microscopy,
Wagner and colleagues (55) determined the levels of 10 single elements in Mtb-infected
macrophage phagosomes. Of note, they observed high CI~ levels in the Mtb-containing
phagosomes, supporting the findings of Tan et al. regarding CI~ as an environmental cue for
Mtb (54, 55). In resting macrophages, the Mth-containing phagosome was found to have
high iron concentrations; however, additional experiments with Mycobacterium avium
showed that activation of macrophages led to a significant decrease in phagosomal iron
concentration (55). These results match the transcriptional data of Homolka et al. (46), who
reported upregulation of bfrB, encoding an iron storage protein, during Mtb infection of
resting macrophages; conversely, upregulation of genes involved in iron acquisition
(mycobactin mbtA-J) were observed during Mtb infection of activated macrophages.
Interestingly, Wagner and colleagues (55) found high levels of copper and zinc in Mtb-
containing phagosomes, which fits with the transcriptional data from Botella et al. (56, 57)
identifying a heavy metal intoxication ‘signature’ in Mtb during infection of host
macrophages. This was reflected in the sustained upregulation of several putative P,g-type
ATPase-encoding genes (ctpC, ctpG, and ctpV), as well as that of the Poa-type ATPase-
encoding gene ctpF, and the metal-responsive transcriptional regulators cmtR and csoR (56,
57). Using confocal and electron microscopy methods, they were able to visualize a ‘burst’
of free zinc during Mtb infection of macrophages, with zinc accumulation within the
phagosome and in Mtb (56). Studies with a ctpC-deficient mutant showed that it
accumulated more zinc intrabacterially than wildtype Mtb (56). Further, the mutant was
exquisitely sensitive to zinc in broth, and was deficient in its ability to infect macrophages.

As with zinc, Mtb has a significant transcriptional response to copper and encodes a copper-
responsive transcriptional regulator, csoR (58). CtpV and MctB are two proteins that have
been implicated in copper efflux from Mtb (59, 60). Both ctpV-deficient and mctB-deficient
mutants accumulated excess copper and were more sensitive to copper (59, 60), and the
mctB-deficient mutants were severely attenuated for infection of guinea pigs (60). While the
bacterial load for ctpV-deficient mutants in both murine and guinea pig models of Mth
infection was similar to wildtype bacteria, decreased histopathology was observed in the
case of the mutant-infected lungs, with an associated increased survival time documented as
well (59).

Mtb, like many microorganisms, must walk a knife edge with metal ions such as those
described above, as these ions are both critical for Mtb growth, for example in their roles as
cofactors in essential enzymes (61, 62), and yet simultaneously toxic at high levels. As
evidenced from the many genes that Mtb possesses for combating metal intoxication, the
bacterium has evolved to resist the host’s attempts at infection control via the concentration
of metals such as zinc and copper within the phagosome.

In addition to the different ion concentrations within the phagosome, Mtb must also contend
with reactive oxygen and nitrogen intermediates generated by their host macrophages. As
described earlier, macrophages produce reactive oxygen intermediates (ROI) via the
NADPH oxidase complex, with levels increased upon IFN-vy or LPS activation of the
macrophages (7). Nonetheless, this superoxide burst on its own does not seem to exert much
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control on Mtb infection, as p47P"°%~/~ mice demonstrate only an early and transient defect
in restricting Mtb growth (63). Mtb does respond transcriptionally to oxidative stress (64),
and several resistance mechanisms have been described. This includes the production of
reactive oxygen scavenging enzymes such as superoxide dismutases (SodA, SodC) that
convert superoxide to H,O, (65-67), and catalase-peroxidase-peroxynitritase enzymes
(KatG, and a AphC/AphD/DIaT/LpD complex) that can process H,O5 (68, 69). Mtb also
synthesizes mycothiol (instead of glutathione), a low molecular weight thiol that acts as an
antioxidant, maintaining a reduced intrabacterial environment (70, 71). In addition, the
methionine sulfoxide reductases MsrA and MsrB work to reverse oxidative damage to
methionine residues, although this mechanism is not critical for Mtb’s survival in its host, as
a msrA/msrB double mutant displayed only a minimal phenotype in a murine infection (72).

