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Abstract

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), re-
mains a leading cause of death due to infection in humans. To more effec-
tively combat this pandemic, many aspects of TB control must be developed,
including better point of care diagnostics, shorter and safer drug regimens,
and a protective vaccine. To address all these areas of need, better under-
standing of the pathogen, host responses, and clinical manifestations of the
disease is required. Recently, the application of cutting-edge technologies to
the study of Mth pathogenesis has resulted in significant advances in basic
biology, vaccine development, and antibiotic discovery. This leaves us in an
exciting era of M#b research in which our understanding of this deadly in-
fection is improving at a faster rate than ever, and renews hope in our fight
to end TB. In this review, we reflect on what is known regarding M) patho-
genesis, highlighting recent breakthroughs that will provide leverage for the
next leaps forward in the field.
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1. GLOBAL HEALTH RELEVANCE

Over 135 years ago, Robert Koch identified Mycobacterium tuberculosis (Mtb) as the etiologic agent
of tuberculosis (TB), and the World Health Organization first declared TB a global emergency in
1993.TB disease continues to cause close to 2 million deaths a year, and in 2018 alone, 10 million
people fell ill from Mtzb infection (1). Infection with Mtb is monitored by seroconversion based
on a positive T cell response to Mzb antigens in a tuberculin skin test or interferon gamma (IFN-
y) release assay (IGRA). Following seroconversion, an untreated immunocompetent individual
has a 10% lifetime risk of developing active TB, meaning the person will experience the clinical
symptoms of TB. Seropositive individuals who do not develop active TB are often considered to
have latent TB infection (LT BI); however, there is no diagnostic test that can differentiate between
latent versus cleared infection, where immunoreactivity does not reflect infection (2).

2. MTB: THE ORGANISM

Mztb is an obligate pathogen of warm-blooded mammals, primarily humans, that belongs to a group
of genetically and physiologically similar mycobacterial species that can all cause TB, collectively
termed the Mth complex (MTBC). Mt is responsible for most TB cases, with the other members
of the MTBC being Mycobacterium africanum, M. bovis, M. microti, M. canettii, M. caprae, M. pinni-
pedii, and M. mungi. MTBC clinical isolates can be classified into seven major lineages based on
large sequence polymorphisms, with lineages 2 and 4 being the most geographically widespread
(3). These lineages display a degree of geographic restriction, may have different virulence profiles,
and can have differences in cell envelope lipid composition (3). A defining feature of Mib is the
cell envelope (4). Outside the mycobacterial plasma membrane is a large complex of peptidogly-
can covalently linked to arabinogalactan and esterified to a-alkyl, B-hydroxy long-chain (Cso—Coo)
mycolic acids. Lipids and lipoglycans including phosphatidylinositol mannosides (PIMs), phthio-
cerol dimycocerosates (PDIMs), phenolic glycolipids (PGLs), trehalose dimycolate (TDM), and
mannose-capped lipoarabinomannan (ManLLAM) are noncovalently intercalated in the mycolic
acid layer, and outside this mycomembrane is a loosely attached network of polysaccharides and
proteins that collectively form a capsular structure. This unique cell envelope contributes to the
high lipid content of Mzb, which constitutes 40-60% of the dry cell weight, and is required for
virulence, is antigenic and immunomodulatory, and confers resistance to many antibiotics and
host-derived stresses (4). The cell envelope also confers the ability of Mzb to come together in
rope-like cords in the absence of detergent in a process termed cording, which has been associ-
ated with virulence (5), inducing necrosis of host cells (6), and the formation of cavitary lesions in
humans (5).

The ability to secrete proteins into the host cell is also key to the success of Mz as a pathogen.
Mth uses multiple secretion systems to transport proteins across the bacterial plasma membrane,
including the SecAl pathway, the SecA2 pathway, the twin arginine translocation (TAT) system,
and five different type VII secretion systems (T7SS) (7). SecAl and SecA2 enable secretion of
unfolded peptides through the SecYEG translocon. SecAl is required for housekeeping secretion
and is essential for survival of the bacteria, whereas SecA2 is required for secretion of a smaller set
of proteins, including important virulence factors. The TAT system is also essential for Mzb via-
bility and secretes proteins with a conserved N-terminal motif containing two arginine residues.
The T7SS, termed ESX-1 through ESX-5, are each encoded in a multigene locus and contribute
to various aspects of Mrb physiology, with ESX-1, ESX-3, and ESX-5 being shown to contribute
to virulence. ESX-1, the first of these systems to be described, is located in the region of differ-
ence (RD1) that is absent in the attenuated vaccine strain Mycobacterium bovis bacillus Calmette-
Guérin (BCG) (8). ESX-1 secretes the virulence factor EsxA (ESAT-6) as a heterodimer with EsxB

Kinsella et al.



(CFP-10) (9). T7SS can also secrete Esp proteins and a family of proline- and glutamate-rich pro-
teins termed PE and PPE proteins, many of which contain a WXG amino acid motif and adopt
a four-helix bundle that is characteristic of T7SS substrates (9). T7SS substrates play a myriad of
roles in virulence and the physiology of the bacteria. For example, PES/PPE4 have been shown to
mediate iron acquisition (10), and some PE/PPE proteins function as porins to promote nutrient
transport across the mycobacterial envelope (11).

3. THE COURSE OF MTB INFECTION

Mtb is spread via airborne particles expelled from a person with active pulmonary TB disease. In-
haled bacteria enter the lungs, travel to the alveoli, and are phagocytosed by alveolar macrophages.
After phagocytosing the bacteria, the alveolar macrophages cross the lung epithelium into the in-
terstitium (12, 13). The bacteria replicate in the alveolar macrophages and spread through cell lysis
to infect other innate immune cells that have been recruited to the site of infection. The bacilli
continue to replicate until a cell-mediated immune response occurs (14). This cell-mediated im-
mune response is initiated when monocyte-derived dendritic cells acquire antigen and traffic to
the draining lymph node to assist resident lymph node dendritic cells in activating antigen-specific
T cells (15). Activated T cells are recruited to the infected lung and form a cuff around the infected
focus, leading to the formation of a granuloma. The infection may be cleared; contained to re-
sult in ITBI; or cause active TB disease, after which most immunocompetent individuals clear or
contain the infection. Although the understanding of protective immunity against Mtb infection
is incomplete, T lymphocytes, IFN-y, tumor necrosis factor alpha (TNF-a), and interleukin-12
(IL-12) are all required for prevention of active TB disease; anti-TNF-a therapy is associated
with increased reactivation of LTBI (16), and patients with defects in IL-12 or IFN-y signaling
are more susceptible to mycobacterial infections (17). However, individuals with robust T lym-
phocyte, TNF-a, IFN-y, and IL-12 responses can also develop active TB disease, indicating that
other immune pathways are also critical in controlling M#b infection.

4. THE TB GRANULOMA

Granulomas are complex aggregates of immune cells that form in response to persistent inflam-
matory stimuli and are the primary setting of pulmonary Mib infection. TB granulomas display a
spectrum of phenotypes but can be broadly categorized into several types of lesions, including fi-
brotic, caseous, or nonnecrotizing (18). Different lesion types are associated with different degrees
of success in controlling the infection: Fibrotic lesions are associated with successful immune con-
trol with low bacterial burdens, and caseous lesions are associated with poor bacterial killing (18,
19). Nonnecrotic granulomas are found in animals with active disease and are composed primarily
of macrophages with few lymphocytes (18). Caseous granulomas are characterized by a central,
acellular necrotic core, called a caseum, surrounded by layers of differentiated macrophages and an
outer lymphocyte cuff, predominantly composed of CD4+ T cells (20, 21). Other cell types, such
as neutrophils and dendritic cells, can also be found throughout caseous granulomas (22). Caseous
granulomas often contain collagen surrounding the lymphocyte cuff, in contrast to sterile fibrotic
lesions that are typically centrally fibrotic with collagen throughout (19). Extensive necrosis of
the inner caseum of granulomas can cause pneumonia, cavitation, and release of bacteria into the
airway (23). The walls of cavitary lesions from resected human lungs contain a higher abundance
of FOXP3* lymphocytes compared to granulomatous lesions (21), consistent with a noninflam-
matory environment. However, these cavity walls also contain proinflammatory cytokine mRNA
(24), suggesting that cavitation is not simply the result of a repressed inflammatory response.
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4.1. Granuloma Formation

