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Summary
Mycobacterium tuberculosis is an extremely successful pathogen that demonstrates the capacity to
modulate its host both at the cellular and tissue levels. At the cellular level, the bacterium enters its
host macrophage and arrests phagosome maturation, thus avoiding many of the microbicidal
responses associated with this phagocyte. Nonetheless, the intracellular environment places certain
demands on the pathogen, which, in response, senses the environmental shifts and upregulates
specific metabolic programs to allow access to nutrients, minimize the consequences of stress, and
sustain infection. Despite its intracellular niche, Mycobacterium tuberculosis demonstrates a
marked capacity to modulate the tissues surrounding infected cells through the release of potent,
bioactive cell wall constituents. These cell wall lipids are released from the host cell by an
exocytic process and induce physiological changes in neighboring phagocytes, which drives
formation of a granuloma. This tissue response leads to the generation and accumulation of
caseous debris and the progression of the human tuberculosis granuloma. Completion of the life
cycle of tuberculosis requires damaging the host to release infectious bacteria into the airways to
spread the infection. This damage reflects the pathogen’s ability to subvert the host’s innate and
acquired immune responses to its own nefarious ends.
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Introduction
Mycobacterium tuberculosis (Mtb) remains one of the most pernicious of the infectious
diseases borne by mankind (1). It infects many, approximately one third of the human
population, yet it causes disease in only a proportion, 3-15%, of those that are infected. The
burden of disease is disproportionately distributed across the planet with 22 countries
bearing 80% of the total number of cases of active disease. Not surprisingly, this distribution
tracks predominantly with socio-economic status, with sub-Saharan Africa being one of the
most intensely affected areas.

There are no effective vaccines against infection and the only approved vaccine, bacille
Calmette Guerin (the culture-attenuated strain of M. bovis), was developed almost 100 years
ago and shows slight protection against severe disease among some ethnic groups. In
addition, although drug therapy is effective, it is not without serious limitations. Therapy
requires treatment with multiple (four) antibiotics for nine months, which in many parts of
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the world is almost impossible to sustain. Such regimens are fraught with frequent cases of
non-compliance, which leads to the repeated selection of multi-drug resistant strains. The
effectiveness of this complex therapy depends on the existence of a health care infrastructure
that is beyond the means and expertise of many of the more seriously affected regions of the
world.

There are few new drugs in the development pipeline, and the vaccines under trial currently
have not been shown to offer benefits beyond BCG. Therefore, we need to re-evaluate our
approaches to drug and vaccine discovery. The development of new therapies or vaccines
requires incorporation of a greater appreciation of the biology of the pathogen as a full
partner in the process. Mtb is not a passive ‘shopping bag’ of antigens and vaccine
candidates. It is an active manipulator of the immune system that utilizes this response to
modulate the tissue architecture to sustain the infection and drive transmission. Nor can drug
development be based on the physiology of Mtb in rich broth culture. The metabolism of the
bacterium is linked intimately with the changing environments within its host. For these
reasons, understanding the biochemical and physiological interplay between Mtb and it host
cell, the macrophage, extends beyond the mere esoteric. An appreciation how the two cells
communicate and modulate the behavior of one another is critical to the design of
appropriate screens for the identification and development of new drug and vaccine
candidates. Therefore, the cell biology of the intimate interaction between Mtb and the
macrophage is a critical component in combating the infection.

Most cell biological studies of intracellular pathogens proceed by either immunofluorescent
co-localization of known ‘marker’ proteins, or through the use of transfection of host cells
with proteins tagged with reporters such as green fluorescent proteins (GFPs). These
approaches have been and continue to be extremely informative (2-9). But, there are
alternatives that place a direct emphasis on function and consequences, and these are the
approaches explored in this article. Firstly, the presence of a protein does not demonstrate
function. For example, cathepsin D is a lysosomal proteinase that is synthesized in an
inactive proform (10, 11). The enzyme is not active until processed and does not attain full
activity until it reaches a compartment with a pH equivalent to its pH optimum. None of
these confounding factors can be judged by presence alone but can be quantified by
functional, intraphagosomal hydrolase assays (12-15). Secondly, as microbiologists, our
primary interest should be the consequences that intracellular environments have for the
infecting microbe. Therefore by studying the responses shown by Mtb to the differing
environments experienced by the pathogen within its host cell we can start to build a more
detailed picture of the physiological state within the phagosome (16-18). This is an unbiased
but long-term approach. It does not supplant the more traditional cell biological studies, but
I believe that, ultimately, the two will complement one another to increase our appreciation
of the physiology both of the phagosome and the pathogen.

Phagocytosis and the biogenesis of the phagosomal compartment
The macrophage is an extremely plastic cell that, unlike specialized phagocytes such as
osteoclasts or dendritic cells, fulfills a range of activities that are modulated by the tissue
and cytokine environment to which the cell is exposed. It is widely accepted that a
macrophage in culture does not reflect the true properties of a tissue macrophage. Much of
these data are phenomenological, linked to the changing expression of surface markers,
nonetheless it is an important caveat to consider.

Much of the function of the macrophage is channeled through its phagosome. In the old days
this was simple. Cargo was phagocytosed when appropriate receptors were ligated, and the
internalized material was delivered to the lysosome. Unfortunately, this convenient model
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has been complicated by a growing awareness of both the diversity of intracellular
organelles and the subtleties that regulate fusion between intracellular membranes (19) (Fig.
1). During phagosome maturation, it is now known that the phagocytic compartment
interacts with the rapid recycling endosome, the secretory system, multi-vesicular bodies
such as the major histocompatibility complex (MHC) class II (M-2C) compartment, and the
endoplasmic reticulum, prior to fusion with the lysosomes themselves (20-22). During this
process, the phagosome function is modified and influenced to reflect the specialized
activities of all of these other organelles. Finally, this is not a defined sequence of events,
this is a highly plastic system that is influenced by the immune status of the macrophage (15,
23-25), which is modulated by extrinsic and intrinsic factors of the innate and acquired
immune system. The regulation of these membrane fusion events is extremely complex and
has been the subject of intensive analysis of the cytosolic and membrane-associated
machinery that drives and regulates the specificity of the process. However, this machinery
is not directly germane to the lumen of the Mtb-containing phagosome; therefore, this article
places greater emphasis on the consequences of these fusion events to the nature of the
intraphagosomal environment(s) experienced by the intravacuolar bacterium.