While Mtb has clearly evolved multiple mechanisms for successfully dealing with oxidative
stress such that the activities of the NADPH oxidase complex do not appear to play a
sustained role in controlling Mtb infection, nitric oxide (NO) and its products are known to
be extremely important for host control of Mtb. Most strikingly, NOS2~/~ mice are almost as
susceptible to Mtb infection as IFN-y™~ mice, which develop a fatal disseminated infection
(19, 73, 74). Work done in a macaque model of Mth infection showed the upregulation of
NOS activity in granulomatous tissue as compared to uninvolved tissue from the same host
(75), and increased levels of NOS expression and NO production have also been
demonstrated during Mth infection in human lungs (76, 77), indicating the likely relevance
of NO in human TB disease. Mth demonstrates a significant transcriptional response to NO,
including upregulation of genes in the aforementioned dosR regulon (33, 35, 64, 78). The
peroxidase-peroxynitritase complex of AphC/AphD/DIaT/LpD that functions in ROI
detoxification also plays a role in detoxifying reactive nitrogen intermediates (RNI) (68). In
a screen for Mth mutants unable to withstand RNI stress, Darwin and colleagues (79)
identified the bacterial proteasome as an important player. An Mtb mutant deficient in the
proteasome ATPase mpA was more susceptible to RNI-mediated damage and was attenuated
in its ability to colonize a murine host, a phenotype that was partially rescued in NOS2~/~
mice (79, 80).

Linked metabolism of host and pathogen

One area in which the intracellular environment has clearly molded the Mtb genome is in
central carbon metabolism. The Mth/macrophage interaction is a long-lived one and during
this interplay the bacterium must sustain itself by utilizing carbon sources available within
the host cell. In 2000, McKinney and colleagues (81) demonstrated that Mtb deficient in
expression of isocitrate lyase (icll) survived poorly in immune-competent mice. As
isocitrate lyase was known to be the gating enzyme to the glyoxylate shunt and is required
for retention of carbon when growing on fatty acids as a limiting carbon source, these data
were thought to indicate that Mtb relied on host fatty acids for nutrition inside its host cell.
Shortly afterwards, Sassetti and Rubin (82) performed a high density transposon insertion
site mapping screen (TraSH) to identify genes essential for infection in the mouse, and in
subsequent work, they went on to show that the mce4 gene encoded part of a cholesterol
importation apparatus (83). Several laboratories have gone on to show that the ability of Mtb
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to acquire and process cholesterol is necessary for the optimum growth of Mtb, both in
macrophages in culture and in experimental murine infections (84-87).

