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Abstract

Pulmonary granulomas are widely considered the epicenters of the immune
response toMycobacterium tuberculosis (Mtb), the causative agent of tubercu-
losis (TB). Recent animal studies have revealed factors that either promote
or restrict TB immunity within granulomas. These models, however, typ-
ically ignore the impact of preexisting immunity on cellular organization
and function, an important consideration because most TB probably occurs
through reinfection of previously exposed individuals. Human postmortem
research from the pre-antibiotic era showed that infections in Mtb-naïve in-
dividuals (primary TB) versus those with prior Mtb exposure (postprimary
TB) have distinct pathologic features. We review recent animal findings in
TB granuloma biology, which largely reflect primary TB. We also discuss
our current understanding of postprimary TB lesions, about which much
less is known.Many knowledge gaps remain, particularly regarding how pre-
existing immunity shapes granuloma structure and local immune responses
at Mtb infection sites.
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INTRODUCTION

During the nineteenth and early twentieth centuries, tuberculosis (TB) was a leading cause of
death in the USA andWestern Europe. Accordingly, TB was at the forefront of medical research.
Autopsies were common, and the scientific literature from this era contains a treasure trove of
meticulous descriptions of lung pathology across the spectrum of humanMycobacterium tuberculo-
sis (Mtb) infection, from asymptomatic infection to TB disease (1–6). Because these studies were
performed before the advent of antibiotics to treat TB, the natural history of infection could
be painstakingly detailed. A central paradigm was that primary TB, which occurs in individuals
(usually children) after their first Mtb exposure, and postprimary TB, which develops several
years after first exposure, are starkly different diseases. The pulmonary lesions associated with
these two forms of TB are quite distinct, differing in location, composition, and pathogenesis.

Today, autopsies are rare, and assessments of Mtb-infected human lung tissue are usually
restricted to therapeutically resected lobes from individuals with advanced disease and long-term
antibiotic exposure. Our recent understanding of TB granuloma biology is based largely on
animal models, which have revealed a complex dichotomy: While individual granulomas can
vary in their ability to control Mtb replication, and some can even eradicate the pathogen, the
overall result is often a standoff between Mtb and the immune system, a compromise that permits
Mtb persistence but keeps the pathogen relatively contained. Although these recent studies have
revealed important insights, an important caveat is that they are usually performed in animals
without prior Mtb exposure. They reflect models of primary TB granulomas, and the distinctions
between primary and postprimary lesions are rarely considered. This is problematic because most
cases of human TB occur in individuals previously exposed to the bacteria.

In this review, we attempt to bridge insights gained from historical studies of human TB
pathology with those from more recent studies in animal models. Our understanding of the
older human research has been greatly advanced by Hunter (6, 7) and Hunter & Actor (8),
who, by combining a careful review of the literature with their own assessment of human Mtb-
infected lung tissue, have expressed concern that current animal models do not adequately reflect
postprimary TB. We summarize these arguments and use them to try to contextualize recent
findings in TB granuloma biology from animals, which provide good models for primary TB.We
review immune pathways and microenvironments within primary TB granulomas that promote
and restrict Mtb immunity. We discuss how immunologic memory associated with prior Mtb
exposure may alter these factors at tissue infection sites and highlight knowledge gaps that need
further investigation. In addition to adaptive immunity, prior exposure may shape innate immune
function, a phenomenon termed trained innate immunity, but because excellent reviews of these
topics in TB are available elsewhere (9–11), we do not review them here. We hope our review
will spur future investigations using human postmortem tissues and improved animal models to
understand how preexisting immunity shapes TB pathogenesis.

GRANULOMAS IN PRIMARY TUBERCULOSIS

In its simplest terms, a granuloma can be defined as an aggregate of macrophages, yet the orga-
nization of TB granulomas is remarkably heterogeneous and usually involves numerous immune
cell types. Murine studies have shown that granulomas arise after alveolar macrophages phagocy-
tize inhaledMtb bacilli and migrate into the lung interstitium (12).Other immune cells, including
neutrophils and monocyte-derived macrophages, are recruited, take up Mtb, and begin to orga-
nize into the nascent granuloma.Given this sequence of events, granulomas in primary TB tend to
localize where inhaled Mtb-laden droplets are mostly likely to implant, the well-ventilated bases
of the human lung and within 1 cm of the pleural surface (13), as airways that supply alveoli in the
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lung periphery are larger and straighter than those that supply the lung interior (14).This location
is quite distinct from the site of postprimary TB infection, which occurs in the lung apices, and is
discussed in more detail in the section titled Postprimary Tuberculosis: A Distinct Pathogenesis.

Several animal models have been used to study the pathologic features and host–pathogen
interactions within the pulmonary TB granuloma. Nonhuman primates (NHP) are generally ac-
cepted as having clinical disease that is most similar to that in humans, and they form all the stereo-
typical features of human granulomas: a central core ofMtb-infected and uninfected macrophages
with or without a nutrient-deprived region of caseous necrosis (an area of cellular debris result-
ing from cell death, so named by pathologists because it was thought to resemble a cheese-like
substance), a surrounding rim of epithelioid macrophages, a T cell–rich lymphocytic cuff that
contains tertiary lymphoid structures (TLS), and often fibrosis (15–17). Rabbits and guinea pigs
also form caseating TB granulomas and have been used extensively for TB research (18, 19), but
these models are limited by a relative paucity of experimental tools. Zebrafish are useful because
of their optical transparency, allowing visualization of the early events of granuloma formation
(20). Murine tuberculosis is the most tractable model, although infection of the most common
mouse strain (C57BL/6) with common experimental Mtb strains has been criticized for failing to
reproduce key features of human tuberculosis granulomas, particularly central necrosis and ep-
ithelioid macrophages (15).Modulation of host and pathogen genetics can mitigate this limitation
and result in a wide range of granuloma features. The C3HeB/FeJ (i.e., C3H or Kramnik) strain
can form granulomas with central necrosis when infected with common experimental strains (21)
and can even develop large caseating lesions when infected with highly transmissive W Beijing
strains (22). The gene responsible for preventing the phenotype seen in C3H mice was recently
identified as Sp140, which suppresses type I interferon transcription, revealing new insight into the
underlying mechanisms of necrotic granuloma formation (23). Additionally, recent research using
the Beijing lineage HN878 Mtb strain in C57BL/6 mice revealed the formation of TLS in the
granuloma cuff, a feature of human granulomas (24). Furthermore, most C57BL/6 or C3H mice
infected with a physiologic ultralow dose (ULD; 1–3 CFU) of aerosolized H37Rv exhibit a single,
discrete granuloma, which gains hallmark features of human granulomas, chiefly spatial segre-
gation of infected macrophages and T cells, as well as TLS located on the granuloma cuff (25).
Together, these studies suggest that granuloma structure may be modified upon alterations of Mtb
genetics, host genetics, and infectious dose, enhancing the mouse model’s preclinical relevance.