Granuloma formation begins with the infection of an alveolar macrophage, generally by a single
Mtb bacterium (13, 25). Production of proinflammatory cytokines initiates an influx of immune
cells (22). The arrival of adaptive immune cells drives activation and cell death of the infected
innate immune cells, releasing bacteria that are rapidly rephagocytosed by incoming phagocytes,
resulting in cellular expansion of the granuloma (22). Immune cell aggregation is further facil-
itated by tissue remodeling by matrix metalloproteinase-9, which is secreted by monocytes and
epithelial cells in a TNF-a-dependent manner (26). Some macrophages within caseous granu-
lomas differentiate into interdigitated epithelioid cells, multinucleated giant cells, or lipid-rich
foam cells (20). Epithelioid macrophages make up the bulk of the intermediate region of caseous
granulomas, express epithelial gene modules, and form canonical desmosomes, adherens junc-
tions, and tight junctions with neighboring macrophages (27). Disrupting these junctions in a
zebrafish model of Mycobacterium marinum infection results in increased neutrophil infiltration in
the granuloma and enhanced bacterial clearance, suggesting that this cell layer may physically oc-
clude protective immune responses (27). Multinucleated giant cells are found in fewer numbers in
the intermediate region of the granuloma and represent the fusion of multiple macrophages (20).
Lipid-filled foamy macrophages are found surrounding the necrotic caseum of granulomas and
are suggested to provide a niche for dormant bacteria until they are able to escape and replicate
in the necrotic caseum (21, 28). Foamy macrophages developed in vitro display poor killing of
intracellular bacteria and express high levels of IL-10, low levels of TNF-a, and low-level surface
expression of major histocompatibility complex (MHC) class II receptors (29-31). Mrb mycolic
acids induce foamy macrophage differentiation by signaling through G protein—coupled recep-
tor GPR109A (30), peroxisome proliferator-activated receptor gamma, and testicular receptor 4
(29). This leads to upregulation of oxidized low-density lipoprotein uptake receptors CD63 and
scavenger receptor alpha, as well as increased triglyceride biosynthesis enzymes to form intracel-
lular lipid droplets (LDs). Historically, LDs have been viewed as a nutrient source for intracellular
Mtb (28); however, alternative models have emerged that suggest Mzb-induced LDs favor the host
rather than the bacteria (32, 33).

Lymphocytes comprise the outer ring of leukocytes in the caseous granuloma. However,
only about 8% of granuloma T cells respond robustly to Mzh antigen (34). Poor effector cell
function does not seem to be explained by T cell exhaustion, as T cells in Mrb-infected macaque
granulomas do not express high levels of inhibitory receptors programmed cell death protein 1
(PD-1), cytotoxic T lymphocyte-associated protein 4 (CTLA-4), and lymphocyte activation gene
3 (LAG-3) and are not functionally exhausted (35). Rather, this defect could be a result of the
exclusion of T cells from granuloma centers that contain the highest abundance of infected
macrophages (36). Neutrophils are also present within some granulomas, where they express a
mixture of pro- and anti-inflammatory cytokines and can form tight interactions with T cells in
the lymphocyte cuff (37).

4.2. Granuloma Heterogeneity

The granulomas that develop during TB exhibit both inter- and intra-lesion heterogeneity (38).
Multiple lesion types can be found within a single infected individual regardless of disease state
(19). PET-CT scanning has revealed that lesions can change from one type to another, behave
independently, exhibit inconsistent sterilization following antibiotic treatment, and undergo in-
consistent reactivation following TNF-a neutralization (39, 40). Even within a single granuloma,
there exists environmental heterogeneity across the spatial landscape of the lesion. The mi-
croenvironment within human granulomas roughly transitions from being anti-inflammatory to
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proinflammatory as one moves inward from the rim to the caseum (41). The granuloma periphery
is enriched for anti-inflammatory eicosanoid biosynthesis enzymes cyclooxygenase 1 (COX1) and
COX2, while regions closer to and within the caseum are enriched for proinflammatory eicosanoid
biosynthesis enzymes. Macrophage activation status follows a similar pattern, where arginase-1
(ARG1)-expressing M2-like cells are more common in the periphery, while nitric oxide synthase
2 (NOS2)-expressing M1-like cells are more common in the intermediate epithelioid layer (42).

Microscopic examination of granulomas excised from TB patients has revealed growth of Mth
in macrophages as well as extracellular growth in the liquefied granuloma centers (24, 38). The
diverse microenvironments within lesions affect Mzb replication, metabolism, and density of bacte-
rial communities and, consequently, their susceptibility to chemotherapy (38). Mzb in the necrotic
centers of caseous granulomas are exposed to multiple stresses and are generally not replicating
(38). The bacteria within the caseum of lesions in nonhuman primates (NHPs) with active dis-
ease express the stress-responsive sigma factor SigH (43), indicating that the bacteria are adapting
to stress in the host. Due to destruction of the involved tissue, the interior of the granuloma is
poorly vascularized relative to the periphery (44), limiting access of antibiotics to this niche. Ca-
seum within the center of necrotic granulomas also limits passive diffusion of antibiotics (45),
resulting in regions of subinhibitory antibiotic concentrations and monotherapy within the gran-
uloma, possibly contributing to the selection of drug resistance (46).

5. ANIMAL MODELS TO STUDY TB

Animal models have been essential in deciphering Mth pathogenesis, with each model providing
unique advantages and disadvantages (Table 1).

5.1. Mouse Model

The mouse is the most commonly used animal to model M#/ infection due to the large range of
immunologic and genetic tools available, its small size, and its relatively low cost. Most commonly,
mice are infected via the aerosol route, by which a dose of approximately 100 bacteria per mouse
results in an initial three-week period of bacterial replication within innate immune cells. Eight to
nine days following infection, monocyte-derived dendritic cells carrying Mzb antigen traffic to the
draining lymph node to present antigen to T cells, causing activation and proliferation of antigen-
specific T cells. Mtb-specific T cells arrive in the lung at 18-19 days postinfection, activating the
innate immune cells to control bacterial replication and inflammation, at which point the bacterial
burden levels off in the lungs (47). With the goal of better simulating natural human exposure,
mice have also been exposed through the aerosol route to ultralow doses of Mrb, ranging from 1 to
11 bacteria per mouse. Three to five weeks postinfection, the ultralow-dose model results in high
levels of variability in terms of bacterial burden, providing an opportunity to assess mechanisms
associated with heterogeneous outcomes of TB (48).

C57BL/6 mice are the most commonly used strain for dissection of Mth pathogenesis due to
the number of genetic tools available, whereas BALB/c mice are commonly used for preclini-
cal evaluation of therapeutics. Both mouse strains can survive with high Mzb burdens in the lungs
without obvious clinical manifestations of disease for over a year (49). Genetic knockout C57BL/6
mice have been instrumental in establishing our current understanding of Mtb pathogenesis. How-
ever, these mouse models do not exhibit distinguishing features of human pulmonary TB, such as
caseating necrosis, cavitary disease, and fibrosis in the lungs (49). More recently, the C3He3B/Fe]
mouse strain has been shown to exhibit increased susceptibility to Mzb infection and three dis-
tinct types of lesions: necrotic, hypoxic lesions with surrounding epithelioid macrophages; areas
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Table 1 Strengths, weaknesses, and applications of animal models of Mtb infection

Animal model

Strengths

Limitations

Applications

Zebrafish

Inexpensive

Large sample size

Ease of breeding/handling
Genetic tools

Whole-animal imaging (embryo)
Caseous granulomas (adult)
Latency and reactivation (adult)

Can be infected only with
Mycobacterium marinum

No lung structure

No adaptive immunity in
embryos

Innate immune dynamics via
imaging

Innate immunity in granuloma
development

Interplay between host and
pathogen during granuloma
initiation and formation

Drug screening

Mouse: BALB/c, Inexpensive No granulomas Role of gene expression in
C57BL/6, Large sample size No transmission disease and bacterial burden
C3HeB/FeJ Ease of breeding/handling Immune response and
(Krammik), and Immunologic/genetic tools mechanisms
CC/DO Well-characterized disease course Drug and vaccine evaluation

