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Summary

Non-human primates, primarily macaques, have been used to study tuberculosis for decades.
However, in the last 15 years, this model has been refined substantially to allow careful
investigations of the immune response and host-pathogen interactions in Mycobacterium
tuberculosis infection. Low dose challenge with fully virulent strains in cynomolgus macaques
result in the full clinical spectrum seen in humans, including latent and active infection. Reagents
from humans are usually cross-reactive with macaques, further facilitating the use of this model
system to study tuberculosis. Finally, macaques develop the spectrum of granuloma types seen in
humans, providing a unique opportunity to investigate bacterial and host factors at the local (lung
and lymph node) level. Here we review the past decade of immunology and pathology studies in
macaque models of tuberculosis.

Non-human primates as a model of human tuberculosis

The non-human primate (NHP) model of tuberculosis (TB) is an important translational
model of human disease that bridges the gap between other animal models and humans.
NHPs are the closest genetically to humans of any of the experimental animals used in
biological research, with corresponding remarkable immunologic similarities to humans.
While there are many challenges to using NHPs in research, including TB research, there are
also many advantages. From a practical standpoint, many human reagents cross-react with
NHPs and can be used readily, especially in macaques. The immunologic similarities lead
one to expect that vaccines and adjuvants will have similar effects in NHPs as in humans,
and this has been shown in several studies.

While there are many animal models of TB, the development of the NHP model was
primarily focused on understanding the facets of human Mycobacterium tuberculosis (Mtb)
infection that could not be addressed in other small animal models. Rabbits, mice, guinea
pigs, zebra fish, and mini-pigs have been used to study TB (1,2). The murine model is
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perhaps the most established model of TB given that it is highly tractable with well-
established genetically engineered (transgenic and knockout) strains to easily examine the
immunologic components of the host immune response. Mice are also easy to handle and
relatively inexpensive to maintain in Biosafety Level 3 containment, which is essential for
all TB studies. However, latent infection, the most common manifestation of human Mtb
infection, does not occur naturally in the animal models listed above. Modified mouse
models have been developed in attempts to mimic human latent infection, either by using
antibiotics to reduce the bacterial load or through strain specific infections (3,4).
Granulomas, the histopathologic hallmark of TB, are seen in all small animal models but
neither the structural architecture of granulomas in these animals(5,6), nor the spectrum of
granuloma types are consistent with human lesions (7). Furthermore, in the subset of
animals that do produce human-like granulomas (e.qg., rabbit, guinea pig, zebrafish), the
limited number of immunologic reagents remains an obstacle for studying the pathogenesis
of TB.

The epidemic of HIV-TB co-infection is a major worldwide public health concern that is
also not well addressed by any of the smaller animal models, although efforts to develop
humanized mouse strains that foster HIV replication are being developed (8-10). Cattle are
natural hosts for M. bovis, and have been used as a model of TB, with interesting results
from these studies, including vaccine studies (reviewed in 11). However, the space needed
for performing studies on cattle, especially under BSL3 conditions, and the relatively small
number of immunologic reagents available limit the use of this model only to a few
specialized facilities. Lastly, some key immunologic features that are important aspects of
human anti-mycobacterial immune responses including granulysin expression, CD1-
restricted T cells (12), and vitamin D-dependent binding elements (13) near innate response
promoters are not present in some animal models but are all found in NHPs. Thus, NHPs
play an important role in addressing specific aspects of human-specific Mtb infection that
cannot be addressed with other models.

There are two primary macaque species that are commonly used in TB research: rhesus
macaques (Macaca mulatta) and cynomolgus macaques (Macaca fascicularis). In addition
to immunologic similarities, the range of infection outcomes, clinical presentation, and
pathology in these macaques can be remarkably similar to human TB (5,14-18). Although
these two macaque species are genetically similar, there are differences in their resistance to
Mtb infection, with rhesus macaques being more susceptible to developing active TB than
similarly infected cynomolgus macaques (19, 20, authors” unpublished data). With virulent
strains of Mtb (e.g. Erdman), almost all adult rhesus macaques develop active TB, often
with extrapulmonary disease, even with low dose infection. Mehra et al. (21) described a
model of latent infection in rhesus macaques, but this model relies on the use of the
relatively low-virulent Mtb strain CDC1551. In contrast, cohorts of adult cynomolgous
macaques infected with a low dose (<25 CFU) of virulent Mtb Erdman strain via
bronchoscopic instillation develop equal proportions of animals with active TB and latent
infection. The reasons for the increased susceptibility to Mtb infection and development of
active TB in rhesus macaques are not currently known, but these genetically similar NHPs
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provide the opportunity to learn about innate and adaptive mechanisms of Mth infection
control.