GRANULOMA STRUCTURE AND IMMUNE CELL TRAFFICKING

Historically, the TB granuloma was thought to benefit the host primarily by “walling off” Mtb
bacilli from the rest of the lung. This idea arose from the observation of structural changes
surrounding infected macrophages, which were thought to result in physical barriers that prevent
bacterial escape. More recently, however, there has been growing appreciation that granulomas
can also provide a permissive environment forMtb, in part by limiting the trafficking and function
of immune cells (26–28).While the scarcity of T cells at Mtb-infected sites within the granuloma
is well described, few studies have directly evaluated what governs access into the granuloma core.
Here, we discuss key structural components of the granuloma and the factors dictating entry and
function of immune cells within them (Figure 1).

Epithelioid Macrophages

Epithelioid macrophages form at the granuloma periphery and are characterized by a high
cytoplasm-to-nucleus ratio and interdigitation with neighboring cells, akin to the structural
epithelial cells from which their name is derived (29, 30). Despite their common association
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Host factors can both promote and restrict antimycobacterial immunity within the tuberculous granuloma.
The granuloma is a prototypic structure that forms in response toMycobacterium tuberculosis (Mtb) infection
and comprises a heterogenous population of cells, including a central core of infected macrophages
surrounded by a cuff of lymphocytes and associated tertiary lymphoid structures (TLS). The dichotomous
nature of the granuloma has led to questions regarding its benefit in controlling infection. Research
primarily in animal models has shown that it can restrict bacterial growth and dissemination by forming an
oxygen-limiting environment encapsulated within a rim of epithelioid macrophages. Other mechanisms that
promote bacterial clearance include production of proinflammatory cytokines, such as IFN-γ, TNF-α,
IL-17, and granulocyte-macrophage colony-stimulating factor (GM-CSF), and expression of protective
factors, such as CD153. However, the granuloma is a double-edged sword, as the same structure that
facilitates bacterial containment can also impede access of immune effectors to the site of infection, leading
to a paucity of protective cytokines directly in association with infected cells. Further contributing to the
success of Mtb, the granuloma is enriched for anti-inflammatory mediators, such as TGF-β, indoleamine
2,3-dioxygenase (IDO), and PD-1, and the bacteria have evolved ways to prevent effective presentation of
bacterial antigens to immune cells. The combination of these factors within the granuloma results in a highly
complicated structure that contains a mixture of pro- and antimycobacterial features and likely has
contributed to the long-standing success of Mtb as a human pathogen.
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with granulomas, their origin and function remain largely unclear. Historically, epithelioid
macrophages have been referred to as protein synthesizing rather than phagocytic (31), leading to
confusion about their role in tuberculosis.More recently, evidence has emerged that they likely can
be both. In NHP, HAM56+ cells at the epithelioid macrophage/caseum interface can engulf neu-
trophils (32) and bacteria (33). Longitudinal studies from zebrafish have shown that both synthetic
and phagocytic cell types coexist, perhaps because of constant recruitment of new macrophages
that undergo epithelialization (34).More recently, zebrafish have been used to identify the molec-
ular basis of epithelialization, whereby epithelioid macrophages upregulate a gene module driven
by Stat6-dependent E-cadherin expression, reminiscent of the epithelial–mesenchymal transition
(35, 36). This epithelial program is essential for adherens junction formation, which serves as a
scaffold for the granuloma. The finding that Stat6-driven type 2 immunity controls this process is
surprising given the classical role for type 1 immunity in TB.However, it aligns with roles for type
2 responses in other granulomatous diseases, such as schistosomiasis (37), as well as E-cadherin
regulation (38), suggesting that these processes are highly conserved. As our understanding of
the granuloma structure improves, research groups have begun to untangle whether they are
ultimately beneficial or detrimental to the host. Studies using macrophage-specific E-cadherin
dominant-negative zebrafish showed that partial disruption of macrophage epithelialization led
to diminished bacterial burdens and improved zebrafish survival, suggesting that the epithelioid
macrophage plays a bacterial-protective role, perhaps by excluding protective immune factors
from the site of infection (36, 39). However, complete disruption of the epithelialization program
upon Stat6 deletion paradoxically led to increased bacterial growth, indicating that some level of
bacterial containment within granulomas may be required for host protection (35). Combined,
these findings open an opportunity for host-directed therapies targeting macrophage epithelial-
ization, such as protein kinase C (40), to improve immune infiltration into the granuloma.

Chemokine Receptors

Mtb-specific T cells must interact directly, and thus colocalize, with infected cells to confer
optimal immunity (41). T cell trafficking into and within tissues is determined mainly by the
chemokine receptors (CCRs) that they express, but which CCRs promote this colocalization is
incompletely understood (42). CXCR3 is highly expressed on Mtb-specific T cells within the
lung parenchyma, while those within the vasculature express CX3CR1. Adoptive transfers of
T cells lacking individual CCRs into Mtb-infected mice recently identified mechanistic roles for
these CCRs in trafficking into the lung parenchyma (43). In these studies, cells lacking CXCR3
trafficked to the lung parenchyma at a rate ∼75% that of wild type over 35 h, while cells lacking
CX3CR1 entered at nearly twice the wild-type speed, suggesting that CXCR3 promotes rapid
trafficking of Mtb-specific T cells while CX3CR1 holds cells within blood vessels. Minor roles
were also uncovered for CCR2, CCR5, CCR6, CXCR5, and CXCR6, though the largest effect
was a rate decrease of only ∼10% in CCR5 deficiency (43). Given the relatively short time frame
studied, it is uncertain what effects these CCRs may have over the course of infection. Indeed,
Potter et al. (44) recently used serial IV labeling to track the localization of T cells over time,
finding that most IFN-γ-producing T cells within granulomas had entered the parenchyma more
than 24 h prior, highlighting the importance of longer-term studies to interrogate CCR-driven lo-
calization. Little is known about which CCRs drive T cells to different microenvironments within
the infected lung after exiting the vasculature. A recent study in NHP showed robust expression
of CXCR3 on CD4+ T cells in granulomas, suggesting that CXCR3 has a role in directing cells
toward infected regions (45). However, the presence of CXCR3+ T cells in lung regions distal
to the granuloma, together with the finding that multiple CCRs contribute to trafficking to the
Mtb-infected lung, suggests that a single CCR may be insufficient for optimal trafficking (43).
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TERTIARY LYMPHOID STRUCTURES