The degradation of cholesterol is a complex process, and the Mth genome contains a region
of 83 genes involved in this process (88). This locus encodes the majority, but not all, of the
enzymes involved in the breakdown of the sterol rings and the p-oxidation of the acyl side
chain. Degradation of cholesterol yields pyruvate, acetyl-CoA, and propionyl-CoA, the latter
being potentially toxic to Mth. Mtb has three possible routes of detoxification of propionyl-
CoA, the methyl citrate cycle (MCC), the methyl malonyl pathway (MMP), and the
utilization of methyl malonyl-CoA to build complex cell wall lipids such a pthiocerol
dimycocerosate (PDIM) (89). McKinney and colleagues demonstrated that ICL1 is actually
a bifunctional enzyme that is capable of processing both isocitrate and methylisocitrate, and
as such the phenotype of a Aicll mutant in macrophages and mice is due to the inability of
the MCC to adequately detoxify the products from propionyl-CoA (90-92). The interplay
between the different routes of propionyl-CoA from cholesterol in intracellular Mtb was
further probed in a recent study on pathways of rescue of the Aicl1 mutant in macrophages
(93). The Aicll mutant exhibits minimal growth in murine macrophages in culture. On the
basis of transcriptional profiling that shows marked upregulation of the cholesterol
degradation locus and the genes of the MCC (43, 46), it was hypothesized that the bacterium
was experiencing intoxication from the accumulation of propionyl-CoA, indicating that
MCC is the primary route of processing of this toxic intermediate. Growth of the mutant
could be restored via two different routes. First, the addition of exogenous vitamin B12
(VitB12) opens the MMP to facilitate conversion of propionyl-CoA into succinyl-CoA. The
MutAB methylmalonyl mutase enzyme complex requires VitB12 as a co-factor and,
although Mtb appears to possess the genes encoding the synthetic pathway for VitB12,
conditions have not been found under which the bacterium synthesizes the vitamin. Second,
the addition of oleic acid to the infected macrophage culture enhances the progression of the
infected macrophage to a foamy phenotype, laden with lipid droplets. This fatty acid also
rescues the impaired growth phenotype of the Aicll mutant. Metabolic labeling studies show
that the addition of oleic acid expands the acetyl-CoA pool in the bacterium, providing the
additional building blocks to expand the synthesis of PDIM and shuttle toxic propionyl-
CoA, in the form of malonyl-CoA, into the peripheral lipids of the bacterial cell wall. The
ability of intracellular Mtb to access and utilize host derived cholesterol and fatty acids has
been demonstrated genetically, biochemically, and through the use of fluorescently tagged
fatty acids that accumulate as droplets inside intracellular Mtb.

Modulation of host tissue metabolism at the site of infection

The infected macrophage does not exist in isolation, because the infection triggers a robust
pro-inflammatory response at the infection site, and this leads to robust cell recruitment of
neutrophils, other macrophages, and lymphocytes. The tissue undergoes extensive,
pathogen-driven remodeling to generate a macrophage-rich granuloma (94-96). Within an
infected individual these granulomas are extremely heterogeneous, and even in an individual
with active disease, only some of the granulomas harbor a productive infection (75, 97).
Nevertheless, it is generally accepted that active granulomas, that have live, replicating
organisms and have the potential to progress, exhibit extensive central caseation. These
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granulomas are rich in foamy macrophages that have extensive lipid stores in the cytosol
(Fig. 4). Interestingly, similar cellular responses can be induced by inoculation of mice with
polystyrene beads coated with the Mtb cell wall lipid trehalose dimycolate (TDM) (94, 98).
Moreover, transformation of the non-pathogenic Mycobacterium smegmatis with the Mth
gene encoding methyl mycolic acid synthase enables M. smegmatis to synthesize Mtb-like
TDM that induces lipid droplets in macrophages (95). TDM is recognized by the
macrophage receptors Mincle and MARCO (99, 100). It is thought that the interaction with
MARCO stabilizes a weak interaction with TLR2 to facilitate activation of the macrophages
that leads to foam cell formation (99). In culture, the induction of a foamy macrophage
phenotype is not restricted to the infected macrophages but is exhibited by all the cells in the
culture. The same is true in the granuloma where this lipid-loaded phenotype is common
among those macrophages subtending the caseous center (Fig. 4). It had been noted
previously that Mtb actively sheds its peripheral cell wall lipids and that these are released
from infected macrophages in vesicular exosomes containing both host and bacterial
constituents (101, 102). The exosomes are internalized by neighboring cells and are thought
to represent a mechanism by which Mtb can extend its control over the host tissue beyond
the boundaries of the infected macrophage. Such a mechanism could help explain how the
relatively few bacteria present in human TB granulomas manage to exert such an extreme
influence over the host infection site.

Mass spectrometry of caseum isolated from human TB granulomas revealed that the most
abundant lipids present were triacylglycerol, cholesterol and cholesterol esters (94). The
presence of cholesterol in its esterified form is particularly revealing. When cells such as
macrophages internalize cholesterol on low-density lipoproteins they either actively excrete
the cholesterol through ABC transporter-mediated efflux (103), or if retaining the
cholesterol, they esterify it and sequester it in lipid droplets to minimize its toxicity (104).
So the presence of cholesterol esters in the caseum implies that the lipid has come from dead
foamy macrophages, and that death of these cells is what drives the expansion of the caseous
center of the granuloma.