The clinical criteria distinguishing active TB from latent infection in NHPs are based on
human clinical definitions (15,16,22). Active TB is defined as having clinical signs of
disease (e.g. cough, weight loss), an elevated erythrocyte sedimentation rate (ESR), and
culture of Mtb from gastric aspirate (GA) or bronchoalveolar lavage (BAL). In contrast,
animals with latent infection have evidence of infection indicated by a positive tuberculin
skin tests (TST) and Mtb-specific immunologic parameters and asymptomatic, negative for
Mtb culture from GA or BAL 2 months post infection, and normal ESR. Most animals with
active TB become evident by 4-5 months post infection, whereas latent infection is declared
at least 6 months post infection. A small subset of animals (~5%) will develop severe
disease within 3 months after infection and are termed ‘rapid progressors’. Pulmonary
disease is the most common form of active TB seen in this model; however, all forms of
human extrapulmonary TB including brain tuberculomas, uveitis, Pott's disease (TB
spondylitis), liver, and splenic TB have been observed (authors’ unpublished data). Just as
there is a spectrum of both chronic and severe active TB in humans and cynomolgus
macaques, we have shown that cynomolgus macaques also present with a spectrum of latent
infection and that this likely contributes to the risk of reactivated disease. We coined the
term ‘percolators’ to describe macaques that otherwise appeared to be latently infected
(asymptomatic, normal x-rays, and normal ESR) but who intermittently shed Mtb that can
be cultured from GA or BAL (16). This spectrum of latent infection has also been described
in humans (14, 23), especially in HIV-infected persons where subclinical disease is
commonly recognized in the absence of clinical symptoms via a positive interferon-y release
assay (IGRA) or TST, normal chest x-ray but positive Mth sputum (24). Reactivation of TB
from latent infection can occur spontaneously in macaques (<5% incidence in our
experience) or can be experimentally induced by immune suppression, further demonstrating
the fidelity with which this model can mimic human infection.

is similar in macaques and humans

The range of pathology seen in macaques, which is remarkably similar to that seen in
humans, is a true strength of this model (16). The tuberculous granulomas of both macaques
and humans are organized structures of immune cells that form in response to persistent Mth
infection, and are composed largely of macrophages and lymphocytes (16-18, 25) (Fig. 1).
One of the primary reasons that we developed a NHP model of TB was to have access to
granulomas that are structurally similar to humans to investigate local immune responses in
ways that cannot be performed in humans. We have demonstrated that macaques have the
full range of granuloma types as seen in humans, with the classical caseous granuloma
observed predominantly in the lungs (7, 16, 26). The other types of lung granulomas in
macaques include non-necrotizing granulomas, fibrotic or calcified lesions, as well as TB
pneumonia, cavities, consolidations, and interstitial fibrosis. Although monkeys
characterized to have active TB or latent infection may have a range of granuloma types at
any given time, the more complex pathologies (TB pneumonia, consolidations, etc.) are only
seen in animals with active TB. The diversity in the type of granulomas within an individual
macaque is likely to be an important determinant for its progression to disease, reactivation
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of latent infection, and response to drug treatment. With respect to the latter point, we
demonstrated that the Mtb bacilli that remain after short course drug therapy (in this case, 2
months) are almost all in caseous granulomas (27), suggesting that these granulomas need to
be targeted for more effective therapy.

infection and initiation of an adaptive immune response

Infection by Mtb occurs upon inhalation of bacilli, perhaps even a single bacillus in humans.
After Mtb enters the airways, there are likely to be innate immune factors including alveolar
macrophages, surfactant, and antimicrobial peptides among others that could prevent
establishment of infection, although these are poorly understood. It is estimated that only
10-30% of humans exposed to Mth become infected, although the risk of becoming infected
increases with physical proximity to the index case and the number of repeated exposures
(reviewed in 28). For an infection to be established, the bacillus likely enters an alveolar
macrophage and begins to replicate. The bacteria then transits to the lung parenchyma,
where it continues replicating in macrophages, thus setting off a slow inflammatory response
that recruits more macrophages and other innate cells. This is the initiation of a granuloma,
although adaptive responses are required to complete granuloma formation.

Priming of T-cell responses to respiratory viruses is initiated in lung draining lymph nodes
and responses are seen within 5-8 days in mice (29-34) and humans. However, the initiation
of T-cell response to Mth infection is much slower (35). In humans and macaques
(15,16,22), peripheral response to Mtb infection usually take 4-6 weeks before they can be
detected by IGRAs, tuberculin skin test, or other immunologic measure (36,37). In mice
infected with aerosolized Mtb, culturable Mtb are not present in the single lung-draining
mediastinal lymph node until 9-11 days post infection (35, 38, 39), even though bacilli can
be cultured from the lungs as early as 1 day post-infection (38). Bhatt et al. (40) showed that
bacilli can be transferred to the lymph nodes from the airways via dendritic cells. However,
bacilli can also likely be transported from the lungs or granulomas to lung-draining lymph
nodes, via inflammatory CCR2* monocyte/macrophages or dendritic cells (41-43). In mice,
infection of the lymph nodes correlated with induction of T-cell responses against Mtb
antigens, with responses only observed after the lymph node was infected (11-14 days post-
infection). Thus, the relatively slow immune response to Mtb seen in animal models and
humans following aerosol exposure may be related to the relatively slow seeding of the
lymph node with Mtb and Mtb antigens and the subsequent priming of T-cell responses
against these antigens. Other possibilities that include the slow replication rate of the
bacillus (compared to respiratory viruses or other bacteria), low initial inoculum,
suppression of dendritic cell or macrophage migration to lymph nodes, or inhibition of T-
cell priming by Mth. There are numerous studies on the effects of Mtb on dendritic cells,
cell migration, and priming of T cells, but none definitively prove that Mtb is actively
interfering with T-cell priming, and studies with higher Mtb inocula in normal (not
transgenic) mice did not lead to a more rapid initiation of T-cell responses (38).
Nonetheless, the events that occur early in infection in humans remain a black box, and
NHPs can be used to begin to dissect these events, with translation to humans.
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The classic Ghon complex consists of the initial lung granuloma and the lung-associated
lymph node with a granuloma. Like humans, macaques have several mediastinal lymph
nodes, with the most prominent being the hilar lymph nodes and the carinal lymph nodes on
the right and left sides of the airways (Fig. 2). Use of positron emission tomography (PET)
and computerized tomography (CT), coupled with the PET-CT probe 2-deoxy-2-(18F)-
fluoro-D-glucose (FDG), have revolutionized our ability to examine the early events in the
lungs and thoracic lymph nodes. FDG is incorporated into and retained in metabolically
active cells, including areas of inflammation and immune cell activity. Thoracic lymph
nodes can become infected early in the course of infection (15), and with PET-CT imaging,
we find there is increased uptake of FDG in a subset of lymph nodes in most animals by 2-3
weeks after infection. At about the same time, small granulomas can also be reliably
identified in the lung lobes (Fig. 3). Since FDG is a relatively non-specific PET probe that
labels metabolically active cells, the FDG avidity could signify increased inflammation due
to infection of that lymph node or simply the initiation and proliferation of a T-cell response.
The trafficking of Mtb between the lungs and lung-draining lymph nodes is not well
understood, but data from macaques infected with genetically barcoded Mtb strains indicate
that while each granuloma is initiated by a single organism, lung-draining lymph nodes can
contain several different barcoded strains (44). This could reflect initial infection from the
airways, migration from several different granulomas to the lymph nodes, or both. A more
diverse library of genetically barcoded bacteria is currently being used to address these
questions.