The superoxide burst
The first microbicidal activity any microbe will encounter is the superoxide burst, which is
generated by the NADPH complex assembled in the phagocytic cup early in the process of
phagocytosis (26-29). The complex is comprised of an integral membrane flavoprotein b588
(gp91phox and p22phox), and the cytosolic subunits p47phox, p67phox, and p40phox. Upon
ligation of an appropriate receptor, such as the FcRII receptor for complexed
immunoglobulin, the cytosolic subunits assemble on the flavoprotein subunit and, along
with guanosine triphosphatase Rac2, form an active enzyme complex that generates O2

− in
the forming phagosome. The generation of the superoxide burst is transient, lasting 15-20
min in bone marrow-derived murine macrophages (Fig. 2), and while its intensity is
increased upon activation of the macrophage with lipopolysaccharide (LPS) or interferon-γ
(IFN-γ), its duration is unaffected (13). Superoxide and its downstream metabolites,
hydrogen peroxide and hypervalent iron, are highly toxic for many microbes. However, the
data on the activity of superoxide and its adducts on survival of pathogenic Mycobacterium
spp. are not so impressive. M. avium infection of mice defective in gp47phox reveals no
phenotype (30), and infection of NADPH oxidase-impaired macrophages with Mtb had no
effect on bacterial survival (31). Mtb is known to possess several routes of avoidance of
superoxide, ranging from superoxide dismutase (32-34), to the scavenging properties of its
cell wall lipidoglycans (35).

Acidification of the phagosome and its acquisition of lysosomal hydrolases
The successful function of the phagosome as a degradative organelle is linked to its
acidification, which enables the activation and optimal function of a range of lysosomal
hydrolases capable of degrading most biological polymers. Acidification is achieved through
the accumulation of V-ATPase complexes in the phagosome membrane (36). Like the
NADPH oxidase, these complexes are comprised of both integral membrane and cytosolic
subunits that form an active enzyme that hydrolyses ATP and pumps protons into the
phagosome. The acidification process is relatively rapid, at least around inert particles such
as IgG-coated beads, where it takes 15 min to reach a pH equilibrium at pH 4.8-5.0 (14).
Early studies on pathogenic Mycobacterium spp. demonstrated that this process was arrested
and that the pH of the Mtb-containing phagosomes in resting macrophages remained at pH
6.2-4 (37). Comparable data have been generated by analysis of Mtb-infected macrophages
isolated by broncholavage of human tuberculosis (TB) patients (38) (Fig. 3). This arrest in
the acidification process is now known to be indicative of a more global block in the
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maturation of the Mtb-containing phagosome that limits its acquisition of a range of
potentially noxious components of the lysosome.

Studies on phagosomes formed around inert IgG-coated particles have provided
considerable insights into the kinetics of the process of acquisition of hydrolytic activities.
Most hydrolytic activities, such as proteolysis and lipolysis, can be detected within 5-10 min
following particle internalization and closure of the phagosome (14). However, maximal
concentration of lysosomal material does not achieve equilibrium until 90 min after initial
formation of the phagosome. Pharmacological intervention that limits phagosome
maturation, in general, reduces hydrolytic capacity ( Fig. 4). However, we found that the one
notable exception to this observation was lipolytic activity (14). Lipolysis appears to be the
product of lipases both in the early endosomal system, lipoprotein lipase (LPL), and
members of the hepatic lipase family, as well as acidic lysosomal lipases (39-41).
Restricting phagosome maturation by inhibition of V-ATPase activity likely renders the
phagosome more accessible to the sustained activity of LPL and hepatic lipases, the
significance of which is discussed later in this review.

Modulation of phagosome-maturation by Mtb
The mechanism(s) by which Mtb prevents the maturation of its phagosome remain opaque.
Not because we have yet to identify the bacterial factors involved in the process but because
we have a confusing plethora of candidates.

Mycobacterial cell wall lipids such a lipoarabinomannan (LAM) (8, 42-44), the phenolic
glycolipid phenolphthiocerol diester (PGL-1) (45), the isoprenoid edaxadiene (46, 47), and
trehalose dimycolate (TDM) (48, 49) have all been demonstrated to modulate phagosome
maturation, although the amount of supporting data varies for each candidate. LAM is
thought to incorporate into the phagosomal membrane and inhibit Vps34 activity, which
limits accumulation of PI3-P and the acquisition of EEA1 (9, 44, 50, 51). EEA1 is required
for the loss of rab5 and its replacement with rab7 to drive fusion with late endosomal and
lysosome compartments. Another cell wall lipid, TDM, is also thought to modulate
phagosome maturation (48). Intriguingly, however, the ability of TDM to restrict
phagosome maturation is reversed in activated macrophages, which is consistent with the
studies that demonstrate that IFN-γ-activated macrophages can overcome the Mtb-mediated
block in phagosome maturation (52, 53). The reversal of TDM’s inhibition is not observed
in NOS2-deficient mice; however, TDM loses its capacity to arrest phagosome maturation
following pre-treatment with reactive nitrogen intermediates. These data not only identify a
possible mediator of phagosome arrest but also provide an explanation as to how this
blockage may be overcome by activation of the host macrophage. Earlier studies had
indicated that delivery to lysosomal compartments preceded death of the bacilli (52), which
is consistent with the effector being a peripheral component neutralized by the host cell
without affecting viability directly.

In addition to these cell wall components, two secreted proteins have also been implicated in
the modulation of the Mtb phagosome. PknG, a member of the serine/threonine family of
kinases of Mtb, has been proposed to access the host cell cytoplasm and modify host
enzymes associated with phagsome maturation (54). However, PknG has been shown to
regulate glutamine metabolism in Mtb (55), which impacts the fitness of the bacterium
under certain physiological conditions. Similarly, SapM, a bacterial phosphatase capable of
hydrolyzing PI3P, is proposed to access the cytoplasmic face of the phagosome to reduce the
concentration of PI3P and thus restrict maturation of the phagosome (51). This activity is
consistent with the delayed accumulation of PI3P on the phagosomes of pathogenic
Mycobacterium spp. However, the same caveat attends the mode of action of both these
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proteins. How do they gain access to the host cell cytoplasm? Mtb lacks any specialized type
III secretion system so delivery of these candidate effector proteins to the host cell
cytoplasm remains an issue of some conjecture.