Mtb bacilli are frequently observed in the caseum of human and primate granulomas. In
addition, it has been noted that bacteria recovered from the sputum of individuals with active
TB are frequently loaded with lipid inclusions (105). All these observations indicate that
Mtb has not only evolved to utilize cholesterol as its primary carbon source in its host cell
but also to generate a chronic, proinflammatory response, similar to that observed in
atherosclerotic lesions, that leads to retention of cholesterol and fatty acids at the site of
infection.

Exploiting reporter strains to study Mtb infection in vitro and in vivo

The studies described above unmistakably demonstrate the critical role that sensing and
responding to intraphagosomal environmental signals plays in Mth’s successful colonization
of its host. However, while genome-wide transcriptional studies, mutant analysis, and
population-level assays such as CFU enumeration have yielded important insights into the
environment that Mtb encounters inside its host and its response to it, there remain
significant unanswered questions. Among others, further work is needed to understand (i)
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the interplay between the bacterium and the host’s response in the spatial context of the
tissue environment, and (ii) the heterogeneity that may exist in the bacterial population’s
response to its environment, and how this impacts on the progression of infection and
disease treatment. Addressing questions such as these will require expanding our molecular
‘toolbox’ to allow examination of Mth’s response at the level of the individual bacterium.

To this end, the use of fluorescent proteins has proven to be an especially productive tool in
Mtb studies. Variants of green fluorescent protein (GFP) that are pH or redox sensitive (106,
107) have been successfully incorporated into Mtb to yield information about the
intrabacterial pH and mycothiol redox potential during macrophage infection. Using a pH-
sensitive GFP, Vandal and colleagues (50) demonstrated that wildtype Mtb is able to
maintain its intrabacterial pH at or near neutral pH, even while residing in the phagosome of
IFN-y activated macrophages. This was not the case with a mutant deficient in rv3671c, a
gene encoding a membrane-bound protease, with the majority of the mutant bacteria
possessing an internal pH of less than 5.5 during infection of IFN-y-activated macrophages
(50). Bhaskar and colleagues (108) engineered a fusion of a mycoredoxin (Rv3198A) to the
redox-sensitive roGFP2 to generate a mycothiol-specific intrabacterial fluorescent redox
probe. Using Mtb carrying this probe, they found significant intrabacterial redox
heterogeneity in Mtb-infecting macrophages, which was not observed in broth-grown Mtb.
Through colocalization experiments with markers to approximate sub-vacuolar
compartments, they determined that the heterogeneity reflected in part the presence of the
bacteria in different compartments. Mtb in early endosomes (early endosome antigen and
Rab5-positive) versus lysosomes (lysotracker and cathepsin D-positive) were more likely to
possess reduced versus oxidized mycothiol redox potentials respectively (108). All the Mth
observed in autophagosomes (LC3-positive) had a highly oxidized mycothiol redox
potential. Intrabacterial mycothiol redox potential was modulated by the host immune status,
with immune activation leading to an oxidative shift. In accord with the concept that NO is a
major source of redox stress in the Mtb phagosome, chemical inhibition of INOS
substantially decreased the oxidative shift that had been observed (108). Similarly, treatment
with anti-TB drugs such as isoniazid, ethambutol, and rifampicin led to a shift towards an
oxidized mycothiol redox potential, but only in the context of Mtb infection of host cells,
suggesting that the drugs potentiate the host response to Mth (108). Intriguingly, Bhaskar
and colleagues (108) were able to correlate the observed mycothiol redox potential
heterogeneity in the bacterial population during host cell colonization with differential
susceptibility to anti-TB drugs. Specifically, they found that Mtb with a more oxidized
mycothiol redox potential were more susceptible to drug killing, with increased membrane
damage as reflected by increased propidium iodide (PI) staining (108). In contrast, Mtb with
a more reduced mycothiol redox potential were more antibiotic tolerant, displaying no
uptake of PI. These results demonstrate the utility of reporter strains for studying Mtb
infection in the context of intact host cells, and provide a salient example of the biological
relevance of Mtb’s population heterogeneity during infection.