Thoracic lymph nodes can be a rich source of Mth-specific T cells. During early Mth
infection, the number of Mtb-specific T cells making IFN-vy, as assessed by ELISPOT assay,
is reliably detectable at 4 weeks post infection and is substantially higher in thoracic lymph
nodes compared to granulomatous lung (15). During this time, approximately 34% of CD4*
T cells and 14% of CD8* T cells have activation phenotypes that are most commonly
CD29* or CD69*. This is in contrast to T cells in the blood and lungs, which differ
substantially in their activation marker expression (15). Activated T cells are also found in
the thoracic lymph nodes of animals with active and latent TB, although animals with active
disease often have fewer T cells in their lymph nodes because the T-cell regions in effaced
lymph nodes are displaced by caseous granulomas. However, there are substantially more
IFN-y producing T cells in the lymph nodes of animals with active disease when compared
to latently infected animals, a difference that may be driven by bacterial burden. Similarly,
greater numbers of Mtb-specific IFN-y T cells are observed in blood, airway, and
granulomatous lung from animals with active disease relative to cells from similar
compartments in latently infected animals, although the T cells within each compartment
differ in their activation marker and chemokine receptor profiles (16).

PET/CT imaging can be used to track infection in macaques

PET-CT imaging has allowed us to detect and follow lesions in vivo over the course of
infection in macaques. FDG appears to highlight areas of inflammation associated with
metabolically active cells including neutrophils, macrophages, or lymphocytes. Granulomas
within the same lung lobe can be strongly FDG-avid or have very little FDG avidity,
suggesting a wide range of inflammation in granulomas (Fig. 4). In addition to visualizing
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metabolic activity, PET-CT imaging reveals the size and spatial orientation of granulomas
and can be used to follow their trajectory over the course of infection (Figs 3 and 4),
including identification of newly formed granulomas during both primary infection and
reactivation of TB. Our findings (unpublished) contradict the long-held assumption that lung
disease in the lower lobes is associated with primary Mtb infection and that upper lobe
involvement was reactivation of the latent infection (45). This dogma was recently refuted
by modern molecular techniques that could detect remote and current circulating strains of
Mtb in the community. From these studies, no correlation was found between radiographic
pattern and timing of Mtb infection (46,47). Importantly, FDG PET-CT has revealed that
individual granulomas within a macaque are dynamic over time and independent from each
other (44, 48, 49), corroborating data from PET-CT-imaged humans with TB (Clifton Barry,
I11, personal communication). We have found that the size, metabolic activity, and spatial
and temporal distributions of lung lesions differ in their evolution between animals with
active TB and latent infection (49). Even more interesting, early patterns of granuloma
number and development of new lesions over time can predict the outcome of infection as
early as 6 weeks post infection. We attribute the variability in disease patterns among
animals to bacterial heterogeneity [each individual granuloma is generated from a single
bacillus, but there is substantial heterogeneity in bacterial burden by as early as 4 weeks
post-infection (44)], dissemination of granulomas, and the differences in immunologic
response (Gideon et al., manuscript in review) at the granuloma level. Thus, it is the total
sum activity of an individual's granuloma burden that ultimately contributes to the clinical
outcome.

Contribution of thoracic lymph nodes to infection outcome

In macaques and humans, granuloma formation and mediastinal lymph node enlargement
occurs during Mtb infection. While hilar adenopathy more commonly occurs in children and
HIV-infected persons with TB (50), hilar adenopathy by chest x-ray was reported by
Poulsen in 56% of adults with primary Mtb infection even before the chemotherapy era
(reviewed in 51). Hilar adenopathy reportedly occurs in only 5-10% of reactivation TB
cases; however, it is not clear how reactivation of TB was determined (50). Nonetheless,
involvement of the mediastinal lymph nodes that drain the lungs clearly occurs in both
humans and NHPs, but the extent of their involvement during the course of infection may be
variable.