TB granuloma–associated TLS form across species (17, 46). These structures share many features
with secondary lymphoid organs (SLOs), including B cell aggregates, T follicular helper (Tfh)
cells, follicular dendritic cells (fDCs), and high endothelial venules (HEVs). Similar to SLOs,
TLS serve as sites of local antibody production and facilitate antigen presentation to T cells (47).
However, TLS differ from SLOs on the basis of their lack of capsular containment and depen-
dence on inflammatory stimuli for their development (47). IL-17 and IL-23 produced by either
T helper 17 (Th17) cells or group 3 innate lymphoid cells (ILC3s) promote the formation of TLS
(48–50). Furthermore, inflammation induces stromal cells to transform into fDCs and support
HEV formation, also triggering them to produce chemokines (e.g., CXCL12, CXCL13, CCL19,
CCL21) that recruit and organize T, B, and myeloid cells into TB granuloma–associated TLS
(51). Once TLS are established, Tfh cells are required for their persistence. Interestingly, TLS
are larger and more organized in NHP with relatively controlled Mtb infection in comparison to
NHP with poorly controlled infection (52). Thus, TLS seem to be host protective in TB, similar
to other chronic infections (53, 54).

The mechanisms by which TLS promote Mtb control are still unclear. CXCR5-deficient
mice lack TLS and have increased bacterial burdens, both of which are reversed by infusion
of CXCR5-expressing CD4 T cells (52). Furthermore, T cell–intrinsic CXCR5 expression is
required to maintain effector CD4 T cells within the lung (55). Thus, while CXCR5+ Tfh
cells are required to maintain TLS, cellular interactions within these structures may, conversely,
be required for T cell persistence. Other possible mechanisms include promoting protective
antibody responses (56) and functioning as sites of efficient immune cell entry into the lung
via HEVs (57). Because Th17 induction and TLS formation can be promoted by adjuvants,
some vaccines may promote TLS formation more than others. Future studies investigating TLS
function in TB could be aided by the finding that TLS location and structure within mouse TB
granulomas become more similar to those of humans upon altering either the infectious strain
(HN878) (24) or the dose (1–3 CFU) (25).

IDO

Tryptophan (Trp) is an essential amino acid for humans. Because Trp is also essential for
pathogens, hosts often use Trp starvation to combat infectious agents, such as Chlamydia tra-
chomatis and Toxoplasma gondii (58, 59). Host Trp depletion is often achieved by IFN-γ-dependent
indoleamine 2,3-dioxygenase (IDO) expression, the rate-limiting enzyme in Trp catabolism.
Indeed, IDO is strongly upregulated during TB and can be detected in the pleural fluid, sputum,
and serum of patients with active TB (60, 61) as well as in the granuloma itself (62). However,
Mtb has evolved the capacity to synthesize its own Trp, rendering host-mediated Trp starvation
ineffective unless the Mtb TrpE operon is compromised (63). Although IDO activation does not
appear to directly kill Mtb under normal settings, these findings open avenues for host-directed
therapies that interfere with bacterial Trp generation. In a proof of concept, mice treated with
6-FABA (2-amino-6-fluorobenzoic acid), an inhibitor of Trp synthesis, have reduced bacterial
loads in the lung and spleen (63). Such a therapy is particularly appealing because it presents
limited off-target toxicity to the host, as humans do not express Trp synthesis machinery.

IDO also plays an immunosuppressive role, which is at least partially due to its effect on
T cells, as the kynurenine metabolites produced by Trp metabolism suppress T cell proliferation
and promote regulatory T cells. In line with this finding, pleural fluid from TB patients can sup-
press cytokine production by human peripheral blood mononuclear cells, which is overcome by
inhibiting IDO, IL-10, or TGF-β (64). In NHP, IDO is strongly expressed in the phagocyte-rich,

594 Cohen • Gern • Urdahl



lymphocyte-devoid border adjacent to the necrotic granuloma core, leading to the hypothesis that
IDO excludes activated lymphocytes from the caseous core of the granuloma (65). This hypothe-
sis was confirmed in NHP by inhibiting IDO in vivo, wherein D-1MT (1-methyl-d-tryptophan)
treatment improved T cell cytokine production, proliferation, and colocalization with bacteria
within the granuloma, resulting in significantly reduced bacterial loads in the bronchoalveolar
lavage, lung, and even individual granulomas. These findings suggest that, in addition to rescuing
impaired T cell function at the granuloma, IDO blockade may reorganize the granuloma itself,
facilitating critical interactions between infected macrophages at the core of the granuloma and
the microbicidal T cells normally excluded from this zone (39).

Although IDO activation was observed in the murine TB model, IDO deficiency had no effect
on overall infection outcome (66). It remains unclear how well the conventional murine model of
TB infection recapitulates the role of Trp metabolism and/or IDO, perhaps because the canonical
caseous granuloma is not characteristic of murine TB. Future studies should investigate whether
modified murine models, namely the ULD model (25), C3HeB/FeJ mice (67), or other outbred
strains of mice (68), may help better reproduce the findings observed in NHP and humans in
order to further dissect the mechanisms by which this pathway restricts immunity against Mtb.

FACTORS THAT PROMOTE IMMUNITY AT THE GRANULOMA

The Th1 immune response, which centers on IFN-γ production, has long been associated with
protection against TB infection, but failed vaccine trials have shown that mounting a peripheral
Th1 response is not sufficient to protect against disease. While some of this lack of protection
is likely due to the improper localization of immune cells to the granuloma, as described in
the preceding section, other immune cell axes are also involved in protection. Here, we discuss
cytokines and immune cell types that contribute to granuloma organization or protection within
these structures. Our discussion is not comprehensive. IL-1, for example, is critical for protection,
but because little is known about how its activity relates to granulomas, we do not discuss it
here. Similarly, T cell–intrinsic expression of CD153, a cell surface receptor and member of the
TNF superfamily, is also important for pulmonary immunity against Mtb and is expressed by
granuloma-resident T cells in NHP (69). However, because its specific role in immunity is not
yet understood, we do not discuss it further.