Escape into the host cell cytosol
Some early reports described Mtb in the cytoplasm of their host macrophages (56), but these
observations ran against the majority of publications on Mtb-infected macrophages. More
recently, compelling evidence has been generated by Van der Wel and colleagues (57) who
studied human dendritic cells and macrophages infected with Mtb. Escape from the vacuole
in these cells was found to be dependent on an intact ESX1 secretion system. Mtb has also
been found to exit the phagosomes of Dictyostelium, which was exploited as an alternate,
genetically tractable infection model (58). These data are provocative; however, the
percentage of bacteria accessing the cytoplasm was extremely variable and was observed
predominantly late in infection. Until now there is no indication that this represents a
privileged environment that is more permissive to bacterial growth than the phagosome.
More work is needed to place these data in their biological context and clarify the
significance of this process to disease.

Anti-mycobacterial activities in the infected macrophage
While there are substantial data on the ability of murine macrophages to limit growth and
even kill Mtb in culture, the routes of killing remain to be fully understood, even under in
vitro conditions. In vivo, in murine infections there is a clear hierarchy of efficacy that has
been established with the use of knockout mice, and while this does not eliminate
compensatory activities, it does reveal those responses most important to control of infection
(59). The most susceptible mice are those deficient in either IFN-γ or IFN-γ receptors,
implying macrophage activation as a critical component in controlling infection (60). The
next most susceptible mice are those lacking NOS2 or the ability to generate reactive
nitrogen intermediates, again a key function of the activated macrophage (61). For several
years people debated the relevance of these data to humans because human macrophages
could not be stimulated either to make NO in culture or to effectively limit Mtb growth.
However, compelling data from macrophages isolated from infected patients demonstrate
production of NO ex vivo (62, 63). Furthermore, a genetic screen for Mtb susceptible to the
effects of NO in vitro identified components of the bacterial proteosome (64-66), which is
mobilized for the degradation of bacterial proteins damaged by the action of NO radicals.
These mutants demonstrated marked phenotypes in wildtype but not NOS2-deficient mice.
All these data are consistent with NOS2 activity playing an extremely significant role in the
control of Mtb infection in vivo.

More recently, other radical-independent means of controlling Mtb within the macrophage
have been documented. Gutierrez and colleagues (67, 68) observed that drugs that induced
autophagy in BCG- and Mtb-infected macrophages lead to enhanced, early killing of the
bacteria. Examination of the Mtb-containing vacuoles demonstrated an increased
colocalization with markers of the autophagous pathway, such as LC3. Moreover,
transfection of macrophages with the immune-induced GTPase LRG-47 enhanced both this
colocalization and bacterial death (69). In studies initiated from a different starting point,
Alonso and colleagues (70) were pursuing a soluble, lysosomal factor capable of mediating
death of Mtb in broth culture. The component turned out to be proteolysed ubiquitin. These
data revealed a novel pathway for killing whereby ubiquitinated proteins, translocated from
the cytoplasm into the lysosome via the autophagous pathway, were processed by cathepsins
to reveal cationic peptides that permiabilized and killed Mtb (Fig. 5). In more recent studies,
bacterial porins were shown to be a major susceptibility factor for the action of these
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peptides, and expression of the major porin of M. smegmatis in Mtb rendered it exquisitely
sensitive to killing by ubiquitin-derived peptides (71). This pathway of killing through the
activity of cryptic peptides revealed by lysosomal hydrolases has since been verified by
Ponpuak and colleagues (72), who also identified Hepcidin-derived peptides as another
family of peptides capable of killing Mtb via delivery through the autophagous pathway.

Antigen presentation and the infected macrophage
The maturation of the Mtb-containing phagosome is modulated by the pathogen, but it is
unclear to what extent, if any, this impacts antigen processing and presentation. The
bacterium continues to secrete or release both proteins and lipids inside the cell, and these
are potential antigens, which could be loaded onto the appropriate MHC class II or CD1
molecules.

In order for MHC class II-mediated antigen presentation to occur, the MHC class II antigens
must undergo compartment-specific maturation processes such as glycosylation and the
proteolytic removal of the invariant chain prior to binding of ‘immunogenic’ peptides (73,
74). The loading of peptide requires removal of the invariant chain-derived peptide (CLIP)
from the antigen-binding groove at low pH by the chaperone HLA-DM (human) or H2-M
(mice). This must take place prior to the delivery of the antigen-loaded heterodimer to the
cell surface for functional presentation.

In studies on M. avium-infected murine and human macrophages, Ullrich and colleagues
(75) reported detection of MHC class II molecules in early bacteria-containing phagosomes.
However, these molecules are already peptide-loaded and were trafficked from the cell
surface, indicating that they were not competent to sample bacterial antigens. However,
upon activation of the macrophage with INF-γ, the bacteria-containing vacuoles became
accessible to the class II chaperone H2-M, implying that the compartments were now
capable of antigen sampling and functional presentation. But, these data refer only to
antigens in the bacteria-containing phagosome, and Mtb is known to secrete an abundance
of proteins that actually accumulate in the multivesicular lysosome or the M2C compartment
(76-78). Several groups report effective antigen presentation of secreted antigens such as the
highly immunogenic Ag85 by infected macrophages (79). Infected mice exhibit abroad
spectrum of responses to both protein and lipid antigens of Mtb (80), implying that antigen
presentation, by either infected macrophages or bystander antigen-presenting cells, is not
adversely affected to any great extent by the infection.

Clearly the data regarding the immunocompetence of infected macrophages to present
antigen are conflicting, which likely reflects key differences in the design and execution of
the experiments. Mycobacterial species are extremely immunogenic particles, and while
immunogenicity may be limited early, they very rapidly generate a very robust immune
response in both animal models and humans (80). A robust immune response is a critical
component in the completion of the bacteria life cycle. Absent this immune response, Mtb
cannot achieve the late-stage tissue damage necessary to lead to necrosis and the
liquification of the granuloma that facilitates host-to-host spread of infection. So while the
immune response represents a threat at the level of the infected macrophage, it is, from the
perspective of Mtb, a necessary evil for the success of the infection process (81).