As noted above, migration of Mtb to the lymph nodes, via macrophages or dendritic cells, or
even through lymphatics or blood, appears to be a necessary step for priming anti-
mycobacterial T-cell responses. However, a consequence of this migration is that the lymph
node becomes infected and granuloma formation occurs. Lymph nodes from Mth-infected
macaques can contain a single or multiple small granulomas, or can be completely effaced
by caseous granulomas. Thus, the lymph node can be a reservoir for infection. In studies of
TB drug treatment in cynomolgus macaques, lymph nodes still retained significant numbers
of bacilli after short-term drug therapy, while lung granulomas were more easily sterilized.
Our studies on animals with clinically latent infection suggest that lymph nodes can be a
significant source of reactivation (52,53, authors’ unpublished data). Animals with latent
infection that experience reactivation after TNF neutralization showed histologic signs of
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reactivated disease in lymph nodes, including the appearance of satellite granulomas next to
what appear to be older granulomas (53). In more recent unpublished studies using PET-CT
imaging, reactivation in response to TNF neutralization can occur in one or more thoracic
lymph nodes, lung granulomas, or both, as measured by increase in size or FDG avidity.
When animals with latent infection were depleted of CD4* T cells, only half of cohort
developed reactivation of TB (52). Although CD4* T cells were depleted peripherally in all
macaques, the extent of depletion in thoracic lymph nodes was variable; however, those
animals that reactivated had the lowest levels of CD4* T cells in the lymph nodes. These
data support that lymph nodes can be a significant reservoir of Mtb infection during active
TB and latent infection and that bacterial replication is held in check by immune pressure.
The importance of the lymphatic system in playing a critical role in the establishment of Mth
infection and bacterial dissemination has also been discussed in detail elsewhere (54).

Lymph nodes can also contribute to disease worsening and pathology in macaques. When
lymph nodes are infected, they can become greatly enlarged and necrotic. Since the lymph
nodes are positioned proximal to the airways, massive enlargement can lead to compression
of the airways, possibly resulting in a collapsed or emphysematous lung. In severe cases, the
affected lymph nodes can erode into the airways and spread infection throughout the lungs.
This situation is far more common in rhesus macaques and rarely seen in cynomolgus
macaques. Rhesus macaques, in general, have extensive thoracic lymph node involvement,
compared to cynomolgus macaques, with more lymph nodes infected, and with extensive
necrotic effacement of the lymph nodes. With respect to the impressive lymph node
involvement, the rhesus macaques may perhaps more closely resemble the situation of
pediatric TB, which also has significant lymph node involvement. Cynomolgus macaques
may represent the adult TB situation; although there may be more lymph node involvement
in cynomolgus macaques than in humans, the pathology and progression of infection in
cynomolgus macaques is much more similar to that seen in human TB. Cynomolgus
macaques with latent infection nearly always have a granuloma, often calcified, in a lymph
node, and in many cases a Ghon complex (lung lesion with associated involved lymph node)
has been identified.

Immune mediators of Mtb infection control

A real strength of the macaque model of TB is the ability to perform immune modulation to
address specific questions about Mtb infection in a human-like system. We showed that the
cytokine TNF was important for controlling both early infection and latent infection (53)
and that there are several key features shown in this model that are more representative of
human biology than the murine models. Mice without functional TNF had disorganized
granulomatous inflammation (55-57), whereas cynomolgus macaques treated with anti-TNF
neutralizing antibody had normal granuloma structure, although the granulomas were larger
in size than granulomas from un-manipulated macaques. Because of the outbred genetic
nature of cynomolgus macaques, only 3 of the 4 animals that underwent TNF neutralization
at the time of challenge developed severe disease within 5 weeks, suggesting that while TNF
is important, some macaques (and likely humans) do not absolutely require TNF to control
early infection. Most humanized antibodies can only be delivered to macaques for up to 8
weeks as they tend to develop responses against these antibodies, and thus it is possible that
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a longer course of TNF neutralization in newly infected macaques would result in all of the
animals losing control their ability to control Mtb infection. In studies where animals with
latent infection were treated with anti-TNF antibody, only 5 of 9 developed gross evidence
of reactivation within 6 weeks of treatment. However, even in macaques that reactivated, the
overall architecture of the granulomas remained intact despite TNF neutralization (53). The
unusual prominence of extrapulmonary disease during TNF neutralization-induced
reactivation (a unique feature given that reactivation most commonly manifests as
pulmonary disease in humans) was seen both in macaques and humans treated with TNF-
neutralizing agents (58). This observation suggests that while granulomas still appeared to
be organized, they were not functioning to prevent dissemination throughout the lungs or to
other organs. While there were no differences in IFN-y production observed between TNF
neutralized and control animals, there were alterations in T-cell recruitment and chemokine
receptors to both the lung granulomas and lymph nodes. Notably, peripheral responses
measured by PBMCs did not show the same immune responses as the lung and lymph node,
owing to the compartmentalization of the immune response.

The HIV epidemic has led to a resurgence of TB for which the cynomolgus macaque
provides an excellent research model. End stage HIV, by definition, is associated with
severely reduced levels of CD4 T cells that were thought to be a primary source of IFN-vy, a
critical cytokine in the control of Mtb infection in mice, and likely in humans (59). We and
others have shown that CD4* T cells are critical for controlling early infection in macaques
(52, 60). During latent infection, depleting CD4* T cells with antibody for up to 14 weeks
resulted in only half of the animals developing reactivation of TB (52, 60). Despite the loss
of CD4™ T cells, control of infection did not correlate with decreased IFN-y production,
suggesting that the loss of CD4* T cells may have resulted in suboptimal CD8* T-cell
responses (52,60).

