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ABSTRACT

Mycobacterium tuberculosis (M#h) remains the single largest infectious disease killer of
man worldwide. The non-human primate (NHP) model, including the Indian Rhesus
macaque, is particularly valuable for the study of this disease because they fully recapitulate
the pathological and immunological responses, can be co-infected with Simian
Immunodeficiency Virus to model lentivirus synergism, and provide ideal candidates to
study novel vaccine and drug development. However, while much has been elucidated over
the past centuries in regards to host immunity, bacterial responses, and granuloma
formation, little remains known about histomorphologic differences between active
tuberculosis (ATBI) and latent tuberculosis (ATBI) disease states. Differentiation between
these disease states, in humans or in NHPs, is based on clinical parameters, and there are
currently no established methods for detecting morphologic differences between these
conditions at the microscopic level. The aim of this study was to develop and validate a
novel approach for assessment of pulmonary pathology in Rhesus macaques experimentally-
infected with M. tuberculosis alone or in the setting of SIV co-infection. Archival lung samples
from experimentally-infected macaques were assessed by blinded pathologists to determine
differences in a series of pathological parameters based on previous experiments.
Interobserver agreement and repeatability was good between pathologists. Significant
differences were observed in several pathology categories, with ATBI animals having a

greater likelihood of increased alveolar macropahges, type II pneumocyte hyperplasia,



petivasculitis, vasculitis/lymphangitis, and consolidation in compatison to LTBI animals.
SIV co-infection increased the likelihood of perivasculitis and lymphangitis/vasculitis in
both ATBI and L'TBI animals. SIV co-infection also increased alveolar macrophages and
type II pneumocyte hyperplasia in LTBI animals. Immunofluorescence was used to confirm
the presence of M#b bacilli within the perivascular inflammation. A similar grading system
approach was used in 2 additional studies examining reactivation of ATBI in the setting of
SIV coinfection unrelated to CD4+ T cell depletion and to evaluate pulmonary pathology
changes in the setting of the use of an attenuated vaccine in SIV co-infected animals with
similarly significant results. This grading scheme provides a valuable and desperately needed
adjunctive assessment tool for evaluation of pulmonary pathology changes in the NHP

model of pulmonary tuberculosis.
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CHAPTER 1: INTRODUCTION

Despite advances in antibiotic therapy and epidemiological control since Robert
Koch first identified Mycobacterium tuberculosis (Mth) as the causative agent of tuberculosis
(TB) in the 1800’s, M#b continues to be responsible for the largest number of human deaths
from a single infectious agent worldwide (Brosch et al., 2002; WHO, 2017). Tuberculosis is
typically classified into 1 of 2 clinical states: 1. Latent tuberculosis (LTBI), during which the
bacilli are not actively replicating, the host immune system maintains the disease in a
quiescent state, and the disease is not considered transmissible, or 2. Active tuberculosis
(ATBI) when bacilli are actively replicating and disseminating, have evaded host immune
control, and can be transmitted to others(Kaushal et al., 2012; Sakamoto, 2012; Scanga and
Flynn, 2014). At some point, however, we know that the distinction between these two
clinical states exists along a spectrum, and when that transition from latent disease to active
disease occurs from a pathophysiologic and immunologic standpoint remains pootly
understood. While individuals latently infected with TB generally have a low risk of
progression from L'TBI to ATBI, several factors can increase risk of progression. Notably,
infection with the lentivirus Human immunodeficiency virus (HIV)—the retrovirus
responsible for progression to Acquired Immunodeficiency Syndrome (AIDS) in humans,
increases the risk for progression from LTBI to ATBI from 5-10% over the course of an
infected individual’s lifetime to 5-15% over the course of a year (Aaron et al., 2004;

Pawlowski et al., 2012). Additional factors such as diabetes mellitus, smoking, intravenous



drug use, and alcohol use have also been shown to increase risk of Mtb infection and disease
progression (Altet-Goémez et al., 2005; Boon et al., 2005; Davies et al., 2006; van Crevel and
Dockrell, 2014; Deiss et al., 2009; Dooley and Chaisson, 2009; Imtiaz et al., 2017; Lonnroth
et al., 2014; The Lancet Diabetes & Endocrinology, 2014).

Since the beginning of biomedical research in this area, animal models have been
used to study TB in the hope of being able to better understand and intervene in this disease
process. Several animal models have been used over time, with the most commonly used
animal models today including the mouse, guinea pig, rabbit, zebrafish, and macaque. The
non-human primate (NHP) model remains the gold-standard animal model for translational
studies of TB, and offers several unique advantages over other commonly used animal
models including mice, guinea pigs, rabbits, and zebrafish. Rhesus macaques (Macaca nulatta)
and Cynomolgus macaques (Macaca fasicularis) are currently the most commonly used NHP
in translational studies of TB(Altet-Gomez et al., 2005; Davies et al., 2006; Foreman et al.,
2017). These two old world primate species are particularly valuable in the study of TB for
several reasons. For one, they fully recapitulate the spectrum of clinical and pathological
disease observed in human TB. This includes the development of naturally occurring latent
and active disease states with similar rates of reactivation, the formation of true well-
structured caseous granulomas as seen in humans, and clinical changes indicative of ATBI as
seen in humans including elevated serum C reactive protein, dyspnea, pyrexia, anorexia and
cachexia, presence of pulmonary inflammation on thoracic radiographs, presence of acid fast
bacilli within sputum samples, and positive PPD and IGRA responses following infection
(Foreman et al., 2017a; Kaushal et al., 2012; Mehra et al., 2013). The patterns of pathology
seen in mice, guinea pigs, rabbits, and zebra fish differ from those seen in both humans and

macaques with TB (Palmer, 2018; Sakamoto, 2012). The most commonly used laboratory



mouse strains infected with M# generally display pootly organized lymphohistiocytic
inflammation; the Kramnik or C3HeB/Fe] mouse has been useful for the study of Mz
infection because unlike most strains (i.e. C57/BL6 mice), they will develop necrotic
granulomas, though these granulomas still differ from those seen in NHP and humans, and
their relative resistance requires high infecting dosages of M7 to be administered for
infection (Driver et al., 2012; Kramnik and Beamer, 2016). Guinea pigs have been valuable
animal models for the study of acrosol infection for several decades. Unlike the mouse
model of TB, guinea pigs are exquisitely sensitive to infection with M7b, and are in fact more
susceptible to infection than any other animal model, including macaques (and humans)
(Clark et al., 2015; Smith and Harding, 1977). This enhanced susceptibility can hamper
application of certain results to human medicine. While guinea pigs do form necrotizing
granulomas, they fail to form granulomas that undergo cavitation as is sometimes seen in
human and NHP TB (Basaraba, 2008; Basaraba et al., 2006; Palanisamy et al., 2008; Smith
and Harding, 1977; Turner et al., 2003). Additionally, the primary method of M#) spread in
Guinea pigs is via the hematogenous, rather than aerogenous route, which makes translation
to human medicine difficult. Furthermore, their granulocytic response consists of
heterophils, rather than neutrophils as in humans and NHPs, and there is controversy over
whether or not these heterophils produce myeloperoxidase (as do human neutrophils)
though previous studies have demonstrated an ability of these heterophils to have antifungal
activity agains Candida spp. (Lehrer et al., 1975). Rabbits have also been used as a model for
Mtb infection, because unlike mice or Guinea pigs, they do form true cavitating granulomas,
and can be used as an excellent model of latent infection and of meningeal tuberculosis
(Arthur M. Dannenberg, 1994; Manabe et al., 2008; O’Toole, 2010). However, they are the

most resistant of the conventional laboratory species, and outbred laboratory rabbits can



often naturally clear Mz infection within 4-6 months of infection without additional
treatment, unlike humans (Arthur M. Dannenberg, 1994; Manabe et al., 2008, 2008).
Furthermore, rabbits possess heterophils rather than neutrophils, like Guinea pigs, and the
same debate over whether or not these heterophils produce myeloperoxidase and thus have
similar oxidative activity to human neutrophils, which play a major role in immune responses
to tuberculosis, remains (Lehrer et al., 1975). Zebrafish have recently emerged as a useful
non-mammalian laboratory species for the study of mycobacterial diseases, and much useful
information has been gained through their use in regards to these conditions. However, in
this animal model, Mycobacterium marinum must be the infecting bacterium, which differs in
many respects from Mycobacterium tuberculosis. The nature of their aquatic environment
changes the parameters of the infecting condition, altering the infection from one of a
primary aerogenous spread, to one of primary environmental contamination and
hematogenosu spread. Mycobacterial diseases in fish, as well as in amphibians, tend to be
rapidly progressive diseases characterized by numerous bacterial organisms, unlike the
relatively paucibacillary, slowly progressive diseases they cause in mammals(Palmer, 2018).
By virtue of the fact that fish do not, in fact have lungs, it inhibits their use as an animal
model for the study of a primary pulmonary disease, though they still provide truly valuable
animal models for gaining better understanding of what is happening at the level of the
pathogen and host immune response. Indeed, there has been much truly excellent work
elucidating mechanisms involved at the intersection of bacterial and granuloma responses
that has emerged from their use (van Crevel and Dockrell, 2014; Cronan and Tobin, 2014;
van Leeuwen et al., 2015) Conversely, NHPs demonstrate a susceptibility to infection similar

to humans, and display the full spectrum of granuloma subtypes seen in human disease,



including solid type granulomas, caseating and neutrophilic granulomas (with hypoxic
centers and sometimes central mineralization), and cavitating granulomas .

Additionally, because macaques are so evolutionarily similar to humans, their
immunological responses closely mirror those seen in humans with TB, and many of the
reagents developed to assay human immunological responses work in these species (Gardner
and Luciw, 2008). Their similar physiology and relatively large size makes them superior
candidates for the testing of novel drug, treatment, and vaccine strategies that may have
applications to human medicine, in comparison to other animal models. Unlike mice, which
are relatively resistant to infection with M7), macaques demonstrate a susceptibility to
infection similar to humans (Basaraba, 2008; Foreman et al., 2017a; Gardner and Luciw,
2008; Kaushal et al., 2012; O Toole, 2010). Different species of NHPs display varying
susceptibilities to the disease, which may complicate translation of findings to humans.
There is a difference in disease susceptibility between Rhesus and Cynomolgus macaques,
which makes them valuable models for studying varying outcomes of natural infection in
humans (Gardner and Luciw, 2008; Kaushal et al., 2012). Cynomolgous macaques are
relatively more resistant to the disease than Indian Rhesus macaques, and at low infectious
doses of Mzh, Rhesus macaques tend to show more susceptibility to infection with more
rapid disease progression than Cynomologus macaques (Sharpe et al., 2016). Thus, it may be
necessary to compare these two models to study both early or rapidly progressing
tuberculosis versus the host’s response to longer-term infection. Both macaque species,
however, have been shown to develop true latent TB infection which can be reactivated
either naturally or with the use of SIV co-infection (Foreman et al., 2016; Mehra et al., 2011).
Thus, macaques ultimately provide a superior animal model for the study of human TB in

several important ways: 1. They fully recapitulate the spectrum of gross and histopathologic



lesions seen in human disease, 1. They can be co-infected with Simian Immunodeficiency
Virus (SIV) as an analogue for HIV co-infection, and 3. They naturally develop LTBI and
will spontaneously reactivate to ATBI at similar rates to that seen in humans (Capuano et al,,
2003; Gardner and Luciw, 2008; Scanga and Flynn, 2014).

However, despite significant advancements in the understanding of TB from
numerous scientific approaches—including advanced imaging, the use of ever-sophisticated
immunologic assays, and the advent of molecular techniques that have elucidated activities at
the genetic level of both the host and bacterium—much of our understanding of the
pathologic differences between disease states in tuberculosis remains unknown, and inhibits
our ability to best diagnose these conditions and intervene when the bacteria may be most
susceptible to treatment. ATBI and L'TBI are still distinguished on the basis of clinical
parameters. In humans, L'TBI is most often presumptively diagnosed on the basis of a
positive tuberculin skin test (TST) and/or positive interferon gamma release assay
(IGRA)—both of which are methods of assessing a delayed type IV hypersensitivity reaction
to previous M7 infection—in the absence of current clinical symptoms of ATBI
infection.(LoBue and Mermin, 2017). Diagnosis of ATBI is generally based on the presence
of positive TST and/or IGRA in addition to clinical symptoms or signs of infection
generally including the presence of acid fast bacilli within sputum or gastric aspirates (then
confirmed with positive culture as the gold standard), sustained elevated serum C-reactive
protein levels above values shown to be correlated with ATBI, hyperthermia, weight loss and
inappetance, positive M# specific IFN-gamma in peripheral blood mononuclear cells,
positive agar gel immundiffusion testing, coughing, dyspnea, and the presence of pulmonary
granulomas on thoracic radiographs (Mayo Clinic, 2017; Kaushal et al., 2012; Lin et al.,

2009a; Scanga and Flynn, 2014). Recent studies have been investigating the validity of



looking for components of the Mycobacterial wall or specific associated cytokines associated
with infection to be used as more sensitive biomarkers to support a more rapid diagnosis of
infection to prevent the need to wait for culture confirmation; however, even if these tests
can be validated, they still will not help to differentiate between ATBI and LTBI. Previous
studies have shown the ability to detect overall differences in gross pathology as a total score
at necropsy in ATBI and LTBI infected cynomolgous macaques (Lin et al., 2009a). The use
of advanced imaging, including MRI and PET CT has also been used to attempt to
determine disease burden and classify disease status with some success (Sharpe et al., 2009).
However, these methods typically rely on macroscopically visible lesions, and no reports
have been able to definitively distinguish between ATBI and L'TBI histologically (Lin et al.,

2009, Sharpe et al., 2009).

The histopathologic hallmark of TB has long been considered the formation of
caseous granulomas, most commonly within the lungs, though other tissues can be similarly
affected in cases of disseminated TB. These granulomas are characterized by a central
coagulum of caseous necrosis with neutrophilic infiltration (in which the highest
concentration of acid fast bacilli will be observed), surrounded by concentric layers of
epithelioid macrophages and Langhans-type multinucleated giant cells, surrounded in turn by
concentric layers of lymphocytes, plasma cells, and fibrosis (Kumar et al., 2015; Martinot,
2018; Sakamoto, 2012 ). Historically, much of the focus in TB-related pathology has been on
the granuloma itself. Recently, many of the molecular, cellular, and immunological
mechanisms involved at the granuloma level have become better elucidated. The formation
of tuberculous granulomas begins with the inhalation of M# bacilli with subsequent
engulfment by and replication within macrophages. The bacilli facilitate phagocytic

engulfment via receptors present on the macrophages, including CR3 and mannose binding



lectin (Palmer, 2018; Kumar et al., 2015). Following phagocytosis, M# inhibits phagosome-
lysosome fusion, and undergoes replication within the phagocytic vesicle. Infected
macrophages can rupture, leading to infection of adjacent alveolar macrophages, and spread
to additional sites within the lungs as well as dissemination to other organs. Immunity to Mzb
and formation of the granuloma is primarily mediated through a delayed Tl response
(Sakamoto, 2012; Kumar et al., 2015). This Tu1 response, mediated by T-helper cells and IL.-
12 from denderitic cells, is mounted approximately 3 weeks post-infection and activates IFN-
Y production resulting in bactericidal activity within macrophages that enables them to
contain the M# bacilli (Palmer, 2018). IFN-y has numerous key roles in the TB granuloma,
including the production of inducible nitric oxide synthase and subsequently nitric oxide
(NO), which becomes crucial for bacterial killing within the granuloma. The Tul response
also directly stimulates the formation of the caseous granuloma in TB (Martinot, 2018;
Mehra et al., 2011; Sakamoto, 2012; Kumar et al., 2015). IFN-y stimulates macrophage
transition to the epithelioid phenotype. Recent work has demonstrated that these
macrophages express E-cadherin, an intercellular adhesion molecule most commonly
expressed on epithelial cells; it is currently thought that expression of this molecule by
epithelioid macrophages in the TB granuloma may help to more effectively “wall-off” the
central caseum and M# bacilli (Cronan and Tobin, 2014; van Leeuwen et al., 2015).
Tryptophan expression has also been shown to play crucial roles in TB granuloma
organization and structure. Expression of the enzyme indoleamine 2,3-dioxygenase (IDO),
which is induced by M7b, catabolizes tryptophan and may prevent lymphocytes from

reaching the center of the granuloma to participate in bacterial killing (Gautam et al., 2018).



However, both LTBI and ATBI animals will show a spectrum of granulomas that
do not allow distinction between disease states based on these changes alone (Foreman et al.,
2016; Lin et al., 2009; Capuano et al., 2003). From the bacterial standpoint, our previous
work has demonstrated significant overlap in M7b bacterial gene expression in granulomas
dissected from Rhesus macaques with ATBI and LTBI, supporting the notion that these
clinical conditions exist along a spectrum (Hudock et al. 2017). A previous study by Lin et al.
(2009) in cynomolgus macaques had suggested that the type of granuloma may be associated
with disease progression. In this study, it was determined that classic caseous granulomas
could be equally found in both LTBI and ATBI macaques, and that solid type granulomas—
composed of central aggregates of epithelioid macrophages and multinucleated giant cells
with little to no visible necrosis—conversely, were found in greater numbers in ATBI
macaques, indicating that they may be associated with poor immune control; fibrotic
granulomas—with replacement of the central caseum by fibrous connective tissue—were
identified in both ATBI and LTBI (Lin et al., 2009). However, much of the challenge with
classifying granuloma type depends on histological section, as the three dimensional nature
of granulomas can result in granulomas that may initially appear as solid at one plane of
section, but that may display evidence of caseous necrosis on deeper recuts (personal
observation). While recent work has elucidated many of the mechanisms involved in the
structure and function of the granuloma in TB, little remains known about additional
changes and progression of disease both within the lung itself and throughout the body
(Martinot, 2018; Palmer, 2018). Little attention has been paid to changes outside of the

granuloma in lungs from non-human primates infected with TB.

Additionally, while synergism between lentivirus infection (including HIV and SIV)

and M1 has been well described, (Aaron et al., 2004; Foreman et al., 2016; Pawlowski et al.,



2012) many of the mechanisms of that synergism remain largely unknown. While initial
work had suggested that peripheral T-cell depletion was responsible for reactivation of TB in
SIV-infected macaques, recent advances in the study of M7 infection in Rhesus macaques
have shown that CDD4+ T-cell depletion is not the primary factor contributing to disease
progression in macaques co-infected with SIV (Diedrich et al., 2010). Rather, it appears that
B-cells and CD8+ T-cells may play a more prominent role in TB control than has
traditionally been thought (Diedrich and Flynn, 2011; Foreman et al., 2016). Additional
studies have demonstrated that SIV infection alters cytokine expression by the Til
response—namely downregulating IFN-gamma and IL-22 expression—which may facilitate
Mtb infection (Guo et al., 2017). However, despite much of the advancement in our
immunological understanding of SIV and M# co-infection, histopathological differences that

may be associated with and contribute to that synergism have not been well-characterized.

The emergence of multi-drug resistant and extremely-drug resistant strains of Mzb,
coupled with the lack of a safe and effective vaccine increases the urgency to better
understand the pathogenesis of this disease, particularly in the setting of co-infection, and to
develop interventional strategies. The currently used Bacillus Calmette Guérin (BCG)
vaccine, is a live attenuated vaccine derived from Mycobacterinm bovis, and has been used for
prevention of Mycobacterium tuberculosis in TB-endemic areas since the 1920’s (Luca and
Mihaescu, 2013). While this controversial vaccine confers variable degrees of protection, it
remains the only available vaccine on the market, and is still routinely given to infants
primarily to prevent meningeal tuberculosis in that age group. However, there are frequent
concerns that it may be unsafe in immunocompromised individuals, and its short duration
and incomplete protection put susceptible individuals at risk of infection later in life if not
boostered. While there are varying rates of protection reported, estimates range anywhere

10



from 80% protection to 0% (ACET 1998; Clark and Cameron, 2006; Luca and Mihaescu,
2013). Because of the frequent overlap of HIV prevalence in areas with greatest Mz
prevalence, there is a particular need for an effective vaccine that will be safe and effective in
all groups, including in immunocompromised individuals. Current work has focused on the
development and use of attenuated strains of Mycobacterium tuberculosis that may prove viable
alternatives to BCG vaccination (Larsen et al., 2009). Some of the most promising
candidates for these novel vaccine candidates include M7 strains with mutations either in the
stress response factor sigmaH (Dutta et al., 2012; Mehra et al., 2012) or in the DosR regulon
which is important in controlling the response of M to hypoxia, one of the critical stress
factors the bacilli face within the granuloma (Leistikow et al., 2010; Mehra et al., 2015).
Previous work with M#AsigH in NHP has demonstrated that animals inoculated with the
attenuated strain of bacteria demonstrated significantly lower bacterial burden and longer
survival times—surviving to the end of the study—whereas animals infected with wild
strains succumbed to disease and developed high bacterial burdens (Mehra et al., 2012).
Additional work comparing wild type M#h to MbAsigH showed that sigH affects chemokine
activity, and suggests that sigH is responsible for modulating crucial interactions between the
bacilli and host phagocytes that may lead to persistence of bacilli within the host (Dutta et
al., 2012). Vaccination with M7 strains with mutations in the DosR regulon similarly failed
to produce disease or persist in the host, but still elicited an adaptive immune response
suggesting they could be a good vaccine candidate (Leistikow et al., 2010; Mehra et al., 2015).
By targeting these facets of the bacilli, more effective and safer vaccines may be developed
that may help to reduce the global TB burden. However, strategies must be established to
evaluate pulmonary changes in response to vaccination to ensure that disease is not resulting

from the use of these attenuated live vaccines.

11



Recent papers have emphasized a growing need for a multimodal approach to
translational research that incorporates trained pathologists performing gross and
microscopic pathology, particularly in the context of evaluating pulmonary inflammation
(Meyerholz et al., 2018). Scoring systems are widely used in both human and veterinary
pathology to allow for standardization and repeatability of assessment between pathologists;
to be of most value, these systems must meet robust criteria (Cross, 1998; Gibson-Cortley et
al., 2013; Klopfleisch, 2013). There is a need for standardization in approaches to pulmonary
pathology in the macaque model of TB, and for development of a repeatable, discriminating
scoring system for pulmonary pathology that may help to elucidate subtle differences
between ATBI and LTBI both in and in the absence of SIV coinfection with an aim to gain
more comprehensive understanding of factors related to disease progression and retrovirus

synergism to be used in conjunction with other approaches to TB and SIV research.
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CHAPTER 2: METHODOLOGY

All work was conducted in accordance with both the Tulane National Primate
Research Center (INPRC) Institutional Animal Care and Use Committee (IACUC)

guidelines and in accordance with guidelines for humane animal care from the NIH.

Mtb infection

For all studies, captive-bred, male, Indian Rhesus macaques between 3 and 9 years of
age were used. Animals were from a specific pathogen free colony known to be free of
retrovirus and to be mycobacteria-naive, and all animals had been bred and housed
exclusively at the TNPRC. These macaques were experimentally aerosol-infected with a
target dose of 25 CFU of Mz CDC1551 in accordance with previous studies (Kaushal et al.,
2015; Mehra et al., 2011, 2015). Briefly, animals were anesthetized under the guidance of
laboratory animal veterinarians with intramuscular Ketamine at a dose of 5-7 mg/kg. Prior
to placing the animal in the chamber, respiratory function was assessed to allow minute
volume to be derived and a target dosage to be more accurately administered. Following
anesthesia, animals were placed in dorsal recumbency, and with their head and neck
extended, were positioned in a specialized, sealed, 161 class 3 biosafety cabinet that utilizes a
dynamically run inhalation system to deliver acrosolized MTb bacilli. Animals respired
normally for an appropriate length of time (typically about 10 minutes, based on their
calculated minute and tidal volumes), after which they were removed from the chamber.

During aerosolization, samples from the chamber air were collected, processed, and
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cultured, to confirm suspected dosage range. This dosage is within the “low dose” range
previously shown by this lab to result in LTBI ((Mehra et al., 2010, 2011). M#) infection was
confirmed with 3 consecutive positive Tuberculin skin tests (T'ST). Animals were stratified
into LTBI and ATBI categories based on clinical parameters. Euthanasia was elected when
animals met at least 4 of the pre-established criteria for euthanasia including: 1. Elevated
body temperature 2°F beyond baseline for greater than or equal to 3 consecutive weeks, 2.
Greater than or equal to a 15% loss in body weight, 3. Sustained elevations in serum C-
reactive protein (CRP) values above 10 ug/mL for 3 or more consecutive weeks, 4. Thoracic
radiograph scores higher than a 2 (on a scale of 0-4), 5. Respiratory discomfort resulting in
vocalization, 6. Anorexia or near anorexia, or 7. Presence of bacilli in bronchioalveolar
lavage (BAL) samples. These endpoints have been previously used as markers for time to

euthanasia in previous studies from our lab (Kaushal et al. 2015).