IFN-γ

IFN-γ is essential for immune containment of tuberculosis, as humans and mice with deficiencies
in the IFN-γ/IFNGR axis rapidly succumb to mycobacterial infections (70-72). Nevertheless,
clinical vaccines that generate robust peripheral IFN-γ responses have variable efficacy (73–75),
increased IFN-γ production from PD-1 blockade/deficiency can exacerbate disease (76, 77), and
it has been reported that IFN-γ accounts for only 30% of CD4 T cell–mediated immunity in
the lung (145). However, these studies did not measure IFN-γ production specifically within the
granuloma, and IFN-γ levels in the blood or lung homogenate may not accurately reflect the
site of infection. Supporting this idea, serial intravascular staining in NHP has shown that most
IFN-γ-producing cells within the granuloma have been in the lung parenchyma for >24 h (44),
suggesting that cytokine-producing cells are not recent immigrants from the blood. Interestingly,
recent studies have shown that there is little IFN-γ production within pulmonary granulomas
(26, 79) and that Mtb-specific Th1 effector cells rapidly lose the capacity to produce IFN-γ in
the granuloma (26). Furthermore, an increased proportion of IFN-γ-producing cells within the
granuloma, but not distal lung regions, was associated with protection in mice whose T cells
lack TGF-β (26). Together, these data suggest that granuloma-level IFN-γ responses are not
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accurately represented by sampling of blood or lung homogenates. Although increased systemic
IFN-γ responses appear not to be protective and may even be harmful, targeted increases of
IFN-γ at the site of infection may still have the potential to be protective, and such localized
changes can only be elucidated by measuring responses within the granuloma.

IL-17

IL-17 has a well-described role in the control of extracellular bacteria and is implicated in the re-
cruitment and activation of neutrophils as well as in the formation ofTLS (80).Although IL-17 de-
ficiency has no impact on bacterial burdens in unimmunizedC57BL/6mice infectedwith common
experimental Mtb strains (81), it results in delayed Th1 cell recruitment to the lung and increased
bacterial burdens in mice immunized with a Th17-inducing vaccine (82). Recently, unimmunized
C57BL/6 mice infected with the Beijing strain HN878 were also shown to be dependent on IL-17
for optimal control of pulmonaryMtb infection, and IL-17-deficientmice had fewer lymphoid fol-
licles and iNOS+ macrophages within the granuloma, a phenotype reversed by IL-17 overexpres-
sion (83). In humans, IL-17A/F transcription is upregulated in resected pulmonary tuberculosis
granulomas (84). It remains unknownwhich cell types are the source of IL-17 duringTB, although
Th17 cells, ILC3s, and γδ T cells are all candidates (83–86). ILC3s accumulate in the lung during
the early stages of murine Mtb infection (86); consistent with this finding, ILC3s are elevated in
lung tissues of patients with pulmonaryTB yet depleted in the blood, underscoring the importance
of evaluating responses at the site of infection.The absence of ILC3s resulted in a modest increase
in lung bacterial burden as early as day 14 postinfection, which was associated with decreased IL-
17 production and reduced B cell follicle generation (86). Together, these data suggest that ILC3s
are recruited from the blood to the lung soon afterMtb infection,where they can shape early gran-
uloma formation by influencing the cell types present as well as by stimulating TLS formation.

Th1/Th17 Cells

Our understanding of the role of Th1/Th17 cells is in a relatively early stage compared with the
more established T helper lineages (Th1, Th2, and Th17). Th1/Th17 express both T-bet and
RORγt, produce both IFN-γ and IL-17 (87, 88), and are induced by humanMtb infection (89–91).
Recent evidence has shown an association of Th1/Th17 cells with protection against Mtb. In a co-
hort of South African adults, an increased population of BCG-specific IFN-γ+IL-17+ CD4T cells
was negatively correlated with a transcriptional score predicting risk of progression to active TB in
IGRA+ individuals following BCG immunization (92). A higher proportion of CXCR3+CCR6+

CD4+ T cells (purportedly Th1/Th17) was observed in asymptomatic contacts of active TB
patients in comparison to contacts who developed active TB (93). In a recent NHP study, the
numbers of both Th1/Th17 and Tc1/Tc17 cells (defined as CXCR3+CCR6+) were strongly
anticorrelated with bacterial burden within individual granulomas (94), suggesting that successful
granulomas were enriched for these cells. Importantly, these are only correlative data, and further
investigation is warranted into the mechanistic role of Th1/Th17 cells in protective immunity to
TB.

TNF

TNF is a pleiotropic Th1-related inflammatory cytokine that is involved in cellular chemotaxis,
apoptosis, activation, and metabolic state. TNF is important for maintaining granuloma archi-
tecture and is essential for immunity to Mtb infection, as animals lacking TNF and humans
undergoing TNF blockade exhibit exacerbated TB disease characterized by breakdown of
the granuloma structure (95–97). However, an exaggerated TNF response is also associated
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with exacerbated pathology and higher bacterial burdens (98, 99), which occur downstream
of programmed macrophage necrosis triggered by mitochondrial, lysosomal, and endoplasmic
reticulum cross talk (100–102). Additionally, as with IFN-γ, few T cells within the granuloma
produce TNF (44, 79), and increased peripheral TNF production is associated with worse
outcomes in the setting of PD-1 blockade (76, 103). Together, these findings suggest that the
amount and location of the TNF response are crucial for optimal TB outcomes.

GM-CSF

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is widely appreciated for its role
in driving myelopoiesis, but it also plays a role in controlling infections, including Mtb. GM-CSF
is expressed in the blood (104) and granulomas (105) of human TB patients and is more pro-
nounced in noncaseating, paucibacillary granulomas (105), suggesting that levels of this cytokine
correlate with protective granulomas. In animal models, GM-CSF-deficient mice are highly sus-
ceptible to infection and generate severely necrotic lesions and lung-specific bacterial outgrowth
within 35 days of infection (106, 107). GM-CSF expression has been attributed to invariant natu-
ral killer T cells (108) early postinfection and later by conventional T cells, although it is essential
for T cell–mediated protection only if nonhematopoietic sources of GM-CSF are compromised
(104). While GM-CSF appears to be protective in the context of TB, and even directs human
macrophages to be mycobactericidal in vitro (109, 110), its overexpression also ultimately results
in susceptibility and a marked absence of the hallmark granuloma, instead demonstrating diffuse
interstitial inflammation that fails to restrict bacterial growth (106, 107). Thus, as with IFN-γ
and TNF, an intricate balance of GM-CSF levels is required to promote immunity against TB.

FACTORS THAT RESTRICT IMMUNITY AT THE GRANULOMA

The immense success of Mtb as a pathogen is in part due to the presence of inhibitory molecules
and immunosuppressive factors within the granuloma that prevent efficient immune responses
and subsequent bacterial eradication. The mechanisms of suppression range from host-derived
soluble mediators to direct manipulation of host responses by the bacteria and even environ-
mental stresses. Here, we highlight several responses that prevent effective bacterial control
within pulmonary TB granulomas. While the cytokines IL-10 and type I interferon also have
important roles in restricting immunity against Mtb, we do not discuss them here because little
is known about how they function spatially within the granuloma, although excessive type I
interferon production has been associated with the formation of large caseating granulomas in
highly susceptible mice (23, 111).