The consequences of the intracellular environment for Mtb
As discussed previously, the arrested maturation of the Mtb-containing phagosome indicates
that the bacterium resides in a relatively high pH compartment (pH 6.4), with minimal
hydrolytic activity (82), with the possible exception of lipase activity. Nonetheless, this
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environment must represent a considerable shift from the benign environment of rich
nutrient broth, which is maintained at a static temperature and pH.

In early transcriptional profiling of intracellular Mtb, Schnappinger and colleagues (17, 83)
demonstrated that upon infection of the macrophage, the bacterium upregulated expression
of genes relevant to resistance to oxidative and nitrosative stresses, and growth limitation, as
well as an adjustment to alternative nutrient sources. Two more recent studies by Rohde and
colleagues (16, 84) build on these earlier observations. Firstly, Rohde performed a temporal
dissection of the transcriptional response mounted by Mtb during the first 2 h of infection
and found that the patterns of upregulation or downregulation of these genes were sustained
at 24 h post-infection. Many of the transcriptional signatures observed in this study
coincided with the themes reported previously by Schnappinger (17, 83). However, Rohde
went on to manipulate the phagosomal environment and, through negating the pH drop from
pH 7.0 (extracellular) to pH 6.4 (intracellular), demonstrated that one of the dominant
environmental cues that shaped the transcriptional response of intracellular Mtb was the pH
shift. Over one third of the change in the transcription profile was suppressed in the absence
of a pH drop to pH 6.4 (16).

More recently, Homolka and colleagues (84) employed a different approach to identify the
genes that Mtb require for intracellular success. They examined the intracellular
transcriptome from a panel of 15 recent clinical isolates that represent the global genetic
diversity of the Mtb complex, including the more ‘ancient’ lineages such as M. africanum.
The underpinning logic to this approach was that genes up-regulated in all isolates would
represent the ‘core’ transcriptome required by all Mtb isolates to sustain intracellular
infection, and the divergent transcriptional profiles would indicate lineage-specific traits that
could reflect increased virulence of specific strains, such as the Beijing strain. The study
revealed a hitherto unexpected level of functional genetic diversity across the Mtb complex,
which belayed previous beliefs that Mtb were a homogeneous and extensively clonal
species. Nonetheless, a highly conserved ‘core’ transcriptome induced in resting
macrophages was defined that corresponded to 280 genes, including 168 upregulated and
112 downregulated transcripts (Fig. 6). The majority of the upregulated genes were known
to associate with stresses such as hypoxia, oxidative and nitrosative stress, cell wall
remodeling, and fatty acid metabolism. The downregulated genes were associated with
cessation of growth and reduced bacterial metabolism. Approximately 40% of the genes that
constituted the ‘core’ intracellular transcriptome were genes of unknown function, which
might now merit increased study. Also of interest was the comparison of the conserved
transcriptome between Mtb in resting and activated macrophages. Fifty-seven genes were
upregulated preferentially in resting compared to activated macrophages. Many of these
genes had a clear association with growth such as ribosomal proteins and histones, and iron-
storage proteins. In addition, several of the chaperones normally associated with stress were
upregulated, implying that these proteins were required to sustain growth inside the
macrophage rather than simply resistance to stress.

These studies exploit Mtb as a probe for the environment inside the phagosome of the
macrophage. Interpretation is complex, yet the information return from an unbiased
approach such as this continues to be extremely informative. When placed in the context of
more traditional cell biological studies, we feel that the two datasets afford tremendous
complementation in unraveling the physiology of this compartment.

Bacterial nutrition and the fight for food
It has long been appreciated the Mtb must realign its metabolism upon infecting its host.
Bacterial mutants defective in several genes involved in lipid processing and metabolism
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have been shown to have defects in murine hosts, while showing no defects when grown in
rich bacterial broth. Although the underlying mechanisms behind the phenotypes of these
mutants may vary from simple nutrient acquisition, through the accumulation of toxic
intermediates, to the need to modulate the lipid components of the bacterial cell wall, they
all emphasize the critical importance the lipid metabolism has for intracellular Mtb. In
previous studies, isocitrate lyase (icl1) was found to be necessary for sustained survival in
macrophages and mice in the face of an intact immune response that was capable of
activating the host cell (85). ICL1 mediates the flux of carbon into the glyoxylate cycle,
through the diversion of isocitrate away from the Kreb’s cycle into the generation of
pyruvate and possibly feeds into gluconeogenesis. The glyoxylate cycle enables the
retention of carbon when an organism is growing on fatty acids as its primary carbon source.
More recently, ICL1 and ICL2 have also been shown to play a role both in vitro and in vivo
in the 2-methylcitrate cycle (86, 87). C3 compounds such as propionate or propionyl-Co are
products of the metabolism of cholesterol, methyl-branched fatty acids and amino acids, and
odd-chain-length fatty acids. The accumulation of these compounds is toxic to Mtb unless
they can be degraded or incorporated into inert polymers (88) (Fig. 7). The 2-methylcitrate
cycle condenses propionyl-CoA with oxaloacetate to produce pyruvate and succinate, which
is an intermediate in the Kreb’s cycle. In the context of 2-methylcitrate cycle, ICL1 and
ICL2 operate as methylisocitrate lyases (87). Therefore, in addition to functioning in the
glyoxylate cycle, ICL1/2 also appear important for relieving the toxicity caused by
accumulation of propionyl-CoA.