SIV infection

Infection with SIV was carried out by inoculating naive animals with 300 TCID50
(50% tissue culture infectious dose) of a pathogenic strain of SIV intravenously. The
majority of animals were infected with SIVmac239. Few animals in the SIV only control
group were inoculated with SIVmac251. In co-infected animals, SIV infection was carried
out 9 weeks following M7 infection at which time animals demonstrated positive TST but
were classified as L'TBI. Previous studies had demonstrated that a proportion of these
animals would be likely to maintain latency, while some would be likely to progress to active
TB(Foreman et al., 2016; Kaushal et al., 2015; Mehra et al., 2011). Humane endpoints for

euthanasia for co-infected animals were the same as those described for the M# infected
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animals, above. Humane endpoints for euthanasia for SIV only animals were established by

the Kuroda lab from which these animals derived.

Control animals

Tissues from uninfected or naive animals were selected for animals who had been
euthanized for reasons unlikely to result in pulmonary lesions. These animals had not been

exposed to either SIV or Mzb.

Euthanasia and necropsy procedures

Prior to euthanasia, the animals were anesthetized with xylazine and ketamine, and
blood is collected via an intracardiac puncture. The animal was euthanized with 2mL of

sodium pentobarbital euthanasia solution.

For M1 infected animals, all procedures were carried out in a class 3 biosafety facility
by veterinary pathologists or trained prosectors. For SIV only infected animals, necropsies
were carried out in class 2 biosafety facilities by veterinary pathologists or trained prosectors.
All necropsies were carried out according to well-established standard operating procedures
by either trained prosectors or veterinary pathologists. For M#h-infected animals, necropsies
were carried out in class 3 biosafety facilities. Additional considerations for these necropsies
included photographing the right and left side of the pluck, exposure and photography of
the bronchial and hilar lymph nodes, weighing of the left and right side of the lungs,
weighing and measuring the bronchial lymph nodes and collecting both fresh and fixed
samples, and systematic but random (stereological) collection of lung samples from all lobes
following collection of a bronchioalveolar lavage sample acquired by infusing PBS into and
subsequently aspirating it from the right lower lung lobe. To do this collection, the left

anterior, middle, and caudal lung lobes were sliced into 5 mm thick transverse sections, and
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arranged nest to each other with the lateral margins of each section apposing the medial
margin of the adjacent section. This was repeated for each section so that each row was
composed of all sections from one lobe in the same orientation. A random sampling grid
was then placed over the sections, and indelible ink was used to mark sampling locations on
the grid. These sections were then dissected along with an adjacent piece of tissue; one was
then collected for fixation and histologic processing, and one was submitted for culture. The
same process was then repeated for the right lobes. Number of samples and a photograph of
those collected was recorded. Samples were collected into 10% zinc-buffered formalin (Z-
fix), and representative sections were collected and retained in Z-fix for 48 hours prior to
proceeding with routine paraffin embedding, sectioning at approximately 5 um thick, and
processed for standard automated hematoxylin and eosin staining for light microscopy

(necropsy methods courtesy of R. Blair).
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CHAPTER 3: DEVELOPMENT AND VALIDATION OF A SEMI-QUANTITATIVE

APPROACH FOR ASSESSMENT OF HISTOPATHOLOGIC DIFFERENCES IN

RHESUS MACAQUES EXPERIMENTALLY INFECTED WITH MYCOBACTERIUM

TUBERCULOSIS ALONE OR IN THE SETTING OF SIV COINFECTION

INTRODUCTION:

Despite advances in antibiotic therapy and epidemiological control since Robert
Koch first identified Mycobacterium tuberculosis (M#)) as the causative agent of tuberculosis
(TB) in the 1800’s, M#b continues to be responsible for the largest number of human deaths
from a single infectious agent worldwide(Brosch et al., 2002; WHO, 2017) . TB is typically
classified into 1 of 2 clinical states: 1. Latent tuberculosis (LTBI), during which the bacilli
are not actively replicating, the host immune system maintains the disease in a quiescent
state, and the disease is not considered transmissible, or 2. Active tuberculosis (ATBI) when
bacilli are actively replicating and disseminating, have evaded host immune control, and can
be transmitted to others. While individuals latently infected with TB generally have a low risk
of progression from LTBI to ATBI, several factors can increase risk of progression.
Notably, infection with the lentivirus Human Immunodeficiency Virus, increases the risk for
progression from L'TBI to ATBI from 5-10% over the course of an infected individual’s
lifetime to 5-15% over the course of a year (Aaron et al., 2004; Pawlowski et al., 2012). The
macaque provides a superior model of human TB as they fully recapitulate the spectrum of

gross and histopathologic lesions seen in human disease, can be co-infected with Simian
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Immunodeficiency Virus as an analogue for HIV co-infection, develop LTBI and will
spontaneously reactivate to ATBI (Capuano et al., 2003; Gardner and Luciw, 2008; Scanga

and Flynn, 2014).

However, despite significant advancements in the understanding of TB from
numerous scientific approaches—including advanced imaging, the use of ever-sophisticated
immunologic assays, and the advent of molecular techniques that have elucidated activities at
the genetic level of both the host and the microbe—much of our understanding of the
pathologic differences between disease states in tuberculosis remains unknown. ATBI and
LTBI are still distinguished on the basis of clinical parameters, generally including the
presence of acid fast bacilli within sputum or gastric aspirates, sustained elevated serum C-
reactive protein levels above values shown to be correlated with ATBI, hyperthermia, weight
loss and inappetance, positive M# specific IFN-gamma in peripheral blood mononuclear
cells, and positive agar gel immundiffusion testing, and the presence of pulmonary
granulomas on thoracic radiographs (Kaushal et al., 2012; Lin et al., 2009; Scanga and Flynn,
2014). Previous studies have shown the ability to detect overall differences in gross
pathology as a total score at necropsy in ATBI and LTBI infected Cynomolgous macaques
(Lin et al., 2009). However, no reports have been able to definitively distinguish between
ATBI and LTBI histolologically in either humans or non-human primates. Historically,
much of the focus in TB-related pathology has been on the granuloma itself; however, both
LTBI and ATBI animals will show a spectrum of granulomas that do not allow distinction
between disease states based on these changes alone (Foreman et al., 2017; Lin et al., 2009;
Sharpe et al., 2009). While recent work has described the structure and function of the
granuloma in TB, little is known about additional changes and progression of disease both
within the lung itself and throughout the body (Cronan et al., 2016; Martinot, 2018; Palmer,
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2018). Little attention has been paid to changes outside of the granuloma in lungs from

non-human primates infected with TB.

Additionally, while synergism between both HIV and M7/ and SIV and M#) has been
well described (Aaron et al., 2004; Foreman et al., 2016; Mehra et al., 2011; Pawlowski et al.,
2012) many of the mechanisms of that synergism remain largely unknown, and
histopathological differences that may be associated with and contribute to that synergism

have not been well-characterized.

Recent work has demonstrated a growing need for a multimodal approach to
translational research that incorporates trained pathologists to perform gross and
microscopic pathology, particularly in the context of evaluating pulmonary inflaimmation
(Meyerholz et al., 2018). Both the Bill and Melinda Gates Foundation (BMGF) and the
National Institutes of Health (NIH), the two premier sponsors of TB research worldwide,
have adopted the NHP model as the premier system for evaluating the next generation of
vaccine and drug candidates. Yet, because, 1. there are many different permutations of the
NHP model (as described earlier), including the use of different NHP species [comprising
most commonly old world macaques (e.g., Indian rhesus or Chinese, Philippine or Mauritian
cynomolgus macaques) as well as new world monkeys like marmosets], and 2.because there
are various methodologies of M#) infection—with the use of both different M# strains (e.g,
H37Rv, CDC1551, Erdman etc.) and routes of infection (i.e. via aerosol or bronchoscope)—
a single universal approach cannot be applied to all situations. Thus, incorporating
pathologists who have been comprehensively trained to evaluate pulmonary pathology in
multiple species and scenarios becomes even more important to allow for consistency in

interpretation of pulmonary pathology. To increase repeatability in these various scenarios
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and between different pathologists, however, a standard method for interpretation of these
pulmonary changes is needed. Scoring systems are widely used in both human and
veterinary pathology to allow for standardization and repeatability of assessment between
pathologists, and to be of most information, must satisfy robust criteria (Cross, 1998;
Gibson-Cortley et al., 2013; Klopfleisch, 2013). There is a need for standardization in
approaches to pulmonary pathology in the macaque model of TB, and for development of a
repeatable, discriminating scoring system for pulmonary pathology that may help to elucidate
subtle differences between ATBI and LTBI both in and in the absence of SIV coinfection
with an aim to gain more comprehensive understanding of factors related to disease

progression and retrovirus synergism.

The aims of this study were thus:

1. To develop a repeatable histopathologic scoring system to evaluate aspects of
pulmonary pathology between rhesus macaques (Macaca mulatta) infected with
Mth with either ATBI or LTBI and in animals coinfected with both M7 and SIV
with either ATBI or LTBI;

2. To determine whether there are differences in pathological parameters based on
category of infection, and 3. To determine whether this histopathologic scoring
system could be used to predict disease category status in experimentally infected
animals. We hypothesized that ATBI animals would have greater degrees of
pulmonary pathology for each of the given categories than LTBI animals, and
that SIV co-infection would worsen pulmonary pathology scores for traditionally
“virus-associated” parameters including type Il pneumocyte hyperplasia, alveolar

macrophages, petivasculitis, and vasculitis/lymphangitis.

27



MATERIALS AND METHODS:

Animal information

All work was conducted in accordance with both the Tulane National Primate
Research Center (INPRC) institutional animal care and use committee guidelines and in
accordance with guidelines for humane animal care from the NIH. Archival lung samples
were acquired from locally captive bred, co-housed male Indian Rhesus macaques (Macaca
mulatta), ranging from 2-9 years old. Animals were divided into 6 groups based on disease
status: uninfected, SIV only, M#b infected-LTBI (LTBI), M# infected-ATBI (ATBI), SIV +
M1b infected-L'TBI (LTBI+SIV), and SIV + Mz infected-ATBI (ATBI+SIV). For all M7b-
infected groups, 3 animals per group were examined, with a total of 5-7 sections of lung per
animal evaluated per animal by each pathologist. Eight uninfected animals were evaluated,
with an average of 1 section of lung per animal available for review by the pathologists, with
one animal (JN31) having 2 sections available for review. Eight SIV-only animals were
reviewed by the pathologists, with each animal having between 1 and 3 sections of lung
available for review, and the majority of animals having only 1 section available for review.
Uninfected animals were colony animals that were euthanized for reasons unrelated to
pulmonary disease or systemic inflammation. Following intravenous administration of 300
TCID50 (50% tissue culture infectious dose) of pathogenic strains of SIV—either
SIVmac239 or SIVmac251 (see table 1 for animal information)—samples from SIV only
animals were collected at necropsy between 10 and 225 days once animals had either met
clinical criteria established by that study for euthanasia or had reached study end. All M#
infected animals included in this analysis derived from a previously published study

(Foreman et al., 2016). Briefly, ~25 CFU target dose of Mycboacterium tuberculosis CDC1551
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were administered at a particle size deemed to be highly respirable within a sealed 16L class 3
biosafety cabinet to the head of ketamine-anesthetized animals who were allowed to respire
normally while in dorsal recumbency for approximately 10 minutes (based on calculated tidal
volume). Full methodology for our unique approach for M#h aerosol administration has been
previously reported (Dutta et al., 2010; Kaushal et al., 2015; Mehra et al., 2010). This dose
has been shown to result in good rates of infection, with a proportion of animals naturally
developing LTBI, and others naturally developing ATBI (Mehra et al., 2011). Prior to
infection, animals were confirmed negative for M7) infection with negative chest x-rays and
three negative tuberculin skin tests (TST) in 3 consecutive 24 hour periods. Three positive
TST within consecutive 24 hour periods post-inoculation were used to confirm M7b
infection. Of the LTBI animals, a subset were challenged 9 weeks post-M7) infection with
300 TCID50 SIVmac251 administered IV. Following SIV coinfection, animals were
stratified into LTBI and ATBI categories based on clinical parameters. Animals were
euthanized when they met previously established clinical criteria, as previously described

(Foreman et al., 2016; Kaushal et al., 2015).

CFU data and terminal viral load

Terminal average log CFU/gram of lung were determined for all M7 infected
animals by plating homogenized lung and tracheobronchial lymph nodes as described
previously(Mehra et al., 2011). Terminal SIV viral load was determined on a sample of
peripheral blood collected from each SIV infected animal following anesthesia immediately

prior to euthanasia, and was reported as viral copies #/mL of plasma.

Necropsy, tissue collection, and slide processing
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For uninfected and SIV only animals, necropsies were carried out by trained
pathologists or prosectors in class 2 biosafety conditions. Lungs were infused with 10% zinc-
buffered formalin (Z-fix), and representative sections were collected and retained in Z-fix for
48 hours prior to proceeding with routine paraffin embedding and processing for standard

automated hematoxylin and eosin staining.

All necropsies for Mzh-infected animals were carried out in class 3 animal biosafety
level 3 facilities. The right lower lung lobe was infused with 100 mL. of PBS and aspirated as
a bronchioalveolar lavage. Afterwards, the left and right lung lobes were processed
separately, using a well-established, standardized, systematic approach that allowed for the
use of a random sampling grid to stereologically select random, but representative sections
of all lung lobes for histological assessment (full standard operating procedures provided
courtesy of Dr. Robert Blair). Fresh samples for histopathologic processing were infused
with Z-fix, and then placed in Z-fix for a minimum of 48 hours prior to proceeding with
routine paraffin embedding and processing for standard automated hematoxylin and eosin

staining.

Slide selection

Hematoxylin and eosin stained slides were routinely processed from zinc-formalin
fixed and paraffin embedded lung sections stereologically collected at the time of necropsy
were retrospectively examined by each of 3 board certified veterinary anatomic pathologists,
2 of whom had NHP experience. Pathologists were comprehensively blinded to disease
categoty. For each of the M# infected animals, a minimum of 3 randomly selected,

representative slides per animal were examined, for a total of 5-7 sections of lung per animal.
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For the uninfected control and SIV only animals, all available lung slides were reviewed,

ranging from 1-2 sections per animal.

Scoring system criteria

All lung sections were evaluated for changes in the following categories (Table 1):
septal thickness (both average and maximum, in comparison to expected normal septal
thickness of one cell (approximately 10-15 um) thick), septal cellularity (both average and
maximum septal cellularity (counted cell thickness), degree of consolidation (based on both
10 point and 5 point scale, corresponding to estimated % affected), degree of type 11
pneumocyte hyperplasia, increase in alveolar macrophages, degree of perivasculitis, degree of
vasculitis and/or lymphangitis, degree of inducible bronchus-associated lymphoid tissue
(iBALT), presence or absence of granulomas, and total pathology. Type II pneumocyte
hypetplasia, increase in alveolar macrophages, perivasculitis, vasculitis/lymphangitis, and
degree of iBALT were given ordinal scores from 0-5 corresponding with degrees of severity
ranging from none-severe. Thus, in this scoring system, septal thickness and cellularity (both
average and maximum) and total score are classified as continuous variables, while remaining
variables are considered ordinal variables. Representative histologic images for scoring

criteria severities were provided to improve repeatability for some categories (Figure 1a-1e).

Avg. and max | Avg. and max Type 11 A Alveolar | Consolidation
septal septal pneumocyte | macrophages (0-5)
thickness cellularity hyperplasia (0-5)
(0-3)
Consolidation | Perivasculitis | Lymphangitis/ iIBALT Granulomas?
(0-10) (0-5) Vasculitis (0-5) (yes or no)
(0-5)

Table 1: Scoring system criteria
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Figure 1a: Histologic scoring images: Type 2 pneumocyte hyperplasia. From left to

right (A) = score of 0 (normal), (B) = score 2 out of 5 (arrowheads denote hypertrophied

type II pneumocytes), (C) = score 4 out of 5 (note diffuse hypertrophy in this section).

Figure 1b: Histologic scoring images: iBALT. From left to right (A) = 0 (normal, no
lymphoid follicles), (B) = score 1 out of 5 (few small nodular lymphoid aggregates
throughout the interstitium, no distinct architecture), (C) = score 5 out of 5 (numerous
large, well-organized lymphoid follicles visible from low magnification, many with discrete

germinal centers or tangible body macrophages).
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Figure 1c: Histologic scoring images: miscellaneous. From left to right (A) = normal
(note thin septa and thin perivascular space), (B) = septal thickness 3x normal and 3x septal
cellularity (arrowhead), (C) = increase in alveolar macrophages score 3 out of 5 (note partial
filling of alveolar lumens by foamy macrophages (asterisk), (D) = increase in alveolar
macrophages score 5 out of 5 (note nearly complete filling of alveolar lumens by

macrophages in areas not directly associated with a granuloma).

i
B, S,

AN T

Figure 1d: Histopathologic scoring images: Perivasculitis. From left to right (A) =
score of 0 out of 5 (normal), (B) = score 2 out of 5 (note mild expansion of perivascular
space by mixed inflammatory cells), (C) = score 3 out of 5, (D) = score 4 out of 5, (E) =
score 5 out of 5 (note marked expansion of perivascular space by lymphocytes and
macrophages, and occasional nodular aggregates of macrophages within perivascular space

suggestive of nascent granuloma formation).

Figure 1e: Histopathologic scoring criteria: Vasculitis /lymphangitis. From left to right

(A) = vasculitis score 2 out of 5 (note segmental infiltration of vessel wall by mixed
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inflammatory cells), (B) = lymphangitis/vasculitis scotre 2 out of 5 (note filling of lumen by
necrotic debris and mixed inflammation and extension of mixed inflammation into vessel
wall), (C) = lymphangitis/vasculitis score 4 out of 5 (note near complete obstruction of
lumen by necrotic and inflammatory debris and segmental infiltration of similar

inflammation along bottom portion of vessel wall.
Statistical analysis

Of utmost importance in development of histologic scoring systems is strong and
repeatable interobserver agreement (Gibson-Corley et al., 2013). Thus, interobserver
variability was determined by calculating the intraclass correlation (ICC) across scores for
each category with each slide read by all pathologists. All categories in which the ICC was
less than 0.4 were considered irreproducible and not included in further analysis. The ICC
values were calculated using the ICC function of the irr package (Gamer et al., 2012) in R.
Univariable analysis was conducted by fitting ordinal logistic regression models for each of
the categories by disease status, with animal held as a random effect, using the clmm
function of the ordinal package (Christensen, 2018) in R. For total score, a linear regression
model was fit with animal held as a random effect, using the Imer function of the ImerTest
package (Kuznetsova et al., 2017; Venables and Ripley, 2002) in R. For presence of
granulomas, a logistic regression model was fit using the glm function of the MASS
package(Venables and Ripley, 2002) in R; as presence of granulomas was not a scored value,
random effects were not required. The ability of the scoring system to predict disease status
types was assessed through multivariate analysis. For this, a logistic regression model was fit
for each of the following disease status types: TB infection, LTBI, ATBI, SIV, and SIV-

ATBI. All covariates that were significantly related in the ordinal logistic regression were
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included as linear variables. Backwards stepwise model selection was used to select the best
model for each outcome. All models were fit using the glm function of the MASS package in
R. Univariate analysis was performed for effects of single versus coinfection on pathologic
findings for both M#) and SIV infections. Univariate analysis was also performed to analyze
pairwise comparisons between individual pathologic parameters for the following disease
category comparisons to determine the ability of the scoring system both to detect
differences between ATBI and LTBI and to detect differences with SIV coinfection: 1. All

ATBI vs. all LTBI, 2. ATBI only vs. LTBI only, and 3. ATBI + SIV vs. LTBI + SIV.

Descriptive statistics were performed for all parameters and all disease categories,
specifically assessing median, minimum and maximum values, 10% and 90% percentiles, and
95% confidence intervals for each category, using Graphpad prism statistical software.
Terminal lung M#h CFU were compared between ATBI, LTBI, ATBI-SIV, and LTBI-SIV
animals using one-way ANOVA with Tukey’s test for multiple comparisons in Graphpad
Prism. Terminal SIV plasma viral loads were compared between SIV infected groups by one-
way ANOVA with Tukey’s multiple comparisons test using Graphpad prism statistical
software. Dr. Rebecca Smith at the University of Illinois College of Veterinary Medicine
performed statistical analysis for all statistics done in R. D. LoBato performed all remaining

statistical analyses in Graphpad Prism.

Immunofluorescence

Selected formalin-fixed and paraffin-embedded sections of lung were sectioned at 5
um and stained in accordance with previously established standard protocols by the confocal

microscopy core facility at the Tulane National Primate Research Center with fluorescent
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antibodies against M7, caveolin (for pulmonary vessels), and topro (for nuclei). Additional

sections were stained with antibodies for SIV and nuclei. Images were then captured.

RESULTS:

This scoring system showed good interobserver agreement and repeatability, with the
ICC for the categories ranging from 0.38 to 0.72; all were significantly greater than O (Table

2). Only one category, iIBALT, had an ICC below 0.4; it was therefore excluded from further

analysis.
ICC Lower Bound Upper Bound p-value

Avg. septal thickness x

normal 0.62 0.46 0.75 4.20E-13
Max septal thickness x

normal 0.72 0.59 0.82 2.90E-18
Avg septal cellularity 0.46 0.28 0.62 1.50E-07
Max septal cellularity 0.61 0.45 0.74 1.00E-12
Consolidation out of 10 .7 0.57 0.81 2.20E-17
Consolidation out of 5 0.69 0.55 0.8 9.80E-17
Type II pneumocyte

hyperplasia 0.62 0.47 0.75 3.00E-13
Alveolar macrophage

increase 047 0.29 0.63 7.70E-08
Perivasculitis 0.72 0.59 0.82 2.30E-18
Lymphangitis 0.58 0.42 0.72 1.40E-11
iBALT 0.38 02 0.56 1.20E-05
Granulomas 0.35 0.39 0.7 1.50E-10

Table 2: Intraclass correlation (ICC) for each scored category across 3 pathologists.

Distribution of scores for each of the remaining measured factors by disease group
are shown in Figure 2. For the categories of alveolar macrophages, consolidation (out of
both 10 and 5), lymphangitis, perivasculitis, type II pneumocyte hyperplasia, and total
pathology, ATBI animals have higher pathology scores and an increased likelthood of
pathology as determined by the odds ratios (see Table 3) vs. LTBI animals. SIV co-infection
increases pathology scores for alveolar macrophages in SIV-LTBI vs. LTBI animals, for type

II pneumocyte hyperplasia in both SIV-LTBI vs. LTBI and in SIV-ATBI vs. ATBI animals,
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and for both petivasculitis and vasculitis/lymphangitis in both co-infected groups vs. either
singly-infected group. Type II pneumocyte hyperplasia and both perivasculitis and
lymphangitis/vasculitis in particular, but also maximum septal cellularity to a lesser degree
were also features of SIV single infection. Granulomas were present in all TB groups, and
were more common than in the non-TB control groups, as expected.

Descriptive statistics were used to compare medians, maximum and minimum
values, 90% and 10% percentiles, and 95% confidence intervals for all disease categories fo

all pathology parameters. These results are displayed in Table 4.

r
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Figure 2: Distribution of scores by disease group.
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All ATBI ATBI-SIV
only vs. vi. LTBI-
LTEI STV
only
OR p-value OR p-value OR p-valoe
Avg septal thickness £ normal 0.635 0.123 0.485 0.0839 0.806 0539
Max septal thickness x normal 0.760 0.283 0.326 0.00647 1.181 0.627
Avg septal cellulanity 0831 0.542 0.632 0261 1.004 0.992
Max septal cellularity 0.602 0.0482 0.444 0.0432 0.698 0291
Consolidation out of 10 1.919 0.0125 2.8 0.0125 1.578 0.183
Consolidation out of 5 3.287 | 1.52E-05 5.989 | 5.53E-05 2.380 0.0142
Type II pneumocyte hyperplasia 2915 | 7.30E-05 3.561 0.00397 2.140 0.0321
Alveolar macrophage increase 8.846 | 1.29E-12 20.287 | 3.21E-08 4.953 | 2.49E-05
Perivasculitis 6.890 | 5.00E-11 26.050 | 4.67E-D9 3.597 | 0.000513
Lymphangitis 6.890 | 2.36E-09 21.542 | 0.000115 5.104 | 2.68E-05
Granulomas 0.900 0.938 1.6E8 0.993 251E-8 0.996
Total -521 0.018 -5 0.018 0.000 0.018

Table 3: Results of univariate analysis for effects of active TB on pathological findings.

Estimates and p-values are in comparison to latent TB. Blue categories = where SIV makes a

difference.