TGF-β

TGF-β is an immunosuppressive cytokine that has pleiotropic effects on cellular proliferation,
survival, differentiation, and function (112). TheMtb cell wall component lipoarabinomannan in-
duces TGF-β bymacrophages in vitro (113), and TGF-β levels within the lung rise in concert with
bacterial burdens during murine infection (114). TGF-β is detected in the bronchoalveolar lavage
of patients and NHP with active pulmonary TB, which subsequently decreases with treatment in
NHP (115, 116). Furthermore, TGF-β has been predicted to restrict Mtb control within granu-
lomas in an in silico TB granuloma model, chiefly by suppressing effector T cell function (117).

Recent mechanistic research in mice supports a key immunosuppressive role for TGF-β
within the granuloma. Mice with a selective deficiency of TGF-β receptor on mature T cells
have elevated pulmonary bacterial burdens (26). Using ULD Mtb infection, this phenotype
was associated with increased CD4 T cell–produced IFN-γ specifically within the granuloma,
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where there is robust TGF-β signaling, and not in the distal lung, where TGF-β signaling is
virtually absent (26). Furthermore, TGF-β inhibited the proliferation, survival, and terminal
differentiation of T effector cells (26). Further research is needed to characterize the effects of
TGF-β on macrophages and nonimmune cells. However, the highly localized suppressive effects
of TGF-β raise the possibility that TGF-β blockade may enhance host-protective immunity to
Mtb without provoking a potentially harmful inflammatory response, as has been observed with
checkpoint inhibitors (76, 118–123).

Preliminary studies have shown promise for the therapeutic effects of TGF-β inhibition during
TB. Treatment of BALB/c mice with the TGF-β inhibitor D4476 for 14 days, initiated 10 days
following intravenous Mtb challenge, resulted in complete absence of pulmonary granuloma
formation and decreased lung bacterial burdens (124). These findings are promising, though
mice are less susceptible to intravenous than aerosolized Mtb challenge (125), and it would not
be feasible to initiate treatment at such an early state of infection in humans. In another study,
inhaled small interfering RNA targeting TGF-β was initiated 60 days postinfection, after mice
had formed mature granulomas, every 5 days for three doses. Despite this short treatment course
and only a 25% decrease in pulmonary TGF-β levels, there was a statistically significant though
modest (0.17 log) reduction in pulmonary bacterial burdens (126). Recent advances in defining the
role of TGF-β in Mtb infection, as well as the demonstrated safety of TGF-β inhibition in clinical
trials (127–129), support TGF-β blockade as an attractive candidate for host-directed therapy.

Inhibitory Receptors

There is mounting evidence that T cells in the lung parenchyma undergo functional exhaustion
during TB due to chronic antigen exposure. For example, parenchymal T cells mount poorer
IFN-γ responses to 6-kDa early secreted antigenic target (ESAT-6) (130–133), a chronically
expressed Mtb antigen, compared with T cells that recognize Ag85B, a transiently expressed
Mtb antigen (134). Furthermore, exhaustion-associated inhibitory receptors, such as T cell
immunoglobulin and mucin domain–containing protein 3 (TIM3), lymphocyte-activating 3,
cytotoxic T lymphocyte–associated protein 4 (CTLA-4), and PD-1 (135), are enriched on lung
T cells relative to blood T cells during TB (27, 131, 133, 136, 137). In the mouse, T cell exhaus-
tion has functional consequences, as TIM3 knockouts survive longer than wild-type mice, with
decreased pulmonary and splenic bacterial loads, and intravenous ESAT-6 infusions fail to reduce
the lung bacterial load compared with Ag85B (131, 136). Inhibitory markers and exhaustion
may also affect vaccination, as increased CTLA-4 expression in mice coincided with loss of
BCG-mediated protection (138), although CTLA-4 blockade alone does not improve disease
outcome upon mycobacterial challenge despite enhancing peripheral immune responses (139).

Immune checkpoint blockade has become an exciting arena in the fight against malignancy.
In TB, exhaustion-associated inhibitory receptors (140) are coexpressed on lung T cells (131–
133, 136), antigen-specific CD4 T cells express higher levels of PD-1 during active TB than
in asymptomatic infection (141), and the granuloma core is enriched for PD-L1 (62, 142).
Therefore, one might predict that inhibitory receptor blockade would improve TB outcomes.
Surprisingly, deficiencies in the PD-1/PD-L1 axis actually exacerbate disease. PD-1-deficient
mice are highly susceptible to Mtb and display diffuse necrotic lesions in the lung (77, 143,
144). Their extreme susceptibility is the consequence of a hyper-Th1 response, as depletion of
either CD4 T cells or IFN-γ can reverse this susceptibility (143, 145). In vitro models have
suggested that overproduction of TNF-α may also drive anti-PD-1 susceptibility, emphasizing
the potentially detrimental role of hyperinflammation during TB (146). Similar observations
have been made in NHP, where PD-1 blockade led to worse TB disease despite enhancing the
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numbers of functional Mtb-specific T cells (147). Corroborating data from animal models, there
is now overwhelming evidence that some human patients undergoing anti-PD-1/PD-L1 therapy
for cancer experience TB reactivation (76) and an associated hyper-Th1 immune response (76).

In addition to its expression on exhausted T cells, PD-1 is highly expressed on Tfh cells and
can be an indicator of antigen sensing (148). Thus, not all cells that express PD-1 are nonfunc-
tional, and truly exhausted T cells may require expression of multiple inhibitory receptors (136).
This hypothesis is supported by data showing that Mtb-specific PD-1+ CD4 T cells are more
proliferative, can mount recall responses, and are long lived (131, 132, 146, 149). In addition,
PD-1+ CD4 T cells provide significantly enhanced protection upon adoptive transfer into recip-
ient mice compared with T cells expressing KLRG1 (killer cell lectin-like receptor G1), a marker
of terminal differentiation (131, 133, 145). Consistent with the idea that PD-1 may also mark
proximity to antigen, few T cells in the NHP model coexpress other inhibitory receptors within
granulomas, suggesting that exhaustion is not the sole factor driving ineffective T cell responses
(79). Instead, the granuloma structure may prevent exhaustion by limiting the interactions of
T cells with Mtb antigen (79).While the degree of exhaustion could depend on the animal model
used and the antigen being measured, PD-1 may limit T cell terminal differentiation by modulat-
ing the threshold for antigen stimulation, thus enabling cells to produce cytokines in the face of
antigen without causing immune-mediated pathology (150). If that is the case, blocking inhibitory
receptors could increase cytokine production by already functional cells, including cells that are
not colocalized withMtb-infected cells, leading to immune-mediated damage. In addition, T cells
may be suppressed by other pathways that are not reversed by PD-1 blockade. Further studies
are needed to determine whether anti-PD-1 combined with other approaches could be helpful.
Indeed, one study has shown that combinatorial treatment of mice with anti-PD-1 and standard
antimicrobial therapy led to enhanced IFN-γ responses, decreased Mtb burdens, and improved
lung pathology (151). Perhaps new combinatorial regimens targeting other immunosuppressive
pathways that either inhibit the ability of T cells to localize to the granuloma, such as IDO
signaling (39), or specifically suppress T cell function near the granuloma, such as TGF-β
signaling (26), along with anti-PD-1 and/or antibiotic treatment, could also be helpful.