Simian immunodeficiency virus (SIV) is used as a model of HIV infection in rhesus and
cynomolgus macaques. SIV infection of cynomolgus macaques with latent infection resulted
in a significant but short-lived increase in the frequency of mycobacteria-specific T cells
(61) followed by reactivation of all animals over a period of 2-11 months (62). The timing of
reactivation was dependent on early reductions in peripheral CD4* T-cell numbers, and
although difficult to confirm, the peripheral cytokine perturbations we observed at this time
may have correlate with increased bacterial replication in granulomas that were depleted of
protective T-cell responses (61, 62). T-cell numbers rebounded in the periphery after this
period and granulomas taken from these animals 3-5 weeks post-reactivation had normal or
near-normal numbers of T cells. In most cases, granulomas were histologically similar to
granulomas from SIV-negative monkeys. Interestingly, a subset of granulomas appeared to
have undergone a healing event following reactivation and appeared phenotypically similar
to fibrotic granulomas from INH and rifampicin-treated monkeys (27, 62, 63). Subsequent
studies suggested that SIV could inhibit antigen-presenting cells and induce production of
the cytokine IL-5, thereby inhibiting Mtb-specific T-cell responses (63).

In unpublished studies, we have demonstrated that depletion of CD8* T cells prior to Mtb
infection in macaques prevents control of early infection (Lin et al., in preparation). In
another macaque study, BCG-associated protection after Mtb challenge was lost when CD8™*
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T cells were depleted (64). The effects of CD8* T-cell depletion were similar to that of
CD4* T-cell depletion in terms of infection, dissemination, and disease, strongly suggesting
that both T-cell subsets are essential for control of early infection.

Inflammation can be a positive feature of an immune response, but it can also have negative
consequences. From our published and unpublished data, inflammation seems to correlate
with worsening disease in macaques. Although there is evidence from murine models
suggesting anti-inflammatory mediators, such as regulatory T cells (Tregs) and IL-10, are
detrimental to control of Mtb infection (reviewed in 65), there are also several studies
suggesting that lack of control of T-cell responses leads to exacerbation of disease. For
example, mice deficient in PD-1/PD-L1 signaling, molecules involved in exhaustion of T
cells, had rapid onset of lung inflammation and death after Mtb infection (66, 67),
suggesting that without downregulation of T-cell responses, lung inflammation results in
worsened disease. In humans (23) and in macaques (Gideon et al., manuscript in
preparation), an inflammatory neutrophil/Type | IFN response was observed in animals with
active TB. In cynomolgus macaques, we found that higher levels of Tregs in blood prior to
infection was correlated with improved outcome (i.e. latent infection vs. active TB)(68).
Within the first few weeks of infection, the Tregs in the blood of all infected monkeys were
rapidly depleted, and there was a concomitant increase in Tregs in the airways. This finding
suggests that migration of Tregs to the lung may be important in limiting initial
inflammation. Further studies on potential anti-inflammatory factors, such as IL-10, and
other host-directed therapies should be undertaken in the human-like macaque model before
moving into human trials, since the effects of modulating the inflammatory response on
control at the local (lung and lymph node) level are hard to predict.

Immune responses within the granuloma

Most human studies rely primarily on the peripheral blood T-cell responses to understand
immune response to vaccine candidates, drug treatment, or immune response during the
course of Mtb infection (69,70). However, lung granulomas provide us with better measure
of the actual responses induced by Mtb at the site of disease/infection. The relationship
between T-cell responses in blood and lung tissues are complex, and the NHP model
provides an excellent platform for investigating this system. Limited data from our
laboratory suggest that in animals with established active disease or latent infection, the
systemic T-cell responses do not accurately reflect the local T-cell responses (Gideon et al,
manuscript in review). Even BAL T-cell responses, which are considered to be a closer
match to the lung T-cell responses, differ from the responses we see in the granuloma (15).
Differences in the T-cell responses might be further complicated due to the existence of a
spectrum of infection at both local and systemic levels in non-human primates and humans.
Thus, caution should be used in interpreting and extrapolating data from peripheral T-cell
responses in humans to the responses in lungs.

Cynomogus macaques provide an excellent model for studying the functional aspects of
immunological components of TB granulomas. Recent studies from our lab indicate that
animals have substantial variability in the types and numbers of granulomas (Fig. 3), as well
as bacterial burden within each individual granuloma, irrespective of whether they develop

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



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

1duosnuely Joyny vd-HIN

Flynn et al.

Page 10

clinically active TB or latent infection. The spectrum of granulomas in active TB and latent
infections is extremely similar to that observed in human TB (7, 15-18, 25, 48). Recent
studies from our group find that progressing and healed lesions coexist within the same
animal, with nearly all animals being capable of sterilizing at least a subset of individual
granulomas (44). However, animals with active TB present with a subset of lesions that do
not control infection, which results in dissemination of the infection and the development of
complex pathologies, such as TB pneumonia, cavities, and consolidations (44).