Uninfected | SIV LTBI LTBI- ATBEI ATBI-
SIV SIV
Median (minimum maximuem]

avp septal thickness x normal 101,2) 1(1,5) 2(1,6) 3(2,6) 2014 3(1,5)
max septal thickness x normal 1(1,8) 301,10 73T 73,100 53.502,10) 73,10
avp sepral cellularicy 11,13 1(1,5) 2(1,5) 21,7 2(1.4) 21,7
max septal cellularity 101,10 2(1,1 6(2,15) 602,10 (2,10 (1,10
consolidation/ 10 0(0,2) 10,7 3(1,6) 3(0.6) 4(2,8) 31,10
consolidation/ 3 0(0,13 100,77 201,8) 201,7) 4(2,8) 3(1,8)
type Il pneumocyte hyperplasia 00,4 2(0,5) (0,4 2(0.4) 2(0,5) 3(1,5)
alveolar macrophage increase 1(0,3) 2(0,4) 1(0,3) 2(0,4) 30,4 3(0,5]
perivasculitis 00,23 2(0,5% 140,33 2(0,5) 25014 3(0,5%
lymphangitis 00,33 1(0,5) 00, 3) 0(0,3) 0.5(0,4) 2(0,5)
iBALT 0(0,2) 0(0,3) 10,4 2(0,5) 10,4 1(0,3)
granulomas 00,07 0(0,17 10,13 10,1} 1(1,1} 1(0,13

Table 4: Descriptive statistics for pathology parameters by disease category.
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The univariable analysis found that disease status was not significantly associated

with average septal cellularity or presence of granulomas (p >0.05), but was significantly

associated with all other scores. Granulomas were more common in any TB disease status

than in SIV only or uninfected animals, as expected, though there was no difference in

presence of granulomas between TB disease groups. There were significant differences

between uninfected animals and disease groups for all remaining pathologic parameters

included within the scoring system (p < 0.05, Table 5).

Septal Thickness Septal Cellularity Consolidation
Average Maximum Average Maximum out of 10 out of 5
Est. | p-value | Est. | p-value | Est | p-value | Est. | p-value | Est. | p-value | Est | p-value
SIV only 2.5 0.044 23 | 3.30E-05 | 29 0.3 2.9 | 320E-07 | 7 190E-14 | 11 | 1.10E-18
LTBI 6.5 | 200E-06 | 2.9 | 2.30E-07 2 0.61 34 | 950E-09 | 7.7 | 1.50E-16 | 11 | 4.20E-20
LTBI-SIV 6.7 | 810E-07 | 3.4 | 200E-09 | 24 0.57 41 | 970E-12 | 84 | 940E-19 | 12 | 6.00E-21
ATBI 57 [ 320E-05| 4 | 450E-12| 24 0.57 48 | 700E-15 | 93 | 940E-21 | 21 0.08
ATBI-SIV 6.7 | 5.20E-07 | 44 | 460E-14 | 24 0.58 55 [ 140E-18 | 1.8 0.066 7.4 | 2.60E-06
Type I Alveolar Perivasculitis Lymphangitis Granulomas Total Score
Pneumocvyte Macrophage
Hyperplasia Increase
Est. | p-value | Est. | p-value | Est. | p-value | Est | p-value | Est. | p-value | Est. | p-value
SIV only 24 0.069 1.5 0.048 35 | 000015 [ 22 [ 0.0042 18 1 ) 0.048
LTBI 3 0.065 1 0.24 1.8 0.11 -1.4 0.2 20 1 20 | 0.00088
LTBI-SIV 5.1 0.0021 23 | 0.0087 3.9 | 000039 | 1.1 0.17 39 1 23 | 0.00019
ATBI 7 | 0.0045 43 | 410E-06 | 48 | 200E-05 | 2 0.017 39 1 26 | 6.10E-05
ATBI-SIV 6 | 1.60E-05| 44 | 1.70E-07 | 5.1 | 270E-07 | 2.8 | 0.00036 | 21 1 28 | 3.50E-07

Table 5: Results of univariable analysis for effect of disease status on pathological findings.

Uninfected animals are the comparator for all analyses.

The multivariable analysis (Table 6) found that the factors that were predictive of

tuberculosis infection differed from those predictive of SIV infection. In this analysis, the

factors most strongly associated with TB were degree of consolidation out of 5 (OR =

2.445), maximum septal thickness (OR = 2.433), and increase in alveolar macrophages (OR
= 1.493); these associations were more pronounced in ATBI. The categories most strongly

associated with SIV infection included type 1I pneumocyte hyperplasia (OR = 2.020), degree
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of perivasculitis (OR = 2.2006), and average septal thickness (OR = 1.772). Perivasculitis was
less likely in LTBI than in ATBI (OR for in LTBI = 0.709 vs. 1.512 in ATBI). Acting as a
model of disease, this scoring system predicted disease status well, particularly in regards to
ATBI, as demonstrated by the area under the curve in Figure 3. This model has an overall
accuracy for detection of M#) infection of 94%, with an overall accuracy for detection of
ATBI status of 89%. Overall accuracy for detection of LTBI status was lower, but still
considered strong at 69%. The combined relevant scoring parameters were used to create a
model to assess how well the scoring system could predict disease states using a receiver
operating characteristic (ROC) curve analysis (Figure 3). According to the ROC curve, the
histopathologic scoring system is able to predict appropriate disease categories—particularly
in regards to TB and ATBI—with high probability, with area under the curve values
(corresponding to predicted probability) of 94% for any TB, 89% for ATBI, 68% for LTBI,

82% for any SIV, 80% for SIV-TB, and 84% for SIV-ATBL

TB LTBI ATBI SIV SIV+TB SIV+ATBI
OR pvaue | OR pvalue | OR pvalue | OR pvalue | OR pvalue | OR p value
Avp. septal thickness x normal 2323 | 0000| 0480| 0007| 1.772| 0008| 1.693| 0.014
Max septal thickness x normal 2433 |  0.000 1722 |  0.000 1272 | 0.026| 1.563| 0.000
Max septal cellularity 0706| 0062| 1.614| 0000| 0554| 0.000| 0774| 0004| 0771 | 0.024| 0596| 0.001
Consolidation out of 10
Consolidation out of 5 2445| 0000 0688 | 0010] 1794| 0000| 0596| 0000| 0750| 0.013
Type II pneumocyte
hyperplasia 2020| 0.000| 1523 | 0.006
Alveolar macrophage increase 1493 | 0086 | 0722 | 0039 2578 | 0.000 1371 | 0.042| 2002| 0.000
Perivasculitis 0709 | 0051 1.512| 0005| 2206| 0000| 1570 | 0.003| 1.356| 0.074
Lymphangitis 0415| 0000 0431 ] 0000 0.816 | 0.146| 1.315| 0.071
Table GA:
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max ayg septal | consclidatio consolidatio | alveolar perivasculit | JBALT granulomas | avg max max Type Il
septal cellularity | noutof5Cl nout of 10 macrophage | isCl cl cl septal septal septal pneumocyte
thickness | Cl cl increase Cl thickness | thicknes | cellularity | hyperplasia
* normal xnormal | sx cl cl
cl cl normal
Cl
2.5%, 97.5% Confidence intervals
SV 0.069,5 1234 -250,300 1841 5288 B.3,13 - 0.012,3 1.7,53 0.69,3.7 | -0.62,1.5 1.2,16
0.19,5
LTBI 3.8,9.2 18,4 -250,300 2245 5895 8.9,14 -0.68,2.8 037,39 | - 051,25 | 11,29
0.19,6. 3.5,0.72
2
LTBISIV | 4.1,9.4 2345 -250,300 2.9,53 6.5,10 9.9,15 1.88.3 | 0.58,4 1.7,6.1 . 13,34 14,33
0.48,2.8
ATEBI 3,84 29,51 -250,300 3.6,6 7.3,11 -0.244.4 158 2.5,6.1 2.6,7 0.37,3.7 | -0.015,21 | 17,35
ATBI-SIV | 4.1,9.3 3.3,5.5 -250,300 43,67 -0.12,3.8 4.3,10 3387 | 276 31,7 1344 |-01,19 20,36

Table 6B:

Table 4: (A) Odds ratios (OR) and p-values for disease states as predicted by the stated

pathology parameters and (B) 2.5% and 97.5% confidence intervals for the pathology

parameters by disease categories.
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Figure 3: ROC curves for prediction of disease states (AUC).
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The combined relevant scoring parameters were used to create a model to assess
how well the scoring system could predict disease states (Figure 4). Figure 4 shows that the
scoring system is able to predict appropriate disease categories with high probability,
although ATBI cases may be misidentified as having SIV infection if the SIV model results
are not compared to the ATBI scoring system results. With SIV coinfection, the ability to

detect differences between LTBI-SIV and ATBI disease states becomes more difficult.
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Figure 4: Boxplots of predicted probability of being in a particular disease category, by
actual disease category. TB = any animal infected with M7b, regardless of clinical TB state;

SIV_TB = any animal co-infected with SIV and M5, regardless of clinical TB state.
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Pairwise comparisons were then performed using univariate analysis comparing
groups to L'TBI for individual score categories (Figure 2, Table 3). In the absence of SIV
coinfection, there were strong differences between ATBI and L'TBI animals based on
pathologic scoring criteria, with ATBI animals having consistently significantly higher scores
in the categories of maximum septal thickness, maximum septal cellularity, degree of
consolidation (both out of 10 and out of 5, with greater sensitivity when measured out of 5),
degree of type II pneumocyte hyperplasia, increase in alveolar macrophages, and degree of
petivasculitis and vasculitis/lymphangitis (all p < 0.05, see Table 3 for specific values).
Granulomas were significantly more likely to be present in animals with TB than in those
without (Figure 2, Table 7), but there was no difference in presence of granulomas between
TB disease categories. It is important to clarify that for this study, granulomas were only
recorded as present or absent. In the absence of SIV infection, LTBI animals were more
likely to have expanded septal thickness and cellularity in comparison to ATBI animals, with
odds ratios less than 1 (Table 3).

In co-infected animals, similar effects were observed, but with less strength, as
indicated by lower odds ratios (Table 3). Significant differences remained, with ATBI + SIV
animals displaying higher scores in the areas of consolidation (out of 5), type II pneumocyte
hyperplasia, increase in alveolar macrophages, petivasculitis, and vasculitis/lymphangitis (all
p< 0.05, Table 3). Interestingly, the odds ratio for maximum septal thickness in the setting
of SIV co-infection shifted from a value of <1 in the absence of SIV infection to a value of
1.181 in the presence of SIV infection, suggesting that SIV may have a slight onfounding

switching effect for this particular parameter in ATBIL
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One-way ANOVA with Tukey’s multiple comparisons demonstrated significant
differences in the log CFU/g of lung of M#b recovered from LTBI animals vs. ATBI animals
(p = 0.0094, Figure 5) and between LTBI and ATBI + SIV animals (p = 0.0026). There were
no additional significant differences between groups (p > 0.05). Similarly, one-way ANOVA
with multiple comparisons was used to compare differences in viral loads between all SIV

infected groups. No differences in terminal viral loads were detected between any groups (p

> 0.05, Figure 6).
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Figure 5: Comparison of log CFU/g of lung of Mtb recovered at necropsy. log CFU/¢g
Mth were significantly higher in ATBI animals vs. LTBI animals (p = 0.0094) and in ATBI-

SIV animals vs. LTBI animals (p = 0.0026). There were no additional significant differences

between groups (p = 0.3900).
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Figure 6: Comparison of terminal plasma viral loads of SIV infected animals. There is

no significant difference in viral loads between any disease category (p = 0.3900).

MTE 5TV

OR p-value OR p-value
Avg septal thickness x normal 1.096 0.757 0.464 0.013
Max septal thickness x normal 0.862 0.595 0.399 0.00342
Avg septal cellularity 1.047 0.877 0.445 0.0101
Max septal cellularity 1.047 0.871 0.532 0.0391
Consolidation out of 10 0.748 0.301 0.273| 5.80E-05
Consolidation out of 5 0.744 0.292 0.196| 8.39E-07
Type II pneumocyte hyperplasia 1.354 0.289 0247 | 132E-05
Alveolar macrophage increase 1.200 0.519 0.125| 272E-09
Perivasculitis 1.188 0.544 0177 1.60E-07
Lymphangitis 0.810 0.536 0.169 | 4.96E-07
Granulomas 1.000 1 0.125 0.0499
Total 4353 0.354 211 0.00054

Table 7: Results of univariate analysis for effects of single vs. coinfection on pathological
findings. Estimates and p-values are in comparison to co-infected animals

Immunofluorescence

Immunofluorescence demonstrated numerous intact and degraded M7/ within perivascular

inflammation of selected animals with marked pervasculitis (Figure 7).
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Figure 7: Hematoxylin and eosin staining (left) and immunofluorescence (right) of
pulmonary vessels from an ATBI-SIV animal (animal HP22) demonstrating marked
perivasculitis. With H&E staining, the perivascular space is markedly expanded by
lymphocytes, macrophages, and plasma cells. Immunofluorsescence staining is as follows:
green = caveolin-1 (a maker expressed on pulmonary endothelial cell membranes), blue =
topro3 (a marker of nuclei), and red = Mz (bacteria and debris). Note M#b (red staining)

within perivascular inflammation (blue nuclei surrounding green vessel lumen).

DISCUSSION:
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This scoring system shows overall good reproducibility and strong significance, with
ability to detect differences between categories of infection for most parameters examined.
An exception to this is inducible bronchus-associated lymphoid tissue (BALT), which was
not included in the scoring system analysis because of relatively low intraclass correlation.
This is likely due to the high degree of species variability in degree of iBALT accumulation
(Tschernig and Pabst, 2000). Indeed, some species, such as rabbits, naturally have a high
degree of pulmonary BALT, while in other species, such as monkeys and man, healthy lungs
should have little to no BALT, though its formation can be induced in response to
inflammation or infection (Chiavolini et al., 2010; Tschernig and Pabst, 2000). Without
previous experience in assessing normal macaque lung, it would be difficult to appropriately
score this species specific change, even for an experienced veterinary pathologist, and even
when scoring reference images are provided in an attempt to assist as this change is really
best scored from low magnification. Two of the collaborating pathologists (DNL and RB)
did have NHP experience; however, the remaining collaborator did not, which may explain

the discrepancy in this category.

Remaining parameters, however, showed relatively strong agreement between
pathologists. The most significant findings were the ability to distinguish histologic
differences between ATBI and LTBI animals. Of the parameters examined, the most striking
differences between these disease categories were noted in degree of consolidation, increase
in alveolar macrophages, degree of type II pneumocyte hyperplasia, degree of perivasculitis,
and degree of vasculitis/lymphangitis. For all of these categories, ATBI animals were more
likely to be affected than LTBI animals, with strongly significant p values for all parameters.
LTBI animals showed more likelihood of average and maximum septal thickness and
cellularity in the absence of SIV infection in comparison to ATBI infection. While this seems
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counterintuitive, we have reported similar findings in an earlier study (Foreman et al., 2016).
It may be that LTBI animals septa are expanded by increased protein in comparison to
ATBI animals, though the true reason for this change remains unknown. The use of special
stains to better characterize this thickening (i.e. Masson’s Trichrome for collagen) or
potential electron microscopy may be of some benefit in future. In co-infected animals,
pathology parameters changed in the same direction, though associations were generally less

strong.

In addition to determining differences between pathology parameters based on
disease category, the parameters were combined to create models used to attempt to predict
disease category based on scoring criteria. The model showed very strong ability to
distinguish between factors consistent with TB infection vs. those consistent with SIV
infection. In this model, the factors most associated with TB were degree of consolidation
out of 5 and degree of alveolar macrophages, both of which were most significantly
increased in ATBI. The categories most strongly associated with SIV infection were type 11
pneumocyte hyperplasia, degree of perivasculitis, and average septal thickness. The fact that
type II pneumocyte hyperplasia is strongly associated with SIV infection is logical, as this
feature is often strongly associated with viral associated pneumonias (Kumar et al., 2015).
The model showed good ability to accurately predict disease status, with particularly strong
ability to detect ATBI status. While with this model there is some possibility for
misclassifying ATBI infection as SIV infection based purely off of the model if the SIV
model results are not compared to the ATBI scoring system results, in reality this is unlikely
to occur as the infection status of the animal is likely to be known, and—even if not—other
supporting evidence of viral infection, such as the presence of syncytial cells, would likely
help the trained pathologist to suspect SIV co-infection. Furthermore, pathologist
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interpretation is required for model generation in the first place. With SIV coinfection, the
ability to detect differences between LTBI-SIV and ATBI disease states becomes more
difficult, which likely points to the effect that SIV co-infection has on increasing pathology
parameters, as outlined elsewhere in the manuscript and as shown by decreasing strength of

odds ratios in Table 3.

Granulomas were more common in M7 infected monkeys than in those that were
not infected with M7b, as expected. However, no additional interpretation on granulomas’
significance and their potential role in a pathologic scoring system can be made at this time,
as their presence was only assessed as present or absent. This was done in part to focus on
the non-granulomatous changes in the remainder of the lung, as numerous studies have
emphasized granulomatous pathology with no significant differences detected between
active and latent states (Capuano et al., 2003; Lin et al., 2009; Mehra et al., 2013; Sharpe et
al., 2009). However, in future studies, including granuloma assessment would be valuable to
determine if there are differences between ATBI and LTBI, particulatly if specific granuloma
parameters including size, organization and structure, percentage of necrosis, and percent of
section affected were assessed. However, to be most complete, serial sections of lung would
likely need to be compared for each selected section to allow for evaluation of the 3
dimensional structure of the granuloma if evaluating certain of those parameters (such as
degree of necrosis or granuloma subtype), as plane of section can artificially skew
appearances of these structures. Participation in a recent study evaluating Indoleamine 2,3-
dioxygenase (IDO) expression and tryptophan inhibition suggested that percentage of
granuloma necrosis may be correlated with degree of IDO expression and cellular infiltration
(not yet published), and it would be interesting to see how those findings may correlate with
disease status if at all.
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Much of the initial interest in this work was aimed at the hopes to better understand
dissemination of M#b bacilli within the lungs as well as to better elucidate pathophysiologic
mechanisms behind disease synergism between M#» and HIV/SIV co-infection.
Immunofluorescence staining demonstrated numerous intact and degraded M7/ bacilli within
perivascular inflammation. With perivasculitis being more prevalent in ATBI and SIV-ATBI
animals, it is possible that this lesion may contribute to or facilitate dissemination of bacilli
throughout the tissue. While the mechanisms of synergism remain pootly understood, better
characterization of the morphologic changes in these disease states may provide a
framework in which to ask additional research questions in the future, particularly in regards

to vascular-associated pathology and its relation to disease progression.

This study, as with many NHP studies faces several limitations. The largest of these
is sample size. This was a retrospective study by nature, and thus reliant on being able to
access materials within the archives. While larger numbers of animals and slides were initially
scored by the primary pathologist (DNL), it was not feasible to have all of those sections
scored by all pathologists for this project. Thus, a smaller subset of representative sections
from 3 animals per TB treatment group were examined, with 5-6 sections scored in replicate
to increase confidence. Only 3 pathologists scored each of the sections as well, only 2 of
whom had NHP experience. In future, it would be ideal to include more animals in each
group and potentially more blinded pathologists, both with and without NHP experience, to
increased the robustness of the dataset, and to likely increase the strength of some of the
associations and the generated models. However, even with these constraining factors, the
strength of the odds ratios and significance of the p-values were very strong for most of the
examined categories, indicating a strong foundation for the scoring system that would likely
only be solidified by an increased sample size.
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In our study, this scoring system is applied only to Indian origin Rhesus macaques.
Cynomolgus macaques are the other most commonly used NHP for the study of TB, both
alone and in the setting of SIV co-infection. It would be valuable to apply this scoring
system to that species to determine if the changes observed in Rhesus macaques are
applicable to Cynomolgus macaques, and from there, potentially, to humans. There is an
established scoring system for evaluating overall changes in gross pathology between
Cynomolgus macaques with ATBI and L'TBI (Lin et al., 2009) and there is one for using
imaging criteria to detect differences, in combination with that gross scoring system, in
Rhesus macaques (Sharpe et al., 2009). Combining those systems with the microscopic
criteria established here could provide the most complete assessment for differences in
disease categories in experimentally infected animals, and could help to elucidate

mechanisms heretofore poorly understood that may be involved in disease progression.

Ultimately, this study adds support to the notion that thorough morphologic
evaluation by trained pathologists can provide valuable information in translational research
settings, particularly in studies involving pulmonary inflammation (Meyerholz et al., 2018).
The methodology used in this study is strong and repeatable, and was able to demonstrate
both key differences between ATBI and 'TBI in this animal model, as well as to illustrate
changes with SIV coinfection in each of these groups. Importantly, ATBI animals had higher
scores and a greater likelihood of pathology in the areas of consolidation, increase in alveolar
macrophages, degree of type Il pneumocyte hyperplasia, degree of perivasculitis, and degree
of vasculitis/lymphangitis; SIV-coinfection worsened each of these categories in both ATBI
and LTBI infected animals. Importantly, this work also demonstrates that may features
typically attributed to SIV-related pathology in early work (Foreman et al., 2016; Foreman et
al. 2017) may indeed be features of M7b infection itself; this further highlights the importance
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of a systematic approach for evaluation of these parameters. Finally, epidemiological
approaches to modeling that emerged from this work demonstrate a strong capability of this
scoring system to both accurately categorize and predict disease states based on this scoring
system, which has applications to future research in this area. Many of the included
parameters in this study are subtle, and would be likely to be missed by those without
specific, advanced training in comparative histopathology. However, by working
collaboratively with immunologists, microbiologists, and aerobiologists, together we may be
able to advance the study of tuberculosis beyond what any of us could do in isolation. And

that, perhaps, is how we can move forward.
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CHAPTER 4: CD4" T CELI-INDEPENDENT MECHANISMS SUPPRESS

REACTIVATION OF LATENT TUBERCULOSIS IN A MACAQUE MODEL OF HIV

CO-INFECTION
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pulmonary pathology for sections of all lung lobes for 5 animals per treatment group.
Performed some of the statistical analyses to assess differences between groups. Performed
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pathology portion of the manuscript, and took and edited pathology photomicrographs.
Collaborated on preparing figures for publication. Edited manuscript prior to publication.
The manuscript is provided below as it was published in the 2016 Proceedings of the National

Academy of Sciences of the United States of America 113(38): E5636-E5644.
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ABSTRACT

The synergy between Mycobacterinm tuberculosis (Mth) and HIV in co-infected patients
has profoundly impacted global mortality due to tuberculosis (IB) and AIDS. HIV
significantly increases rates of reactivation of latent TB infection (LTBI) to active disease, with

the decline in CD4" T cells believed to be the major causality. In this study, non-human
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primates (NHPs) were co-infected with M7 and simian immunodeficiency virus (SIV),
recapitulating human co-infection. A majority of animals exhibited rapid reactivation of M#b
replication, progressing to disseminated tuberculosis and increased SIV-associated pathology.
Although a severe loss of pulmonary CD4" T cells was observed in all co-infected macaques,
a subpopulation of the animals was still able to prevent reactivation and maintain LTBI.
Investigation of pulmonary immune responses and pathology in this cohort demonstrated that
increased CD8" memory T cell proliferation, higher granzyme B production, and expanded B
cell follicles correlated with protection from reactivation. Our findings reveal novel
mechanisms that control SIV- and TB-associated pathology. These CD4-independent
protective immune responses warrant further studies in HIV co-infected humans able to
control their TB infection. Moreover, these findings will provide insight into natural immunity

to M7h and will guide development of novel vaccine strategies and immunotherapies.

Keywords: Non-human Primate, Macaque, Tuberculosis, CD4 T cells, CD8 T cells, B cells,
SIV, Co-infection

SIGNIFICANCE STATEMENT

According to the World Health Organization, one in three humans is latently infected
with M#b and 10% of these individuals risk developing active, clinical tuberculosis over their
lifetimes. Co-infection with HIV increases this risk substantially, with depletion of CD4" T
cells believed to drive disease progression. Although a minority of co-infected individuals can
control the infection, the mechanisms underlying this phenomenon remain unknown.

Modeling co-infection using macaques, we discovered that one-third of the animals
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maintained latency despite complete ablation of lung CD4" T cells. We report that protective
immune responses mediated by CD8" T cells and B cells correlate with TB control. These
novel findings have important implications in development of both prophylactic and

therapeutic measures against TB and AIDS.

INTRODUCTION

The emergence of AIDS in the 1980s resulted in the syndemic relationship with TB
whereby progression of each infection exacerbates the other disease (1). Early studies in the
murine model highlighted the role for CD4" T cells in the control of M7b (2), and the initial
observations that HIV-induced CD4" T cell depletion correlated with increased risk of TB
disease cemented this paradigm (3, 4). CD4" T cells respond to infected pulmonary
macrophages and limit bacterial growth through synergistic IFN-y/TNF-o signaling (5); these
responses to foci of infected macrophages initiate the formation of the tuberculoid granuloma,
which is composed of lymphocytes, macrophages, dendritic cells, and neutrophils (6). The
granuloma acts to contain bacteria; however, the events that ensue upon interaction of Mz
with the host can result in microenvironmental changes leading to an enduring subclinical
infection defined as LTBI (7, 8). Despite the critical role of CD4" T cells, their influx into
granulomas does not necessarily correlate with protection (9). Furthermore, some co-infected
patients retain increased risk of reactivation despite maintaining CD4" T cell counts, and the
complete causality of reactivation remains unknown. Nonetheless, CD4" T cell depletion due

to HIV infection remains the prominent justification for increased rates of LTBI reactivation.