Limitations in Antigen Presentation

A large body of literature, reviewed elsewhere (152, 153), suggests that Mtb can modulate the
antigen presentation pathway to subvert T cell activation via numerous mechanisms, including
inhibition of phagolysosomal fusion/acidification, autophagy, and surface MHC-II expression.
How these molecular mechanisms operate in vivo, however, is less well studied. Given the
importance of direct interactions between MHC-II molecules and T cells for bacterial control
(154), impaired antigen presentation could have strong implications for infection outcomes.
This idea is supported by findings that the same Ag85B antigen is more efficiently presented by
BCG-infected cells than by virulent Mtb-infected cells (155). Several groups have provided data
that antigen presentation is also limited within the granuloma. For example, Egen et al. (156)
showed that Mtb-specific T cells within hepatic granulomas failed to demonstrate significant
antigen-induced migration arrest or cytokine production relative to T cells with an irrelevant
antigen specificity (ovalbumin), despite responding robustly to exogenous antigen, suggesting
that antigen is limiting within the granuloma.

One mechanism that may contribute to this impaired antigen sensing is the active export of
antigen from infected cells in a Kinesin-2-dependent manner. As a result, antigen is diverted away
from the MHC pathway and instead presented by uninfected cells that take up the antigen within
the lung (157). Consistent with this idea, recent data in mice showed that T cell sensing of antigen,
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as measured by phosphorylation of the ribosomal protein S6 (downstream of T cell receptor
signaling), predominantly occurs distal to Mtb-infected cells early postinfection, suggesting that
antigen can become segregated from infected cells (158). CD4 T cells ultimately phosphorylate
S6 within the granuloma, an indication that they have sensed antigen, but the proportion of
T cells that has sensed antigen and produced IFN-γ remains unchanged relative to distally
located T cells, despite the disproportionate level of antigen within the granuloma (26). It would
be interesting to measure antigen sensing among T cells within human and NHP granulomas
to determine whether T cell receptor engagement is also restricted to the periphery of the
granuloma in other host settings. Although enhanced cross-presentation following antigen export
could be a mechanism to overcome suppressed antigen presentation, this process ultimately favors
the bacteria, as reversal of antigen export via deletion of Kinesin-2 results in increased activation
of Mtb-specific CD4 T cells and improved bacterial control (157). Together, these findings
suggest that antigen presentation may be ineffective within heavily infected regions of the lung.

Hypoxia

Hypoxia is a feature of the caseum of necrotic granulomas that likely results from poor vascular-
ization (16). Mtb has adapted to life in the lipid-rich granuloma core (159, 160), where it persists
in foamy macrophages (161) and is recalcitrant to drug-mediated killing (162). This bacterial
persistence may relate to the highly immunosuppressive nature of the granuloma core, which is
enriched for Foxp3, IL-10 (163), and PD-L1 (62, 142) expression relative to the granuloma rim.
However, despite enabling bacterial persistence, the low-oxygen environment of the granuloma
actually limits intracellular mycobacterial growth (164, 165). In vitro models of hypoxia have
shown that limiting oxygen can drive bacteria into a nonreplicative state and prevent bacterial
spread within the host (162, 166). A 1965 study found that open cavities with access to the airways
had significantly higher bacterial burdens than necrotic lesions, indicating the favorable effect
of aeration on replication (167). The restrictive nature of the hypoxic granuloma is multifacto-
rial: Antimicrobial effectors are enriched in the hypoxic caseum of granulomas (168), hypoxia
induces bacteriostatic PD-1 expression (146) and T cell granulysin (169), and macrophages and
T cells grown in hypoxic conditions shift toward glycolytic metabolism, likely dependent on
the transcription factor hypoxia-inducible factor (HIF)-1α (170–172). Importantly, glycolytic
macrophages control Mtb better than macrophages undergoing oxidative phosphorylation (173).
Ablation of myeloid HIF-1α in a Mycobacterium avium mouse model of necrotizing granulomas
(174) resulted in enhanced granuloma necrosis and an inability to clear infection, consistent with
the idea that macrophages become more microbicidal in response to hypoxia. Notably, HIF-1α
signaling controls much of the IFN-γ-dependent immune response during Mtb and, thus, is a
driver of more than just hypoxic responses in the macrophage (175).

Deficient vascularization, and the subsequent deprivation of nutrients and oxygen, is one cause
of hypoxia that leads to necrotic granulomas (16). However, early-stage granulomas appear to be
well vascularized (174) with dysfunctional vessels (176), and this early vascularization may be a
strategy used by Mtb to disseminate. Zebrafish studies have shown that induction of vascular en-
dothelial growth factor (VEGF) and angiopoietin-2 byMycobacterium marinum leads to increased
bacterial dissemination and burden, suggesting that bacteria manipulate neovascularization and
vascular permeability to enhance pathogenicity (176, 177). Consistent with this idea, human
macrophages infected with Mtb upregulate angiogenic factors, including VEGF, and treatment of
Mtb-infected mice with anti-VEGF reduces bacterial dissemination to the spleen (178). Granu-
loma typesmay differ in their level of vascularization and therefore their degree of hypoxia.A study
of human subjects with active cavitary or nonprogressive tuberculoma disease reported higher lev-
els of CD31+ endothelial cells and macrophages in the lung tissue of tuberculoma patients (179).
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Primary and postprimary tuberculosis (TB) present in different lung locations. Anatomical records from the
pre-antibiotic era clearly demonstrate that the pulmonary presentations of (a) primary and (b) postprimary
tuberculosis are distinct. This led some to believe that these pathologies represented separate diseases,
although it is now clear that they are indeed caused by the same microorganism.While primary TB tends to
present among children as lesions within the well-ventilated lung bases, postprimary TB, which is more
prevalent among adults living in endemic regions who have likely been repeatedly exposed to the bacteria
over their lifetime, presents as lesions within the poorly ventilated lung apices. These distinct presentations
indicate that priorMycobacterium tuberculosis infection likely provides protective immunity within the lung
bases, whereM. tuberculosis often implants upon inhalation. Unfortunately, the protective immunity
conferred by prior exposure is ineffective in the apical regions of the lung that are highly vulnerable to
infection. Figure inspired by References 182 and 186.