Genetic heterogeneity (CC/DO
mice only)
Guinea pig Ease of handling More susceptible to Mth than Pathophysiology of TB
Forms granulomas with necrosis humans Drug and vaccine evaluation
Transmission from humans No genetic tools Mib-induced cough
Limited immunologic reagents
No evidence of latency (due to
high susceptibility)
No transmission between
animals
Rabbit Forms granulomas with necrosis and | Requires technical expertise Role of cavitary lesions
cavitation No genetic tools Historical distinction between
Limited immunologic reagents Mycobacterium bovis and Mt
Marmoset Smaller than macaques Requires technical expertise Host response to varying
Anatomical, physiological, and Expensive infection doses
genetic similarity to humans No genetic tools Drug and vaccine evaluation
Forms granulomas with necrosis and | Limited immunologic reagents | Preclinical studies
cavitation More susceptible to Mt than
Can develop latency humans
Macaque Anatomical, physiological, and Technical expertise required Immunologic and host response

genetic similarity to humans
Immunologic reagents available
Forms granulomas with necrosis and
cavitation
Can develop latency
Coinfection with SIV

Cost prohibitive

No genetic tools

Ethical concerns

Adequate sample size difficult
to achieve

to varying infection doses
Drug and vaccine evaluation

Abbreviations: CC/DO, collaborative cross/diversity outbred; Mtb, Mycobacterium tuberculosis; SIV, simian immunodeficiency virus; TB, tuberculosis.

of neutrophilic pneumonia; and lesions indistinguishable from those of C57BL/6 mice (50). Thus,

C3He3B/Fe] mice can be used to dissect the events involved in the formation of lesions similar

to those observed in human TB. The difference in disease outcomes between C57BL/6 mice and
C3He3B/FeJ mice has been attributed to the super susceptibility to tuberculosis 1 (Sst1) locus (51).
Mice carrying the SszI* allele, such as C3He3B/FeJ mice, are susceptible to M#b infection due to
hyperproduction of type I IFN and inhibition of IL-1 signaling due to elevated IL-1 receptor

antagonist (IL-1Ra) (52).
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Inbred mouse strains provide experimental consistency to define key players in Mzt patho-
genesis but do not represent the heterogeneity of the human population. As alternatives, collab-
orative cross (CC) and diversity outbred (DO) mouse collections (53, 54) have been exploited to
study Mib pathogenesis in a more genetically diverse population. The CC collection is a large,
multiparental, recombinant inbred reference population composed of lines descended from eight
divergent strains of mice (53). Mice from CC lines at early stages of inbreeding were used to es-
tablish the DO population, which is maintained by a randomized outbreeding strategy (54). Mzb
infection of CC or DO mice results in heterogeneous susceptibility and disease outcomes depen-
dent on mouse genetics, similar to humans (55, 56). Infections of CC mice led to the identification
of the highly susceptible CC042/GeniUnc mouse strain, which suffered from progressive disease
and failed to produce IFN-y in the lungs (56), and the Irgal gene, which is necessary for T cell
recruitment to the infected lung (57). DO mice infected with Mzb can be categorized as super-
susceptible, susceptible, or resistant (58). Chemokines CXCL1, CXCL2, and CXCLS5 distinguish
the susceptibility groups with approximately 80% accuracy, whereas more commonly assessed
molecules (IFN-y, IL-12, IL-2, and IL-10) were less predictive of outcome (58). Therefore, the
genetic diversity allowed by the CC and DO mouse collections can reveal links between alleles
and disease outcome.

5.2. Rabbit and Guinea Pig Models

Rabbits can clear Mzb over time, but this resistance can be overcome by aerosol infection with a
high dose of approximately 1,000 bacteria, such that Mzb replicates for 4 weeks, after which the
bacterial burden plateaus and remains high for 12 additional weeks. Sixteen weeks postinfection,
the rabbit develops necrotic and cavitary lesions, and bacterial growth resumes. This progressive
pulmonary disease appears to be attributable to inefficient activation of macrophages, a subsequent
delay in T cell activation, and a robust Th2 response (59). The formation of cavitary lesions in
rabbits following high-dose Mtb infection has provided a model for understanding cavitation in
humans, which is associated with high levels of transmission.

The guinea pig model for studying TB dates back to the late 1800s, when Robert Koch first
infected guinea pigs with M1, setting the stage for his renowned Koch’s postulates. Following a
low-dose [20-50 colony-forming units (CFUs)] aerosol infection, Mtb replicates logarithmically
in the guinea pig lung for the first 2 weeks postinfection. At 4-6 weeks postinfection, replication
stabilizes and is maintained until the guinea pigs succumb to infection between 15 and 20 weeks
postinfection (60). Within 5-10 days after infection, guinea pigs develop granulomas with cen-
tral necrotic caseation that can harbor extracellular bacilli (61), providing an opportunity to study
necrotic lesion pathology. Studies performed in guinea pigs have also shown that Mrb-derived
sulpholipid-1 promotes cough through activation of nociceptive neurons and may facilitate bac-
terial transmission (62).

5.3. Nonhuman Primate Models

Marmosets are a New World monkey species that have gained popularity as infectious disease
models due to their small size and similar anatomy, physiology, and drug metabolism to humans.
Marmosets infected with Mtb by the aerosol route can develop cavitary lesions in the lung (63).
Although marmosets are highly susceptible to M#b and succumb to infection by about 70 days
postinfection (63), the severity of disease can be manipulated by varying strain and dose.
Macaques are naturally susceptible to Mtb infection and can present all features of human dis-
ease. Both the cynomolgus macaque (CM) and the rhesus macaque (RM) are good model systems
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for human TB. RM are more susceptible to low-dose infections and more readily develop active
TB than CM. Accordingly, RM tend to develop LTBI only about 10% of the time, while CM
develop LT'BI about 40% of the time (64).

5.4. Zebrafish Model of Mycobacterium marinum Infection

In addition to the mammalian models of M) infection, zebrafish serve as a model for studying host
responses to mycobacterial infection using M. marinum. Zebrafish larvae are transparent and lack
an adaptive immune system until adulthood, facilitating the study of innate immune responses to
mycobacterial infection. Furthermore, granuloma formation and progression during M. marinum
disease in adult zebrafish is similar to Mzb in humans, in terms of the granuloma becoming caseous
with surrounding fibrosis (65).

6. HOST-PATHOGEN INTERACTIONS DURING MTB INFECTION
6.1. Inmune Recognition and Host Cell Entry

Within the lung, the surface molecules of Mth serve as pathogen-associated molecular patterns
(PAMPs) that lead to recognition by host immune surveillance mechanisms through binding to
host pathogen recognition receptors (PRRs) on the host cell surface, including toll-like receptors
(TLRs) and C-type lectin receptors. TLR2 is a key cell surface exposed PRR that can heterodimer-
ize with coreceptors such as TLR1 and TLR6 or cooperate with accessory receptors such as CD14
and CD36 to recognize a wide array of Mth PAMPs. Depending on the coreceptor or accessory re-
ceptor that is involved, TLR2 can recognize Mib lipoproteins as well as the mannose-containing
mycobacterial glycolipids PIM, lipomannan (LM), LAM, and ManLAM to induce downstream
immune signaling through nuclear factor kB (NF-kB). Mt is also recognized by TLR4. C-type
lectin receptors play an important role in recognizing Mrh PAMPs: Mannose receptor, Dectin-
2, collectin CL-LK, and DC-SIGN can all bind and respond to ManLLAM, whereas Mincle and
CLECSF8 bind TDM (66). In addition to the direct interactions between Mtb surface molecules
and host receptors, the bacteria can also be opsonized by a variety of host factors, including com-
plement, IgG, or surfactant protein A, leading to recognition of opsonized bacteria by complement
receptors, Fcy receptor (FcyR), or surfactant protein A receptor, respectively (67). Mt can also
antagonize host PRR signaling to inhibit particular signaling pathways. For example, the Mz sur-
face glycolipids PGL and tetraacylated sulfolipid are TLR2 antagonists that bind this receptor
and dampen inflammatory cytokine production (68, 69).