Detoxification of propionate and propionyl-CoA appears to present a significant issue for
intracellular Mtb. In addition to the mobilization of the 2-methylcitrate cycle, the bacterium
also subverts methylmalonyl-CoA intermediates to fulfill a comparable function. Mtb is
capable of converting propionyl-CoA to methylmalonyl-CoA. The last step of the
methylmalonyl pathway is the generation of succinyl-CoA from methylmalonyl-CoA, a
conversion that is performed by the VitB12-dependent enzyme methylmalonyl-CoA mutase
(MutAB) (88). Through the activation of the methylmalonyl pathway, Mtb is able to grow
on propionate even in the presence of inhibitors of ICL activity. However, this requires
supplementation of the culture medium with VitB12, because methylmalonyl-CoA mutase,
which is the last enzyme of the methylmalonyl pathway, requires VitB12 as a cofactor. In
addition to the generation of succinyl-CoA, intermediates from the methylcitrate pathway
can be incorporated into methyl-branched fatty acids, thus detoxifying them through their
incorporation into the cell wall. Mtb are known to synthesize many complex lipids
containing methyl-branched fatty acid side chains that are integral to the cell wall (89). It
was demonstrated recently that Mtb grown on propionate exhibit enhanced synthesis of the
virulence-associated methyl-branched lipids sulfolipid (SL-1) and phthiocerol
dimycocerosates (PDIM) (90). Furthermore, when Mtb was grown on propionate or odd
chain length fatty acids, the mycocerosic acids in PDIM increased their length by 3-carbons.
This observation suggests that C3 compounds or methylmalonyl-CoA intermediates can be
incorporated directly into PDIM. Finally, PDIM purified from Mtb isolated from mouse
lung tissue synthesized mycocerosic acids with similarly extended carbon chains indicating
that this buildup of propionyl-CoA was not merely an in vitro artifact but was also an issue
during in vivo infection.

Although we have little direct knowledge of the range of carbon sources utilized by Mtb
during infection, there is genetic evidence that Mtb can access and metabolize cholesterol
from the host (91). Mce4 encodes a bacterial cholesterol transporter (91, 92), and Mtb
deficient in this gene demonstrate an inability to sustain a persistent infection in mice and in
IFN-γ-activated macrophages. These data indicate that cholesterol is exploited by Mtb as a
carbon source during certain phases of infection. The phenotype of the mce4-deficient
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mutant is similar to the icl1-deficient mutant (85), which also showed impaired survival in
the face of a functional immune response, ie. later in the infection process.

Singh and colleagues (93) reported recently that Mtb also ameliorates redox fluctuations by
selectively incorporating propionate into cell wall lipids such as polyacyltrehalose (PAT),
sulfolipids (SL-1), phthiocerol dimycocerosate (PDIM), and triacylglycerol (TAG). This
utilization of propionate was observed in murine macrophage infections in vitro and was
controlled by the transcriptional regulator WhiB3. WhiB3 is a transcriptional regulator that
contains an iron-sulfur cluster and is regulated by a thiol-disulfide redox switch. A mutant
deficient in WhiB3 is resistant to propionate toxicity and exhibits increased levels of PDIM
both in broth culture and within resting macrophages. Previous transcriptional profiling of
Mtb in macrophages demonstrated upregulation in expression of WhiB3, as well as genes
involved in the synthesis of PAT, SL-1, and TAG (16), providing further evidence that Mtb
channels C3-containing compounds to its cell wall lipids as a means of detoxification, and
that this pressure is felt acutely by the bacterium inside its host cell.

Inside-out signaling and control of the external environment
Mtb resides inside the vacuole that fails to fuse within lysosomes. But, this compartment is
neither inert nor sequestered from the normal membrane-trafficking machinery inside the
cell. Materials that are released by the bacterium, including both proteins and lipids, traffic
actively through the infected cell (76-78). Immunoelectron microscopical studies revealed
the accumulation of Mtb-derived components within the internal vesicles in multi-vesicular
bodies. These compartments are also rich in MHC class II molecules and resemble the MIIC
compartments that immunologists believe are the major site of loading of antigen into MHC
class II molecules. However, these bacterial constituents fulfill other functions that extend
beyond their antigenic properties.

The mycobacterial lipids released by intracellular Mtb include most of the peripheral cell
lipids such as trehalose monomycolate and dimycolate (TMM, TDM) phosphatidylinositol
mannoside (PIMs), LAM, and PGL-1 (94). Interestingly, the vesicles into which these
bacterial lipids incorporate can be exocytosed in a calcium-dependent manner by infected
macrophages (78). In mixed cultures containing both infected macrophages and CellTracker
dye-labeled uninfected macrophages, the Mtb cell wall lipid-containing vesicles can be
shown to transfer between cells (76) (Fig. 8). More recently, van den Elzen and colleagues
(95) confirmed this observation and demonstrated that cell-to-cell transfer of mycobacterial
lipids could also be mediated by host apolipoprotein E. Winau and colleagues (96) reported
that apoptosis of infected macrophages resulted in release of vesicles that contained Mtb-
derived antigens. All of these processes enable Mtb antigens to be taken up and presented by
bystander antigen-presenting cells. But, in addition to their antigenic properties, many of
these cell wall lipids are known to be potent modulators of cell function, so this cell-cell
transfer activity could benefit Mtb by extending its sphere of influence beyond its own host
cell. Rhoades and colleagues (97) reported the development of an in vivo model to probe the
bioactivity of these released cell wall components. In brief, large, 90 μm diameter
polystyrene beads were coated with Mtb lipids, either individually or in combination, mixed
with Matrigel and were inoculated either intraperitoneally or subcutaneously into recipient
mice. The resultant experimental granuloma was isolated and analyzed for cell content,
cytokine production, and histology. Head-to-head comparison of bacterial lipids
demonstrated that the mycolates TDM and TMM were the most potent, biologically active
of the released lipids (98). The response was abrogated in MyD88-deficient mice, indicating
that the process was dependent on innate immune recognition. The granuloma induced by
these lipids shared many histological features with human TB granulomas including
neovascularization, fibrosis, the generation of multinucleate giant cells, epithelioid
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macrophages and foamy macrophages (Fig. 9). This potent biological activity could explain
why the tissue response to infection in humans is so extreme, even at low apparent bacterial
burden.

Consistent with the lack of response to TDM observed in MyD88-deficient mice, Bowdish
and colleagues (99) demonstrated that TDM is recognized by the scavenger receptor
MARCO, which forms a signaling complex with the Toll-like receptor 2 (TLR2). More
recently Mincle has been reported as another cellular receptor for TDM (100, 101), but it is
unclear if Mincle also generates a functional signaling complex that activates the innate
immune response in a manner comparable to MARCO.