Although the innate immune response to TB infection initializes protective responses
(10), the granuloma is neither structurally nor functionally complete without T cells that

recognize specific M#h antigens (11). CD8" T cells have an essential, but underappreciated,
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role in the control of TB (12) and are critical for both natural and vaccine-induced immunity
in NHPs (13, 14). In contrast, the role of B cells in immunity to TB is less well understood,
although it appears they are required for the development of optimal immune responses to

Mtb via various regulatory mechanisms (15-17).

HIV dysregulates many aspects of TB immunity by causing chronic immune activation
(18), skewing the Ti/Tul7 balance (19), and pertutbing B cell signaling and memory
formation (20). HIV further blocks TNF-a-mediated macrophage activation and apoptosis,
thus favoring the persistence of Mz (21). While these studies have been informative, the
detailed immunological regulation of LTBI reactivation due to HIV co-infection remains to

be completely defined.

Macaques serve as excellent models of human M7-HIV co-infection since they can
establish LTBI and are susceptible to SIV, providing a valuable surrogate model for pathogenic
HIV infection (22-26). Co-infected macaques recapitulate key aspects of the human disease,
including CD4" T cell depletion, reactivation of L'TBI, and dissemination of the bacilli (22,
25). As part of the current investigation, we sought to understand the dynamics of TB disease
progression following high-dose SIV co-infection in rhesus macaques and to establish the
correlates associated with reactivation of LTBI. Our results indicate that a significant minority
of macaques with LTBI did not exhibit reactivation immediately after SIV co-infection, despite
productive viremia and substantial depletion of pulmonary CD4" T cells duting the acute
phase of SIV infection. Instead, protective immune responses were characterized by memory
CD8" T cell proliferation and the expanded presence of bronchus-associated lymphoid tissue

(BALT), correlating with increased control of LTBI after SIV co-infection.
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RESULTS

Clinical cotrelates of infection during Mtb/SIV co-infection. Thirty-seven
macaques were exposed to low-dose aerosols of M7 CDC1551 delivering approximately 25
colony-forming units (CFUs) into the lungs (Fig. 1A). Delivery in a low dose, as opposed to a
high dose (e.g., 1000 CFUs) (14) or intermediate dose (e.g., 100 CFUs) (26), was used to
establish a state of LTBI devoid of clinical signs of active TB. All animals were infected by
Mtb as evidenced by conversion of tuberculin skin test (TST) and PRIMAGAM (Table S1).
Macaques remaining TST/PRIMAGAM positive at 7 weeks post infection but not exhibiting
symptoms of disease, such as elevated serum C-reactive protein (CRP), high thoracic
radiograph (CXR) scores, or the presence of culturable M7/ in bronchoalveolar lavage (BAL),
were deemed asymptomatic and the infection was classified as latent TB (I'TB). The
quantifiable measures described above were paired with inputs from our veterinarians about

respiratory rates, anorexia, pyrexia, and progressive weight loss.
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Table 51. Features and infection status of animals used in this study

Time to humane killing Infection 1 Mtb Infection 2
Animals Status (days from challenge) TsT* (prechallenge) TST* (postchallenge) CDC1551 SiVmac239
EB23 ATE 61 NNN PPP 25 CFU
EE25 ATE 104 NNN PPP 25 CFU
HA4E ATB 77 NNN PPP 25 CFU
HATT ATE B84 NNN FPP 25 CFU
HI93 ATBE 63 NNN PPP 25 CFU
DIs7 ATE 75 NNN PPP 25 CFU
CG58 ATB 75 NNN PPP 25 CFU
HE43 ATBE 56 NNN FPP 25 CFU
HE3& ATE 71 NNN FFP 25 CFU
GNO5 ATE 57 NNN PPP 25 CFU
GMS7 ATB 79 NNN PPP 25 CFU
HCZ20 ATE 144 NNN PPP 25 CFU
HG3E ATE 63 NNN FFP 25 CFU
HGED ATE 34 NNN PPP 25 CFU
HHO& ATE 34 NNN PPP 25 CFU
FE10 LTEI 166 NNN FPP 25 CFU
FJO5 LTEI 181 NNN FPP 25 CFU
HAS0 LTEI 166 NNN PPP 25 CFU
HET74 LTEI 181 NNN PPP 25 CFU
H®0 LTEI 173 NNN PPP 25 CFU
HI01 LTEI 145 NNN FPP 25 CFU
FHGEB LTEI 188 NNN PPP 25 CFU
CATS LTEI 106 NNN PPP 25 CFU
FRET LTEI 13 NNN PPP 25 CFU
DN9T LTEI 188 NNN FPP 25 CFU
ITo7 LTEI 135 NNN FFP 25 CFU
HO2 LTEI 128 NNN PPP 25 CFU
HGED LTEI 173 NNN PPP 25 CFU
HI91 LTEI n7z NNN FPP 25 CFU
D91 R 127 NNN FPP 25 CFU 300 TCID50
HTOS R 104 NNN PPP 25 CFU 300 TCIDS0
HP22 R 13 NNN PPP 25 CFU 300 TCID50
HP41 R 111 NNN PPP 25 CFU 300 TCIDS0
D18 R 102 NNN FFP 25 CFU 300 TCID50
DH56 R m NNN PPP 25 CFU 300 TCIDS0
DT35 R 14 NNN PPP 25 CFU 300 TCID50
HTE1 R 2 NNN PPP 25 CFU 300 TCID50
Glog R n7 NNN FPP 25 CFU 300 TCID50
1001 NR 153 NNN FFP 25 CFU 300 TCID50
HE12 NR 167 NNN PPP 25 CFU 300 TC1D50
ER44 NR 167 NNN PPP 25 CFU 300 TCID50
HVOE NR 167 NNN FPP 25 CFU 300 TCID50
HI36 NR 13 NNN FFP 25 CFU 300 TCID50

*TST: N and Pindicate if the test was negative or positive. Macagues were assessed for positivity to tuberculin at 24, 48, and 72 h after administration. Hence,
NNN indicates that the animal was negative for TST at all three time points, whereas PPP indicates a positive response at each of the three time points.

Of the 37 animals exposed to M#b, ten animals developed active TB (ATB) and were
excluded from the subsequent L'TB/reactivation protocol. This subset and six historical
controls (n=16) were used to obtain clinical, microbiological, and lung pathology data for
comparison and were defined as the Active TB control group (Fig. 1A, B). Twenty-seven
animals did not show signs of active TB by week 9 post M7 infection, such as progressive
weight loss (Fig. 1C), pyrexia (Fig. 1D), CRP elevation (Fig. 1E), or radiological presence of
pulmonary granulomatous disease (Fig. 1F). This group was classified as the L'TB group and
animals were randomly divided into two subgroups either to receive SIV intravenously
(defined as the L'TB test group, n=14), or remain SIV naive (defined as the LTB control group,

n=13).

63



A Active TB
Mtb Infection / / Latent TB
CDC1551 \ Latent TB + SIV
~25 CFU Reactivators
Non-Reactivators
SIV Challenge —
B i e C
100 [0} 10-
B ()] 4
2 % 0.54
S 754 H £ Y-
5 (@]
% 50 - E oo¢*
k> |
S 254 = -0.54
a S |
o e e e S RS — g-1.0 L e o SRS
0 4 8 12 16 20 24 z 0 5 10 15 20
Weeks post Mtb Infection Week
™ D E F
o 3.0 EZO ° )
820 915 ‘ 2 = §
© a / o
a1, @ 10 )
£ O °
o 2 o g0 . E‘
o 0. o 5 o® =
g’ g 209® .o:: ns g
9-1. <>: 0 e 1S
< 0 5 10 15 20 15 20 ATB LTB R NR
Week Week

Fig.1. Clinical cotrelates of M#h/SIV coinfection. (1) Schematic indicating the differentanimal
groups under study and marking key time points shown in B. Thirty-seven Indian rhesus
macaques were infected with alow dose of M#b CDC1551 (~25 CFU). Coinfected animals were
injected with STVmac239, and LTB control animals were injected with saline only. (B) Sutvival
curves, displayed as days after M# infection. Dashed vertical line indicates day of SIV infection.
(C) Linear regressions over time of average weight change (in kilograms); (D) average
temperatute change (in °F); (E) average serum CRP values (pg/mL);and (IY) CXR scotes, in the
four groups: ATB, active TB (red); L'TB, latent TB (green); R, coinfected reactivators (gold); NR,
coinfected nonreactivators (purple). *P < 0.05, **P < 0.01, ¥***P < 0.001 using (B) Wilcoxon

test, (C—E) Linear regression analysis, and (I) one-way ANOVA. Data are means & SD.

Survival was used as a key reporter of reactivation. Animals developing extensive TB

after SIV co-infection were termed reactivators, and these animals were humanely euthanized

at prescribed time points after evaluation by our veterinarian, as described in detail in the

64



methods section. Nine M#/SIV co-infected animals out of 14 (~64%) in the L'TB test group
showed reactivated TB and were euthanized within 13-19 weeks post M7 infection. Five co-
infected animals (~36%) survived, did not meet the clinical criteria for reactivated TB, and
were termed non-reactivators (Fig. 1A, B). This cohort was euthanized 19-21 weeks post Mz
infection for collection of tissues for analysis following necropsy. Although these animals
maintained LTBI throughout acute SIV infection, they did not develop AIDS within the 10-
12 weeks post SIV challenge. A majority of the animals in the LTB control group (11/13,
84%) and none of the animals in the active control group (0/16, 0%) survived to the
termination of the study (Fig. 1B). Two animals in the LTB control group spontaneously
reactivated despite remaining SIV uninfected throughout the study. The survival difference
between the co-infected animals in the LTB test group and the animals in the L'TB control

group was significant, using both a Wilcoxon (P = 0.0002) and a log-rank (P = 0.0005) test.

As expected, the ATB control group displayed significant weight loss, recapitulating
the wasting seen in human TB (Fig. 1C). Subsequent to SIV co-infection, both reactivators
and non-reactivators exhibited significant weight loss compared to the LTB control group,
likely due to progressive SIV infection (Fig. 1C). Unlike with weight loss, for pyrexia, results
for reactivators were significantly different from those of both non-reactivators and the LTB
control group, with temperature increases similar to those of the ATB control group (Fig. 1D).
The reactivators and ATB group also displayed higher CRP levels in the peripheral blood, an
indication of severe inflammation (Fig. 1E), and they exhibited identical patterns when chest
X-rays (CXRs) were analyzed for the severity of granulomatous disease (Fig. 1F). Together,
these clinical manifestations highlight the robustness of the NHP model of co-infection for

emulating human active, latent, and reactivated TB.
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Microbiological aspects of ATB, LTB, and co-infection. We investigated the
bacterial burden in BAL and various organs of the infected macaques following euthanasia.
Following SIV infection, reactivators exhibited mean BAL CFU values significantly higher
(10% than those of non-reactivators (~10°) or animals in the LTB control group, with results
indistinguishable from those of animals with ATB (Fig. 2A). Interestingly, two out of five non-
reactivating animals showed detectable, culturable M#) in BAL at the endpoint of the study
indicating potential late reactivation (Fig. 2A). An approximate mean of 100 bacilli/gram could
be cultured from the lung of animals with LTB, indistinguishable from the non-reactivators
(P = 0.988), whereas a highly significant, ~100-fold increase in bacilli could be cultured from
the lungs of reactivators (Fig. 2B); these reactivators had as much culturable M7 in their lungs
as animals with ATB (10* CFU/gram). We also measured Mz burdens in extrathoracic tissues,
including bronchial lymph node (Fig. 2C), spleen (Fig. 2D), liver (Fig. S1) and kidney (Fig. S1).
In bronchial lymph node, the CFU burden in both the ATB group and reactivators was
significantly higher than in the L'TB control group and non-reactivators (Fig. 2C). In general,
reactivators not only harbored greater bacterial burden in their spleen, liver, and kidney relative
to LTB and non-reactivators but also relative to animals with ATB. These microbiological
results display similar qualities to human TB/HIV co-infection where high bacterial burden

and increased dissemination have been well documented (27, 28).
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Fig. 2. Bacterial burden in lungs and extrathoracic organs. () M CFUs in total BAL samples and (B)
per gram of lung tissue at killing shown for each animal, with multiple sections of lung sampled per
animal; active TB (ATB), latent TB (L'TB), reactivator (R) and nonreactivator (NR) groups. (Cand D)
Bacterial burdens per gram of tissue for (C) bronchial lymph node and (D) spleen. *P < 0.05, **P <

0.01,*¥*P <0.001, ****P < 0.0001, one-way ANOVA with Tukey’s multiple testing correction.

Peripheral viral loads. Since differential viral replication and titers could possibly
explain the differences in the reactivator versus non-reactivator subgroups with respect to
reactivation, we measured plasma viral loads after SIV infection in four randomly selected
animals from both groups, using previously described methods (22) (Fig. S1). The mean logio
plasma viral load at 2 weeks post-SIV was 7.02 and 6.70 for reactivators and non-reactivators,
respectively, and these differences were not significant. Plasma viral loads were not
significantly different between the two groups at any time point, clearly suggesting that
disparate peripheral viral loads were not the reason for differential reactivation of LTB in the

two subsets of the LTB test group.
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Figure S1: Pathogen burden in the periphery. Bacterial burdens per gram of tissue for (A) liver and (B) kidney.
(C) Plasma viral load in reactivators and nonreactivators, shown as weeks after SIV challenge. *P < 0.05, **P <

0.01, ¥*P < 0.001, ****P < 0.0001, using one-way ANOVA with Tukey’s multiple testing correction

TB- and SIV-associated pathology. The pulmonary pathology analyses correlated
well with clinical and microbiological findings. Co-infected animals that reactivated exhibited
significantly more pulmonary lesions relative to non-reactivators and animals from the L'TB
control group, as determined by gross (Fig. S2) and histopathological examination (Fig. 3A-
D), and by morphometric quantitation (Fig. 3E). Thus, the LTB control group animals (Fig.
3B) and non-reactivators (Fig. 3D) had significantly fewer granulomas, with an average of 4-
5% of the total lung area affected by TB lesions. These animals also displayed reduced TB-
related pathology, inclusive of edema, pneumonia, and generalized foci of inflammation. In

contrast, reactivators (Fig. 3C) displayed ~30% lung involvement on average, comparable to
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an average involvement of ~40% of the lung of animals with ATB (Fig. 3E). Importantly, the

differences in the extent of lung pathology between reactivators and non-reactivators were

highly significant (P = 0.004), despite a smaller group size for the latter (Fig. 3E).

Figure S2: Gross pathology of lung. Gross pathology of lungs at necropsy of () ATB, (B) LTBI, and (C)

reactivated animals. (Scale bar, 1 cm.)

69



A - ActivTB B . L{;__ltgnt_TB‘

E I %* % % %

ESO- TN

(0] -. * %

560 © o

5 1% °

o1l ¥

S

§2o-.’ e &

o ®

°\ 1 ' 1
ATBLTB R NR

Figure 3: Comparative TB pathology. H&E staining of lung sections from animals with (4) ATB, (B) LTB,
(C) Mth/SIV coinfected reactivators, and (D) M#/SIV coinfected nonreactivators. (E) Quantification of overall
pathology as percentage of lung involvement. (Scale bars, A-D, 250 p.) **P < 0.01, ¥*P < 0.001, ¥**P <

0.0001, using a one-way ANOVA with Tukey’s multiple testing correction.

All co-infected animals demonstrated lesions consistent with SIV-induced pulmonary
pathology, including lymphohistiocytic interstitial pneumonia and septal thickening (Fig. 4A,
E), type II pneumocyte hyperplasia (Fig. 4A, F), increased accumulation of foamy alveolar
macrophages (Fig. 4G), lymphocytic perivasculitis (Fig. 4B, H), and lymphangitis (Fig. 4C, I).
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Whereas all co-infected animals displayed signs of SIV-induced pathology, reactivators
showed significantly increased total pathology (Fig. 4D). Moreover, reactivators scored higher
than non-reactivators on each measure of pathology (Fig. 4F-I), with the exception of septal
thickening (Fig. 4E). Finally, Ziehl-Neelsen staining revealed a high bacterial burden in the
lymphocytic perivasculitis lesions, suggesting a possible causality of dissemination to

extrathoracic organs (Fig. 4]).
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Figure 4: SIV-induced pathology and the presence of bacilli perivascular lesions. H&E staining of lung sections
from M#/SIV coinfected reactivators and nonreactivators displayed exacerbated pathology, including (A)
interstitial pneumonia with septal thickening (white arrowhead), type 11 pneumocyte hyperplasia (black
arrowhead), and lymphobhistiocytic infiltration; (B) perivasculitis (black arrowhead showing blood vessel wall);
and (C) lymphangitis (black arrowhead showing lymphatic vessel membrane). (D—I) Multiple lung sections

from reactivators and nonreactivators were scored in a single-blinded fashion by a board-certified veterinaty
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pathologist and quantitatively compared as (D) total SIV-induced pathology, (E) septal thickening, (F) type II
pneumocyte hyperplasia, (G) increased alveolar macrophages, (H) perivasculitis, and (I) lymphangitis. Samples
from three animals in each group were analyzed, with 12 lung sections analyzed per animal. Each dot
corresponds to a section analyzed. **P < 0.01; ****P < 0.0001 using Student’s 7 test. (J) Ziehl-Neelsen staining
revealed the presence of numerous intact, rod-like tubercle bacilli, indicated by black arrowheads in a
perivascular lesion in a reactivator. Right panel is a magnified image of the boxed region

from Leff and Center panels. (Magnification, 4, 50%; B, C, and ], 40X.)

Although the peripheral viral loads were comparable, the increased SIV-associated
pathology may suggest increased viral replication in the lung of reactivators. We therefore
further assessed pulmonary viral replication by analyzing lung sections for the presence of SIV
mRNA by 7 situ hybridization. Viral titers in serum were similar among all SIV co-infected
animals, whereas reactivators harbored significantly more SIV-infected cells (Fig. 5A-D).
Whereas the majority of cells infected by SIV were CD3" T cells (Fig. 5C), a few macrophages
(CDG68"CD163") were also SIV-positive (29). These data, together with the increased TB-
associated pathology, demonstrate that both pathogens appear to synergize to overcome the

immune control at the microenvironmental level of the granuloma.
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Figure 5: SIV-infected cells in the granulomas of coinfected animals. (4 and B) In situ hybridization of lung
tissue demonstrating SIV mRNA in cells (red); macrophages, as marked by both CD68 and CD163, (blue); T

cells, as marked by CD3 (green); and differential interference contrast (white). (4) Centrally caseating lesions
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and (B) nonnecrotizing granulomas in reactivators versus nonreactivators show the presence of numerous
virus-infected cells in reactivators, with additional nuclei staining in the bottom images (white). (C) Close-up
image of white box from B. (D) Quantification of number of infected cells per field of image in reactivators (R)

and nonreactivators (NR). ***P < 0.001 using Student’s 7 test. (Scale bars, 4, 250 p; B, 100 w; and C, 25 n.)

Immune correlates of Mtb/SIV co-infection. We studied the accumulation of
various immune cell types in both whole blood and BAL in a subset of animals from each co-
infected group to investigate the kinetics and mechanisms of SIV-mediated reactivation of
LTBI in macaques. SIV co-infection led to a massive depletion of CD4" T cells in the lungs
of all co-infected animals. The percentages of CD4" T cells in BAL of reactivators and non-
reactivators dropped to 2.6% and 2.8%, respectively, of CD3" T cells three weeks after SIV
infection (Fig. 6A), in contrast to ~31% in the L'TB control group. Notably, the depletion of
CD4" T cells in peripheral blood was actually significantly greater in non-reactivators,
comprising 26% of CD3" lymphocytes compared to 40% in reactivators (Fig. 6B). Greater
depletion of CD4" T cells in tissues relative to the petipheral blood following SIV infection is
well documented in both humans and macaques (30), and this was consistent with our findings
that the fold change in the CD4:CD8 ratio in the BAL of reactivators and non-reactivators
was approximately 12- and 13-fold, respectively (Fig. 6C). On the contrary, the comparative
change in whole blood was only ~2-fold in both reactivators and non-reactivators (Fig. 6C).
These findings demonstrate the comparable extent of CD4" T cell depletion from the lungs
of animals with two distinct clinical outcomes after SIV co-infection. Moreovet, the absolute
numbers of CD4" T cells in BAL of reactivators and non-reactivators were not significantly
different (Fig. S3). Consistent with our findings in BAL, CD4" T cells taken from the lung at

cuthanasia displayed similar frequencies, comprising ~4% of total CD3" T cells (Fig. S3).
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Furthermore, characterization of lung sections by staining showed comparable spatial
distributions of CD4" cells in pulmonary lesions from both reactivators and non-reactivators
(Fig. S3). Taken together, these data demonstrate that comparable depletion of CD4" T cells
occurred in both reactivators and non-reactivators and therefore that this depletion is not

responsible for the varying clinical outcomes among the co-infected macaques.
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Figure 6: Comparative CD4* T-cell responses in reactivators and nonreactivators. Comparison of BAL cells
from reactivators and nonreactivators in weeks 3 and 7 after Mz infection and week 3 after SIV infection.
Quantification of CD4" T cells in () BAL and (B) whole blood (WB), as a percentage of all CD3* T cells. (C)
Ratio of CD4*:CD8" T cells in whole blood (closed circles) and in BAL (open circles) with indicated fold-
change between week 7 after M#b infection and week 3 after SIV infection. (D) Analysis of central memory
(CD28*CD95%) CD4* T cells and (E) their proliferation. (F) Analysis of effector memory (CD28-CD95%)
CD4* T cells and (G) their proliferation. (H) Percentage of T cells responding as a percentage of CD4+ T

cells. *P < 0.05 using two-way ANOVA. Data are means  SD.

75



A BAL CD4" T cells B CD4" Tem cells Reactivators
1 10 ==

§ 1 5 10%
g g
3 10* g 10°
103 ' G4y Q3 10: e A 2
& & & &
C CD4'* Tem cells DCD4' Naive T cells

Js J« J.a Je J« J,@
Lung
CD4* T cells

093
—

% of CD3+ Lymphocytes
-

Figure S3: Analysis of CD4* T cells and CD4 expression in the lung. Flow cytometric analysis of the (A)
absolute number of CD4* T cells, (B) CD4+Tcy cells, (C) CD4* Try cells, and (D) CD4* naive T cells in BAL,
and (E) percentage of CD4" T cells out of total CD3* lymphocytes in the lung. *P < 0.05 using two-way
ANOVA. Data are means = SD. Chromogenic staining for CD4 in the lungs of (F) reactivators and (G)
nonreactivators in cellular granulomas (Tgp), lymphoid follicles (Middle), and necrotizing granulomas (Boztom)

showing equal depletion and distribution of the remaining CD4* T cells. (Magnification, Fand G, 40X.)