By engaging with host cell receptors, Mtb induces receptor-mediated phagocytosis, leading
to uptake of the bacteria (66, 67). The receptors that are engaged during phagocytosis impact the
intracellular environment that the bacterium experiences. For example, uptake of IgG-coated Mth
via FcyR led to more efficient trafficking of the bacteria to lysosomes compared to nonopsonized
bacteria, although this did not necessarily lead to more efficient control of bacterial replication
(70). In contrast, uptake of Mzb through the mannose receptor resulted in inefficient trafficking of
the bacterium to lysosomes for degradation (71). Binding of Mt» or ManLLAM to mannose receptor
causes recruitment of the signaling protein Grb2. Grb2 signals through Sos/Rac1/Cdc42 to induce
actin remodeling that promotes phagocytosis. However, in addition to inducing phagocytosis,
mannose receptor and Grb2 also activate SHP-1, which inhibits key signaling events that are
responsible for phagosome maturation and fusion to the lysosome (71). Mib also sheds PDIM into
host cell membranes, changing the biophysical properties of the host membranes and stimulating
phagocytosis in a receptor-independent manner (72, 73).
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6.2. Phagosome Maturation

Once Mth is internalized, the host cell undergoes a series of signaling events that aim to traf-
fic the pathogen to a lysosome for degradation (74). Most studies of intracellular trafficking and
signaling in Mtb-infected cells have been performed with macrophages, which are the focus of
this section. The GTPase Rab5 is present on early phagosomes and recruits effector proteins,
including phosphoinositide 3 (PI3) kinase vacuolar protein sorting 34 (VPS34), which decorates
the membrane of the maturing phagosome with phosphatidylinositol 3-phosphate (PI3P). Once
on the membrane, PI3P binds early endosome antigen 1 (EEAI), an endosomal tethering protein
that mediates phagosome-lysosome fusion. As the phagosome matures, Rab5 levels decrease as
levels of another GTPase, Rab7, increase in a process termed Rab5-Rab7 conversion. Rab7 then
recruits additional effectors such as Rab7-interacting lysosomal protein (RILP), which stimulates
transport of the phagosome to the lysosome. During phagosome maturation, vacuolar-associated
H* ATPase (v-ATPase) and NADPH oxidase are recruited to the phagosomal membrane, which
contribute to acidification of the phagosome and production of reactive oxygen species (ROS),
respectively.

Despite these mechanisms used to mediate phagosome-lysosome fusion and degradation
of phagocytosed cargo, Mrb is capable of replicating in macrophages, indicating that the
pathogen has ways to subvert these host defenses. Indeed, Mzb uses multiple parallel strategies
to block virtually every stage of phagosome maturation and thereby promotes its own survival
(Figure 1). Mth secretes Ndk (nucleotide diphosphate kinase), which acts as a GTPase activating
protein (GAP) and inactivates Rab5 and Rab?7 to stall phagosome maturation (75). Additionally,
Mtb inhibits the Rab5-Rab7 conversion, possibly by inducing recruitment of Rab22a to the phago-
some, which is proposed to inhibit the fusion with late endosomal vesicles that is required for the
Rab5-Rab7 conversion (76). Mth LAM can block the increase in cytosolic Ca?* that is required
for the activation of VPS34 (77). Furthermore, Mtb secretes SapM (secretory acid phosphatase),
which can degrade the PI3P on the surface of the phagosome membrane and prevent phagosome-
lysosome fusion mediated through PI3P (78). Mtb also secretes the serine/threonine kinase PknG
(protein kinase G), which inhibits recruitment of Rab7 and EEA1 through inactivation of Rab29
(79).

Recruitment of v-ATPase to phagosomes containing M is also inefficient, in part due to the
tyrosine phosphatase PtpA that is secreted from Mz and blocks recruitment of v-ATPase (80).
However, a AptpA mutant is not attenuated in mice (81), suggesting that either phagosomal acid-
ification does not successfully clear this mutant in vivo or PtpA is not the only strategy used to
avoid phagosome acidification. Indeed, PDIM also contributes to exclusion of v-ATPase from the
Mth-containing phagosome (72), and Mrb secretes 1-tuberculosinyladenosine into the host cell,
which acts as an antacid and neutralizes acidic vacuoles in the cell (82). Furthermore, Mth can
maintain its intrabacterial pH and survive in the low pH environment of the lysosome (70, 83).

Ligation of surface receptors during pathogen encounter can also trigger LC3-associated
phagocytosis (LAP) through the assembly of a VPS34-containing PI3 kinase complex and a
NOX2-containing NADPH oxidase complex on the phagosome (84). As part of both of these
complexes, Rubicon promotes the sustained production of PI3P and ROS, which leads to recruit-
ment of autophagy related proteins that decorate the phagosome with LC3 (84). Mtb secretes
CpsA, which prevents localization of NADPH oxidase to Mth phagosomes and inhibits the induc-
tion of LAP (85). Mtb also antagonizes NADPH oxidase through secretion of Ndk, which has GAP
activity against Racl, a GTPase subunit of NADPH oxidase (86). Secretion of NuoG (NADH de-
hydrogenase I chain G) and KatG (catalase-peroxidase) by Mtb can also neutralize ROS generated
by NADPH oxidase (87).

www.annualreviews.org » Perspectives in Understanding TB

385



Extracellular space

Macrophage cytosol

wy P D

phagosome ESX-1,
PDIM Damage

O % I~ EscRT — Esxar
Golgi Nelk

\ /
e 9 A \
®

VP534

Q

Rab29

[ ? SapM v ATPase El — Ndk

NADPH
oxidase

NuoG, SodA,
KatG

/
w H+//

QC) / Host signaling
Mature Cj : /
phagosome @ » ?

LC3

RILP

—> Activation

— Inhibition _ Phagosome lysosome
fusion

Figure 1

Intracellular trafficking of Mrb and bacterial virulence mechanisms. Mt uses many virulence factors (shown
in red text and arrows) that antagonize phagosome maturation and prevent phagosome-lysosome fusion.
Abbreviations: EEAL, early endosome antigen 1; ESCRT, endosomal sorting complex required for transport;
ESX-1, 6-kDa early secretory antigenic target secretion system 1; KatG, Mtb catalase-peroxidase; LAM,
lipoarabinomannan; LC3, microtubule-associated proteins 1A/1B light chain 3B; Mth, Mycobacterium
tuberculosis; Ndk, nucleotide diphosphate kinase; NuoG, NADH dehydrogenase I chain G; PDIM,
phthiocerol dimycocerosate; PI, phosphatidylinositol; PI3P, phosphatidylinositol 3-phosphate; PknG,
protein kinase G; PtpA, protein tyrosine phosphatase A; RILP, Rab7-interacting lysosomal protein; ROS,
reactive oxygen species; SapM, secretory acid phosphatase; SodA, superoxide dismutase A; TLR, Toll-like
receptor; V-ATPase, vacuolar-associated Ht ATPase; VPS34, vacuolar protein sorting 34.
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6.3. Phagosomal Membrane Damage and Signaling

Inside the phagosome, Mrb secretes effector molecules that damage the phagosomal membrane
and signal to cytosolic PRRs. The ESX-1 secretion system is essential to damage the phagosomal
membrane, at least in part due to secretion of EsxA (8, 88). EsxA was shown to directly permeabilize
membranes; however, this model has recently been questioned due to concerns that EsxA protein
preparations were inadvertently contaminated with detergent (88). Detergent-free preparations
of EsxA protein lacked membrane permeabilizing activity at neutral pH, and membrane damage
by ESX-1 was mediated instead by direct contact of the bacterial cell with the host membrane (88).
Recent work has also implicated Mrb PDIM in phagosomal membrane damage (89-91); however,
loss of PDIM affects secretion of EsxA (91), so the effects on phagosomal membrane integrity
may be EsxA dependent and require further study. Upon phagosomal damage, the host ESCRT
(endosomal sorting complex required for transport) pathway responds to promote repair of the
damaged phagosome (92). However, M1h antagonizes ESCRT-mediated repair through secretion
of the ESX-3 substrates EsxG and EsxH (92).