The number of viable/culturable Mtb bacilli from individual granulomas ranges, even within
individual animals, from 0 (sterilized) to ~10® CFU/granuloma. The CFU/granuloma
overlapped substantially among monkeys with active TB or latent infection (44, Gideon et
al., manuscript in review). The bacterial burden in individual granulomas was greatest
among animal infected for 4 weeks, and we observed a substantial reduction in bacterial
burden by 11 weeks post-infection, which coincides with the onset of adaptive immune
response (44). However, the substantial range of bacterial burden within each animal
suggests that the extent of bacterial containment varies among granulomas. Therefore, the
mere presence of granulomas is insufficient to control infection; instead, proper functioning
of all granulomas in a host determines the ultimate outcome of infection.

Currently available data support the hypothesis that the outcome of Mtb infection is
determined at the granuloma level and the sum total of granulomas, each with its own
chance to either inhibit or permit bacterial dissemination, are collectively responsible for
disease at the total host level. The complex organization of granulomas, with their
populations of macrophages and lymphocytes suggest that there is significant cross-talk
between cell types, and that for granulomas to function properly, there needs to be
coordination between these cell types. The proper balance of activating and inhibitory
signals has not yet been clarified, and many questions remain as to what contributes to the
successful containment of bacteria in some granulomas while other progress and
disseminate. Here we address some of the major players in granuloma biology as well as
their potential functions.

Macrophage mediators in granulomas

Macrophages are major components of macaque and human granulomas and can act as anti-
bacterial effector cells, host cells for bacteria, and immunomodulators for T cells. Nitric
oxide synthase (NOS) and arginases (arg) are important enzymes in the macrophage
response to Mtb infection. Inducible NOS (iNOS) converts L-arginine into nitric oxide
(NO), a reactive product that can act in concert with reactive oxygen intermediates to kill
microbes (71). Many cell types, including epithelial cells (authors’ unpublished data) and
neutrophils (17), can express iINOS in macaque granulomas, but iNOS is most frequently
associated with classically activated macrophages (17) or ‘“M1-polarized’ macrophages (72).
Although macaque macrophages can make NO and granulomas contain active NOS
enzymes (17), on a single-cell basis, macaque macrophages express iNOS at a quantitatively
lower level than that seen for mouse macrophages. The role of iNOS in human TB has been
controversial (73), and there remain questions whether macrophage iNOS enhances killing
of Mtb, acts as an immunomodulator, or if NO contributes to pathology and bacterial
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dissemination. In all likelihood, the consequences of iINOS expression in granulomas
encompass all these options and are dependent on a granuloma's inflammatory state.
Epithelioid macrophages can also express endothelial NOS (eNOS) (17,73) and although the
function of eNOS in these cells remains to be elucidated, co-expression with iNOS suggests
it may augment NO production in this population of cells.

NOS activity can be regulated by competition for L-arginine with Argl and Arg2 (74).
These enzymes convert L-arginine into polyamine precursors and L-proline, an amino acid
needed for collagen synthesis (74) and a contributor to fibrotic processes and lesion
resolution (75). Other lines of evidence suggest macrophage arginase is not required for
fibrosis (76), but that it regulates T-cell responses (76, 77) or engages in other, currently
unidentified, antibacterial activities (78). In human (17, 79) and macaque (17) granulomas,
neutrophils express more arg2 than argl, while macrophages express significant quantities
of argl (17). Argl-expressing macrophages are described as “alternatively activated’ or
‘M2-polarized’ macrophages. While M1 and M2 macrophages are sometimes considered to
be distinct cell subsets, Argl and iNOS are often co-expressed by the same macrophage in
macaque granulomas (17), and the competition between these enzymes or the ratio of
iNOS:argl expression likely determines a macrophage's functional polarity.

Granulomas need to maximize bacterial killing while limiting immune pathology to adjacent
tissues, and the spatial organization of different macrophage subsets may help mediate this
balance. In this context, NHP granulomas are organized into specialized microenvironments,
with each region's functional character determined by the abundance of M1-like and M2-like
macrophages (17). The lymphocyte cuff, where relatively few bacilli are found, contains
large populations of M2-like macrophages with low iNOS:arg1 ratios, whereas epithelioid
macrophage-dominated regions, which are associated with greater numbers of Mtb, have
M1-like macrophages with higher iNOS:arg1 ratios (17). Based on these observations, we
hypothesize that the that the M2-like macrophages in the lymphocyte cuff protect nearby
tissue from immune pathology and produce the precursors for lesion resolution, while
iNOS*eNOS* M1-like epithelioid macrophages in bacteria-rich microenvironments are
specialized for NO-mediated bactericidal activity. Although this appears to be a general
property that most granuloma'’s exhibit, granulomas are dynamic and macrophage
populations and phenotypes are likely to undergo significant changes over the course of
infection