While the tuberculomas contained live, culturable bacteria, these bacteria were contained and the
patients had negative sputum cultures, suggesting that access to oxygen and nutrients via blood
vessels can also promote immunity and help limit bacterial spread (179).Overall, oxygen levels can
simultaneously restrict bacterial growth, promote antibacterial effector function by macrophages,
and provide a lipid-rich haven in which the bacteria have learned to adapt over thousands of years
of evolution, underscoring the complicated nature of this host–pathogen interaction.

POSTPRIMARY TUBERCULOSIS: A DISTINCT PATHOGENESIS

Most TB occurs in adults living in endemic regions who were first exposed to Mtb many years
prior and are repeatedly reexposed throughout their lives. In these individuals, TB pathogenesis
and the corresponding immune cell organization at pulmonary sites of infection are very different
than in those with primary TB. Whereas primary TB granulomas localize to the well-ventilated
lung bases, postprimary TB lesions occur in the poorly ventilated lung apices (Figure 2). While
stereotypic granuloma development is central to the pathogenesis of primary TB, postprimary TB
seems to be driven by early lesions of alveolitis and bronchogenic pneumonia (Figure 3). In TB-
endemic regions, primary TB usually occurs in children, whereas adults exhibit postprimary TB.
However, children with prior Mtb exposure can develop “adult-like” pathologies of postprimary
TB, and conversely, adults without prior Mtb exposure can present with primary TB pathology,
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Figure 3

Lesions associated with primary and postprimary tuberculosis (TB) have distinct pathological features. In addition to occurring in
distinct locations, (a) primary and (b) postprimary pulmonary TB lesions possess vastly different pathologic features. The primary
granuloma is the classic tubercule, with a core of infected foamy macrophages, surrounded by a layer of epithelioid macrophages, all
encompassed by a T cell–rich lymphocytic cuff containing tertiary lymphoid structures (TLS). In contrast, postprimary TB lesions are
typified by an alveolitis (or consolidative) response, with clusters of infected macrophages contained within alveolar sacs, and infiltrating
lymphocytes within the surrounding alveolar walls. Caseating and cavitary lesions can form in postprimary TB, though this is generally
a later-stage finding when consolidation spreads to take up large regions of the lung, followed by central necrosis. These insights
suggest that distinct processes may govern the biology of these different clinical entities. Figure inspired by References 183 and 184.

showing the importance of acquired immunity in driving the different outcomes (4). An unfor-
tunate example of the latter occurred when Senegalese troops without prior Mtb exposure were
brought to Europe to fight inWorldWar I and were decimated by a form of TB similar to primary
TB in children (180). In the nineteenth century, before it became clear that preexisting immunity
drives these distinct outcomes, a great debate raged about whether these pathologies represented
different manifestations of the same disease or completely different diseases (6). In brief, René
Laennec (2) favored the idea of a single disease with two distinct pathologies, tubercular in-
filtration (granuloma) and tubercular granulation (pneumonia). Rudolf Virchow (3) countered
that the two pathologies were so different microscopically that they must represent two distinct
diseases. He believed that the tubercle of primary TB was a type of tumor, whereas the infiltration
of postprimary TB was an inflammatory process. Only after Robert Koch (181) discovered the
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Table 1 Features of primary and postprimary TB granulomas

Primary Postprimary
Subpleural, lung bases Lung apices
Organized, with or without central necrosis Alveolitis
Airway deposition Suspected to be either airway or hematogenous deposition
No evidence of previous mycobacterial exposure Preexisting immunity to mycobacteria
Children from TB-endemic regions, adults from
non-TB-endemic regions

Adolescents and adults from TB-endemic regions

Well described in animal models Paucity of animal models

Abbreviation: TB, tuberculosis.

tuberculous bacilli, which were subsequently isolated from patients with each type of pathology,
was the debate finally settled.Here, we discuss how the unique anatomic locations and pathologies
of postprimary and primary TB suggest important differences in pathogenesis (Table 1).

Apical Location of Postprimary Tuberculosis

The observation that postprimary TB lesions localize to poorly ventilated lung apices demon-
strates that prior Mtb exposure provides protective immunity in well-ventilated lung bases,
where inhaled Mtb are most likely to implant. This provides an anatomical context for the
observation that prior Mtb exposure (as measured by tuberculin skin test positivity) conferred
∼79% protection against TB disease in nursing students heavily exposed to Mtb when compared
with their Mtb-naïve (tuberculin skin test–negative) counterparts (185). Thus, among those with
prior Mtb exposure, TB disease occurs only when Mtb is able to reach the apical regions of the
lung, which are vulnerable to Mtb infection.

Why are the lung apices vulnerable? The explanation undoubtedly stems from the relatively
low blood pressure that perfuses the lung, which is approximately one-fifth the systemic blood
pressure (14). As a result, pulmonary blood pressure is gravity dependent, and the uppermost lung
regions (apices in humans) are relatively starved for blood flow. Mechanistic evidence that the
vulnerability is gravity dependent comes from Medlar & Sasano (186), who observed that TB in
rabbits and other four-legged animals occurs primarily in the dorsal regions of the lungs, which
are uppermost when the animals are on their feet. However, when rabbits are held in an erect po-
sition by a harness, TB lesions shift to the apices, similar to humans. In bats, which sleep hanging
upside down, TB lesions develop at the bases of their lungs near the diaphragm (187, 188).

Why does low pulmonary blood pressure lead to TB vulnerability? The most favored expla-
nation relates to the high oxygen concentrations in the lung apices. Although ventilation is lower
in the apices relative to the bases, perfusion is even further decreased. This results in an increased
ratio of ventilation to perfusion in the apices and increased oxygen concentration, thereby pro-
viding an environment supportive of Mtb replication. In addition, because of decreased perfusion,
immune cell recruitment to these regions is limited. Furthermore, delivery of soluble factors, such
as antibodies and complement components, is restricted due to low oncotic pressures. Finally, the
lung apices have limited lymphatic flow (189), thus minimizing lymphatic drainage to the lymph
node, clearance of Mtb antigen/debris, and T cell priming. The relative importance of each of
these factors for the vulnerability of the lung apices to Mtb infection is unknown.