When comparing different subgroups of the relatively few CD4" T cells in BAL, there
was no significant difference in the percentage of central memory (CD28"CD95") cells (Fig.
6D) or their rate of proliferation, as marked by Ki67" (Fig. 6E). When comparing effector
memory cells (CD28'CD95"), reactivators had a significantly higher percentage of cells in BAL
(Fig. 6F), albeit the rate of turnover was not significantly different (Fig. 6G). As expected, the

absolute number of central (Tcw) and effector (Try) memory cells sharply declined after SIV
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infection, such that both reactivators and non-reactivators retained approximately 4% and 5%
Tew, and 15% and 13% T, respectively (Fig. S3). When comparing the absolute numbers of
memory cells responding, the difference in Ty was not significant between the two groups
(Fig. S3), whereas reactivators had significantly more Try in BAL seven weeks post Mz
infection and three weeks post SIV infection (Fig. S3). Comparison of the number of naive
(CD28"CD95) cells revealed that reactivators and non-reactivators retained approximately
52% and 65%, respectively, indicating that truly naive cells are spared from SIV-induced
depletion (Fig. S3). Furthermore, the percentage of CD4" T regulatory (Tw,) cells
(CD25 Foxp3") found in BAL three weeks after SIV infection was significantly higher in non-
reactivators (Fig. 6H). This increase in CD4" Ty, in non-reactivators, coincident with
decreased CD4" Tem, suggests a role for these regulatory cells in limiting disease-causing
pathology, which was increased in reactivators (Fig. 3, 4). Although there were significantly
more Tey in the periphery of non-reactivators (Fig. S4), this finding was not observed at the
site of infection (Fig. 6D). Additionally, there was no marked difference in the percentage of
CD4" T cells in petipheral blood expressing the lymph node homing marker CCR7 or the

tissue homing marker CCR5 (Fig. S4).
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Figure S4: Comparative T-cell responses in peripheral blood. Analysis of whole blood from reactivators and
nonreactivators at weeks 3 and 7 after Mrbinfection and week 3 after SIV infection. Quantification of (A)
CD4* CCR7* cells and (B) CD4* CCR5" as a percentage of all CD4* T cells. Analysis of (C and E) central
memory (CD28+*CD95%) and (D and F) effector memory (CD28-CD95%), (C and D) CD4" and (E and F)

CD8* T cells. *P < 0.05 using two-way ANOVA. Data are means + SD.
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The percentage of CD8" T cells recruited to BAL expectedly increased due to SIV co-
infection, thus contributing to a sharp decrease in the CD4:CD8 ratio in all co-infected
animals, irrespective of their reactivation status (Fig. 6C, 7A-B). Whereas there was no
statistically significant difference in the percentage or the number of central and effector
memory CD8" T cells present in the BAL after co-infection (Fig. 7C, E), non-reactivators
however had a significantly higher rate of turnover, as marked by Ki67", indicating these cells
were active and proliferating (Fig. 7D, F). To further study the role of CD8" T cells at the site
of infection, we assessed the extent of granzyme B production, by immunohistochemistry.
Reactivators displayed significantly reduced production of granzyme B in the lungs as
compared to the non-reactivators (Fig. 7G-I), indicating a correlation between increased
granzyme B production, which occurs at least partly within CD8" T cells (31, 32), and
increased control of both SIV- and TB-associated pathology. Although the majority of cells
expressing granzyme B were CD3" lymphocytes (Fig. 7H), natural killer (NK) cells likely
represent the CD3-negative cells producing granzyme B. We used flow cytometry to further
assess whether the disparate responses in the two subgroups following SIV co-infection could
result from changes in the profiles of natural killer T (NKT) cells or NK cells. Changes in the
petrcentage and absolute numbers of NKT (CD3"CD8'CD56") and NK (CD3 CD8"CD56")
cells, including subsets expressing perforin, were not significantly different based on the
reactivation phenotype (Fig. S5). However, there was a general trend towards slightly greater
accumulation of both NKT and NK cells in the lungs of non-reactivators relative to
reactivators. Together, these data showing increased proliferation in both the central and
effector memory populations lend credence to the roles of CD8" T cells and granzyme B in

the control of M#) infection.
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Figure 7: Proliferative and functional CD8* T-cell responses. Analysis of CD8* T cells in (1) BAL and (B)
whole blood, as a percentage of all CD3*T cells. (C) Analysis of central memory CD8* T cells and (D) their
proliferation. (E) Analysis of effector memory CD8* T cells and (F) their proliferation. Immunohistochemical
staining for (G) reactivators and (H) nonreactivators; in greyscale for (Leff) CD3, (Center Leff) granzyme B, and
(Center Right) nuclei, and in color for (Rzgh?) merged images of lung sections. Far Righ# panel is a magnified
image of the boxed region from the proximal panels. (Magnification, G and H, 40X.) (I) Quantification of the
petrcentage of cells producing granzyme B. *P < 0.05; ***P < 0.0001 (A-F) using two-way ANOVA or (])

using Student’s 7 test. Data are means * SD (A-F, I) reactivators (R), gold; nonreactivators (NR), purple.

80



A BAL CD8+ T cells B s CD8* Tem cells

10°3 10°3
€ €
3 10%4 3 10%4
o o
5] 2
3 b=}
[*] [<}
@ 1034 10%4
g £
1024 10%
> A R L3 A K%
4’#0* j f f @“0‘. f
C CD8* Tem cells D CD8+ Naive T cells
10%3 10°3
€ - =
3 108 3 10%
[&] (&)
2 2
=] 2
° 4 [ 3
10 1034
g g
10°% 102
> A a > A K
& & ,@*\ & & ¢
GranzymeB+Perforin+ GranzymeB+Perforin+
404 40
o 301 » 307
c 3
< 207 é 204
G ksl
X 101 ERT
0- 0-
) A N A @
NS o > N N
& & o X
& N 4\# & ¢ ¢

Figure S5: Analysis of CD8" T cells in the lung. Flow cytometric analysis of the (4) absolute number of
CD8* T cells, (B) CD8" Tcu cells, (C) CD8*Try cells, and (D) CD8™ naive T cells in BAL. Analysis of
granzyme B and perforin production in (E) NKT cells (CD56*CD8*CD3") and (F) NK cells

(CD56*CD8*CD3") in BAL. *P < 0.05 using two-way ANOVA. Data are means £ SD.

Bronchus-associated lymphoid tissue proximal to granulomas. We have
previously demonstrated that the presence of inducible lymphoid follicles, also termed
inducible bronchus-associated lymphoid tissue iIBALT), correlates with protection from TB
(33). Animals with LTBI harbor greater areas of iBALT within lung lesions relative to animals

with ATB, in which BALT was replaced by neutrophils (34). In our current study, non-
81



reactivators often formed multiple, well-organized areas of lymphoid follicles, as observed by
hematoxylin and eosin staining, as well as by chromogenic staining against CD20 (Fig. 8A-D).
Although there is complete ablation of CD4" T cells in the lungs, BALT still persisted in non-
reactivators, occupying a greater average percentage area of the lungs than in reactivators (Fig.
8E-F). Protection strongly correlates with extensive BALT formation as we have observed
that macaques mucosally vaccinated with a BALT-inducing isogenic mutant, M# AsigH,
exhibited complete protection upon lethal challenge (14). Notably, iBALT in non-reactivators
exclusively harbored tingible body macrophages (Fig. 8G), specialized macrophages that are
involved in germinal center reactions (35) and that are especially critical for the phagocytosis
of apoptotic B cells undergoing affinity maturation (36). Overall, our findings indicate that
protection from reactivation of M#b infection occurs independently of CD4" T cell depletion

and correlates rather with increased levels of iBALT.
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Figure 8: Persistence of iBALT correlates with protection from reactivation. H&E staining of lung sections
from (A) reactivating animals and (B) nonreactivating animals, with the same sections of lung chromogenically
stained in C and D, respectively, for CD20" B cells. Quantification of percentage area of () iBALT formation
and (F) tuberculosis-associated pathology per lung section in reactivating (R) versus nonreactivating (NR)
animals. *P < 0.05, **P < 0.01, using Student’s 7 test. (G) H&E staining of tingible body macrophages found in
BALT follicles, indicated by the black arrow in the magnified image. [Scale bar, 50 p. (Lef) and 25 p

(Right magnified image).] (Magnification, 4—-D, 10X.)
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DISCUSSION

One-third of the world’s population has ITBI, and yet the mechanisms by which latent
tuberculous infections are controlled have not been defined. The emergence of the HIV
epidemic revealed the significance of CD4" T cells in controlling TB in humans (1). However,
in our study, a subset of co-infected macaques retained control of LTBI despite complete
ablation of pulmonary CD4" T cells. Protection from reactivation correlated with enhanced
CD8" T cell function, increased iBALT persistence, and the resulting effects on local
pathology. The precise roles of these CD4-independent components in HIV co-infected

humans warrant further investigations.

Despite contrasting clinical outcomes, every co-infected macaque in our study
exhibited indistinguishable pulmonary CD4" T cell depletion. Non-reactivating animals had
an enhanced effector CD8" T cell population, conceivably leading to suppression of both viral
replication and SIV-related pathology. In comparison, animals with reactivation TB had lower
effector CD8+ T cell counts and showed increased SIV- as well as TB-associated pathology.
To counter immune control, it is highly likely that the two pathogens synergize within the
lungs of reactivated animals and exacerbate pathology. This hypothesis is supported by data
that reactivators had significantly more SIV-infected cells within the granuloma. In addition,
the perivascular lesions were significantly aggravated, had high bacterial burdens, and possibly
led to increased bacterial dissemination. Although the co-localization of the virions and the
bacilli within the same cells in granulomatous lesions has been described previously (22), their
interactions in this local environment remain undercharacterized. We propose that, in

reactivators, microenvironmental changes provide specific niches conducive to replication of
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both pathogens. Based on our findings, we hypothesize that CD8" T cell-mediated responses

can suppress SIV replication in tuberculous granulomas and limit SIV-induced pathology.

In non-reactivators, both CD8" T cell proliferation and function were found to be
increased. Whereas the percentages of CD8" T cells recruited to the lung were similar, the
proliferation of central and effector memory CD8" T cells was significantly enhanced in non-
reactivators. Furthermore, granzyme B expression in CD3" T cells suggests a correlation
between the presence of functional CD8" T cells and protection from SIV-mediated
reactivation in primates (32). These results are consistent with previous observations that
macaques not only lose BCG vaccination-induced protective immunity upon experimental
depletion of CD8" T cells but also reactivate Mz infections suppressed by chemotherapy at a
higher rate (13). In addition, the presence of CD3" cells producing granzyme lends credibility
to the role of NK cells in mediating control of both SIV and Mz infection (37, 38). The
effector role of CD8" T cells in the control of M7b infection in humans has recently been
described to inversely correlate with bacterial load in sputum (39), and HIV co-infection can
impair M#b-specific CD8" T degranulation and proliferation (40). Thus, the effector roles of

CD8" T cells in curtailing reactivation need to be further investigated.

In addition to CD8" T cells and altered pathology, we also found that the presence of
BALT proximal to the granuloma strongly correlates with control of TB reactivation.
Previously, we have shown that increased BALT presence was associated with increased
protection in mice, NHPs, and humans (33, 34). More importantly, protective immunity to
TB, induced by a novel vaccine, also correlated strongly with the presence of BALT (14). In
this study, we showed that the persistence of BALT increased protection from reactivation.

Although the precise role of B cells in TB infection control remains to be determined, existing
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evidence suggests that B cells are required for optimal development of immune responses
against Mz (15, 16, 41). Moreover, the presence of tingible body macrophages in BALT
suggests that B cells are undergoing affinity maturation and/or that cross-priming of CD8" T
cells occurs within these lymphoid follicles, allowing site-directed activation of macrophages
(33, 35, 42, 43). We postulate that these protective lymphoid follicles proximal to the

granuloma lead to localized T cell activation and enhanced B cell and humoral immunity.

Immune correlates of protective immunity and the mechanism of HIV-induced
enhanced susceptibility to reactivation TB are largely unknown. Mechanistic studies into CD4"
T cell-independent immune control of human TB, particulatly the roles of CD8" T cells, B
cells, and the resulting pathologies, are needed. This knowledge will facilitate design of novel

interventions against TB, including vaccines and immunotherapeutics.

MATERIALS AND METHODS

Nonhuman primate infection, sampling, clinical procedures and euthanasia.
All animal procedures were approved by the Institutional Animal Care and Use Committee of
Tulane University, New Orleans, Louisiana, USA and were performed in strict accordance
with NIH guidelines. Prior data suggested two different outcomes were possible when latently
Mth-intected macaques were exposed to SIV: reactivation in a majority of animals or continued
latency in a small subset (22). Thirty-seven specific-pathogen-free, retrovirus-free,
mycobacteria-naive, adult rhesus macaques that were bred and housed at the Tulane National
Primate Research Center (TNPRC) and that ranged from 3—12 years of age were assigned to
two groups, based on power calculations to detect, with sufficient power, statistically
significant differences between the reactivating and non-reactivating groups following co-

infection with SIV. All macaques were acrosol-exposed, as described eatlier (14, 22, 26, 44),
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to a low dose (~25 CFU implanted) of M# CDC1551. A subset of the macaques was also
exposed approximately nine weeks later to 300 TCID50 (50% tissue culture infectious dose)
of SIVmac239 administered intravenously in 1 mL saline, as described eatlier (22). The control

subset received an equal volume of saline intravenously.

Criteria for euthanasia included presentation of four or more of the following
conditions: i) body temperatures consistently greater than 2°F above pre-infection values for
three or more weeks in a row; i) 15% or more loss in body weight; iii) serum CRP values
higher than 10 mg/mL for three or more consecutive weeks, CRP being a marker for systemic
inflammation that exhibits a high degree of correlation with active TB in macaques (22, 23);
iv) CXR values higher than 2 on a scale of 0-4; v) respiratory discomfort leading to
vocalization; vi) significant or complete loss of appetite, and vii) detectable bacilli in BAL

samples.

Samples were collected prior to and post M#) infection, as well as post SIV infection.
TSTs were performed one or two weeks before infection and at three weeks post Mz
infection, as previously described (22, 23). CXRs were acquired two weeks prior to Mz
infection and at 3, 7, 11, and 14 weeks post M7 infection, as previously described (14, 22).
The CXRs were scored by veterinary clinicians in a blinded fashion on a subjective scale of 0—
4, with a score of 0 denoting normal lung and a score of 4 denoting severe tuberculous
pneumonia, as previously described (14). Prior to vaccination/infection, all 37 animals
received a normal score of 0. Blood was drawn one or two weeks prior to M#) infection and
then weekly thereafter for measuring complete blood count and serum chemistry (22, 206).
Blood collected in EDTA tubes (Sarstedt AG & Co.) was used for whole blood flow cytometry

using the panels described earlier (14, 26, 31). BAL samples were obtained, as previously
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described, two weeks prior to M#b infection, again at 3, 7, 11, and 14 weeks (22, 26), and then

analyzed for CFUs and flow cytometry.

Humane endpoints were predefined in the animal use protocol and applied as a
measure of reduction of discomfort (14). The TNPRC Institutional Animal Care and Use
Committee approved all animal-related procedures and activities. At necropsy, lung, spleen,
and liver tissues were collected and processed, as previously described, using two sections of
pulmonary tissue that represented every lung lobe in at least one sample (14); CFU were
determined per gram of tissue (22, 26). Lung pathology at necropsy was determined as
described earlier (22, 26). TB pathology was determined for multiple sections in each lung and
averaged for each animal in the study. SIV-induced pathology was reported per section from

three reactivators and three non-reactivators, with multiple sections analyzed per animal.

Flow cytometry. Flow cytometry was performed on whole blood and BAL samples

from all animals, as previously described (14, 26, 31).

Immunohistochemistry. Fluorescent immunohistochemistry, chromogenic staining,
and n sitn hybridization were performed on formalin-fixed, paraffin-embedded tissue as

previously described (45).

Statistical analyses. Statistical comparisons were performed using one-way or two-
way analysis of variance (ANOVA) in GraphPad Prism with Sidak’s correction for multiple

hypotheses, or Students t-test, as noted in figure legends and as described earlier (14).

88



ACKNOWLEDGMENTS. This research was supported by NIH awards to DK (AI089323,
HIL.106790, RR026006), SM (P30110760), SAK/DK (AI111914) and the TNPRC

(ODO011104, A1058609).

Author Contributions. T.W.F. carried out the experiments, analyzed the results, and
participated in manuscript preparation; S.M. and X.A. carried out the experiments and
analyzed the results; D.N.L. performed pathology, analyzed results, and prepared that
component for manuscript preparation; M.J.K. analyzed results; A.M, J.C., and W.R.].
analyzed the results and participated in manuscript preparation; N.A.G. and A.N.B. carried
out experiments; L.A.D., K.E.R-L., and J.L.B. provided veterinary assistance; C.J.R.
provided expertise on NHP aerobiology; P.J.D. performed veterinary pathology; S.A.K.
provided funding and analyzed the results; A.A.L. performed veterinary pathology and
participated in manuscript preparation; D.K. provided funding, advised on the experimental
design, carried out the experiments, analyzed the results, and participated in manuscript

preparation. All authors reviewed the manuscript before submission.

89



10.

11.

12.

13.

14.

15.

16.

REFERENCES

Kwan CK, Ernst JD (2011) HIV and tuberculosis: a deadly human syndemic. Clin
Microbiol Rev 24(2):351-376.

Orme IM, Collins FM (1983) Protection against Mycobacterium tuberculosis infection by
adoptive immunotherapy. Requirement for T cell-deficient recipients. | Exp Med
158(1):74-83.

Selwyn PA, et al. (1989) A prospective study of the risk of tuberculosis among
intravenous drug users with human immunodeficiency virus infection. New Engl | Med
320(9):545-550.

Barnes PF, Bloch AB, Davidson PT, & Snider DE, Jr. (1991) Tuberculosis in patients
with human immunodeficiency virus infection. New Eng/ | Med 324(23):1644-1650.
Urdahl KB, Shafiani S, Ernst JD (2011) Initiation and regulation of T-cell responses
in tuberculosis. Mucosal Inmunol 4(3):288-293.

Flynn JL, Chan ] (2001) Immunology of tuberculosis. Annu Review Immunol 19:93-129.
Lenaerts A, Barry CE, 3rd, Dartois V (2015) Heterogeneity in tuberculosis pathology,
microenvironments and therapeutic responses. Innunol Rev 264(1):288-307.

Mehra S, et al. (2013) Granuloma correlates of protection against tuberculosis and
mechanisms of immune modulation by Mycbacterium tuberculosis. | Infect Dis
207(7):1115-1127.

Dutta NK, McLachlan J, Mehra S, Kaushal D (2014) Humoral and lung immune
responses to Mycobacterium tuberculosis infection in a primate model of protection. Trials
Vaceinol 3:47-51.

Sia JK, Georgieva M, Rengarajan | (2015) Innate Immune Defenses in Human
Tuberculosis: An Overview of the Interactions between Mycobacterium tuberculosis and
Innate Immune Cells. | Immunol Res 2015:747543.

Orme IM, Robinson RT, Cooper AM (2015) The balance between protective and
pathogenic immune responses in the TB-infected lung. Nat Immunol 16(1):57-63.
Kamath A, Woodworth ]S, Behar SM (2006) Antigen-specific CD8+ T cells and the
development of central memory during Mycobacterinm tuberculosis intection. | Immunol
177(9):6361-6369.

Chen CY, ez al. (2009) A critical role for CD8 T cells in a nonhuman primate model of
tuberculosis. PLoS Pathog 5(4):e1000392.

Kaushal D, e al. (2015) Mucosal vaccination with attenuated Mycobacterium tuberculosis
induces strong central memory responses and protects against tuberculosis. Naz
Commun 6:8533.

Chan J, et al. (2014) The role of B cells and humoral immunity in Mycobacterium
tuberculosis intection. Sem Inmunol 26(6):588-600.

Kozakiewicz L, ez al. (2013) B cells regulate neutrophilia during Mycobacterium tuberculosis
infection and BCG vaccination by modulating the interleukin-17 response. PLoS Pathog
9(7):1003472.

90



17.

18.

19.

20.

21.

22,

23.

24,

25.

20.

27.

28.

29.
30.

31.

32.

33.

34.

35.

30.

37.

Zhu Q, et al. (2016) Human B cells have an active phagocytic capability and undergo
immune activation upon phagocytosis of Mycobacterium  tuberculosis.  Inmmunobiol
221(4):558-567.

Moir S, Chun TW, Fauci AS (2011) Pathogenic mechanisms of HIV disease. Awnnu Rev
Pathol 6:223-248.

Kanwar B, Favre D, McCune JM (2010) Th17 and regulatory T cells: implications for
AIDS pathogenesis. Curr Opin HIV” AIDS 5(2):151-157.

Hu Z, et al. (2015) HIV-associated memory B cell perturbations. 1Vaccine 33(22):2524-
2529.

Patel NR, ez a/. (2007) HIV impairs TNF-alpha mediated macrophage apoptotic
response to Mycobacterium tuberculosis. | Immunol 179(10):6973-6980.

Mehra S, ez al. (2011) Reactivation of latent tuberculosis in rhesus macaques by
coinfection with simian immunodeficiency virus. | Med Primatol 40(4):233-243.
Kaushal D, Mehra S, Didier PJ, Lackner AA (2012) The non-human primate model
of tuberculosis. | Med Primatol 41(3):191-201.

Flynn JL, Gideon HP, Mattila JT, Lin PL (2015) Immunology studies in non-human
primate models of tuberculosis. Immunol Rev 264(1):60-73.

Diedrich CR, ¢z al. (2010) Reactivation of latent tuberculosis in cynomolgus macaques
infected with SIV is associated with early peripheral T cell depletion and not virus load.
PLoS One 5(3):e9611.

Mehra S, et al. (2015) The DosR Regulon Modulates Adaptive Immunity and Is
Essential for Mycobacterium tuberculosis Persistence. Am | Respir Crit Care Med
191(10):1185-1196.

Sharma SK, Mohan A, Sharma A, Mitra DK (2005) Miliary tuberculosis: new insights
into an old disease. Lancet Infect Dis 5(7):415-430.

Aaron L, et al. (2004) Tuberculosis in HIV-infected patients: a comprehensive review.
Clin Microbiol Infect 10(5):388-398.

LiY, et al. (2015) SIV Infection of Lung Macrophages. PLoS One 10(5):e0125500.
Mattapallil JJ, ez a/ (2005) Massive infection and loss of memory CD4+ T cells in
multiple tissues during acute SIV infection. Nazure 434(7037):1093-1097.

Phillips BL, ¢# al. (2015) LAG3 expression in active Mycobacterinm tubercunlosis infections.
Am | Pathol 185(3):820-833.

Mazzaccaro RJ, ez al. (1998) Cytotoxic T lymphocytes in resistance to tuberculosis. .Ady
Exp Med Biol 452:85-101.

Slight SR, e al. (2013) CXCR5(+) T helper cells mediate protective immunity against
tuberculosis. | Clin Invest 123(2):712-726.

Gopal R, ¢t al. (2013) SI00A8/A9 Proteins Mediate Neutrophilic Inflammation and
Lung Pathology during Tuberculosis. A | Respir Crit Care Med 188(9):1137-1146.
Smith JP, Burton GF, Tew ]G, Szakal AK (1998) Tingible body macrophages in
regulation of germinal center reactions. Deve/ immunol 6(3-4):285-294.

Kranich J, ez al. (2008) Follicular dendritic cells control engulfment of apoptotic bodies
by secreting Mfge8. | Exp Med 205(6):1293-1302.

Shang L, ez al. (2014) NK cell responses to simian immunodeficiency virus vaginal
exposure in naive and vaccinated rhesus macaques. | Immunol 193(1):277-284.

91



38.

39.

40.

41.

42.

43.

44,

45.

Portevin D, Via LE, Eum S, Young D (2012) Natural killer cells are recruited during
pulmonary tuberculosis and their ex vivo responses to mycobacteria vary between
healthy human donors in association with KIR haplotype. Ce// Microbiol 14(11):1734-
1744.

Silva BD, Trentini MM, da Costa AC, Kipnis A, Junqueira-Kipnis AP (2014) Different
phenotypes of CD8+ T cells associated with bacterial load in active tuberculosis.
Dmminnol 1ett 160(1):23-32.

Kalokhe AS, et al (2015) Impaired degranulation and proliferative capacity of
Mycobacterium tuberculosis-specific CD8+ T cells in HIV-infected individuals with latent
tuberculosis. | Infect Dis 211(4):635-640.

Achkar JM, Chan J, Casadevall A (2015) B cells and antibodies in the defense against
Mycobacterium tuberculosis intection. Inmunol Rev 264(1):167-181.

Hey YY, O'Neill HC (2012) Murine spleen contains a diversity of myeloid and
dendritic cells distinct in antigen presenting function. | Ce// Mo/ Med 16(11):2611-2619.
Schaible UE, ez al. (2003) Apoptosis facilitates antigen presentation to T lymphocytes
through MHC-I and CD1 in tuberculosis. Naz Med 9(8):1039-1046.

Mehra §, et al. (2010) Transcriptional reprogramming in nonhuman primate (rhesus
macaque) tuberculosis granulomas. PLoS One 5(8):12266.

Li Q, Skinner PJ, Duan L, Haase AT (2009) A technique to simultaneously visualize
virus-specific CD8+ T cells and virus-infected cells in situ. | 775 Exp 30:e1561,
doi:10.3791/1561

92



CHAPTER 5: HYPOXIA SENSING AND PERSISTENCE GENES ARE EXPRESSED

DURING THE INTRA-GRANULOMATOUS SURVIVAL OF M. TUBERCUIL.OSIS
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In accordance with the study, assessed pulmonary pathology changes and granuloma
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photomicrographs. Wrote pathology portion of the manuscript. Edited manuscript as a
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ABSTRACT:

Background: While it is accepted that the environment within the granuloma
profoundly affects Mycobacterium tuberculosis (Mth) and infection outcome, our ability to
understand M7 gene expression in these niches has been limited. We determined
intragranulomatous gene expression in human like lung lesions derived from nonhuman

primates with both active (ATB) and latent (LTBI) tuberculosis.

Methods: We employed a non-laser based approach to micro-dissect individual lung
lesions and interrogate the global transcriptome of M7/ within granulomas. M?b genes
expressed in classical granulomas with central, caseous necrosis as well as within the caseum
itself were identified and compared to other M#) lesions, in animals with ATB (n=7) or
LTBI (n=7). Results were validated using both an oligonucleotide approach and RT-PCR on

macaque samples and by using human TB samples.

Findings: We detected approximately 2900 and 1850 statistically significant genes in
ATB and LTBI lesions, respectively (Limma analysis, Bonferroni corrected, p<0.05). Of
these genes, the expression of approximately 1300 (ATB) and 900 (L'TBI) was positively
induced. We identified the induction of key regulons and compared our results to genes

previously determined to be required for Mzb growth.