Granuloma T-cell cytokine expression in macaque models

T lymphocytes are a major cellular component of tuberculosis lung granulomas, and their
macrophage-activating and cytolytic activities are considered to be critical to the control of
initial and persistent Mtb infection (80-83). Pro-inflammatory cytokines such as IFN-y and
TNF are generally considered necessary for protection, while other pro-inflammatory
cytokines, such as IL-2 or IL-17, may stimulate proliferation, activate local cells, or recruit
cells from the periphery (55, 80, 83-87). The roles of anti-inflammatory/regulatory
cytokines, such as IL-10, in granulomas are controversial (65). These anti-inflammatory
cytokines may be important in reducing pathology. Granuloma T cells also express cytolytic
and antimicrobial factors including perforin, granzyme B, and granulysin (authors’
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unpublished data). Interestingly, granuloma T cells appear to exhibit a segregation of
function, with cells either being cytokine producers or CD107* cytolytic cells but rarely
both (61,88). Our recent study investigating the functional dynamics of T cells with respect
to the cytokine profile and bacterial burden of individual granulomas has shown that each
granuloma is independent with respect to total cell numbers, frequency of T cells, patterns of
cytokine response and bacterial burden within an individual host and amongst animals
(Gideon et al., manuscript in review). These data further suggest that individual granulomas
within a host are unique representations of the infection and cannot be classified as “active’
or ‘latent’. Instead, conventional clinical classifications of active disease and latent infection
are more appropriate for a global or ‘whole host’ classification reflecting the overall host
status of infection and pathology. We observed that T-cell cytokine profiles for individual
granulomas within a single animal were distinct, highly variable and overlapped
considerably across clinical disease status (Gideon et al., manuscript in review). Due to the
recruitment of activated T cells to the site of disease, Mtb-specific T-cell responses are
thought to be enriched in the granuloma compared to responses observed the peripheral
blood. By contrast, we observed that only a limited proportion (~8%) of T cells in
granulomas produce any of the 5 major cytokines we have examined (IFN-y, IL-2, TNF,
IL-17, and IL-10) in response to Mtb antigens, irrespective of a granuloma's bacterial burden
or the clinical disease status of animals (Gideon et al., in review). These results,
corroborated by IFN-y ELISpot analysis of granuloma cells giving a comparable or even
lower, frequency of cells producing IFN-vy (authors’ unpublished data), beg the question,
why are granuloma T-cell responses so low?

There are several possibilities for the unexpected low frequency of functional T cells
observed in granulomas. These include the presence of additional regulatory cytokines and
cells including regulatory T cells, exhaustion of T cells within the granuloma as a result of
chronic antigen exposure, the presence of T cells that migrate to the granuloma in response
to chemokine and cytokine gradients but are not specific for mycobacterial antigens, and
active downregulation of T-cell responses by mycobacterial factors. A major question raised
by these studies is whether enhancing the functional T-cell response, particularly in the early
phase of infection (such as in the setting of a vaccine response), would lead to increased
killing of bacilli, increased inflammation, or both. In fact, our data suggest that a balance of
cytokine responses (pro- and anti-inflammatory) best correlate with bacterial control
(Gideon et al., manuscript in review).

B cells in macaque granulomas

The protective benefit of an antibody-mediated humoral response in TB has been
controversial. Whether they contribute to protection or not, there are B cells, including
plasma cells, in human and NHP granulomas. Activated B cells in germinal center-like
clusters are commonly observed in the lymphocyte cuff of cynomolgus macaque granulomas
(18, 89). Antibodies specific for Mtb antigens are enriched in granulomas as well (18, 89),
although the influence these antibodies exert on control of the infection have not been
investigated. Studies in murine models suggest that antibodies could play an
immunomaodulatory role in Mtb infection, perhaps by interaction with activatory or
inhibitory Fcy receptors on macrophages (reviewed in 90). NHP granuloma B cells also
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produce cytokines (authors’ unpublished data), but the B-cell contribution to a granuloma's
cytokine milieu remains to be determined.

n macaque granulomas

The role of neutrophils in TB remains enigmatic. Neutrophils play a protective role in the
early zebrafish granuloma (91), but little is known about their activities during acute Mtb
infection of NHPs. At later stages of disease, neutrophils are often associated with poorly
controlled TB (92-95). They can be abundant in granulomas, especially at the interface
between epithelioid macrophages and caseum, but they are also present in the lymphocyte
cuff (17). Neutrophils can be present in large numbers in bacteria-rich areas of necrotic
granulomas and are frequently seen in the lymph node granulomas and more complex
pathologies of animals with severe disease (17), but ability to control bacterial replication is
questionable. Data indicating that neutrophils in human BAL samples contain viable Mth
(93) suggest these cells may not be killing Mtb, and may even provide an additional
intracellular niche for Mth. Though their ability to kill these bacilli in situ is questionable,
neutrophils may have other functions that influence the granuloma environment including
secretion of proteases and cytokines, nitric oxide production, and immunomodulation by
arginase expression.

Modulation of the immune response

Vaccines are the primary strategy for sustained control of infectious disease. Although a
vaccine against TB, BCG, exists and is given to children in most countries at birth, it is not
effective at preventing infection and subsequent disease. A vaccine with improved efficacy
is necessary to stem the tide of TB worldwide. The lack of a surrogate marker of protection
is a major obstacle in the development of vaccines against TB. To date, the only well-
established indicator is a vaccine-induced reduction in bacterial load using animal models
before they go into human trials. An important distinction that must be made is that vaccine-
induced immunogenicity has not yet been correlated with protection. The vaccines in
clinical trials are primarily aimed at inducing a Th1l-type CD4* T-cell response. Very few, if
any, are effective at inducing strong CD8* T-cell responses, even though it is now believed
that such responses are necessary for protection during natural infection. The potential for
inducing antibody responses that might be protective has not been fully explored. Thus, a
better understanding of how, and where, vaccines might work to prevent infection or disease
is necessary.