Mtb’s robust transcriptional response to particular environmental cues represents an
additional opportunity for the construction of fluorescent reporter tools that can aid
understanding of Mth’s surroundings during in vivo infection. By carefully selecting Mtb
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gene promoters known to be induced in the presence of a given environmental signal and
placing them upstream of GFP, reporter Mtb strains can be generated whose fluorescence
varies in accord with the bacterium’s microenvironment. Combining this GFP reporter with
a constitutively expressed second fluorophore (e.g. smyc’::mCherry) further enables
visualization of all bacteria irrespective of GFP induction levels, allowing rigorous
quantification of reporter GFP signal. Abramovitch and colleagues used this approach to
study the expression of aprA in broth and during macrophage infection (aprA’::GFP
reporter) (49). They found that aprA’::GFP fluorescence was induced to similar levels
during Mtb infection of both resting and activated macrophages, with significant
heterogeneity across the bacterial population.

Tan and colleagues have since generated a reporter Mtb strain responsive to pH and [CI~]
(rv2390c’::GFP) (54). GFP expression of this reporter strain was increased in activated
versus resting macrophages, in accord with increased phagosomal maturation (54). They
brought studies with the reporter Mtb strains a step further by using them for in vivo
infections in a murine model of Mtb infection. By taking thick sections of lung tissue,
imaging a 10 um deep z-stack and reconstructing into 3D, they were able to quantify
reporter induction in the context of the tissue environment. In agreement with the
macrophage infection results, rv2390c’::GFP expression was lower in Mtb infecting IFN-
v~~ mice as compared to wildtype mice (54). Tan and colleagues (54) also constructed a
second reporter Mtb strain responsive to hypoxia and NO (hspX’"::GFP), and similarly, they
examined its induction during infection of wildtype versus IFN-y~~ mice. hspX’::GFP
fluorescence was induced more strongly in wildtype as compared to IFN-y~/~ mice, and
expression was significantly higher at 28 days versus 14 days post-infection, correlating
with the time frame of the adaptive immune response and the production of iNOS (54, 109).

In addition to promoter-based reporters and reporters exploiting intrinsic properties of
variant GFP molecules, Mtb protein-fluorophore fusions represent yet another method for
the generation of informative reporter Mtb strains. Protein-fluorophore fusions have been
extensively used for studying protein localization, and several studies have also employed
this method in live-cell time-lapse imaging on the fast-growing saprophyte M. smegmatis,
for example to track the dynamics of the cell wall synthetic machinery (110) and to examine
KatG expression and its relation to killing by INH (111). However, protein-fluorophore
fusions can potentially be exploited not just for the study of a given protein’s localization
and dynamics but also in the generation of reporter strains that inform a broader phenotype/
physiological state. A striking example of such a reporter Mtb strain was recently described
by Sukumar and colleagues, consisting of a fusion of Mtb’s single stranded binding protein
to GFP (SSB-GFP) (112). This fusion protein was driven by the native Mtb ssb promoter
and was coupled to a constitutively expressed mCherry as with the other promoter-based
reporter Mtb strains described above. In contrast to the other reporter Mtb strains that
respond to particular environmental cues however, this reporter allows the tracking of Mtb
replication by marking bacteria undergoing active DNA replication. Fluorescent tagging of
components of the replisome, such as SSB, has been well-validated as a marker of active
DNA replication in several organisms, including E. coli and Bacillus subtilis (113-115).
Similar to these other bacteria, SSB-GFP foci were present during periods of DNA
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replication in both M. smegmatis and Mtb (112). While methods such as CFU enumeration
and the use of a ‘clock’ plasmid lost at a fixed rate from replicating Mtb (44) provide
information on the numbers of surviving Mtb and Mtb replication on a population level, the
SSB-GFP reporter enables the study of Mtb replication at the level of the individual
bacterium, in the context of its tissue environment.