Phagosomal damage allows leakage of Mth PAMPs into the host cell cytosol, which are recog-
nized by cytosolic PRRs. Mth DNA released into the host cell cytosol activates the double-stranded
DNA receptor ¢GAS (cyclic GMP-AMP synthase) (93-96), which synthesizes cyclic GAMP
(cGAMP) that signals through the STING/TBKI1/IRF3 (stimulator of IFN genes/TANK-
binding kinase 1/interferon regulatory factor 3) pathway to activate type I IFN production (95).
Mtb can also synthesize the cyclic dinucleotide c-di-AMP, which signals directly through STING
(97). Mth RNA is transported to the host cytosol in an ESX-1- and SecA2-dependent manner,
leading to recognition by RIG-I (retinoic acid-inducible gene I) and signaling through mito-
chondrial antiviral-signaling protein (MAVS)/TBK1/IRF7 to induce type I IFN production (98).
Sensing of Mrh peptidoglycan through the cytosolic PRR NOD2 leads to signaling through
RIP2/TBK1/IRFS5, also inducing type I IFN production (99). TLR9 can also detect Mth DNA and
induce proinflammatory cytokine production (66). Mt within damaged phagosomes also signals
through the NOD-like receptors (NLRs) NLRP3 or NLRC4 and the cytoplasmic DNA sensor
AIM2 (absent in melanoma 2), leading to inflammasome assembly and secretion of the proinflam-
matory cytokines IL-18 and IL-18 as well as gasdermin D-mediated pyroptotic cell death (94, 100,
101).

These signaling pathways also induce autophagy, leading to the colocalization of ubiquitin,
autophagy machinery, and LC3 to a fraction of M#b-containing phagosomes and subsequent for-
mation of double-membrane autophagosomes that are trafficked to the lysosome (95, 96, 102,
103). At least two E3 ligases contribute to ubiquitination of M#b-containing structures in the cell:
Parkin (103) and Smurf1 (104). Ubiquitinated Mrb phagosomes are recognized by autophagy re-
ceptors, including p62, TAX1BP1, optineurin, NBR1, and NDP52 (102, 103). Mtb surface protein
PE_PGRS29 also harbors a eukaryotic-like ubiquitin binding domain, which facilitates noncova-
lent interaction of Mt with host ubiquitin chains and triggers delivery of Mtb to autophagosomes
(105). However, despite some Mtb colocalizing with autophagy machinery, Mrb employs multi-
ple mechanisms to block autophagy-mediated targeting to the lysosome. M#b secretes Eis, an N-
acetyltransferase that inhibits autophagy through suppression of ROS (106). Mth promotes the re-
tention of the host factor Coronin-1A on phagosomes, blocking autophagosome formation (107).
Mycobacterial ManLLAM and secreted PE_PGRS47 protein can also block autophagosome accu-
mulation and maturation through unknown mechanisms (108, 109). Furthermore, macrophages
respond to Mth with increased expression of mzir-33, which downregulates expression of autophagy
genes, leading to decreased recruitment of p62 and LC3 to intracellular Mt (110). Given the abil-
ity of Mtb to block autophagy in the infected cell, loss of autophagy in myeloid cells in the standard
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mouse model does not result in susceptibility, although the autophagy-associated protein Atg5 is
required to control Mtb infection (96, 111, 112) by functioning independently of autophagy to
control pathologic neutrophil inflammation (111).

7. TYPE I INTERFERON, INTERLEUKIN-1, AND INTERLEUKIN-10
SIGNALING DURING MTB INFECTION

Hypervirulent strains of M#b induce higher levels of type I IFN than less virulent isolates do (113),
and leukocytes from active TB patients express higher levels of type I IFN-inducible genes than
those from latently infected or uninfected people (114). In addition, most reports involving Mth
infection of mice lacking the type I IFN-a/p receptor IFNAR) or induction of type I IFN sig-
naling during Mtb infection support a role for type I IFN signaling in exacerbating M) infection
(113,115, 116). However, in the absence of IFN-y signaling, type I IFN provides some protection
during M#b infection by preventing anti-inflammatory macrophage polarization (117). In addi-
tion, higher bacterial burden early during M#b infection in mice in the absence of IFNAR has
been reported (118), suggesting that type I IFN signaling can be protective in certain contexts,
which may be related to the overlapping set of interferon stimulated genes (ISGs) for type I IFN
and IFN-y.

Type I IFN signaling through IFNAR activates transcription of >100 ISGs, several of which
are upregulated during M) infection (119). One of the most highly induced ISGs during Mrb
infection is ISG15 (119),a member of the ubiquitin family that can be conjugated to target proteins
in a process termed ISGylation. However, mutations in ISGI5 that prevent its expression are
linked to susceptibility to mycobacterial infections in humans (120); in such cases, ISG15 functions
intracellularly to stabilize USP18 (ubiquitin-specific protease 18), a potent negative regulator of
type I IFN (121) and extracellularly to control Mz infection by synergizing with IL-12 to induce
secretion of IFN-y from T and natural killer (NK) cells (120, 121). For both the extracellular and
intracellular activities of ISG15 presented by these studies, conjugation of ISG15 to its targets is
not required (120, 121). In contrast to humans, mice deficient in Isgl5 are not susceptible to Mzb
infection, suggesting Isgl5 is not required for protection in mice and that some aspects of type I
IFN responses differ in mice and humans (116).

Type I IFN signaling positively regulates production of the anti-inflammatory cytokine IL-
10, which antagonizes IFN-y-associated pathways (122) (Figure 2). Patients with active TB have
higher levels of IL-10 in serum and lungs compared to healthy controls (123), where M#) burden
in sputum positively correlates with serum IL-10 levels (124), suggesting an association between
a loss of bacterial control and higher IL-10 levels. I/10 expression in T cells and CD11c" cells is
detrimental in the control of chronic Mtb infection in mice (125, 126). The transcription factor
basic helix-loop-helix family member e40 (Bhlhe40) is required to repress I/10 expression during
Mtb infection (126). BHLHE40 transcript is also reduced in the blood of patients with active TB
(114, 126), but whether this directly relates to the higher IL-10 levels in active TB patients is still
unknown.

In contrast to type I IFN, IL-1 signaling is required for host defense against M/ infection (127).
Mice lacking IL-1R1, IL-1a, or IL-1p succumb to Mr#b rapidly and have increased bacterial burden
and inflammation in the lung (127). Pro-IL-18 is processed by inflammasome-activated caspases
1 or 11 in macrophages but can also be processed in an inflammasome-independent manner by
macrophage and neutrophil serine proteases and metalloproteases (128). Caspase 1/caspase 11 and
ASC (apoptosis-associated speck-like protein) are critical for inflammasome activation, yet mice
deficient in Caspase 1/11 or ASC are not as susceptible to Mt infection as I/15~/~ mice, indicating
that inflammasome-independent IL-18 production is essential for control of Mrb (127).
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Figure 2

Cross-regulation of IL-18, type-1 IFN, and IL-10 during immune responses to Mth. Mth factors are shown in red text. Figure adapted
from images created with BioRender.com. Abbreviations: ESX-1, 6-kDa early secretory antigenic target secretion system 1; IFN,
interferon; IL, interleukin; IL-1R, interleukin-1 receptor; Mtb, Mycobacterium tuberculosis; NLRP3, NLR family pyrin domain
containing 3; NO, nitric oxide; PDIM, phthiocerol dimycocerosate; PGE2, prostaglandin E2; PMN, polymorphonuclear leukocyte.

IL-1 signaling is required to control bacterial spread in phagocytes; however, infected cells
lacking IL-1R1 can be protected against infection by IL-1R1 signaling in bystander hematopoi-
etic or nonhematopoietic cells (129). IL-1R1-dependent control of Mtb is partially facilitated by
COX-2-mediated synthesis of the eicosanoid prostaglandin E2 (PGE2), which limits type I IFN
production (130) and protects against mitochondrial damage-induced necrosis (131). Eicosanoids,
lipoxins, and leukotrienes are lipid mediators derived from arachidonic acid. In contrast to PGE2,
lipoxin A4 contributes to Mth replication and susceptibility to disease by negatively regulating
IL-12 production in mice (132). IL-1-mediated increase of PGE2 limits lipoxin A4 production,
decreasing inflammation (130). As further evidence of the important role for lipid mediators in
Mib pathogenesis, polymorphisms that increase expression of human 12/15 lipoxygenase ALOX12
correlate with increased risk of TB (133). Type I IFN also counterregulates IL-1 signaling by
downregulating IL-1o and IL-1B expression, upregulating the IL-1R1 antagonist IL-1Ra, nega-
tively regulating inflammasome activation, and inducing expression of decoy IL-1R2, altogether
impairing IL-1-mediated control of Mzb (52, 127, 130) (Figure 2).