NHP models are critical to this effort, as the immunologic similarities of humans and non-
human primates are likely to lead to results that are translational for human clinical trials.
Nonetheless, non-human primate studies are expensive and difficult, and different models
give different answers. Previously, vaccines were tested in rhesus or cynomolgus macaques
that were challenged with very high doses of Mtb bacilli (500-3000). High dose challenge
bears little resemblance to the situation of exposure to Mth in humans, which likely occurs
in relatively small doses over a period of time. For example, a household contact sleeping
next to a person with active TB will likely be exposed to small numbers of aerosolized Mtb
for several hours nightly and over several weeks before the index case infection is
recognized and treatment is initiated. None of our current models accurately recapitulate that
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situation. However, low dose challenge is likely to be much more relevant than high dose
challenge to test vaccines. Low dose challenge (e.g. <25 bacilli) is likely to set off only a
moderate inflammatory response, which may result in modest detection of the bacilli by the
immune system. In contrast, high dose challenge will induce an inflammatory response,
possibly causing a faster T-cell recall response at the site of infection. This could potentially
result in findings that supported efficacy of a vaccine, which might be more difficult to
observe in response to low dose infection. This has not been conclusively demonstrated, or
even tested, in macaques. However, it is clear that a low dose infection more accurately
reflects the situation that occurs in humans and therefore is likely to be a more appropriate
model for testing vaccines.

Several vaccines have been tested in macaques, including viral-vectored vaccines such as
MVAB8S5A, live attenuated vaccines BCG, leuCD-deleted Mtb, and MTBVAC, and the
protein-based vaccines H1 (96-99). These have shown modest if any reduction in disease or
bacterial burden, and all were done with high dose challenge. We tested the protein-fusion
H56 vaccine in a BCG-vaccinated cynomolgus macaques followed by low dose challenge
with Mtb (97). Fewer BCG+H56 animals developed active TB, compared to unvaccinated or
BCG-only vaccinated animals. This was also seen following high dose challenge, in studies
performed in the primate facility in Cebu, The Philippines (97). However, the most
interesting aspect of this work was that those monkeys vaccinated with BCG+H56 who
presented with latent infection could not be reactivated with TNF neutralization. In contrast,
unvaccinated or BCG-only immunized macaques that developed latent infection showed
75% reactivation with TNF neutralization. Thus, even though the vaccine did not provide
sterilizing immunity, it was capable of preventing reactivation of latent infection. The
mechanisms behind this protection are currently under investigation. Our published data
suggested that the vaccine was associated with earlier recall responses to the H56 antigens
post-challenge, compared to unvaccinated or BCG-only vaccinated animals. However, the
immunologic responses within the granulomas were not assessed early post-infection. The
importance of understanding the effects of vaccination on early events in the lungs post-
challenge cannot be overstated.

The future for testing vaccines in the macaque models should take full advantage of
technological advances, including the ability to track the infection using genetically bar-
coded Mtb strains and PET-CT imaging (44) and sophisticated immunologic analysis not
only of blood but in the airways, lung parenchyma, granulomas and lymph nodes. Such
studies are likely to illuminate mechanisms by which vaccines can provide some measure of
protection, and suggest areas for improvement.

Host-directed therapies, such as small molecules or cytokines that modulate the immune
response, are of substantial interest in TB as well. Such immunologic modulators could
dampen or enhance the inflammatory or T-cell responses in TB and could limit the course of
infection. However, we understand very little about such modulators, including whether
some could actually worsen the disease. Host-directed therapies may have a role in
improving drug treatment or enhancing vaccine efficacy. Much more focus on host-directed
therapies is necessary in NHP models that accurately reflect the complex pathology of Mtb
infection before testing such strategies in human TB.
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The NHP models of TB provide unique and exciting opportunities for investigating the
immunology of TB. The similarities between humans and macaques genetically,
physiologically, and immunologically provide greater confidence of direct translation of key
findings to humans. Although the models are always being improved and refined, we have
learned much from non-human primates in the TB field, and we expect that future findings
will also significantly influence development of preventive and therapeutic strategies against
TB.
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Fig. 1. NHP granulomas exhibit the organizational characteristics of human granulomas
(A). Hematoxylin and eosin stained section of lung tissue containing a necrotic granuloma

with a large central region of caseous necrosis (10x magnification). (B).
Immunohistochemical staining of a necrotic granuloma showing CD68* macrophages
(green) surrounding the necrotic center (unstained) and CD3" T cells (red) in the
lymphocyte cuff. Scattered clusters of alveolar macrophages, characterized by their
morphology and strong CD68 expression, can be seen at the edge of the granuloma and in
the adjacent lung tissue. Nuclei are stained in blue (20x magnification).
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Fig. 2. Diagrammatic representation of the macaque tracheobronchial tree depicting draining
mediastinal lymph nodes observed in NHPs following Mtb infection

Cranial hilar lymph nodes and the carinal lymph nodes on the right and left side of the
airways are most commonly observed. (Abbreviations: LN, lymph node; L, left; R, right).
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Fig. 3. Three dimensional 18 FDG PET/CT image showing lymph nodes and granulomasin a
macaque three weeks post Mtb infection

Increased uptake of FDG is observed in cranial hilar and carinal lymph nodes (yellow
arrows). Small lung granulomas (blue arrows) with variable FDG uptake are also observed
as early as 3 weeks post infection.
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Fig. 4. Axial section of 18F-FDG PET/CT image showing macaque lung granulomas
In NHPs, various types and numbers of lung granulomas are observed with variable FDG

uptake within a lobe in both active disease and latent infection. Arrows indicate both
metabolic active-PET hot (yellow) and PET cold (blue) granulomas seen within a lobe.
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