Interpretation: Our results indicate pathways M7 utilizes to ensure its survival in a

highly stressful environment zz-vivo. A large number of genes are commonly expressed in
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granulomas with ATB and LTBI. Additionally, the enhanced expression of the 4osKR regulon
was a key feature of lesions in animals with LTBI, stressing its importance in the persistence

of M#h during the chronic phase of infection.

Funding: This work was funded supported by Public Health Service grants
Al089323 and HI.106790, A1091457, OD011104, OD011124, A1058609 and GM103424,
the Louisiana Board of Regents, the TNPRC Office of the Director, the Tulane Research
Enhancement Fund, the Tulane Office of Vice-President for Research and the Wetmore

Foundation of Louisiana.

INTRODUCTION:

Mycobacterium tuberculosis (M#h) is constantly subjected to stress zz-vivo and must
successfully adapt in order to survive its ever-changing extracellular milieu (1). The study of
mycobacterial state zz-vivo is further complicated by variability in granuloma pathology,
physiology, and morphology. We currently do not fully understand the drivers of Mz
reactivation in the lung (2), and disease progression can be highly variable given the
differences in host-genetics, environment, microbiota, and the presence of comorbidities. A
comparative systems biology approach that incorporates the pathological complexities of

Mtb infection would allow us to better understand the physiology of the pathogen.

Various approaches have been used to attempt to understand the importance of Mz
genes and therefore better elucidate TB pathogenesis. Initially the TB field focused on a
gene-by-gene approach and with time and technological advancements began shifting to
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whole-genome based approaches. Leveraging transposon site hybridization (TraSH), genes
required for Mz growth have been identified in mice, murine macrophages and
computationally. Another mutant based technique, Designer Arrays for Defined Mutant
Analysis (DeADMAn), have been used in mice, guinea pigs and nonhuman primates
(NHPs). Additionally, several groups have attempted to model the granuloma environment;
while others have detected the expression of a small number of specific M# genes in human
macrophages. Some have conducted massively parallel RNA-PCR of Mz transcriptome
using the mouse model. Yet others have identified whole-genome M7/ gene expression in
various mouse models and used 7z-vitro granuloma models. These studies have provided
insight into genes required for M7h growth in survival, but no studies to date, have profiled
in-vivo gene profiles within its natural microenvironment and characteristic pulmonary lesion,
the granuloma, while also utilizing a model that most closely recapitulates the human disease
spectrum. As such, failure to effectively control M# infections and TB disease, via devising
new vaccinations and therapeutic strategies, has been crippled by the lack of effective disease

models and fundamental knowledge of the pathogen in its natural niches.

Here we change the way we identify M#) treatment and vaccine strategies by
switching from traditionally utilized peripheral responses to a localized approach via
assessing M gene induction within the pulmonary granulomatous environment. Due to
many similarities between infected NHPs and humans, NHPs are the ideal model for
addressing these questions (3). NHPs such as rhesus (Macaca mulatta) (2-18) and cynomolgus
(Macaca fascicularis) (19, 20) macaques recapitulate the wide spectrum of human TB pathology
and outcomes upon experimental infection with M7b. We currently lack an understanding of
the physiology and the metabolic state of M7 in this granulomatous environment during
different states of infection. Understanding the physiology and metabolism of the intra-
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granulomatous environment is critical because effective vaccines and drugs must target this
state to eradicate the bacteria and subsequently control the infection. We therefore propose
to study and compare the intra-granulomatous gene expression of M7b during ATB, LTBI

and reactivation.

We hypothesize that the M7) transcriptional profiles, with respect to metabolism and
physiology, exhibit changes over time and upon interaction with both a variety of
environmental cues and host immune responses. Consequently, we hypothesize that
different infective stages as well as amongst different areas of the granuloma would lead to
differential bacillary expression profiles. Further, and more importantly, we propose that
these changes can be used to understand the physiology of the pathogen as well as its

virulence.

The purpose of evaluating the entire granulomatous pathology, i.e. the combination
of all lesion and granuloma types on the formalin fixed paraffin embedded (FFPE) lung
slides, is to generate a bacterial transcriptome profile that is representative of the entire
infective state. Additionally, the purpose of specifically evaluating the classical, caseating,
type granuloma is to evaluate the bacterial transcripts specific to this lesion type. Overall,
evaluation of the mycobacterial transcriptome in granulomatous tissue is likely to further our
understanding of the mechanisms involved in their formation and maintenance as well as
those genes that are expressed in each state of the infection. Analysis of M7 gene-
expression within this environment zz-vivo will further our understanding of the
environmental stressors M#h encounters within this specific niche, allow us to identify
genetic programs that are critical for the transition between ATB and LTBI. This

information can be used to facilitate development of Mz vaccines, diagnostics, and
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therapeutics and consequently generate a more targeted approach to prevent, identify, and

treat TB infection.

METHODS:
Study Design and Statistical Analysis

The goal of this study was to assess the zn-vivo Mth transcriptome in defined micro-
anatomic compartments typical of ATB (Fig. 1a-b, Supplementary Fig. 1) and LTBI (Fig. 1c-
d, Supplementary Fig. 2). We observed that LTBI correlated with solitary lesions with well-
defined central necrosis (caseum) and defined cellular layers including fibrosis. There were
referred to as “classical granulomata” or “classical granulomas”. On the contrary, pulmonary
pathology in ATB was characterized by the presence of a wide variety of granulomata,
including coalescing of classical granulomas with caseum as well as other less organized TB-
related lesions, which include but are not limited to: 1) Granulomatous inflammation
characterized by poorly organized cellular infiltration predominately consisting of
macrophages, but also consisting of other inflammatory cells; 2) Non-necrotizing
granulomas with a thin layer of lymphocytes surrounding a central core of predominantly
epithelioid macrophages. Also, due to the increased diversity of lesions in ATB, Mz
transcriptome were examined in the amalgamation of ATB induced lesions by dissecting an
area referred to as “representative pathology” consisting of all of the aforementioned lesion
types evident on the section. Sections of FFPE lung tissue obtained from two groups of
previously infected M7b infected NHPs (ATB (n=7) or LTBI (n=7)) (Supplementary Table
1) (4, 18) were micro-dissected, tissue digested, and RNA extracted as described (21).
Animals with ATB had higher serum C-reactive protein (CRP) levels (Fig 2a) (P<0.01),
significantly more percent weight-loss (Fig 2b) (P<0.05), significantly higher lung bacterial

burden (Fig 2¢) (P<0.005), and lung pathology (Fig 2d) (P<0.005), as compared to animals
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with LTBI. These results are further supported by the M#h-specific staining of lung sections,
using multilabel confocal microscopy (Fig 2e-g) and chromogen staining (Fig 2h-i). In each
of these instances, significantly higher M7 burden was detected by staining fixed random
lung tissue sections with M7b-specific antibodies in the animals with ATB relative to LTBIL
In the case of confocal, we were able to quantify these signals and found that the quantity of
Mtb present per square mm was significantly higher in the lungs of animals with ATB,
relative to LTBI (P<0.005). Since the extracted heterogeneous RNA samples contain
predominately host specific transcripts, RNA was amplified (Ovation® FFPE WTA System)
and purified (QIAGEN QIAquick PCR Purification Kit). For microarray analysis, 3ug
cDNA samples (Alexa Fluor® 5) and 3ug CDC1551 gDNA (Alexa Fluor® 3, BEI
Resources) were labeled. M7 microarrays were used to compare samples to control (4).
Statistically significant genes were determined using, LIMMA (22). Multiple hypothesis error

was corrected using a Bonferroni correction (P< 0.05) that has been previously described

(14, 16).
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Figure 1: (Aand B) Representative hematoxylin and eosin (H&E) image of active tuberculosis (ATB;
DF30) lung. (1) A 325 magnification image of two coalescing granulomata, with extensive intervening and
surrounding regions of inflammation. We termed this presentation as “representative pathology,” which includes
classical granulomata and associated caseum. Arows define the two coalescing lung granulomas. (B) A 350 magnification
image of an animal with ATB. (Cand D) Representative H&E image of latent tuberculosis infection (LTBI) (FJ05) lung,
(C) A 325 magnification image of a solitary granuloma surrounded by regions of normal lung. (D) A 350 magnification
image of the same granuloma clearly describes the presence of a central necrotic region (the caseum). We termed such
lesions as “classical granulomata.” (4,C, and D) Asterisks correspond to necrotic-hypoxic centers within granulomas. (C)
The arrowheads define the boundary between the necrotic center and the cellular layer to the outside. (D) The armomws
define the boundary between the granuloma and the normal lung as well as between the myeloid and the lymphocytic

layers. Scale bars: 500 mm.
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Supplementary Figure 1. ATB granuloma H&E images and post microdissection reports. H&E image
from each ATB NHP FFPE slide utilized in study followed by dissection reports. The area to be dissected is
outlined on both a reference image as well as an unstained slide. The post dissection image depicts the area
dissected. Note that ATB included the following three dissection categories: representative pathology, classical

granuloma and caseum of the classical granuloma.
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Supplementary figure 2: LTBI granuloma H&E images and post microdissection reports. H&E image
from each LTBI NHP FFPE slide utilized in study followed by dissection reports. The area to be dissected is
outlined on both a reference image as well as an unstained slide. The post dissection image depicts the area
dissected. Note that LTBI included the following two categories: classical granuloma and caseum of the

classical granuloma.
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Figure 2. Clinical correlates of disease state and associated lung bacterial burdens and pathology. (a)
Two groups of seven macaques were classified with either ATB (red) or LTBI (blue). Peak serum C-reactive
protein (CRP)(mg/ml); (b) changes in body weight; (¢) M#b bactetial burden per gram of lung tissue post
euthanasia; (d) percentage lung affected by TB pathology at necropsy and over course of infection; representative
confocal staining of a section of lung with anti-M#b antibody for an animal with LTBI (e) and ATB (f). M# -red,
To-Pro-3 -green; quantification of Mzb-positive signal over area (mm2) (g); representative chromogen staining
of a section of lung with anti-M#) antibody for an animal with L'TBI (h) and ATB (i). *»<0.05, **¥»<0.01 and

*#%p<0.001 using unpaired student’s t test.

Host specific hypoxia was assessed using Agilent Rhesus Macaque microarrays
relative to normal lung tissue derived from uninfected macaques as baseline. Lesion hypoxia
was assessed in tissues of animals injected with pimonidazole hydrochloride (PIMO,
Hypoxyprobe) coupled to daylight red (16). A subset of 86 genes (5 housekeeping) was used
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to validate microarray profiles using nCounter Analysis (23). Additionally, FFPE human lung
blocks from patients with ATB were obtained from Hunter and Hwang, for validation of
NHP gene expression profiles. A subset of bacillary genes with clearly defined expression
profiles were used for real-time RT-PCR, performed as described earlier (4, 21, 24-30), for
an additional level of validation of results. For this purpose, RNA isolated from zn-vitro
grown, log-phase (0.4 OD) M cultures was used for comparison, and data were normalized

using 16S gene as internal reference.

RESULTS:

Mesodissected samples from ATB and LTBI were used to identify M7 genes that
were expressed in a statistically significant manner zz-vivo. Significance was defined as those
whose expression level differed from that generated by the use of a discrete, constant
amount of M#h genomic DNA (control). The expression of approximately three-fourths of
the entire M7bh genome could be detected in a statistically significant manner in all lesion
types derived from NHPs with ATB, with 2909, 2848 and 2910 genes being detected in
representative pathology, classical granuloma, and caseum of the classical granuloma,
respectively (Supplementary Table 2-4). A similar analysis in lesions derived from animals
with LTBI showed that 1874 genes exhibited expression in classical granulomas and 1872 in

the caseum of the classical granuloma (Supplementary Tables 5-6).

Microarray sample inputs consisted of 3pg of either amplified lung derived mixed
sample or M7h control. Therefore, genes detected with a positive fold change in the mixed
sample compared to the pure M7b control reflect much larger actual fold changes. Given
these limitations, we subsequently focused on statistically significant genes with a positive

fold change. In ATB samples, 1344, 1328, and 1343 genes were detected with in a positive
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manner in representative pathology, classical granuloma, and caseum of the classical
granuloma, respectively (Fig. 3a, Supplementary Tables 2-4). In LTBI samples, the
expression of 1082 and 891 genes with a positive fold change could be detected in classical
granuloma and associated caseum (Fig. 3b, Supplementary Tables 5-6). The expression of a

core group of 633 genes was induced in ATB, LTBI, and among all lesion types (Fig. 3c,

Supplementary Table 7).

Figure 3: Transcriptome profiles. Statistically significant genes whose fold change expression is positively
induced within nonhuman primate (NHP) lung in (A) ATB (a) classical granuloma, (b) caseum of classical
granuloma, (c) representative pathology; and (B) LTBI (a) classical granuloma, (b) caseum of classical
granuloma. (C) Corresponding genetic similarity among genes with induced expression in (a) all ATB
granulomatous pathology, (b) all LTBI granulomatous pathology and (ab) genes with induced expression in all

NHP-derived samples. P < 0.05 using linear models for microarray analysis and Bonferroni correction.

The dosR-regulon consists of 48 genes up-regulated during a multitude of zz-vitro
stress conditions that mimic the environment faced by M7 in-vivo, including hypoxia (31).
This regulon has generally been considered essential for M7 dormancy, although conclusive
evidence in this regard was lacking until recently (16). In ATB lesions, the expression of
approximately 26%, 34%, and 32% of the genes within this regulon were found to be
induced in a statistically significant manner in representative pathology, classical granuloma,

and caseum of the classical granuloma (Supplementary Table 8). In LTBI samples,
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approximately 30% of the genes within the regulon could be similarly detected in both
classical granuloma and caseum of the classical granuloma. Additionally, 8 dosR-regulon
members (Rv0080, Rv0081, Rv1736¢, Rv1737¢c, Rv2032, Rv2625¢, and Rv2630) were
present in the core group common to all ATB and L'TBI samples. We predicted that the
expression of members of this regulon would occur at higher levels in animals progressing to
LTBI. The greatest induction of genes of the dosR regulon occurred in the most hypoxic
areas of the granuloma — e.g. the caseum derived from LTBI granulomas followed by entire

LTBI classical granuloma and the caseum derived from ATB lesions (Fig. 4a).
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Figure 4. Expression of Mtb dosR regulon and detection of hypoxia in ATB and LTBI lung
granulomas. (a) Comparison of genes within the dosR regulon with induced expression in all NHPs with
either L'TBI or ATB in each granuloma sample subset. For all heat maps included here, genes within the
regulon or gene family of interest were included based upon published association and statistically significant

positively induced expression within at least one granuloma category. The least induction is seen in ATB
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representative pathology and the most in LTBI. (b). Confocal image of PIMO conjugated with Daylight-546
(red) with To-Pro-3 staining all nuclei (green). Signal in a representative ATB animal was much less than
signal in a representative LTBI animal (c). Additionally, PIMO signal within the lung as a percentage of total
microscopic field was significantly greater in LTBI (blue squares) than ATB (red circles) (student’s t test,
p**<0.005) (d). Lastly, heat map of genes associated with host hypoxic response showed greater response

during LTBI as compared to ATB within NHP granulomas (e).

Next, to further gauge the degree of hypoxia within the granuloma, we surveyed the
amount of hypoxia within ATB and LTBI using PIMO (16) (Fig. 4b-c). TB lung lesions in
both ATB and LTBI derived granulomas were positive for PIMO, indicating hypoxia.
During ATB, PIMO was evident throughout granulomatous pathology (Fig. 4b). In
contrast, in LTBI samples PIMO signal was predominately localized to the inner rim of the
granuloma surrounding the caseum (Fig. 4c). PIMO signal was calculated as a percentage of
lung and granuloma area within various microscopic fields (Fig. 4d). The highest levels of
PIMO were observed in the classical granulomas of NHPs infected with LTBI (Fig. 4d). To
determine if the expression of host genes known to be induced by hypoxia was
correspondingly increased in LTBI compared to ATB, we screened a macaque transcriptome
dataset of granuloma lesions isolated from 21 animals (LTBI (n=10) or ATB (n=11)),
relative to normal lung tissue (SM, AAL, DK, manuscript in review), specifically focusing on
host genes induced by hypoxia and regulated by the hypoxia-inducible factor 1 (HIF-1) (32)
(Supplementary Table 9-10). These genes exhibited higher expression in lesions derived from
both groups (Fig. 4b) with relatively higher expression of numerous hypoxia-sensitive genes
in L'TBI rather than ATB samples. These data suggest that the extent of the hypoxic
environment is greater in lesions derived from animals with LTBI, strongly supporting our

bacterial transcriptome data.
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We detected the induced expression of a large number of genes that belong to the
PE or PPE family of genes (Supplementary Table 11). We further assessed the expression
of PE/PPE in-vivo by supervised clustering and observed increased induction in ATB
samples (Fig. 5a). The PE/PPE family consists of more than 160 members unique to
mycobacteria which have been implicated in antigenicity and associated with persister
formation (33). We also investigated six known gene families and regulons for their intra-
granulomatous expression, including sigma factors, TA systems, lipid metabolism, ESX1,
enduring hypoxic response, and persisters. The expression of several TA genes, which
potentially aid in the survival and persistence of M7b, was highly induced (Supplementary
Table 12). Although some differences existed between lesion types, which is expected, given
the widely accepted concept of lesion heterogeneity we were able to detect approximately
26% of these genes in each of the granuloma types derived from animals with ATB (34). In
animals with L'TBI, we detected approximately 21% in the classical granuloma and 16 % in
the caseum. T'As depicted greater induction in ATB than L'TBI (Fig. 5b). The majority of the
TAs expressed belonged to the largest TA family in the genome, the 2gpBC family. In total,
we found the induction of 15 toxins and 14 antitoxins belonging to this family, including 4

pairs: 2apBC19, vapBC21, vapBC33, and vapBC34, within granulomas.
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Figure 5: Mechanisms of persistence and validation. Comparison of genes within the (1) proline-
glutamate/proline-proline-glutamate gene family, (B) toxin—antitoxin complexes, and (C) sigma factor family
with induced expression in all NHPs with either LTBI or ATB in each granuloma sample subset.

To better assess the mechanisms of modulation of M#) gene expression 7n-vive, we
assessed known sigma factors and their associated genes (Supplementary Table 13). We
detected the following five in all samples: s5igB, sigD, sigl, sig], and sigF. We also detected the
following factors within specific environments and disease states: LTBI — sjgl. and sigM
(caseum) as well as sgK and s5i¢G (granuloma); ATB — sigM, sigK, 5ieG (caseum), sigKK

(granuloma), 572G (representative pathology) and sigH (caseum). Overall, greater expression
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was detected in ATB similarly to many of the aforementioned pathways (Fig. 5¢). These
results may suggest specific roles for each of these factors in facilitating the transition from
ATB to LTBI. Thus, sigF and sigD have been shown to be required in the adaptation to
stationary phase (35), while the induction of sig], sigl sigB, sigKK, and siglH supports the
importance of the oxidative stress on various bacterial components within the granuloma
(35). These results point to a battery of alternate sigma factors being critically important for

the survival of M7 in-vivo, by modulating gene-expression in response to changing milieu.

We detected the up-regulation of 539 genes in a statistically significant manner
common to all six granulomatous samples derived from patients with ATB (Supplementary
Table 14). Additionally, 391 of the aforementioned genes were also detected in all NHP
derived samples. Using a subset of 86 genes, we validated gene expression profiles via a

microfluidic approach (Supplementary Fig. 4, Methods, Supplementary Table 15).

Supplemental Figure 4

o™
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Supplementary Figure 4. Nanostring based validation of transcriptomics results. A defined subset of 86
genes including 5 housekeeping genes was used to validate RNA from microdissected ATB samples including:
caseum of the classical granuloma (aqua, n=3, GK87, EA97, D192), classical granuloma (green, n=4, DF30,
CR57, EA97, DI91), representative pathology (purple, n=2, D192, EB23) and control CDC1551 Mtb RNA
(red) via NanoString Technology.

In addition, a small subset of genes with specific and interesting expression profiles
were cherry-picked and transcriptome profiles validated by real-time RT-PCR in comparable
classical granulomata derived from animals with ATB and LTBI (Fig 6). The expression of
vapB21, an antitoxin of the TA system was validated to be induced ~100-fold in the classical
lesions derived from animals with ATB, significantly higher than the expression in classical
granulomata samples from animals with L'TBI, where no induction was observed (Fig 6a).
The expression of oxidative stress response factors sigE2 (12- vs. 0.1-fold) and sigH (~300- vs.
1.2-fold) was highly induced in lesions derived from ATB, relative to LTBI animals (Fig 6b-
©). In the case of sigH, the difference approached statistical significance (P=0.0584). These
results were comparable to those derived from whole-genome microarray analysis. The
expression of the dosR gene was robustly detected in lesions derived from animals with both
clinical outcomes, as was suggested by transcriptome and NanoString data (Fig 6d). The
dosR levels were not statistically significantly different, but the overall expression was slightly

higher in granulomata from animals with L'TBI, relative to ATB.
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Figure 6: Real-time RT-PCR to validate macaque Mtb transcriptome results. Using cDNA derived
from 7n vitro, log-phase—grown Mtb, and using the 16S gene as an internal reference, the fold changes of
expression of vapB21 (A), sigE2 (B), sigH (C), and dosR (D) was assessed in classical granulomata derived from

animals with ATB (red circles) or LTBI (biue squares) (Student’s £ test, **P < 0.005). ns, not significant.

We compared the genes expressed within granulomas to those previously essential
for survival of the bacilli (Supplementary Fig. 5a) (4, 36-39). We found the greatest degree of
similarity between intragranulomatous data described here to our previously conducted NHP
mutant experiment where we identified 108 genes unable to survive in macaque lungs during
active TB, implying that the genes whose expression was interrupted in these mutants were
important for pathogenesis and likely expressed zz-vivo (4) (Supplementary Table 16). An
overwhelming number of genes overlapped in each disease state with 27% belonging to all
ATB derived lesions, 18% to all L TBI detived lesions, and 17% to all NHP derived lesions
(supplemental data). The next greatest degree of similarity was found with a computational
prediction model (39), followed by the #z-vitro/ mouse TraSH (36), murine macrophage

TraSH (38) and a mouse DeADMAn study (37) (Supplementary Tables 17-20). We detected
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more essential genes in ATB presumably due to a higher burden of actively replicating
bacteria. Pathway analysis of ATB and LTBI shows a high degree of known connection
between essential genes defined by Dejesus et al (Supplementary Fig. 5b-c) (39).
Interestingly, we detected 115 essential genes common to all ATB and LTBI NHP samples
(Supplementary Fig. 5d) (39), ~50% of which function in intermediary metabolism and
respiration, representing essential mechanisms M7 employs to transition between active and
latent disease. These results suggest the reprogramming of M) metabolism within lung

lesions due to the varied availability of nutrients and metabolites.

Supplemental Figure 5.
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Supplementary Figure 5: Comparison of intragranulomatous gene profiles to previously determined
gene essentiality profiles. (a) Genes, as a percentage of total mutant derived essential genes, found to be
induced within the granuloma in-vivo that were previously deemed essential via either Sassetti (blue),
Lamichane (red), Rengarajan (green), Dutta (purple) or DeJesus (aqua) et al. mutant based analysis; String
pathway analysis of genes common to all (b) ATB derived granuloma samples; (c) LTBI derived granuloma

samples; and (d) NHP derived samples and deemed essential by De]Jesus et al.

DISCUSSION:

We assessed M#h genes induced within defined micro-anatomic compartments of the
TB lung in NHPs with ATB and L'TB. Due to route of infection, pathologic, and disease
spectrum similarities between NHPs and humans, especially in the context of TB, the NHP
model is ideally suited to assess zz-vivo Mtb gene expression. Lung samples utilized here
reflect human TB disease because, like with human infection, NHPs were infected via
aerosol. Additionally, NHP produce a spectrum of lesions most similar to those found in
human TB patients as compared to other animal models; therefore, this is the best model for
assessing specific granuloma microenvironments. This work extends beyond just assessing
active disease transcriptome profiles, but also assesses the transition between LTBI and
ATB. Like in humans, NHPs also develop L'TBI. Unlike humans, it is possible to ethically
obtain pulmonary endpoint samples from latently infected NHPs. Here we identified
transcriptome profiles of both ATB and LTBI. Additionally, profiles were validated with
lesions derived from human samples with active disease and comparable results obtained.
Our results suggest that certain M7 pathways are critical for the transition from LTBI to

ATB disease.
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Here we identify regulons associated with ATB, LTBI and the combination there of
in representative ATB pathology, ATB and L'TBI classical granulomas and their subsequent
caseum. We identify a core group of genes common to all lesions indicating an underlying
shared bacterial program to respond to the granulomatous environment, regardless of the
clinical disease status. Our results conclusively demonstrate that the response of the bacillus
to hypoxia is critical for the transition to latency. By finding the enhanced expression of
hypoxia-responsive regulons, we provide the conclusive zz-vivo evidence of its importance in
maintaining M7) in the chronic state of infection with the granuloma. By identifying genes
and pathways involved in M# persistence, maintenance and growth zz-vzvo and coupling
these findings to preexisting mutant based studies; this study provides critical information
into genes that can be utilized in a potentially novel, targeted vaccine and therapeutic

approaches.