8. HOST CELL DEATH DURING MTB INFECTION

An additional consequence of sustained signaling of cytosolic PRRs is host cell death. The mech-
anism by which an Mtb-infected cell dies can impact the subsequent immune responses and con-
trol of bacterial replication. Apoptosis is a noninflammatory caspase-8-dependent cell death that
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prevents the release of PAMPs and damage-associated molecular patterns (DAMPs). Following
apoptosis, the apoptotic Mtb-infected cells are taken up by phagocytes through efferocytosis (134).
Apoptosis itself is not bactericidal (135), but efferocytosis of Mrb-containing apoptotic bodies en-
hances control of Mt by more efficiently delivering it to the lysosome (135) and promoting effi-
cient antigen presentation during M#b infection (134). In contrast, pyroptosis and necroptosis are
lytic forms of cell death that release Mzb along with PAMPs and DAMPs, amplifying inflamma-
tion and failing to limit bacterial replication (136). Necrophorocytosis—phagocytosis of necrotic
phagocytes—promotes bacterial replication and inflammation (137).

Mtb produces several factors that inhibit apoptosis and preferentially induce necrosis. Neu-
tralization of host ROS by Mtb effectors NuoG (87), SodA (superoxide dismutase A) (138), and
Ndk (86) inhibits apoptosis during infection. Furthermore, Mtb can induce the macrophage phos-
phatase PPM1A (protein phosphatase magnesium-dependent 1A) and secrete Eis into the host
cell, which both block apoptosis through inhibition of c-Jun N-terminal kinase (JNK) (139, 140).
Instead, Mtb-infected macrophages in cell culture and in mice undergo a form of cell death that
resembles ferroptosis and promotes bacterial replication (141). Sensing of Mt by NLRP3 can
also result in pyroptosis or caspase 1-independent necrotic cell death (142, 143). Mtb also pro-
duces TB necrotizing toxin (TNT), which hydrolyzes NAD* and activates receptor-interacting
serine/threonine protein kinase 3 (RIPK3) and necrosis (144). In addition, although TNF-« is
required to control Mth infection, high levels of TNF-a can promote necrosis when apopto-
sis is inhibited, resulting in further inflammation, tissue damage, and loss of bacterial control
(145). Deletion of RIPK3 results in lower TNF-a levels, lower Mrb lung burden, and reduced
immunopathology, which could be explained by a decrease in RIPK3-induced necrosis (145).

9. METABOLIC REGULATION OF IMMUNE RESPONSES TO MTB

During Mtb infection, macrophages undergo metabolic remodeling, which involves a shift from
oxidative phosphorylation (OXPHOS) to glycolysis (146) that is induced by IFN-y signaling and
mediated by the transcription factor hypoxia-inducible factor 1o (HIF-1a) (147). Inhibiting this
metabolic change results in reduced IL-1p and increased IL-10, together contributing to increased
intracellular survival of Mtb (146). As such, Hif-10/-LysM-Cre mice fail to initiate a proinflam-
matory response to Mtb, have poor control of bacterial burden, and are severely susceptible to
infection (147).

Arginine metabolism is an important regulatory mechanism in macrophage polarization.
NOS2 and ARGI1 compete for arginine; therefore, ARG1 can inhibit NO production through
the depletion of arginine. Argl-deficient macrophages have increased bactericidal activity against
Mith, and infection of Arg1#-Tie2-Cre mice, which lack Argl expression in macrophages, leads to
decreased bacterial burden in the lung (148). Alveolar macrophages are less potent at controlling
Mt replication than interstitial macrophages due to reduced glycolysis and increased OXPHOS
in alveolar macrophages (149). The OXPHOS metabolism in alveolar macrophages is associated
with availability of iron and fatty acids, a predominance of fatty acid oxidation, and decreased
proinflammatory cytokine production, all resulting in a more permissive environment for Mzb
(149, 150). In contrast, glycolytic interstitial macrophages limit access to iron through sequestra-
tion, produce more NO, and express proinflammatory cytokines (149, 150).

Mt infection of macrophages leads to upregulation of immune-responsive gene 1 (Irgl), a mi-
tochondrial enzyme that produces itaconate and is required to control proinflammatory responses
to limit neutrophil recruitment and prevent susceptibility to Mtb infection (151). Mtb infection also
induces indoleamine 2,3-dioxygenase (IDO) expression, activating tryptophan catabolism, which
reduces T cell proliferation, thereby allowing bacterial replication and increased lung pathology
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(152). In macaques infected with Mzb, blocking IDO results in formation of inducible bronchus-
associated lymphoid tissue iIBALT), which is associated with protection from disease, increased
T cell proliferation, and T cell localization to the granuloma center (152).

10. INFLAMMATION AND TB

The proinflammatory responses required to control Mzb also cause tissue damage and must be
precisely balanced with anti-inflammatory responses. In fact, much of the pathology associated
with TB may be attributed to the immune response rather than to the bacilli directly. IFN-y is
essential for controlling M#b infection, in part by promoting phagosome maturation and inhibi-
tion of bacterial replication in phagocytes, but the susceptibility of IFN-y-deficient mice has been
largely attributed to a failure to limit inflammatory neutrophil recruitment to the infected lung
(153). IFN-y signaling activates macrophage NOS2 to produce NO, which is essential to control
Mtb infection (133, 154, 155). Although NO has direct bactericidal effects, NOS2 fails to effi-
ciently colocalize with Mzb-containing phagosomes in vitro, which is associated with decreased
recruitment of the scaffolding protein EBP50 (ezrin-radixin-moesin-binding phosphoprotein 50)
that is required for efficient recruitment of NOS2 to phagosomes (156). Instead, NOS2 restricts
bacterial replication by limiting neutrophil recruitment through suppression of IL-1f production
and restricting ALOX12 (133, 155) (Figure 2). NO also represses NF-kB-mediated cytokine ex-
pression in macrophages to prevent excessive neutrophil recruitment (154). In addition, 7ir-223
and heme oxygenase 1 (HO-1) prevent neutrophil inflammation in response to Mtb to alleviate
lung pathology (157, 158).

Neutrophil-dominated inflammation has been associated with lack of control of M#b in sus-
ceptible mouse models and patients with active TB (58, 111, 114, 153). Neutrophils are the most
commonly infected phagocytes in the airways of active TB patients (159) but appear unable to
restrict Mtb growth, such that neutrophilic inflammation can provide a niche for Mzb to survive
(111, 133). Neutrophils also release proinflammatory cytokines as well as antimicrobial molecules
that can cause tissue damage during M/ infection, further promoting the inflammatory response.
Low-density neutrophils (LDNs) in particular have been associated with TB disease progression,
as they are present at a higher frequency in the blood of active TB patients compared to healthy
individuals (160). LDNs failed to produce ROS and phagocytose Mib in response to stimuli and
failed to limit proliferation of antigen-specific T cells, indicating that LDNs may exacerbate TB
disease by inhibiting protective adaptive responses (160).