By combining the use of these reporter Mtb strains with specific, immune-deficient mice
and utilizing a heat-killed Mtb vaccination model, Sukumar and colleagues (112) were able
to expand on the initial studies of Tan et al., probing the physiological and replication status
of Mtb in heterogeneous tissue environments and examining the impact of the host immune
status on the bacterium’s response. While Mtb infecting mock-treated mice showed initially
high induction levels of the pH and ClI™-responsive rv2390c’::GFP reporter (to 28 days post-
challenge), levels of this reporter fluorescence was significantly lower in Mtb infecting
vaccinated mice at these early time points (112). The presence of a pre-existing immune
response to Mtb stimulated by vaccination thus appears to either hasten adaptation of
surviving Mtb to innate immune stresses, or to accelerate selection of the bacterial
population best adapted for continued survival. As observed previously, the kinetics of the
hypoxia and NO-responsive hspX’::GFP expression were different from those of the rv2390c
’::GFP reporter, with low levels of fluorescence observed initially, followed by strong
induction at later time points as the adaptive immune response was established (54, 112). As
expected, vaccination accelerated the onset of the adaptive immune response and iNOS
production, leading to high levels of hspX’::GFP induction in Mtb present in vaccinated
mice even at 14 days post-challenge (112) (Fig. 5). Experiments with NOS2™/~ mice
confirmed that NO was the main driver of hspX expression in the murine model, as hspX
’::GFP reporter fluorescence was ~3 logs lower in Mth infecting NOS2~/~ versus wildtype
mice (Fig. 5).

Using the SSB-GFP replication reporter Mtb, Sukumar and colleagues (112) found
significant heterogeneity in the percentage of actively replicating Mtb at day 14 post-
challenge in both mock-treated and vaccinated mice (Fig. 6). Strikingly, vaccinated mice
displayed a much lower percentage of actively replicating Mtb at day 28 post-challenge as
compared to mock-treated mice (Fig. 6). In accord with this growth profile, Mtb recovered
from vaccinated mice were more tolerant to isoniazid, a drug with preferential activity
against actively replicating bacteria, versus Mth recovered from mock-treated mice (112).
While it is thus clear that vaccination can reduce at least initial bacterial burden in the host,
the study by Sukumar et al. (112) indicate that it also accelerates the surviving Mtb’s
adaptation to immune pressure and its progression to a more persistent stage of colonization.
These reporter Mtb-based studies also demonstrate the close link between the host’s immune
status and the environmental signals that Mtb finds itself exposed to. While many of the
environmental signals described above are manifestations of the host’s attempt to clear the
infection, Mtb’s ability to resist the various defense mechanisms allows it to usurp these
very signals as cues that inform it both of its location in the host and the immune status of
the host, and to respond appropriately to enable its continued survival.

While the in vivo environment is certainly more complex than the defined in vitro conditions
under which the reporter constructs are initially characterized, the studies by Tan et al. and
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Sukumar et al. illustrate how the use of multiple reporter strains, combined with genetic and
immunological tools on the host side, allow for insightful discoveries into Mth’s
microenvironment in vivo and the impact of the host immune status on the bacterium’s
response to environmental signals. Another important observation from studies with the
various reporter Mtb strains is the heterogeneity that exists in the bacterial population during
infection. Lesion to lesion heterogeneity within the lungs of Mtb-infected rabbit or
macaques have been elegantly demonstrated in studies from Lin et al. and Via et al., with
the progress and fate of each lesion being independent (18, 116). The data from the reporter
Mtb strains further indicate that heterogeneity is present at the level of the individual bacilli.
That this heterogeneity can have significant effects on Mtb biology and drug treatment
efficacy is demonstrated by the data of Bhaskar and colleagues (108). We envision that
continued expansion of the types of reporter Mtb strains available will significantly enhance
the field’s ability to understand Mtb-host interactions in vivo.