Modulation of the granuloma from within the host cell
The active release of cell wall components by Mtb is an extremely expensive behavior with
respect to both carbon and energy utilization; therefore, one has to imagine that this activity
has been retained through evolution because it fulfills a purpose important to the success of
the infection. To better understand the tissue reaction in active infections, we performed
microarray analysis on caseating granulomas isolated by laser-capture microdissection from
tissue excised from TB patients (102). The arrays were grounded on the transcriptional
profile from neighboring, uninvolved lung tissue. Among many of the themes of interest, we
focused initially on the marked re-alignment of host lipid metabolism. Several genes that
played key roles in the synthesis, sequestration and processing of lipids, most notably those
lipids derived from low-density lipoprotein (LDL) showed marked upregulation in
expression in the caseous lesions. We selected 3 key players in these processes for further
characterization. The selected genes encode adipophilin (ADFP), acyl Co-A synthase long
chain family member 1 (ACSL1), and prosaposin (PSAP), the precursor of SapC. These
three proteins play different but central roles in the processing and sequestration of lipids
within mammalian cells. ADFP is required for lipid droplet synthesis and is strongly
associated with the periphery of these cytoplasmic structures following their formation
(103). The increased expression of ADFP enhances sequestration of cholesterol ester (CE),
increases synthesis of long-chain fatty acid (LCFA) and triacylglycerol (TAG), and reduces
the breakdown of lipid through the β-oxidation pathway (104-106). ACSL1 has also been
shown to increase lipid droplet formation through the de novo synthesis of long chain fatty
acids (LCFAs) that can be incorporated into TAG (107, 108). Lastly, SapC is essential for
the metabolism of sphingolipids, which is required to maintain the balance of lipid species in
cellular membranes and is highly upregulated in cells experiencing stress through lipid
overload (109, 110).

Immunohistological examination of an extensive panel of human TB granulomas in
differing stages of development revealed that ADFP and ACSL1 expression correlated
tightly with the appearance of caseum in the granuloma center (111) (Fig. 10). These
proteins were expressed highly in macrophages subtending the caseous region. In contrast,
while SapC was also expressed highly in the same cellular region, it was also abundant in
early, or nascent, granulomas prior to the appearance of caseum suggesting that this
represented a physiological shift that occurred upstream of caseum formation/accumulation.

So where does the caseum come from, and what are its major components? Prior to the work
of Kim and colleagues, no-one had performed analysis of caseous material. The lipids from
isolated caseum were fractionated by thin-layer chromatography, alongside known lipid
standards, and their identity was confirmed by mass spectrometry. The major lipid species
present in the caseum were cholesterol, CE, TAG, and lactosylceramide (Lac-Cer). All of
these lipids are known constituents of LDL, although Lac-Cer is usually a minor constituent
of the LDL particle. However, cell synthesis of Lac-Cer is increased markedly in response to
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sustained stress (112). Mtb has been known for a while to be an active inducer of lipid
droplet formation in macrophages, and the primary source of the lipids in the droplets is
LDL in the serum. The cholesterol in LDL occurs predominantly in a non-esterified form,
and it is only during the passage through the macrophage cytosol and incorporation into
droplets formed within the leaflet of the ER membrane that the cholesterol is esterified.
Therefore the over-representation of these lipids, and most notably cholesterol in the form of
CE, suggests that the most likely source of the lipids in the caseum are the foamy
macrophages that lie within the fibrous cuff of the granuloma. We propose that the foamy
macrophages become necrotic, die, and release the lipid-rich debris into the granuloma
center to become caseum (111, 113).

M. leprae has also been shown to realign the lipid metabolism of its host and induce
formation of foamy macrophages (114, 115); however, there is no formation of caseum.
Similarly, the mouse is frequently called into question as a model for TB disease, because it
fails to generate caseum and a degenerative granuloma that typifies active human
tuberculosis. However, we would argue that what differs in these cases may not be the lipid
metabolism but the formation of a fibrous capsule that retains the caseous debris. More
recently, Hunter and colleagues (116) have demonstrated that secondary granulomas in a
reactivation model for TB in mice do form caseous granulomas enclosed within a fibrotic
capsule. This is consistent with our model and offers the attractive possibility that this late-
stage progression of the TB granuloma could be induced in the murine model, with all the
attendant genetic tools.

Another metabolic program that is upregulated in the caseous granuloma, which is likely
linked to lipid excess, is the endoplasmic reticulum (ER) stress pathway (117). The ER
stress pathway, or unfolded protein response (UPR), is an adaptive survival pathway that is
induced when cells experience stress that leads to accumulation of unfolded proteins in the
ER (118, 119). However, if the stress is prolonged or extreme in nature, the pathway leads to
cell death via apoptosis (120, 121). ER stress-induced apoptosis is dependent on the
upregulated expression of C/EBP homologous protein (CHOP) (122, 123). Microarray
analysis of human TB granulomas demonstrate marked upregulation of CHOP, as well as
ER proteins associated with stress such as calreticulin (CALR), calnexin (CANX), heat
shock protein, and the transcription factors XBP1, ATF3, and ATF4 (117).
Immunohistological analysis of human TB granulomas with anti-CHOP antibodies
demonstrated strong labeling in the macrophages subtending the caseum. This region also
labeled intensely with TUNEL stain for apopototic cells. Comparable labeling was seen in
Mtb-infected mice. The UPR stress pathway has been observed in atherosclerotic lesions
(124), which show a similar accumulation of foamy macrophages. It is therefore possible
that the TB-induced lipid sequestration also drives the cell death that releases these lipids
into the caseous center of the granuloma.