How does Mtb reach the lung apices? This is another long-standing debate in the TB field,
with some investigators favoring exogenous reinfection of the lung apices via exposure to newly
inhaledMtb (190) and others arguing for endogenous reactivation through hematogenous spread,
often from a years-prior primary infection (191). Excellent reviews detailing the history of both
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perspectives exist, so we do not repeat them here (191). There is evidence that both pathways
are possible (192–194), and exogenous reinfection may be more common in endemic countries;
conversely, endogenous reactivation may be more common in areas with low ongoing transmis-
sion (13). In recent years, however, studies using molecular fingerprinting of Mtb strains have
shown that reinfection is much more common than previously believed, even in low-endemic
countries (195, 196). Thus, while remote reactivation of hematogenously spread strains can occur,
the greatest global burden of postprimary TB is due to reinfection, especially in high-endemic
regions (195). The observation that individuals with positive TB immunoreactivity tests are less
likely to develop initial lesions in the bases of the lung, where inhaled Mtb is most likely to
implant, suggests that postprimary TB arises in the apices, where Mtb is less likely to implant but
more vulnerable to establishment of infection.

Pathology of PostprimaryM. tuberculosis Lesions

Decades of animal research have presented the granuloma as the nexus of the host response to
Mtb infection, a belief that typically draws no distinction between primary and postprimary TB.
Hunter (6, 7) and Hunter & Actor (8) have challenged this idea by combining a thorough review
of literature from postmortems in the pre-antibiotic era with their own analysis of human TB
pathology. They posit that historically there was widespread recognition of two forms of human
TB, one in which the tubercle (stereotypic granuloma) was central to pathogenesis (primary TB)
and another in which pathogenesis was driven by alveolitis and pneumonia (postprimary TB).
Because human postmortems are now rare, our understanding of TB pathogenesis is driven by
animal models that largely model granuloma-driven primary TB. As a result, recognition of the
role of pneumonia in driving postprimary TB has largely been lost. We have reviewed Hunter’s
research together with many of the primary studies upon which they were based (4, 5) and find
the arguments to be quite convincing.

The consensus view of TB pathogenesis from decades of postmortem analyses was that the
earliest pulmonary lesions of postprimary TB represent areas of caseous pneumonia rather than
granulomas (4, 6). As summarized by Hunter (6), the process starts in the alveoli and small
bronchi, which fill with inflammatory cells. As the pneumonia spreads, it eventually undergoes
necrosis and caseation, producing cavities. Bronchial spread can subsequently occur, an underap-
preciated form of local dissemination (197). This alveolitis/pneumonia with bronchial obstruction
and spread can readily be visualized by computed tomography scans; the “tree-in-bud” sign is
recognized as a characteristic radiologic sign of early-stage postprimary TB (198). Stereotypic
granuloma formation can eventually occur in postprimary TB, but according to Hunter (6), it is
a late event triggered in response to the caseating pneumonia. Medlar (199) examined numerous
postprimary TB granulomas with various stages of caseation and found no evidence that they
resulted from an early noncaseating granuloma that subsequently underwent central necrosis.
Thus, the prevailing opinion from the pre-antibiotic era was that granulomas in postprimary TB
formed in response to cavitary lesions and did not precede them.

IMPLICATIONS FOR UNDERSTANDING IMMUNITY AT PULMONARY
SITES OFM. TUBERCULOSIS INFECTION

In contrast to the recent advances in our understanding of primary TB granuloma biology, most
of our understanding of the pathogenesis of postprimary TB was obtained decades ago, and little
is known about the local immune responses that operate in the most prevalent form of global TB.
What are themolecular and cellular immunemediators that drive the pathogenesis of postprimary
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TB alveolitis and pneumonia?What factors govern immune cell trafficking and organization? Do
TLS develop in conjunction with postprimary lesions? Do T cells andMtb-infected macrophages
colocalize, or are they segregated as they are in primary granulomas? Is protective cytokine pro-
duction restricted at postprimary sites of infection as in primary TB? What is the role of TGF-β,
inhibitory receptors, and other immunosuppressive mediators? Answers to these and similar ques-
tions will help guide the development of new approaches to prevent and treat TB in endemic re-
gions, where most adults have a history of prior Mtb infection.Modern tools of immunology need
to be utilized to study immune cell organization and function in human lung tissues representing
the spectrum of TB pathology. Exciting new approaches in single-cell biology, multiparameter
imaging, and computational analysis will greatly aid these efforts (25, 26, 62, 200) and would be
further advanced by access to postmortem lung tissue from individuals with early stages of Mtb
infection, including asymptomatic and subclinical disease. New animal models of postprimary TB
need to be developed so that mechanistic studies can be performed in parallel with these human
investigations. For example, in mice with a contained lymph node Mtb infection (201), could pul-
monary lesions that result from subsequent Mtb challenge resemble those in human postprimary
Mtb infection? Could hematogenously seeded lung lesions in ULDMtb-infected mice (25) differ
from those seeded by aerosolization and contain features of human postprimary TB? Could pre-
existing immunity due to vaccination also induce changes at Mtb infection sites, similar to prior
Mtb exposure? There are data to support this idea, as aerosol Mtb infection of BCG-immunized
guinea pigs leads to smaller-sized lesions with a complete absence of central necrosis, reminiscent
of secondary granulomas seeded by hematogenous spread (202, 203). Whether these lesions
resemble those in postprimary TB will require further studies. However, studying how different
vaccines alter immune cell interactions at Mtb infection sites may provide insight into the biology
of primary TB granulomas and help parse out different components of immunity that govern the
biology of postprimary TB lesions. A fresh analysis of pulmonary Mtb infection sites in humans
and new animal models using modern tools is needed to determine how prior or ongoing Mtb
exposure shapes the architecture of the host response to Mtb and to reveal new insights into TB
pathogenesis.

CONCLUDING REMARKS

The last decade has witnessed great advances in our understanding of the primary TB granuloma.
Using modern immunologic tools in animal TB models, we have gained insights into the factors
that both mediate and restrict immunity within these structures. However, our understanding of
immune cell interactions and functionality at sites of infection in postprimary TB lags behind;
most was generated almost a century ago, in the pre-antibiotic era, when human postmortem
studies were common. Animal models for postprimary TB have not been adequately developed;
thus,modern tools have not been used to investigate its pathogenesis. Recent insights into primary
TB granuloma biology suggest a plethora of new strategies to prevent and treat TB.However, we
should not assume that targetable pathways discovered by studying granulomas in primary TB
will necessarily translate to the setting of postprimary TB. The pathogenesis of postprimary TB
is quite distinct, and the pulmonary lesions differ from those of primary TB in their location and
cellular organization. Nevertheless, the progress made in understanding primary TB granulomas
has provided a wealth of hypotheses that need to be tested. Doing so will require an integrated
approach, using modern tools to study the spectrum of postprimary TB in the human lung, along
with mechanistic research in newly developed animal models. To move forward in TB, we need
to look to the past and build on the strong foundation that was set by the great TB investigators
that preceded us. Only then can we maximize the utility of the tools at our disposal.
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