Unsurprisingly; more genes were detected in a statistically significant manner in ATB
than L'TBI, since the latter is characterized by a greater bacterial burden as well as a higher
magnitude of host response (5). The induced expression of a core group of 633 genes was
identified in all intragranulomatous lesions representing a core group of genes essential for
Mtb survival and persistence within the granuloma, suggesting these genes may be necessary

for the transition from ATB to L TBI.

Stress is vitally important for M7 gene regulation (40); consequently, we studied
regulons known to respond to specific validated conditions with a primary focus on the
expression of the hypoxia-sensing dosR gene and its regulon (31). While not required for
initial infection, the dosK regulon is essential for the persistence of Mz in human-like caseous

granulomas (16). Further, the lack of dosR in M7b allows the recruitment of stronger adaptive
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immunity (16). A large number of dosR-dependent genes were expressed in every sample,
disease state, and pathologic lesion studied. Importantly, intragranulomatous expression
patterns of dosR-dependent genes circumvented our selection bias and strongly correlated
with oxygenation patterns. Thus, the expression of the dosR-regulon was at the lowest level
in the least hypoxic lesion type (ATB-representative pathology), while it was the greatest in
the most hypoxic samples (LTBI-particularly caseum). This pattern was best exemplified by
Rv1813c, which is co-regulated by both dosR and 7prAB two component regulatory systems.
It exhibited increased expression in L'TBI, especially in the hypoxic caseum of the classical
granuloma, demonstrating the ability of the bacillus to utilize multiple regulatory pathways

concurrently to recognize, respond, and persist in specific environmental conditions.

At least two of the genes identified in this screen, Rv1996 and Rv2028c, are
implicated in inducing greater T cell responses in patients with LTBI than ATB (41). Lastly,
Rv2031c, which exhibited the highest induction in expression in LTBI and ATB caseum
derived samples, is up regulated during latency. This gene has recently been implicated -
silico as an important regulator in cellular hypoxic stress response via its regulation of the
Rv2028-Rv2031 operon. The higher induction of the dosR regulon in samples derived from
macaques with LTBI was reinforced by increased hypoxia (PIMO) signal, as well as
increased host HIF-1 expression, which is a known regulator of hypoxic responses (32). The
expression of the downstream HIF-regulated host genes also occurred at much higher levels
in LTBI, relative to ATB derived samples. Our study shows the critical importance of such
mechanisms that allow the bacteria to alter its metabolism to favor survival in hostile

conditions.
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The expression of some dosR-dependent genes was high throughout granuloma types
and disease states. This profile was exemplified by Rv0569, which encodes a signal
transducer during hypoxia and by Rv2625c (7p3), which encodes a mitochondrial reactive
oxygen species induced in a TNF associated pathway (42). In conditions of excess TNF,
ROS induces macrophage necrosis, allowing bacterial release into the extracellular
environment, increasing host susceptibility (42). Since hypoxia was detected in all samples
tested, our data strongly suggests that the induction of dormancy is critical in all granuloma
stages, a result supported by observations that lesions of macaques with both ATB and
LTBI contain levels hypoxia (Fig. 4b-d) (16). Our results are also supported by the recent
evidence of dosR expression in the lungs of humans with TB (43). Overall, the pathogen’s
response to hypoxia is a critical component of its intragranulomatous physiology. While long
suspected (44), we are only beginning to appreciate the importance of 4osR and hypoxia in
governing the transition from active to latent TB in classical lesions, and its impact on

Immunity.

Due to sustained M#) replication, granulomata of different maturation levels can be
observed in the same animal with ATB. These granulomata of varying pathologies provide
an array of diverse environments to which the bacilli must respond to (45). Some of these
lesions, especially the less mature ones, have not yet evolved to contain a fibrotic cuff on the
exterior (Fig 1). As a result, these lesions are able to “breathe” and don’t experience radically
reduced oxygen tensions. On the contrary, virtually every L'TBI lesion is highly ordered (Fig
1). Hence it is not surprising that the latter are more hypoxic and invoke a greater hypoxic
response from both the host and the pathogen. It is believed that hypoxia within the LTBI
lesions is the trigger that alters the physiology of the pathogen in a manner that bacilli
acquire a dormant (or persistent) phenotype. There is support for our contention in
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published literature. Thus, metronidazole is a drug that’s only effective in hypoxic
conditions, presumably against persisters. Treatment of LTBI but not ATB with

metronidazole in this system prevents conversion to ATB (40).

Recent studies have in particular underlined the importance of the dosK regulon. T
cells from humans with LTBI recognize dosR-regulated antigens, suggesting that these
proteins are expressed and presented zz-vivo during latency (47). Infection of macaques with
Mth mutants in the DosR regulon, causes nonpathogenic infection with enhanced adaptive
immune responses recruited to the lung (16). Hence, the dosR response appears integral to
Mth pathogenesis and helps the pathogen manipulate immunity. Finally, an unbiased, system-
wide proteomic approach found that upon in-vitro hypoxic stress, 20% of all M# protein
mass is contributed by the <50 dosR-regulated genes (48). Moreover, the expression of this
regulon was recently reported to be strongly induced in human TB and to significantly lower
levels in patients with HIV (43). This suggests that the expression of DosR may promote
more robust granulomas, a contention supported by data that expression of DosR by WhiB6
promotes granuloma stability in an environment of chronic oxidative/nitrosative stress (49).
Thus, the notion that dosR is critical to the reprogramming of M7 physiology in hypoxic
conditions zz-vzvo is increasingly supported by experimental data (50). We propose that in
macaque as well as human lesions, progressively increasing hypoxia elicits the expression of
the DosR regulon. This results in the blockade of the highly cidal Th1 response from
accessing the bacilli within the lesion through the expression of DosR-regulated antigens.
The lesions characterized by high DosR expression are therefore likely robust granulomas
that do not allow the bacilli to spread. The current study cements the role of the dosR
regulon in M#h persistence within human-like caseous lung granulomas by providing
conclusive evidence for its deployment in this important niche (16). Since it is likely that
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dosR-regulated antigens are expressed intragranulomatously, cognate M#b-specific T cells
could be effective in controlling or eradicating infection. By extension, our data suggests that
the induction of dosR (or dormancy) results in the expression of numerous specific antigenic
epitopes. Our results provide a compelling rationale to study responses specific to dosR-
expressed antigens and suggest that vaccination approaches that induce CD4 and CD8

responses to these may be successful.
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CHAPTER 6: NONPATHOLOGIC INFECTION OF MACAQUES BY AN

ATTENUATED MYCOBACTERIAL VACCINE IS NOT REACTIVATED IN THE

SETTING OF HIV CO-INFECTION

Summary of my contribution to the work:

Developed and applied my novel scoring system approach in a blinded fashion to
assess pulmonary pathology for sections of all lung lobes for animals in this study,
comparing wild type infection to attenuated vaccine strains. Performed chromagen
immunohistochemical staining for lymphoid follicle identification. Wrote pathology portion
of the manuscript, and took and edited pathology photomicrographs. Collaborated on
preparing figures for publication. Edited manuscript prior to publication. The manuscript is
provided below as it was published in the 2017 American Journal of Pathology 187(12): 2811-

2820.
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ABSTRACT:

Failure to replace BCG with efficacious anti-TB vaccines have prompted out-of-the-
box thinking, including pulmonary vaccination in order to elicit local immunity. M#bAsigH, a
stress-response attenuated strain, protected against lethal TB when used to vaccinate macaques
via inhalation. While live mycobacterial vaccines show promising efficacy, HIV co-infection
and the resulting immunodeficiency prompts safety concerns about their use. We assessed the
persistence and safety of M#bAsigH, delivered directly to the lungs, in the setting of HIV
coinfection. Macaques were aerosol vaccinated with AsgH and subsequently challenged with
SIVimac239. BAL and tissues were sampled for mycobacterial persistence, pathology and
immune correlates. Only 35% and 3.5% lung samples were positive for live-bacilli and
granulomas, respectively. Our results therefore suggest that the non-pathological infection of
macaque lungs by AsigH was not reactivated by SIV, despite high viral titers and massive

ablation of pulmonary CD4" T-cells. Protective pulmonary responses wete retained, including
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vaccine-induced bronchus associated lymphoid tissue (IBALT) and CD8" effector memory
cells. Despite acute SIV infection, all animals remained asymptomatic of pulmonary TB. These
tindings highlight the efficacy of mucosal vaccination of this attenuated strain and will guide
its further development to potentially combat TB in HIV endemic areas. Our results also
suggest that lack of pulmonary pathology is a key correlate of safety for live mycobacterial

vaccines.

INTRODUCTION:

Mucosal vaccination is being considered as a viable option to the systemic route (1),
especially for lung pathogens like M7). Pulmonary mucosal vaccination can benefit from the
unique physiology and the immune system in the lung. The respiratory system serves as the
route of entry for numerous pathogens, which the lungs have evolved to contain by invoking
rapid innate responses. Large surface area provides lungs with greater probability for
interaction with the pathogen. Moreover, the mucosa in the airways and the parenchyma
contain dendritic cells (DCs), which can phagocytose Mz for efficient elicitation of adaptive
responses via class I and II presentation (2). Antibodies are known to passively transfer
through the lung epithelium into the alveoli. Furthermore, pulmonary immune cells can elicit
the formation of local bronchus associated lymphoid tissue (BALT), the presence of which is
strongly correlated with natural (3, 4) or vaccine-induced (5) immunity to TB, as well as to
protection from development of HIV-induced reactivation of LTBI (6) in the human like
macaque model (7, 8). Mucosal vaccination against agents of pulmonary infectious agents can
result in the elicitation of local, antigen-specific, as well as broad-spectrum B- and T-cell

responses, at the very site of the infection, resulting in more efficient protection.
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Live attenuated mycobacterial vaccines demonstrate promising efficacy in protecting against
TB (9). Due to the presence of a virtually complete array of antigens, such vaccines elicit a
breadth of immune responses not obtained by vector or protein subunit strategies, increasing
the likelihood of protection (10). Live vaccines can mimic natural infection through persistent
antigenic stimulation, promoting stronger, long-lived immunity. However, a balance must exist
between the pathogenicity and attenuation of the strain. Deletion various virulence pathways
in M#b is likely to result in a reduction of infectivity and arguably some of these mutations may
generate the preferred combination of persistence, immunogenicity and nonpathogenicity (11-
14). Human Immunodeficiency Virus (HIV), remains endemic to the regions of high TB
incidence. Bacille Calmette-Guerin (BCG), a live attenuated mycobacterium that is one of the
most widely used vaccines in the world, is efficacious against severe forms of TB. However,
BCG is contraindicated in individuals with impaired immunity, including pregnant mothers
and HIV infected individuals (15). The realization of a TB-free world is therefore contingent

upon finding safe, novel, and efficacious replacements of BCG (16).

The World Health Organization recommends immunization with BCG as soon as
possible after birth for infants born in endemic areas. Infants with symptomatic HIV disease
are not immunized with BCG due to significantly increased rates of BCG-induced disease and
the unknown efficacy of vaccinating HIV infected infants (17-19); however, infants who have
not developed AIDS or will subsequently become HIV infected still get vaccinated. The risk
of acquiring vaccine-induced disease poses a significant problem for the implementation of
novel live attenuated mycobacterial vaccines; therefore, each vaccine candidate must be tested

for persistence and safety upon subsequent HIV infection. There is currently only one new
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live-attenuated mycobacterial vaccine in clinical trials (20), while there are multiple preclinical
vaccines that have shown moderate to strong protection and varying immunogenicity. The
M1bAsigH mutant induced a nonpathogenic infection in macaques (21) and pulmonary
vaccination with this strain protected significantly against subsequent lethal challenge with
homologous M7 (5). We previously demonstrated that this protection was strongly associated
with recruitment of central memory T-cells to the lung and presence of vaccine-induced
bronchus associated lymphoid tissue (BALT) (5). While these results were highly promising
for clinical implementation of this live attenuated mycobacterial vaccine, safety concerns were
noted due to the vaccine strain only containing a single gene deletion and possible persistence

of the bacteria in the vaccinated individual.

In the current study, we aerosol vaccinated five macaques with AsgH and subsequently
infected each macaque with SIV. We hypothesized that if AsigH was not adequately attenuated,
some of the macaques could potentially develop signs of TB disease including dissemination
of bacilli and uncontrolled bacterial replication in the lung, as has been replicated for BCG in

this model (22).

MATERIALS AND METHODS:

Macaques.

Five mycobacteria-naive adult Indian rhesus macaques, bred and housed at the
TNPRC that ranged from ~3-9 years in age and 4.0-11.6 kg in weight, were aerosol-vaccinated,
as described eatlier (for M#b) (5, 6, 21, 23-29), to a high dose (~1000 CFU implanted) of AsigH
isogenic deletion mutant in the M7 CDC1551 background (5, 21, 30, 31). All macaques were
exposed nine weeks post vaccination to 300 TCIDs, of SIVmacz3y administered intravenously

in 1 mL saline, as described eatlier (6, 24). All animal procedures were approved by the TNPRC
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TACUC and performed in strict accordance with NIH guidelines. The TNPRC is accredited
by the Association of Assessment and Accreditation of Laboratory Animal Care as well as by
the United States Department of Agriculture (USDA). Criteria for euthanasia included
presentation of four or more of the following conditions: i) body temperatures consistently
greater than 2'F above pre-infection values for three or more weeks in a row; i) 15% or more
loss in body weight; iii) serum CRP values higher than 10 mg/mL for three or more
consecutive weeks; CRP is a marker for systemic inflammation that exhibits a high degree of
correlation with active TB in macaques (8, 24); iv) CXR values higher than 2 on a scale of 0-
4; v) dyspnea; vi) significant or complete loss of appetite, and vii) detectable bacilli in BAL

samples.
NHP Sample Collection and Clinical Procedures

Samples were collected prior to and post vaccination, as well as post SIV infection.
CXRs were acquired prior to and 3 weeks post-vaccination and 1 and 7 weeks post SIV
infection, as previously described (5, 6, 24, 25, 27, 32, 33). The CXRs were scored by veterinary
clinicians in a blinded fashion on a subjective scale of 0—4, with a score of 0 denoting normal
lung and a score of 4 denoting severe tuberculous pneumonia, as previously described (5).
Prior to vaccination, all 5 animals received a normal score of 0. Blood was drawn prior to
vaccination and then weekly thereafter for measuring complete blood count (CBC) and serum
chemistry (24, 25). Blood collected in EDTA tubes (Sarstedt AG & Co., Germany) was used
for whole blood flow cytometry using the panels described earlier (5, 25, 27). BAL samples
were obtained, as previously described, prior to vaccination, again at 3, 7, 11, and 14 weeks

(24, 25), and then analyzed for CFUs and flow cytometry.
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Bacterial Burden and Pulmonary Pathology

Humane endpoints were predefined in the animal use protocol and applied as a
measure of reduction of discomfort (5). At necropsy, lung, spleen, and liver tissues were
collected and processed, as previously described, using two sections of pulmonary tissue
representing every lung lobe with at least one sample (5); CFU were determined per gram of
tissue (3, 5, 6, 21, 24, 25, 27, 32, 33). Lung pathology at necropsy was determined as described
earlier (6, 25). TB pathology was determined for multiple sections in each lung and averaged
for each animal in the study. SIV-induced pathology was reported per section, with multiple

sections analyzed per animal ().

Flow cytometry.

Flow cytometry was performed on whole blood, BAL, lung and bronchial lymph node
samples from all animals, as previously described (5, 6, 25, 27). Briefly, cells were stained for
25 minutes on ice with antibodies CD3 (SP34-2), CD4 (1.200), CD8 (RPA-T8), CD28
(CD28.2), and CDY5 (DX2) all from BD Biosciences, USA and washed twice with phosphate
buffered saline containing 2% bovine serum albumin and 0.45% sodium azide then
permebalized with BD Fix/Perm Kit and stained with Ki67 (B56) both from BD Biosciences,
USA for 60 minutes on ice. Samples were fixed and acquired using a BD LSR Fortessa. Data

was analyzed using FlowJo Software, version 10.3 (Flow]Jo, LLC, USA).

Immunohistochemistry.

Fluorescent immunohistochemistry, chromogenic staining, and # situ hybridization
were performed on formalin-fixed, paraffin-embedded tissue as previously described (6, 34).

Briefly, antigen retrieval was performed on tissue slides and stained with antibodies CD20
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(L26), CD3 (polyclonal), CD68 (KP1) all from Agilent Technologies Dako, Denmark or

CD163 (EDHu-1) from, Serotech, USA.
Statistical analyses

All statistical comparisons were performed using a one-way ANOVA, student’s t-test,
or peasrons correlation analysis in GraphPad Prism version 7.0b (GraphPad Software Inc.,

USA) as noted in figure legends as described earlier (5). All data is presented as mean + SEM.

RESULTS:

Clinical/pulmonary correlates of mycobacterial infection in AsigH vaccination and

SIV infection.

Direct acrosolization of AsigH into the lungs of macaques induced robust responses
and impressive protection against lethal TB. Five macaques (Table 1) were therefore aerosol
vaccinated with 1000 colony forming units (CFU) of AsigH to test the safety of this strain in
the setting of HIV co-infection. This dose has been shown to produce a non-pathogenic
infection in macaques and to induce superlative protection upon subsequent lethal challenge
when used as a vaccine. The vaccinated animals were allowed to rest for nine weeks prior to
high dose intravenous challenge with SIV. This dose and route of SIV challenge is commonly
used in HIV research to study pathogenic infection in rhesus macaques. In our experiment,
this dose/route combination modeled acute HIV infection resulting in the rapid ablation of
CD4" T-cells and overall dysfunction of immune responses to Mz (6). For comparison
purposes, rhesus macaques latently infected with a low dose (10" CFU) of M# CDC1551 and
subsequently infected with the same dose/route of SIV at the same time (nine weeks after

aerosol infection with M7b) have been included in some graphs to demonstrate SIV-induced
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reactivation of TB disease (Coinfected group shown in gray). The lower dose of M7 in these
reactivated animals, was chosen since 10> CFU of wild-type M# would lead to rapid death
within 9 weeks. However, the low dose establishes latent infection in these animals and allows

the study of reactivation by immunosuppression or SIV coinfection.

Table 1. Vaccinated Animals.

Animal Age Sex gfv::(g:ihntafifn V:fgnl;ifon
KH76 2.8 Male 4.0 -
KFo62 2.9 Male 4.1 -
GB13 9.5 Female 8.4 -

IM63 5.4 Male 11.0 -
JG35 4.4 Male 11.6 -
Average £ SD 5.0x27 7.8+ 3.6

Immediately post-vaccination, all animals maintained or gained weight (Fig. 1A) and
maintained temperature (Fig. 1B) as shown as percent change compared to preinfection
baseline weight and temperature. One out of five animals exhibited elevated CRP one-week
post vaccination, which subsided by week 3, while the other four vaccinated animals showed
no increase in CRP for the entire study (Fig. 1C). None of the animals had lung pathology as
assessed by CXR three weeks post vaccination. Upon subsequent intravenous challenge with
a high-dose of pathogenic SIV, all vaccinated animals remained devoid of TB disease as
evidenced by lack of weight loss, minimal change in temperature, and no increase of CRP (Fig.
1A-C). Conversely, coinfected animals demonstrate reactivation disease as evidenced by

progressive weight loss, extensive pyrexia, and significantly elevated CRP levels (Fig. 1).
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Thoracic radiographs of these animals further validated the lack of pulmonary disease in

vaccinated animals (Supplemental Fig. 1).
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Figure 1: Clinical and bacteriologic correlates of Mtb/AsigH vaccination and subsequent simian
immunodeficiencyvirus (SIV) infection. Five Indian rhesus macaques were vaccinated with 1000 CFU of M#hA sigH and
challenged with a high dose of STVmac239 at 9 weeks after vaccination. AeC: Compatisons of percent weight loss (A),
percentage of temperature increases (B), and C-reactive protein (C) in M#hA sigH-vaccinated animals (color) versus M#h/SIV
co- infected animals (gray). Dotted lines indicate day of vaccination or SIV challenge. D: M#bA sigH bacilli present in the lung

(in number per gram of tissue) at the time of euthanasia, with multiple lung sections sampled per animal. EeG: Vaccine bacilli
present in bronchoalveolar lavage (E), spleen (F), and kidney (G). Dataare expressed as means. *P<0.05,***P<(.001,and ****P

<0.0001 using a #testanalyzing the mean values of all vaccinated animals versus M#h/SIV-co-infected animals. CRP, C-reactive

protein.
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Supplementary Figure 1: Thoracic radiographs at cuthanasia. A=D: Exemplary thoracic radiographs of
three A’f//}A.rng—vaccinated animals (A—C) in compatison to a Mzb/simian immunodeficiency vitrus (SIV)-co-
infected animal (D) at the time of euthanasia, demonstrating a lack of pulmonary pathology. E: Quantitative
analysis of radiographs scored in a single-blind fashion by a board-certified veterinarian (D.N.L.), on the
following scale: 0 (null) to 4 (severe lung involvement). **P < 0.01 using a #test analyzing the mean values of
all vaccinated animals versus M#/SIV—co-infected animals. R, lead marker used for identify right on the

radiograph.
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Lung bacterial burden after SIV infection. We next investigated whether AsigH
persists in the lungs of vaccinated macaques and whether infection with SIV would permit
uncontrolled bacterial replication. Nine weeks following SIV challenge, the animals were
humanely euthanized and tissues were extensively assessed for bacterial burden. From the 5
vaccinated animals, 13 out of 20 lung sections tested were devoid of any detectable bacteria.
Very low levels of MtbAsigH could be cultured from the lungs of vaccinated animals (10",
average 7 bacilli per gram of lung tissue) as compared to coinfected animals that had a
significantly higher bacterial burden (10*’, ~20,000 bacilli) (Fig. 1D). To exclude potential
skewing due to sterile lobes, the average bacterial burden of vaccinated animals with only
culturable bacteria was 10**" or ~300 CFU. However, animals that are able to maintain control
of infection in a latent state have been found to have upwards of 10> CFU. Furthermore, an
average of 4 bacilli (10" per mL. of lavage fluid was recovered in bronchoalveolar lavage
(BAL) while 3 animals had no detectable bacilli (Fig. 1E). In comparison, an average of 10,000
bacilli (10*") was recovered from M#/SIV coinfected animals (6). These results are even more
contrasting, since vaccinated animals received ~two-log (10°) more M#hAsigH bacilli than was
used in M#b/SIV coinfection (10") with wild-type M#. Coinfection of M# and HIV in humans
and macaques is characterized by extensive dissemination to extra-thoracic organs. However,
AsigH vaccinated animals had no detectable bacilli in spleen or kidney (Fig. 1F-G). These
results demonstrate that while vaccination with AsgH is largely sterilized, very few bacilli
persist and acute infection with SIV does not create a permissive environment for excessive

bacterial replication.
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Lung Pathology. As shown before, pathology induced by aerosol vaccination with
AsigH remained insignificant as determined by both gross and histopathological examination.
Despite infection with SIV, AsigH vaccinated macaques maintained minimal pathology
(Supplemental Fig. 2). Out of 85 lung sections histopathologically examined, only three
sections (3.5%) revealed evidence of granulomatous inflammation (Fig. 2A-E). Each of these
few granulomas were well organized and lacked significant neutrophilic infiltrates. The severity
of pulmonary pathology is increased in coinfected macaques versus only M7b-infected animals,
making macaques a good model of the synergy between HIV and TB during coinfection. In
vaccinated animals, however, interstitial pulmonary pathology parameters—including
vasculitis/lymphangitis (Fig. 2F-G), septal thickening, type II pneumocyte hyperplasia,
accumulation of foamy alveolar macrophages, and lymphohistiocytic perivasculitis—were
significantly reduced compared to coinfected animals (Supplemental Fig. 2), suggesting that

SIV-induced pathology was not exacerbated in vaccinated animals.