Concluding remarks

Intracellular Mtb senses and responds to immune-mediated alterations in the physiological
status of its host cell. These alterations tune bacterial transcriptional and metabolic responses
to facilitate survival of the bacterium. Many of the current analyses have relied on
population-based measurements that have been invaluable in the identification of the major
themes and metabolic adjustments undergone by Mtb but do not address the issue of
heterogeneity. We feel that the more recent studies exploiting reporter strains of Mtb that
exhibit either conditional expression of fluorescent proteins, or express fluorescent sensor
proteins, represent the latest generation of tools for mining the biology of mycobacterial
infections. These are exciting new probes for understanding bacterial fitness in the context
of the tissue environment of the host, with reference to experimental models of both
vaccination and chemotherapy.
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Fig. 1. Real-time measurement of changing phagosomal hydrolase activity in the phagosome
during the maturation process
Assays have been developed that measure a range of lysosomal hydrolase activities

including bulk proteinase activity, cysteine proteinase activity, lipolysis and p-galactosidase
activity. The assays involve fluorogenic substrates that are linked to silica beads (A). These
beads are also coupled with an opsonizing molecule, such as IgG or mannosylated BSA, to
facilitate their uptake by macrophages, and a calibration fluorophore. Results are usually
expressed as a ratio of substrate fluorescence:calibration fluorescence. The examples
illustrated show experiments with beads coupled with the proteinase substrate DQ Green
BSA, which consists of albumin derivatized with a self-quenching fluorophore. The ensuing
change in fluorescence generated through the release of fluorescent peptides can be
measured by several different platforms, each of which provides its own unique insight. A
spectrofluorometer (B) provides a kinetic readout that represents an average value across a
population of cells mounted on glass coverslips in cuvettes. A confocal microscope (C)
allows visualization and quantification of the increase in green fluorescence from the
hydrolyzed substrate compared with the red fluorescence of the calibration fluorophore at
the level of the individual phagosome. These frames are from a 45-minute movie. Flow
cytometry (C) enables examination of the heterogeneity of the activity across the cell
population at the level of each individual cell. Analysis by flow cytometry can be combined
with immunofluorescence with antibodies against pathogens, or cell surface markers. This
figure was modified from Russell et al. (5).
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Fig. 2. Life and death dynamics during long-term intracellular survival of Mtb.
(A) Bacterial survival assays. Resting murine bone-marrow-derived macrophages were

infected at low multiplicity of infection (~1:1) with CDC1551. Viable CFUs were quantified
at day O and at 2-day intervals post-infection 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 from two independent biological replicates, each consisting of three technical
replicates per strain (total of six wells/strain). (B) Replication clock plasmid. The percentage
of bacteria containing the pBP10 plasmid during growth in resting macrophages was
determined by comparing CFUs (mean + SD) recovered on kanamycin versus non-selective
media (red). The cumulative bacterial burden (CBB) (black) was determined by
mathematical modeling based on total viable CFUs and plasmid frequency data. Data shown
represent two independent experiments, with each sample performed in quadruplicate (eight
total wells/time point). (C) The ‘bottleneck’ response. Temporal expression profiles of genes
differentially regulated at day 2 post-infection, shown as ratio of signal intensity relative to
control. Note the maximal change in transcript levels at day 2 post-infection followed by the
majority trending back toward 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, hspX. This figure is reproduced from
Rohde et al. (43)
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Fig. 3. Mtb utilizes pH and [CI™] as environmental cues
(A) Phagosome acidification is a key inducer of Mtb transcriptional changes. Murine bone