Foamy macrophage generation is a pathogen-mediated phenomenon
induced by cell wall lipids, including TDM

To complete the argument, it was necessary to revisit the earlier studies of Peyron and
D’Avila (125, 126), who reported induction of foamy macrophages by Mtb and BCG in
culture to demonstrate that this phenomenon could be induced by the cell wall lipids
released by intracellular Mtb. Isolated TDM was coated onto polystyrene beads and
inoculated into mice in the artificial granuloma model detailed earlier (97, 111). Histological
examination of the induced granuloma demonstrated abundant lipid droplets and markedly
enhanced expression of ADFP, neither of which was observed in the granulomas induced by
beads coated in phosphatidylglycerol. These data provide strong evidence that development
of the caseous center of the granuloma is a pathogen-mediated process (Fig. 12).
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Caseum formation and accumulation could benefit Mtb in two ways (81, 113). Firstly, the
successful completion of the pathogen’s life cycle requires the liquification of the granuloma
and the release of infectious bacilli into the airways. The induction of foam cell formation
and accumulation of the caseum likely contributes to the increased tissue pathology. This
pathogen-induced response turns the host’s innate immune response against itself via a
process that is exacerbated by the presence of a robust acquired immune response, which
will amplify the inflammatory process. Secondly, histological studies of human TB report
abundant extracellular bacteria in active, cavitated lesions. These bacteria may be supported
by the lipid-rich milieu of the caseum. Mtb metabolizes cholesterol and TAG, and bacilli
isolated from the sputum of human TB patients show marked accumulation of intracellular
TAG (127, 128), so these lipids may provide an accessible energy source for Mtb during the
infection cycle.

Concluding remarks: from the cellular to the organismal level
This article was supposed to focus on the cell biology of Mtb infection; however, it is
difficult to discuss the cellular aspects of a pathogen if you do not delve into the relevance of
these findings at the level of disease. Mtb manipulates its host cell to enable its survival
within that cell, but it does much more. We propose that it has hijacked the normal
housekeeping properties of that cell to traffic extremely potent, Mtb-derived biological
mediators that act, much-like evangelists, to spread the word to neighboring tissues. The
cell-based infection sustains a tissue response that becomes the granuloma. Each granuloma
behaves like an individual entity, and it is the interplay between the granuloma and the
host’s immune response that determines whether each individual granuloma will resolve or
progress to active disease.

The field of tuberculosis research has progressed enormously over the past few years. We
now have the capacity to pose questions locally and analyze answers globally. Our ability to
determine the establish links between cellular events and systemic disease is expanding
constantly, making this a fascinating time to work in the field.
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Fig. 1. During maturation, the phagosome forms transient interactions with a wide range of
intracellular organelles
Phagosome maturation refers to the process of phagosome remodeling through a series of
independent events, following its formation at the surface of the phagocyte, and culminating
in the complete fusion of the phagosome with the lysosome. Following engagement of
phagocytic receptors, an area of the surface is remodeled around the particle, forming the
phagocytic cup. Some protein complexes, such as the NADPH oxidase complex, can be
recruited and activated prior to phagosomal closure, facilitating a rapid antimicrobial
response at the cell surface. The phagosome, once closed, becomes increasingly more acidic,
through the accumulation of V ATPases that pump protons into the compartment, and
hydrolytically competent, through the acquisition of lysosomal enzymes. This process is
marked by transient fusion events with multiple intracellular organelles including the
recycling endosomal machinery, the synthetic–secretory apparatus including the
endoplasmic reticulum, secretory lysosomes, and multi-vesicular bodies, which may include
the MIIC compartment and/or the autophagosome. Finally, the phagosome fuses with pre-
existing, dense lysosomal bodies and equilibrates to a pH of 4.5-5.0.
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Fig. 2. Spectrofluorometric measurement of the superoxide burst generated by bone marrow-
derived murine macrophages following internalization of IgG-coated beads
An illustration of the assay that we have developed for measuring the superoxide burst
within the phagosome. Murine macrophages were fed IgG-coated particles labeled with the
oxidation sensitive fluorochrome dihydrohexafluorofluorescein, and the calibration dye
Alexa-594. Both wildtype and macrophages deficient in the p91 subunit of the NADPH
oxidase were examined in their resting and LPS-activated states, and the increase in
fluorescence measured by spectrofluorometer. Activation of the macrophage with LPS
enhanced the intensity but not the duration of the burst. Reproduced from (13).
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Fig. 3. Immunoelectronmicrograph from a human alveolar macrophage isolated from a TB
patient in Malawi
Following isolation the cells were incubated with the pH-indicator DAMP, which
accumulates in acidic compartments, for 60 minutes prior to fixation for electron
microscopy. The sample was sectioned and probed with anti-DNP (12 nm gold particles)
and anti-LAMP 1 (6 nm gold particles). The acidified lysosomes label strongly (arrowhead),
while the Mtb-containing vacuoles show minimal to no labeling indicating that their pH is
considerably higher than that of the neighboring lysosomes. Reproduced from (38).
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Fig. 4. Measurement of hydrolytic activity in phagosomes using fluorogenic substrates
(A). Cysteine proteinase substrate hydrolysis profiles for IgG-coated bead containing
phagosomes. The beads were carrying the cysteine proteinase substrate Biotin-LC-Phe-
Arg)2-Rhodamine 110, which increased fluorescence following the removal of the Phe-Arg
quenching peptides. Manipulation of hydrolytic rates was achieved with inhibitors
Concanamycin A (100 nM), W7 (15 μM) and Leupeptin (100 μg/ml), both of which reduced
the rate of hydrolysis within the phagosome. (B). Triglyceride substrate hydrolysis profiles
for IgG-coated bead containing phagosomes. These beads were carrying the lipase substrate
1-trinitrophenyl-amino-dodecanoyl-2-pyrenedecanoyl-3-O-hexadecyl-sn-glycerol. In
contrast to proteolysis, blocking acidification of the phagosome increased its lypolytic
activity. Traces were generated using the equation FU=R110/AF594 (where FU=Arbitrary
Fluorescent Units, R110=Real time Rhodamine 110 fluorescence, AF594=Starting Alexa
Fluor 594 fluorescence) and averaged over two experiments. Measurements were taken
every second for 30 minutes. Reproduced from (14)
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Fig. 5. Immunoelectron microscopy of Mtb-infected macrophages probed with antibodies against
ubiquitinated proteins
(A). Resting, Mtb-infected macrophages show ubiquitin label (arrowheads) in dense,
LAMP1-positive (arrows) lysosomes. (B). In cells in which autophagy has been induced, the
ubiquitin label can be seen in multivesicular structures that are reminiscent of
autophagosomes. (C). In Mtb-infected cells in which autophagy has been induced the
ubiquitinated material (arrows) can be seen in the Mtb-containing phagosomes. Reproduced
from (70).