140



EE 80 ** F 301 L
(7] o
; 5 604 3
sol [ o §
& F
=) = S
S 204 £
by / 3 - &
& L2 olegee O
%
G 5 Fekok : H
] ’ -
g ™ g3
[}
” 23—L— o )
! g . ~ B
i ; 3 24 000 o ]
£ >g
F 2 @ 2

9 11 13 15 17
Week

CD68 CD163 SIV. mRNA SIV-Infectd T cell

Figure 2: Pulmonary pathology after Mtb/IsigH vaccination and simian immunodeficiency virus

(SIV) infection. A—D: Hematoxylin and eosin staining of lung sections from a representative animal showing
an entire lung section (A), with boxed areas in A shown as enlarged images of consolidation (B), vaccine-
induced bronchus-associated lymphoid tissue (BALT) (C), and healthy lung tissue examples (D)
corresponding to the boxed regions in A. E: Quantification of overall pathology as percentage of lung
involvement. Multiple lung sections per animal were scored and quantitatively compared with those from
Mith/SIV—co-infected animals in total pathology scote (F) and lymphangitis (G). H: Petipheral viral loads in
vaccinated animals (colot) and M#h/SIV—co-infected animals (gray). Dotted line indicates the time of SIV
infection. I: In situ hybridization demonstrating the presence of SIV-infected CD3+ T cells in the lungs of
vaccinated animals. J: Enlarged inset image of an infected cell corresponding to the boxed area in I. Data are
expressed as means = SEM (E—H). **P < 0.01, #**P < 0.001, and ****P < 0.0001 using a t-test analyzing

the mean values of all vaccinated animals versus M#/SIV—co-infected animals. Scale bars: 100 um (I); 5 um
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Supplemental Figure 2: Gross and histopathology in Mtb/sigH-vaccinated animals compared with
Mtb/simian immunodeficiency virus (SIV)—co-infected animals. A and B: Gross pathology of a
MthAsigH vaccinated animal (A) as compared to a M#h/STV—co-infected animal (B). C—F: Assessments of
type II pneumocyte hyperplasia (C), consolidation (D), accumulation of alveolar macrophages (E), and
perivasculitis (F). G and H: Analysis of the number of SIV-infected cells for image field as compared to SIV-
reactivated animals, with representative images demonstrating numerous SIV-infected cells at sites of
inflammation (H). The merged cells appear purple. Data are expressed as means = SEM (C-G). **P < 0.01,
*+xP < 0.001 using a t-test analyzing the mean values of all vaccinated animals versus M#/SIV—co-infected

animals. Scale bar = 100 pm.
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Since diminished SIV replication could explain the lack of severe SIV-induced
pathology and subsequent effects on the control of bacterial replication, we next assessed
peripheral viral loads in plasma. While there were no distinct differences in peripheral viral
loads during the entire study (Fig. 2H), differences in replication at the site of vaccination
could explain the reduced pathology. Mzb/SIV coinfected animals with severe reactivation
disease harbored SIV infected cells in the lung while animals that controlled reactivation were
able to minimize viral replication in the lung. This indicates that viral replication at the site of
infection or vaccination can act to inhibit immunity to the persistent bacteria. Permissive viral
replication in the lungs of coinfected animals likely increased pathology and decreased immune
control of latent TB in M#/SIV coinfected animals. Upon investigation, we observed that
MthAsigH vaccinated animals harbored many SIV infected CD3" T-cells and a few
CD68"CD163" macrophages (Fig. 2I-J, Supplemental Fig. 2H). Hence, in terms of the
presence of SIV in the lungs, the MrbAsigH vaccinated animals resembled M#5/SIV coinfected
animals that could not control latent infection. However, despite the presence of large
numbers of SIV-infected cells in the lungs, the MbAsigH vaccinated animals maintained
minimal pathology and immune control of the attenuated bacterial vaccine despite productive

viral replication in the lungs.

Systemic and lung immunity. We next studied the immune cells responding to both
vaccination and SIV infection in both whole blood and in the lung via bronchoalveolar lavage
fluid (BAL). Vaccination with M#AsigH resulted in the rapid accumulation of both CD4" and
CD8" T-cells in BAL (Fig. 3A). We previously demonstrated that CD4" central memory (Tcw)
cells rapidly respond to this vaccination and correlate with strong protection upon lethal
challenge. As validation, there was a significant increase in the number of (CD28°CD95")

CD4" Tey cells responding to vaccination at week 7 and also exhibited rapid proliferation post
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vaccination as marked by Ki67 positivity (Fig. 3B-F). However, subsequent SIV infection
resulted in the rapid ablation of pulmonary CD4" T-cells (Fig. 3A-B), resulting in a virtually
complete loss CD4" Tew cells (Fig. 3D). Furthermore, CD8" T-cells responding to vaccination
persisted after SIV infection and demonstrated proliferation both after vaccination and
subsequent infection (Fig. 3G-K). While these differences were apparent in BAL, comparison
of CD4" and CD8" T-cells in whole blood showed no significant differences either after

vaccination or SIV infection (Supplemental Fig. 3).
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Figure 3: Correlates of cellular immune responses. A: Analysis of CD3+ lymphocytes found in

bronchoalveolar lavage (BAL) throughout the study, demonstrating decline in CD4+ T cells after simian
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immunodeficiency virus (SIV) infection at week 9. B=D: Absolute number of CD4+ T cells found in BAL (B),
with example flow plot of memory status (C) and absolute count of CD4+ central memory T (TCM) cells (D).
E and F: Ki67+-proliferating CD4+ TCM cells in BAL. Boxed ateas indicate Ki67+ cells (E). G-I: CD8+ T
cells found in BAL, with example flow plot of CD8+ T-cell memory status (H) and absolute count of CD8+
effector memory T (TEM) cells (I). J and K: Ki67+-proliferating CD8+ TEM cells in BAL. Boxed areas indicate
Ki67+ cells (J). L-N: Representative flow plot of pulmonary lymphocytes at the time of euthanasia
demonstrating depletion of effector and CD4+ TCM cells (M) and effector CD8+ T-cell retention (N). O—-Q:
Percentages of CD4+ T cells (O) and CD8+ T cells (P) in lung, bronchial lymph node (BrLLN), and spleen,
demonstrating the preservation of naive (Th0) CD4+ T cells after SIV infection (Q). Data are expressed as means
+*SEM (B, D, F, G, I, K, O-Q). *P < 0.05, #**P < 0.01 using one-way analysis of variance with Sid4k correction.
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Supplemental Figure 3: Correlates of cellular immune responses. A and B: Analysis of CD4+ central
memory T (TCM) cells found in whole blood throughout the study, demonstrating a modest decline after simian
immunodeficiency virus (SIV) infection at week 9 (A), and the percentage of CD4+ TCM cells proliferating as

marked by Ki67+ (B). C: Example flow plots showing gating for (CD28+CD95-)-naive cells, (CD28+CD95+)
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TCM cells, and (CD28—CD95+) effector memory T cells in CD4+ T cells. D and E: Analysis of CD8+ TCM
cells in whole blood (D), with percent CD8+ TCM cells positive for Ki67 (E). F: Example flow plots showing
gating for naive cells, TCM cells, and CD8+ effector memory T cells. Data are expressed as means + SEM (A—
D).

We next assessed the level of CD4" T-cell depletion in tissues at the time of euthanasia
(Fig. 3L-N). The extent of CD4" T-cell depletion in lung was comparable to BAL; however,
relatively greater frequencies of CD4 " T-cells petsisted in the bronchial lymph nodes (Fig. 30-
P). Examination of the memory status of the few remaining CD4" T-cells demonstrated that
these cells were primarily Teyn or naive (Tu0) cells (Fig. 3QQ). CD4" cells that remained in the
bronchial lymph nodes were also predominantly Tx0. The CD8" T-cells in lung were primarily
(CD28CD95") effector memory (Trv) cells, indicating that, CD8" T-cells likely compensate
the absence of CD4" T-cells in order to facilitate the complete control of this avirulent

Mycobacterinm (Fig. 3P).

Persistence of Bronchus Associated Lymphoid Tissue. Presence of bronchus
associated lymphoid tissue (BALT) strongly correlates with protection in AsigH vaccinated
macaques after lethal challenge (5) and also correlates with protection from HIV-induced
reactivation of latent TB (6). BALT is also associated with the natural control of M# infection
in a latent state (4), whereas animals developing active disease coincidentally lose granuloma-
associated BALT with neutrophilic influx (3). We therefore assessed the persistence of
vaccine-induced BALT despite the very minimal bacterial burden and ablation of CD4" T-
cells after SIV infection. While only 3.5% of the analyzed lung sections contained evidence of
granulomatous pathology, 84% of lung sections contained BALT (Fig. 4). Chromogenic
staining of lung sections with CD20 demonstrated large organized follicles persisted proximal

to airways and the pulmonary vasculature (Fig. 4A). Further assessment of CD3" T-cells
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demonstrated colocalization of T-cells in these lymphoid follicles (Fig. 4B). The scored level
of BALT persistence strongly correlated with the amount of vaccine- and SIV-induced
pathology as assessed by pathological scores for each lung section (Fig. 2F). The current
findings support previous work demonstrating that induction of BALT by AsigH vaccination
correlates with reduced overall pathology. Furthermore, the ability of BALT to persist for 17
weeks after vaccination, despite SIV infection and a lack of significant antigen stimulation,

indicates that mucosal vaccination may drive long-lived tissue-specific immunity.
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Figure 4: Persistent vaccine-induced bronchus-associated lymphoid tissue (BALT). A: Chromogenic
staining with CD20 (left panels) and the respective hematoxylin and eosin staining (right panels) showing B-cell
follicles in the lung at euthanasia. B: Immunohistochemistry analysis staining for CD20 B cells, CD3 T cells, and
nuclei, showing that T cells remain in BALT. C: Correlation analysis of the degree of BALT formation and the
overall pathology score for each lung section analyzed, demonstrating that BALT persists in areas of continued
inflaimmation to maintain immune control of bacterial replication, analyzed using the Pearson r correlation

analysis. Data are expressed as correlation values. Scale bars: 100 pm (B, right); 25 um (B, left).
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DISCUSSION:

Development of novel vaccination strategies for TB remains a high priority and
significant endeavor (16). Correlates of natural immunity are incompletely defined due to the
complex nature of Mz infection and the breadth of antigenic responses elicited (35).
Protection from active disease likely involves various arms of the immune system acting in
synergy to control infection (6, 36, 37). This protection is seen in the approximately 90% of
infected individuals able to maintain infection in a latent state. Therefore, a TB vaccine eliciting
natural immunity through a resolved infection would be ideal. Live attenuated mycobacteria
may protect better than either subunit or viral-vector based candidates due to their broader
antigenic repertoires, which can elicit an array of immune responses mimicking natural
immunity. Persistence of live attenuated mycobacteria likely drives long-lived memory
immune responses through continual bacterial stimulation and an almost complete array of
mycobacterial antigens. Mimicking natural infection may drive development of both
conventional and unconventional T cells, natural killer cells and innate lymphocytes, and B
cell responses that include antibody production. The key is to identify mutants unable to
invoke pathogen-induced immunomodulatory pathways that hinder the ability of natural
immunity to sterilize infection. M7 is constantly exposed to various types of environmental
stress during its life cycle and has become dependent on stress-response factors. SigH regulates
a key stress-response module and the AsigH mutant, a poor scavenger of oxidative stress,
protects against lethal TB. In this study, we sought to test the safety profile of this leading
preclinical, live attenuated vaccine that is deficient in stress response that demonstrated

significant protection upon lethal challenge.
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It has been postulated that direct delivery of live-attenuated vaccines to the lung can
elicit locally protective responses leading to a better control of infection (38-40). In addition,
this route can permit co-delivery of adjuvants (41). Direct delivery of BCG to the pulmonary
compartment improves protection against TB (40, 42), including in the macaque model (43).
While vaccination with live attenuated mycobacterial vaccines has yielded promising results,
the persistence that likely drives protective immune responses also raises safety concerns
regarding the extent of attenuation. Despite the vast attenuation of the currently used vaccine,
BCG cannot be given to infants with symptomatic HIV due to increased rates of
dissemination. Recent data from Sharpe et al suggests that direct delivery of BCG to the lung
may in fact elicit lesser pathology than the systemic intradermal route, thus alleviating concerns
about the safety of mycobacterial vaccine strains delivered directly to the lung (44). More data
is however required before such strains can be considered totally safe in lungs. The issues
related to safety and the potential infectivity of the live-attenuated M7 strains are only
heightened by the choice of the pulmonary, relative to systemic delivery. Therefore, due to the
persistence of the mycobacterial vaccine and the high endemicity of HIV in areas in desperate
need of an efficacious TB vaccine, the attenuation of vaccine candidates must be tested in
individuals who subsequently become infected with HIV and proven to be safe.

Using a macaque model of HIV co-infection (using SIV as a surrogate) (6, 24), we first
aerosol vaccinated five nonhuman primates with the live mycobacterial strain AsigH and
successively challenged them intravenously with pathogenic SIV. Animals were monitored
throughout the study and euthanized at predetermined endpoints to determine if the bacterial
vaccine strain persisted or disseminated to extrathoracic organs. Here we demonstrate that
vaccinated macaques remain asymptomatic of tuberculous disease throughout the study

despite severe depletion of CD4" Tey cells and active replication of SIV in the lung. M#b/SIV
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coinfected macaques that reactivate latent TB disease were previously shown to have profound
SIV-(6) and TB-associated pathology (8), contain SIV infected cells in pulmonary granulomas,
and were characterized by a lack of BALT. If the mutant strain was not attenuated enough,
we hypothesized that vaccinated macaques would develop symptoms comparable to Mzb/SIV

coinfected macaques.

However, our results demonstrate that the infection of AsigH-vaccinated macaques
with a high-dose of pathogenic SIV did not result in TB disease. None of these animals
exhibited any clinical, microbiological, or pathological signs of disease characterized in
Mih/SIV coinfected macaques. A majority of M#h/SIV coinfected macaques exhibit rapid
reactivation of LTBI characterized by high bacterial burdens, significant extra-pulmonary
dissemination, and severe granulomatous pathology (6). However, bacilli were barely
detectable in the lungs and absent in extra-pulmonary tissues of AsigH vaccinated/SIV infected
macaques. It is important that we report bacterial burden data generating by extensive
sampling of the lung compartment, and from every animal individually, and not as a whole
group, which would have averaged and masked some of the heterogeneity observed in our
experiments. While we could not include a BCG/SIV co-infection expetriment in our study
design due to some limitations, prior data indicates that BCG infection in rhesus macaques
can be reactivated by SIV co-infection (22). While the studies were performed at different
times/sites and used different (intradermal vs. aerosol) routes, it appears that AsigH may be
more attenuated than BCG in rhesus macaques. Another consideration is that rhesus
macaques are highly susceptible to mycobacteria, and far more than Chinese cynomolgus, and

yet, AsigH could not be reactivated.
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Despite the significant ablation of CD4" T cells caused by SIV infection, vaccinated
macaques were able to maintain control of bacterial replication. As seen in M#/SIV coinfected
macaques, both CD8" T cells and B cells contribute to improved clinical outcomes. Here we
demonstrate that in the absence of effective CD4" T cell responses, CD8" T cells and B cells
are able to persist in the lungs and maintain control of AsigH replication after SIV infection.
The current results reinforce the notion that protective immunity to M7) infection is composed
of multiple layers, with CD8" and B cell responses playing critical roles in the absence of CD4"
responses. A key feature of reactivation of latent M7 infection was the presence of SIV
infected cells within pulmonary granulomas, whereas animals that retained control of infection
were completely devoid of the virus. Here, we report that substantial quantities of the virus
could be detected in the lungs of AsigH vaccinated animals and yet the control of mycobacterial

infection did not diminish.

Differential induction of immune responses to AsigH as compared to wild-type Mz
demonstrates that modulation of key aspects of immunity occur in a SigH-dependent manner.
BCG may also modulate some aspects of host immunity; however, it lacks the genomic
segment RD1, which encompasses highly immunogenic M# antigens ESAT-6 and CFP-10,
and do not induce long-lived immunity (45). Vaccination with BCG and subsequent SIV
infection in cynomolgus macaques resulted in a number of animals developing tuberculous
disease (22). In contrast, our results demonstrate that AsjgH vaccination does not induce
tuberculous disease upon acute viral challenge. The virtual absence of disease in
immunocompromised macaques highlights that AsigH may be more attenuated than BCG, yet
retains a complete array of M#h antigens and could serve as a better anti-TB vaccine vector. It

therefore appears that the inability to sequester thiol-oxidative stress in the absence of the
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SigH regulon drastically attenuates the bacillus so that it is rendered nonpathogenic to such an
extent that a primary immunodeficiency does not hinder immune control. It remains to be
seen whether AsigH vaccinated/SIV infected animals will develop TB disease if subsequently
infected with Mzb. This will be a telling experiment, and if protection by AsigH solely depends
on B cells/iBALT then it is possible that coinfected macaques will still be protected. On the
contrary, if high levels of Ty CD4's and Tew/Tem CD8's recruited to the lungs following
AsigH vaccination play a key role in mediating protection, and if such cells are depleted and

unable to proliferate following SIV co-infection, then protection may be compromised.

BCG remains the most widely used vaccine in the world yet is contraindicated in a
large population that are in most need an efficacious TB vaccine. Vaccination with live
attenuated mycobacterial vaccines results in superlative protection as compared to subunit or
viral vector-based candidates. However, live attenuated vaccines should not be used in HIV
endemic areas until each candidate vaccine can be proven safe in individuals with primary
immunodeficiencies. Vaccination with AsigH resulted in protection comparable to or better
than natural immunity, and results from this current study demonstrate that AsigH is also safe
in immunocompromised macaques. Our results suggest that live attenuated mycobacterial

vaccines based on the AsigH vehicle are likely to be both safe and efficacious.
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CHAPTER 7: DISCUSSION, LIMITATIONS, AND FUTURE DIRECTIONS

Efforts to understand TB pathogenesis, and thus to develop more effective
interventional strategies, are likely to continue for decades. Even with the progress that has
been made in the last several hundreds of years in our understanding of Mycobacterial
diseases, it truly remains the prime example of the evolutionary arms race between host and
pathogen. And while we most strongly associated M#» with Robert Koch’s discovery in the
1800’s, some have suggested that that the genus may have originated as long as 150 million
years ago (Barberis et al., 2017). With that in mind, and given the number of other
mycobacterial diseases that cause both human and animal disease, it is unlikely that it will be
eliminated overnight. However, with the advent of new and emerging approaches to vaccine
and drug development, in combination with ever-increasing understanding of
pathophysiologic mechanisms at the host and pathogen level, we may get closer to a world

tree of Mycobacterinm tuberculosis.

Part of moving towards that goal, however, is to more accurately understand the true
pathologic differences in infected animals and humans. And prior to this point, we really
have not progressed much beyond the eatly days of TB in that regard. The development and
use of this histopathologic scoring system—in combination with the approaches already
established for gross and imaging-based assessment of pathologic burden—may help to gain

a better understanding of the host response to disease burden, and may elucidate
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mechanisms heretofore not understood in regards to disease progression. While likely that
adjustments will need to be made, this scoring system represents an important first step in
establishing a standardized approach for evaluation of pulmonary pathology in the NHP

model of tuberculosis.

Sharpe et al. (2017) in an aerosol challenge of TB in Mauritian cynomolgus macaques
used MRI assessment of TB burden as by (Sharpe et al., 2016) and assessments of gross
pathology as by (Lin et al., 2009) but largely limited selection of samples histopathologic
examination to grossly visible lesions. This approach has been widely used by many
researchers in the examination of pulmonary pathology in TB, and may be part of the
contributing factor leading to prevention of distinguishing differentiating lesions. Part of the
benefit of our study approach is that the TNPRC employs a wider standardized stereologic
sampling approach which ensures that more of the lung is routinely sampled, which allowed
for a wider portion of the pulmonary parenchyma to be examined in this retrospective study.
This is particularly important as the pattern of pulmonary TB can differ widely between
individuals. Even with MRI as an adjunctive method for assessment of disease burden, the
limit of detection for pulmonary nodules varies and depends on several factors—including
the capacity of a patient to hold their breath, something not feasible for veterinary patients.
While the sensitivity of MRI machines is improving, the estimates of detection based on one
study reported the overall sensitivity for detection of pulmonary nodules (in humans) at
57.1% for nodules <4mm, 75% for nodules >4-6mm, 87.5% for nodules >6-8mm and
100% for nodules >8mm (Cieszanowski et al., 2016). Considering that many of the observed
histologic granulomas in our animals were less than 1 mm, they would be considered well

below these limits of MRI detection, and could lead to incomplete information if these
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methods were the sole or main parameters used to determine disease burden and
classification; histopathologic assessment is thus an important component to any NHP TB
research project if the goal is to gain a complete picture of disease. Indeed, in the same study
by Sharpe et al. (2017) they noted that in one of their animals, “an atypical combination of
mature mild lesions with very numerous small miliary lesions were noted.” Similatly, loose
nodular aggregates of infected macrophages have been described in early stages of TB in
other studies prior to development of caseous granulomas (Lin et al., 2000). It is these small
lesions, many of which will only be visible microscopically, that may be missed with other
methods of surveillance, and that may provide important keys to understand disease
progression. It is also important to note that in many of the studies in which these gross and
image based scoring systems have been applied to distinguish between disease burden and
progression in TB infected macaques, they have most often been done in cynomolgus
macaques. As mentioned earlier, Rhesus macaques are more sensitive to M# infection than
either Chinese or Mauritius origin cynomolgus macaques, with more rapid onsent of clinical
signs and disease progression (Foreman et al., 2017; Gardner and Luciw, 2008; Kaushal et
al., 2012; Maiello et al., 2018; O’Toole, 2010), and it may thus be of even more importance
to account for the presence of smaller granulomas in experimentally-infected Rhesus
macaques as these granulomas may represent earlier manifestations of disease (Lin et al.,
2000).

Because so much NHP tuberculosis work is done in cynomolgus macaques, it would
be ideal to either acquire slides from previous studies for application of this scoring system,
or to have veterinary pathologists working with cynomolgus macaques being used for TB

studies apply these scoring paramaters to their own work to determine if this system remains
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validated for use in that species, or if there are parameters that must be adjusted for its
application.

One area not explored in this work that is ripe for future exploration would be a
systematic approach to the granuloma burden in M7 infected animals. In these studies, with
the exception of the Hudock et al., 2017, paper, granulomas were merely counted as present
or absent as the focus of this work was truly on the non-granulomatous pulmonary
pathology. However, in the course of scoring system development, in addition to my
numerous other collaborative activities within the lab, several observations in regards to TB
granulomas have become clear. Rhesus macaques experimentally infected with Mz truly
display a range of granulomatous pathology, ranging from the classic well-developed caseous
and even cavitating granulomas, to solid-type granulomas characterized by nodular
accumulations of epithelioid macrophages, to confluent aggregates of macrophages and
lymphocytes with little clear structure (Gormus et al., 2004; Hudock et al., 2017; Lin et al.,
20006; Scanga and Flynn, 2014). There is opportunity for future studies, still utilizing
retrospective samples to characterize granuloma subtype and percentage of lung sections
affected, which could best be accomplished with the aid of specialized digital imaging
software. Immunohistochemistry for cytokeratin expression as in (van Leeuwen et al., 2015)
and immunofluorescence to evaluate differential expression of tryptophan and IDO in these
various granuloma subtypes may help to gain a more complete picture of the role that
granuloma subtypes may play in disease progression. Prospective studies could also be
utilized to address differential cytokine expression and bacterial burden within granulomas
from animals in different disease categories to gain more information about the pathologic

basis of changes associated with the granuloma.
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Previous work has demonstrated differential cytokine expression in granulomas over
time in Rhesus macaques in early and late stages of TB infection, with higher expression of
pro-inflammatory cytokines including IL.-6, TNF-alpha, JAK, STAT and C-C/C-X-C
chemokines in animals euthanized 4 weeks following M#) infection in comparison to animals
euthanized at 13 weeks following infection (Mehra et al., 2010). Animals selected for the
scoring system development and validation component of this work were euthanized
between 8.7 and 25.9 weeks following Mz infection. However, it would be interesting to
assess the cytokine expression in these animals to determine whether systemic or local
perturbations in pro-inflaimmatory cytokines may be related to the development of vascular
associated pathology in particular.

As with the majority of NHP studies, one of the greatest challenges of these studies
is the limitation of sample size. However, p values were strongly significant for all examined
categories despite these low sample sizes, and application more broadly, with multi-
institutional adoption could help to increase the strength and validity of the associations. The
limitations of sample size were felt most acutely in regards to teasing out the additive effects
of SIV infection on some of the pathology parameters in development and validation of the
wider scoring system. While it was clear that SIV seemed to be having an effect, that effect
was obscured when viewed in the predictive model which struggled to distinguish between
co-infected LTBI-SIV animals and ATBI animals. Practically, this distinction would be
unlikely to be significant as it is likely that researchers and pathologists will know whether or
not an animal is co-infected, but inclusion of more animals would likely help to make those
distinctions more clear and increase the predictive strength of the model from an

epidemiologic standpoint.
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Because drug resistance is such a vital concern with tuberculosis currently, with the
emergence of both multi- and extremely drug-resistant strains—and concern for untreatable
tuberculosis on the rise (Centers for Disease Control and Prevention (CDC), 2009; Dheda et
al., 2014), it would be useful to examine the effect of drug treatment on pulmonary
pathology scores in these animals. We have already used a similar scoring system approach
with success in a previous study looking at a potential vaccine candidate (Foreman et al.,
2017b), which illustrates its usefulness in this context. Given the failure of the currently used
BCG vaccine to control and prevent spread of TB worldwide, with the most recent
estimates from the World Health Organization of one quarter of the world’s population
infected with TB and 10 million new cases in 2017 alone, our collective need for
development and implementation of safe and effective control strategies for this disease,
founded on a more holistic understanding of its pathophysiology, must remain a paramount

concern.
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