marrow-derived macrophages were infected with CDC1551 for 2 h. For the test set, the
macrophages were treated with 100 nM concanamycin A (CcA) to inhibit phagosomal
acidification, before Mtb infection. Y-axis shows gene expression ratios from Mtb present in
untreated phagosomes (pH 6.4) relative to CcA-treated phagosomes (pH 7.0). Mtb genes
whose induction at 2 h was sensitive to CcA (>1.5-fold, p < 0.05) are shown in red. Red
arrows indicate examples of genes induced at 2 h in untreated macrophages whose
expression was insensitive to CcA. (B) [CI7] and pH are inversely correlated during
phagosome maturation. 10,10’-Bis[3-carboxylpropyl]-9,9’-biacridinium (BAC)/pHrodo
beads were added to murine bone marrow-derived macrophages and BAC (green) and
pHrodo (red) fluorescence tracked with a microplate reader over time. Fq is fluorescence at
time = 0 min, and F is fluorescence at each given time point. BAC fluorescence decreases as
[CI7] increases. pHrodo signal increases as pH decreases. Data are shown as means = SD
from 4 wells. (C) Links between Mth’s response to pH and CI~. The indicated Mtb strains
were grown in broth buffered at pH 7.0, pH 7.0 + 250 mM NacCl, pH 5.7, or pH 5.7 + 250
mM NaCl for 4 h. gRT-PCR of rv2390c expression in WT, AphoPR, and the complemented
mutant (phoPR*) is shown. Fold induction is as compared to the corresponding strain grown
in media at pH 7.0. Data are shown as means = SD from 3 technical replicates. This figure is
reproduced from Rohde et al. (23) and Tan et al. (54).
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Fig. 4. Expression of the lipid droplet-associated protein Peripilin 2 in human tuberculosis
granulomas
Immunofluorescence signals were obtained for each granuloma (B), and the corresponding

region from a hematoxylin and eosin stained slide (A) is shown. Nuclei are shown in blue
and antigens in red. The macrophages subtending the caseum of this fibrocaseous granuloma
label strongly for peripilin 2 expression. This figure is reproduced from Kim et al. (94).
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Fig. 5. Impact of host immune response on dynamics of hspX’::GFP induction
Erdman(hspX’::GFP, smyc’::mCherry) was inoculated into vaccinated or mock-treated

C57BL/6J WT mice for up to 28 days. 3D confocal images from a 14-day infection are
shown. All bacteria are marked in red (smyc’::mCherry), reporter signal is shown in green
(hspX’::GFP), nuclei are marked in grayscale (DAPI), and phalloidin staining of f-actin is
shown in blue. Scale bar 10 pm. Graph shows quantification of the GFP/um3 signal for each
bacterium measured from multiple 3D confocal images, at the indicated time points. Each
point on the graph represents a bacterium or a tightly clustered group of bacteria (mock-
treated — filled symbols, vaccinated — open symbols; WT mice infections — black, NOS2™/~
mice infections - blue). Horizontal lines mark the median value for each group. p-values
were obtained with a Mann-Whitney statistical test. This figure is reproduced from Sukumar
etal. (112).
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Fig. 6. SSB-GFP reporter tracks Mtb replication in vivo
Erdman(SSB-GFP, smyc’::mCherry) was inoculated into vaccinated or mock-treated

C57BL/6J WT mice for up to 28 days. 3D confocal images from a 28-day infection are
shown with all bacteria marked in red (smyc’::mCherry), reporter signal shown in green
(SSB-GFP), nuclei marked in grayscale (DAPI), and phalloidin staining of f-actin shown in
blue. For clarity of foci visualization, SSB-GFP signal is shown in extended focus, overlaid
on the 3D image. Scale bar 10 um. Graph shows the percentage of Mtb displaying SSB-GFP
foci for each mouse, measured from multiple 3D confocal images, at 14 and 28 days post-
challenge. Each point on the graph represents a mouse (mock-treated — filled symbols,
vaccinated — open symbols). Horizontal lines mark the median value for each group. p-
values were obtained with a Mann-Whitney statistical test. This figure is reproduced from
Sukumar et al. (112).
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