11. TCELLS AND TB
11.1. CD4* and CDS8* T Cells

CD4* T cells are critical for the control of Mtb in humans and in animal models, in which CD4"
T cell depletion causes reactivation of latent M#b infection (161, 162) and diminished CD8" T cell
cytotoxic activity (163). In particular, IFN-y from Thl CD4" T cells is required to control Mt»
replication and inflammation (164). Th1 cells contribute to Mtb control through TIM-3-galectin-
9 (Gal9)-dependent macrophage stimulation, inducing IL-1p production, TNF-o signaling, and
macrophage apoptosis, restricting Mth growth (165). In addition, CD4* T cells have IFN-y-
independent mechanisms of controlling Mth (166, 167). Th2 CD4* T cells that produce IL-4,
IL-5, and IL-13 are ineffective at restricting M#b replication (166) and suppress Thl responses
during infection (168). Th2 responses are also associated with increased incidence of reactivation
in latently infected individuals (169). Th17 CD4* T cells are present in pulmonary lesions of TB
patients (170); however, their role during TB is unclear. In mice, IL-17 signaling is required for
protection against infection with Mrb lineage 2 strain HN878 but not lineage 4 strains (171).
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CD8* T cells respond to Mth infection by producing IFN-y and secreting the cytolytic en-
zymes granzyme and perforin, which can kill Mrb-infected cells (172). Mice lacking peptide anti-
gen presentation on MHC class I molecules infected intravenously with Mtb succumb to infection
earlier than control mice do, which correlated with fewer CD8* T cells in the peripheral blood
(173). CD8* T cell depletion experiments support that CD8* T cells contribute to Mt growth
restriction during chronic infection (174), and transfer of primed Mtb-specific CD8" T cells into
irradiated mice conferred better protection against Mtb replication compared to nonspecific T
cells (175), which required perforin-mediated cytotoxicity (172). Nonetheless, CD8" T cell re-
sponses cannot compensate for loss of CD4" T cells (164).

The expansion of anti-inflammatory Foxp3* T regulatory cells (Tregs) during Mib infection
suppresses proliferation and activation of Th1 cells (176, 177), contributing to increased bacterial
burden in mouse models (176). Tregs are more abundant in active TB patients compared to L'TBI
patients (178), supporting an association between Tregs and a loss of control of infection. There
are also signs of T cell exhaustion during chronic Mib infection, including CD4+ T cells producing
lower levels of IL-2, IFN-y, and TNF-o (179, 180). The expression of T cell coinhibitory receptor
PD-1 increases on Mib-specific CD4" T cells during active TB, suggesting PD-1 may inhibit pro-
tective CD4" T cell responses (179). However, PD-1-deficient mice and mice that receive PD-1
blockade are more susceptible to Mzh due to elevated CD4" T cell numbers in the lung, leading
to exaggerated IFN-y production and lethal immunopathology (180). In addition, PD-1 blockade
in cancer patients has been associated with increased risk of active TB (181). Deletion of the mi-
tochondrial protein cyclophilin D, which normally negatively regulates T cell proliferation (182),
also results in susceptibility of mice to Mth due to increased CD8* and CD4" T cell responses
driving lung pathology, further supporting the need for control of inflammatory T cell responses.

11.2. Innate-Like Lymphocytes

Mycolipid antigens that dominate the outer surface of Mz are presented on MHC-like molecules
CD1la—d. CD1b-restricted germline-encoded mycolyl lipid-reactive (GEM) T cells and CD1d-
restricted natural killer T (NKT) cells are the two CD1-responsive lymphocyte populations best
characterized in the context of Mzb infection. CD1b is expressed within the granulomas of human
‘T'B patients (183), but a functional role for GEM T cells has not been defined. NKT cells can me-
diate bacterial control in cocultured Mrb-infected murine macrophages in vitro through secretion
of IFN-y (184) and granulocyte-macrophage colony-stimulating factor (GM-CSF) (185). How-
ever, mice lacking NKT cells are not more susceptible to Mtb infection (186). Mucosal-associated
invariant T (MAIT) cells are a subpopulation of innate-like CD8% T cells that express semi-
invariant T cell receptor alpha variable 1-2 (TRAV1-2), which recognizes Mtb vitamin B-derived
antigens presented on the MHC-related protein 1 (MR-1) molecule. MAIT cells are abundant in
healthy airway mucosa and produce IFN-y in response to Mtb-infected dendritic cells and lung
epithelial cells (187, 188). In TB patients, MAIT cells are depleted from peripheral blood and en-
riched within the bronchoalveolar lavage fluid (188), suggesting that they accumulate in the lungs
during infection. However, the role of MAIT cells during M#b infection is unknown. Vy9Ves2 T
cells are a subset of y3 T cells that recognize phosphoantigens produced by Mzb and are only
found within humans and NHPs (189). Primary exposure to Mzb induces a massive expansion of
Vy9Ve2 T cells that exhibit memory-like rapid recall expansion following subsequent challenge
with Mzb (190). Adoptively transferred Vy9V32 T cells traffic to the airways of NHPs and provide
protection against Mtb infection (191), although the mechanism remains unknown.

NK cells accumulate in the lungs of infected mice and can produce IFN-y (192), promote con-
trol of bacterial replication within macrophages (193), kill infected cells (194), and promote y8 T
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cell proliferation during Mzb infection (195). However, depletion of NK cells from Mzb-infected
mice does not affect bacterial burdens (192). Group 1 innate lymphoid cells {LCls), ILC2s, and
ILC3s also respond to Mzb infection. ILC1s produce IFN-y and are considered the innate coun-
terpart of Thl cells; ILC2s produce IL-4, IL-5, and IL-13, mirroring the function of Th2 cells;
and ILC3s are heterogeneous but can produce IL-17, IL-22, or both, mirroring Th17 cells. The
levels of ILCs circulating in peripheral blood of active TB patients were reduced compared to
healthy individuals, and ILC3s were enriched in iBALT-associated granulomas (196). ILC3s were
recruited to the lungs in Mrh-infected mice, and depletion of ILC3s resulted in increased bacterial
burden at 14 days postinfection and decreased iBALT formation in the lung (196).

12. BCELLS AND TB

B cells are found in cellular aggregates surrounding the lymphoid cuff of granulomas in the lungs
of TB patients and Mrb-infected NHPs (197). These structures resemble tertiary lymphoid organs
called iBALT, containing antigen-presenting cells, plasma cells secreting Mtb-specific antibod-
ies, and T cells (197). When iBALT structures are perturbed in mice lacking CXCL13/CXCRS5
chemokine signaling, animals show poor lymphocyte organization and poor mycobacterial control
in lesions (198). In NHPs, iBALT formation is associated with reduced granuloma area and latent
disease (198). Depleting B cells from macaques during the acute phase of Mzb infection resulted
in increased granuloma CFUs and increased IL-2, IL-10, and IL-17 production by T cells but did
not result in any significant changes in granuloma structure (199).

Recent findings have also indicated that antibodies are important players in TB disease. Active
TB and L'T'BI patients can be distinguished based on Fc domain glycosylation patterns and unique
glycosylation-dependent functional properties of their serum antibodies (200). Antibodies from
LTBI patients bound more strongly to activating FcyRIII, increased NK cell antibody-dependent
cellular cytotoxicity, and enhanced macrophage killing of intracellular Mth compared to antibod-
ies from active TB patients. In addition, Mtb-specific antibodies were detected in individuals who
historically have been termed resisters because they remain IGRA negative despite close contact
with active TB patients, indicating that antibodies may provide protection (201). Antibodies from
the resister population upregulate CD40L/CD154 in T cells, induce IFN-y release from NK
cells, and display higher antigen binding avidity and a unique glycosylation profile compared to
LTBI antibodies.

Human antibodies against Mtb confer some protection against M#b infection in mice, which is
dependent on Fc domain glycosylation and T cells (202,203). Mice lacking the inhibitory FcyRIIB
showed improved containment of Mib, enhanced Thl responses, and lower IL-10 levels in the
lung, while mice lacking the common y-chain shared by all activating FcyRs showed increased
IL-10, neutrophils, and bacterial CFUs in the lung (204), further supporting a role for antibody-
FcyR interactions. However, the Fab fragment of a LAM-targeting antibody was also able to
confer some protection against Mtb infection in mice (205). Furthermore, passive transfer of hy-
perimmune serum raised in an Mtb-infected mouse was able to protect SCID mice from Mth
infection (206). Together, this suggests antibodies can be protective in the absence of T cells or in
an Fc-independent mechanism.

13. TB COMORBIDITIES
13.1. HIV

Individuals infected with HIV are 15-22 times more likely to develop TB, and in 2018, HIV-
associated TB was responsible for 251,000 deaths (1) (Figure 3). Depletion of CD4" T cells dur-
ing HIV infection is a key contributor to increased susceptibility to developing active TB disease
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Figure 3

Number of 2018 T'B cases associated with key comorbidities. Abbreviation: TB, tuberculosis.