Russell Page 23

Immunol Rev. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. The ‘universal’ intracellular transcriptome of Mtb
The MTC universal intracellular transcriptome: identification of genes with conserved
expression and regulation inside macrophage phagosome across global panel of MTC
clinical isolates. Global gene expression profiles of 17 MTC strains 24h post-infection of
resting and activated macrophages were determined by microarray. Normalized expression
ratios for each strain were determined by comparison of RNA from intracellular bacteria
versus control bacteria of the same strain treated identically except for phagocytosis by
macrophages. This serves to identify relative responses to phagosomal cues rather than
inherent strain-dependent differences in gene expression. (A-B) Venn diagrams showing
activation-dependent (red=activated, blue=resting) and independent (black) genes with
conserved expression patterns across clinical isolates. ‘Universal genes’ were selected based
on trending up or down in all strains (up or down >1.2-fold in 15 of 17 strains) and
significant induction or repression in >50% of strains (up or down >1.5X in 8 of 17 strains)
in each macrophage type. The starting gene list for this analysis included only genes flagged
as present in the majority of samples from both macrophage types. (C) Select genes with
higher expression levels in activated versus resting macrophages conserved across all or
most clinical isolates. Represents subset of activation-dependent genes identified by one-
way ANOVA analysis of all intracellular transcription profiles (Benjamini and Hochberg
False Discovery Rate p<0.01). (D) Select genes with higher expression in resting versus
activated macrophages. See (C) above for analysis description. Refer to Fig. 1B for
genotype color bar definition (black box denotes reference strain CDC1551). Reproduced
from (84).
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Fig. 7. Outline of the pathways relevant to C3 metabolism
The metabolism of cholesterol, methyl-branched fatty acids and odd-chain length lipids will
raise the intracellular levels of the C3 compounds propionate or propionyl-CoA, which Mtb
finds highly toxic. The bacterium has developed three different strategies to detoxify
propionyl-CoA. Isocitrate lyase activity has been suborned to fulfill the function of
methylcitrate lyase in the last step of the methyl citrate cycle to generate the TCA cycle
intermediate succinate. The methylmalonyl pathway has also been mobilized to metabolize
propionyl-CoA to produce succinyl-CoA via the VitB12-dependent activity of
methylmalonyl-CoA mutase. Finally, intermediates from the methylmalonyl pathway can be
incorporated directly into the abundant, methyl-branched lipids of the bacterial cell wall,
such as PDIM and SL-1. Reproduced from (129).
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Fig. 8. Mtb-derived cell wall lipids transfer from infected to uninfected macrophages
Transfer of mycobacterial material from BCG-infected macrophages to uninfected
bystanders following overnight incubation. BMMØ infected with Texas Red hydrazide-
labeled BCG were incubated with an equal number of uninfected macrophages labeled with
chloromethylfluorescein diacetate. Uninfected bystander cells (green fluorescence) acquired
Texas Red-labeled mycobacterial material from BCG-infected macrophages. Reproduced
from (76).
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Fig. 9. Cells associated with BCG lipid-coated beads
Matrices containing BMMØ and BCG lipid-coated beads were injected i.p. and recovered at
14 h (A), 4 days (B) and 12 days (C - F). (A): Neutrophils (blue arrows) were present in
spaces that had been occupied by beads after 14 hr. Scale bar, 35 mm. (B): A diverse
infiltrate of macrophages (black arrows), neutrophils (blue arrow), eosinophils (orange
arrow) and lymphocytes (small cells with little cytoplasm) accumulated at beads at 4 days.
Scale bar, 25 mm. (C): A dense cellular infiltrate composed of mononuclear and
polymorphonuclear leukocytes and lymphocytes, including plasma cells (black arrow)
formed at 12 days. Infiltrates were especially florid in spaces between lipid-coated beads.
Scale bar, 35 mm. (D): Epithelioid macrophages and occasional neutrophils (blue arrow)
typically adhered to beads. Scale bar represents 50 mm. (E): Multi-nucleated giant cell in
association with a bead at 12 days. Scale bar, 35 mm. (F): Fibrotic material (dark blue-
staining material) was deposited in the dense aggregates of leukocytes at 12 days. The
uniformly staining blue material in the lower left corner of the panel is the collagen in the
Matrigel. Scale bar, 35 mm. Representative H & E-stained sections (A – E) and a trichrome-
stained section (F) are shown. Reproduced from (97).
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Fig. 10. ADFP expression in human TB granulomas
Immunofluorescence signals were obtained for each granuloma, and a representative image
(right) and the corresponding region from an H&E stained slide (left, boxed) are shown.
Nuclei are seen in blue and antigens in red. (A). Nascent granulomas exhibit weak ADFP
expression. (B). Caseous granulomas stain strongly for ADFP. (C). Fibrocaseous
granulomas also label strongly for ADFP expression. (D). The caseous center also has
intense ADFP expression, together with nuclear debris. E. Resolved granulomas exhibit low
levels of ADFP labeling. F. Control normal lung parenchyma shows ADFP expression in
pneumocytes and alveolar macrophages (the left image is a merged image with bright field).
Scale bar is 50 mm. Reproduced from (102).

Russell Page 28

Immunol Rev. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11. A model illustrating the linkages between Mtb-infection, foam cell formation and
accumulation of caseum in the human TB granuloma
(A). Intracellular Mtb bacilli synthesize and release cell wall components inside their host
cells. We have demonstrated previously that these lipids accumulate in the internal vesicles
in multi-vesicular bodies, which are exocytosed from the cell in vesicular form (B). Because
of the release of these vesicles, both infected and uninfected macrophages are exposed to
cell wall mycolates and induced to form foamy macrophages, as illustrated in Fig. 7. The
foamy macrophages have been shown to support the maintenance and growth of persistent
bacteria (C). We now propose that these cells die via an inflammatory, necrotic process and
release their lipid droplets into the extracellular milieu within the granuloma. As a result of
the fibrotic capsule, the human granuloma is an enclosed, isolated structure with minimal
vasculature. The enclosed nature of the human granuloma leads to accumulation of necrotic
debris as caseum. In this model, this process is an integral part of the pathology that leads to
active disease and transmission. Reproduced from (102).
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