(162). The role of CD8* T cells is more complex: CD8* T cell proliferation correlated with con-
trol of LTBI in macaques coinfected with simian immunodeficiency virus (207), but people coin-
fected with HIV and M) have reduced numbers of Mrh-specific CD8" T cells and increased PD-1
expression on T cells (208). HIV also infects macrophages, and coinfection of macrophages in vitro
with HIV and Mtb results in increased bacterial and viral replication and dysregulated proinflam-
matory signaling (209). TB immune reconstitution inflammatory response syndrome (TB-IRIS)
can also occur in T'B patients beginning antiretroviral treatment (ART). TB-IRIS involves a hyper-
inflammatory response that is thought to be caused by a rebound in both the innate and adaptive
immune system due to reduced HIV burden and HIV suppression of immune mechanisms (210).
One of the most predictive risk factors for TB-IRIS is low CD4* T cell counts prior to initiating
ART and successful increases in CD4" T cell counts during treatment (210). However, many pa-
tients who experience increased CD4* T cell counts during ART do not develop IRIS, indicating
other contributors to TB-IRIS exist. Another potential mechanism underpinning IRIS is Treg dys-
function. Tregs collected from the blood of TB-IRIS patients showed decreased ability to suppress
production of proinflammatory cytokines and produced less IL-10 in vitro (211). Other studies
have identified an association between higher plasma levels of IL-6, C reaction protein, IFN-y,
TNF-a, IL-12, and IFN-« prior to ART as being associated with developing TB-IRIS (210).

13.2. Diabetes

Diabetes mellitus is increasing in prevalence globally, and 400,000 TB cases in 2018 were asso-
ciated with diabetes (1) (Figure 3). In addition, TB can worsen glycemic control in people with
diabetes. Although both type 1 and type 2 diabetes (T2D) are associated with increased susceptibil-
ity to TB, T2D is more prevalent. T2D-induced mice succumb earlier to Mzb infection compared
to non-T2D mice (212). The increased risk of TB likely stems from the metabolic and inflam-
matory consequences of chronic hyperglycemia (213). Alveolar macrophages from the lungs of
T2D-induced mice and macrophages from T2D patients have reduced ability to phagocytose
Mztb, which is attributed to the decreased expression of surface receptors important for recog-
nizing and engulfing the bacteria (214). Macrophages exposed to high glucose levels accumulate
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higher levels of oxidized low-density lipids and are less capable of controlling Mib replication due
to lysosomal dysfunction (215). Resistin, a protein that decreases insulin sensitivity, is elevated
in T2D and has been shown to decrease the production of ROS by macrophages in response to
Mt infection (216). In addition to macrophages, the total number of neutrophils is increased in
TB patients with T2D, and neutrophils from these individuals are less capable of phagocytosing
Mib (217). TB patients with T2D have lower levels of IL-22 compared to TB patients without
T2D, and recombinant IL-22 treatment or adoptive transfer of ILC3s that make IL-22 into T2D-
induced mice infected with M improved survival of the mice, decreased neutrophil accumulation,
and decreased epithelial damage in the lungs (218). T2D-induced mice also exhibit a delay in the
proliferation and migration of T cells to sites of Mtb infection (219).

13.3. Smoking, Alcohol Abuse, and Malnutrition

Close to one million TB cases were associated with smoking in 2018 (1) (Figure 3). Mice ex-
posed to cigarette smoke and then infected with Mrb exhibited decreased IFN-y-positive T cells
in the lung, increased lung bacterial burden, and decreased survival (220). Macrophages exposed to
cigarette smoke develop a vacuolated morphology with debris accumulating in large lysosomal in-
clusion bodies (221) and produce less TNF-a, IFN-y, and IL-1p when infected with mycobacteria
(222). Approximately 800,000 TB cases in 2018 were associated with alcohol abuse (1) (Figure 3).
Alcohol has immunosuppressive effects, and ethanol-fed mice infected with Mtb have higher bac-
terial burdens, smaller immune cell aggregates in the lung, increased type I IFN levels in the lung,
increased macrophage necroptosis, decreased T cell proliferation and production of IFN-y, and
decreased survival, where IFNAR blockade improves survival (223, 224). Malnutrition is a serious
public health problem worldwide, and studies suggest a 6-10-fold increased risk of developing
active TB when malnourished (225). Although there is extensive evidence of immune dysfunc-
tion as a consequence of malnutrition (226), the mechanisms of TB susceptibility are unclear.
Nonetheless, in its 2019 TB report, the World Health Organization cited improved nutrition as
a sustainable goal that would improve overall global health as well as reduce the TB burden (1).

14. TREATMENT OF TB

The standard treatment for drug-sensitive cases of active TB consists of an intensive phase of
2 months with daily dosing of isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA), and etham-
butol (EMB) (or streptomycin), followed by a 4-month continuation phase of INH and RIF. This
long, 6-month regimen is associated with many side effects, which often results in poor patient
compliance. Poor adherence to treatment regimens increases the risk of disease relapse and de-
velopment of antibiotic-resistant TB. In 2017, an estimated 19% of newly treated cases and 43 %
of previously treated cases exhibited resistance to INH or RIF (1). INH is a prodrug that is con-
verted to its active form by the M#b catalase peroxidase KatG, which adds an NAD* adduct to INH
(INH-NAD) (227). The most well-characterized target of INH-NAD is the essential mycolic acid
biosynthesis enzyme InhA; however, other targets for INH-NAD have also been described. The
most common mechanism of INH resistance occurs through mutations in k4tG; over 300 differ-
ent mutations in k4tG have been reported in INH-resistant clinical isolates of Mt (Figure 4). In-
creased INH resistance can also occur through mutations that decrease k2¢G expression, increase
inhA expression, or decrease INH-NAD binding to InhA (227). INH resistance is associated with
treatment failure, relapse, and progression to multidrug-resistant TB (MDR-TB), defined as TB
resistant to at least INH and RIF. RIF targets the RNA polymerase  subunit (RpoB) and prevents
transcription (228) (Figure 4). Mutations in the drug target 7poB are responsible for over 90% of
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Molecular targets of frontline TB antibiotics and associated resistance mechanisms. The most common
resistance mutations are shown in red. Figure adapted from images created with BioRender.com.
Abbreviations: EMB, ethambutol; INH, isoniazid; KatG, Mtb catalase-peroxidase; Mth, Mycobacterium
tuberculosis; PncA, pyrazinamidase; RpoB, RNA polymerase f subunit; TB, tuberculosis.

RIF resistance in clinical isolates (229). The majority of the 7poB mutations are located in or near
the RIF binding pocket in RpoB and interfere with RIF binding (228). RIF-resistant Mtb clini-
cal isolates without mutations in 7poB have been reported but are rare, and the mechanisms are
not yet fully understood (229). Patients with RIF-resistant or MDR-TB are treated with a com-
bination of second-line drugs associated with significant toxicity and a clinical cure rate of only
55%.In 2017, 8.5% of MDR-TB cases were extensively drug-resistant TB (XDR-TB), defined as
MDR-TB with additional resistance to a fluoroquinolone as well as a second-line injectable drug
(1). The prognosis of XDR-TB is extremely poor, with few resources left for treatment.

Resistance to PZA and EMB has also been isolated clinically. PZA is a prodrug that is con-
verted to its active form, pyrazinoic acid, by the amidase pyrazinamidase encoded by pncA, which
is involved in the NAD™ salvage pathway but is nonessential (230). Most PZA resistance in Mtb
clinical isolates is attributed to mutations in pncAd; however, resistant isolates without mutations
in pneA indicate that other resistance mechanisms are clinically relevant (230) (Figure 4). EMB
inhibits the biosynthesis of the cell wall component arabinogalactan (231), most likely by inhibit-
ing EmbB, which is a transmembrane-spanning glycosyltransferase involved in arabinan synthesis
(232). Up to 70% of EMB-resistant clinical isolates have mutations in ezzbB (232). In addition to
embB, the other two genes that comprise the ezzbBAC operon, which are also glycosyltransferases
and likely involved in arabinan or lipoarabinan biosynthesis, can be mutated to confer EMB re-
sistance (233) (Figure 4). Additionally, mutations in the promoter and open reading frame of the
transcription factor that controls emzbBAC expression, EmbR, are also commonly found in EMB
resistant isolates (234).
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