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Mycobacterium tuberculosi@vitb), the causative agent of tuberculosis (TB), has lived with
man for thousands of years. Yet, TB is still a major global health problem killing more than a million
people every year. Bacille CalmetBerin was developed alnmas hundred years ago and is still the
only licensed vaccine for TB. The main hindrance to current vaccine development is the lack of
correlates and immune targets of protection. Early published data suggest that individuals with latent
TB have a lower ris of developing active TB disease after Mtbergposure. A more recent study
showed that macaques with an ongoing primary Mtb infection are protected against establishment of
granulomas and bacterial growth from a secondary Mtb challenge. The preciseeimm@acimanisms
of this protection are largely unknown. The main goal of this dissertation is to investigate the
importance of bacterial viability and CD4 T cells in the protection against Mtb reinfection using DNA
barcoded Mtb strains. Eliminating live Mtladilli by drug treatment reduced but did not abolish the
protection against the establishmeffitand bacteriagrowth in granulomas arising from the second
infectiory although the effect of long term primary Mtb infection against a second infection weeds t
be further studied. Depletion of CD4 T cells in macaques before reinfection resulted in increased
bacterial burden in secondary granulomas, however it only increased the number of secondary
granulomas in some macaques showing heterogeneity in thesdsaroeeover, we showed that
CD4 T cells are important in preventing Mtb dissemination to the lymph nodes. Bacterial burden in
secondary granulomas, lungs and lymph nodes in the CD4-dleqg#ted macaques did not reach the

level of bacterial burden in¢maive controls suggesting protection is multifactorial. Lastly, we showed



that lymph nodes are more than just sites of antigen presentation and immune activatiomhegther
are sites of Mtb persistence and growth. Overall, this dissertation provedednts to consider and

target in the design and testing of vaccines and therapeutics.
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1.0 Introduction

AWhere youth grotwhsi pala&nd adidespectre

John Keats, Ode to a Nightingale, 1819

1.1 Epidemiology of tuberculosis

Tuberculosis (TB) is the leading cause of death from a single infectious microbe in the
world. In 2018 alone, an estimated 10 million people developed the active form of TB and 1.45
million people died from TB2]. Approximéat el y 1/ 4 of the worl dés pop
is currently infected witiMycobacterium tuberculosig], the bacteria that causeB,Thowever,
most of these infected individuals reside in developing countries in Asia and Efrid&hile a
diagnosis of TB does not necessarily mean a death sentence in the modern world because of the
discovery of antilbtics, emergence of drug resistance is becoming an important public health
problem. In 2018, an estimated 390,000 of new cases were multesistant TB (MDRTB; ie.

resistant to two firstine anttTB drugsi rifampicin and isoniazid)2].

1.2 Mycobacterium tuberculosis

Mycobacterium tuberculosigMtb) is a member of thévlycobacterium tuberculosis
complex (MTBC) which is comprised M. tuberculosighumans)M. bovig(cattle) M. africanum

(humans) M. caprag(sheep and gos) M. microti(voles)and M. pinnipedi(sea lions and seals)

1



[4]. Despite the differences in host specificity and pathogenicity, members of the MTBC share a
99.9% similarity in their genomic sequen¢Bst]. M. tuberculosidas 4.4 million base pairs with
a high GC content of 6328 encoding ~4,000 gengg 8]. M. tuberculosiandM. africanumform

7 lineages baseoh large sequence polymorphism, single nucleotide polymorphism markers and

geographical location where each lineage is endemic. Some lineages can be found worldwide (eg.

Lineage 2 which includes the Beijing strain and Lineage 4 which includes Erdman @Ry H3
strains) while some are geographically restricted (eg. Lineages 5 and 6 in West Africa and Lineage
7 in Ethiopia)[9, 10].

Mtb are slowgrowing, noamotile, nonrspore forming aerobic bacilli. They have a 24 hour
doubling time at 3C in a laboratory setting, taking approximately 3 weeks to form rough colonies
on a 7H11 agar plaf{@]. One notable feature of Mtb is its thick cell wall. It is rich in lipids such
that the cell wall lipid component comprises ~40% of the cell dry fid$sLike Gramnegative
bacteria, it has an outer membrane, however this is composed mainly -@himingfatty acids
called mycolic acids. The mycolic acids are attached to an arabinogalactan layer which in turn is
linked to a peptidoglycan layer whichssitight above a typical lipid bilayer inner membrgfge
11-13]. The mycobacterial cell wall serves as a relatively impenetrable layer to antibiotics and is
the site of several virulence factors such as phenolic glycolipids, lipoarabinomannan (LAM),
sulpholipids, cord factor (trehalose dimydela and phthiocerol dimycocerosfe14, 15]. Gram
staining is not effective to visualize mycobacteria under the microscope because of the high lipid
content of their cell wall. Mycobacteria in samples can be detected by using thélZeéén (or
other similar) staining method with the Mtb logkll retaining the carbol fuschin stain after acid

alcohol washegl6,17. Thus, mycobacterdfasar bacef éioved

t
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Bacille CalmetteGuerin (BCG) is an attenuated form Mt bovisobtained through 230
serial in vitro passages in ox b#@aked glycerinated potato slices over 13 ygh8k It is the
only licensed vaccine for TB. BCG can protect infants and children from serious and disseminated
diseasde.g. miliary TB, skeletal TB, and meningitis) but has variable efficacy in protecting adults
from the more common form of disease, pulmonary[T8. An important genetic difference
between BCG and Mtb is the deletion of region of difference 1 (RD1) which is in part responsible
for B C G dtien [28-22}. RDluf@ms part of the 6 kDa early secretory antigenic target
(ESAT-6) secretion system (ESX), a Type VII secretion system, and encodes 2 major highly
immunogenic secreted proteins, ESARNd culture filtrate proteihO (CFR10)[7, 23, 24]. ESX
1 is a major virulence factor responsible for the lysis of the phagosome membrane in macrophages
allowing Mtb or, more likely antigens, to escape into the cytfiZ®P8]. ESAT-6 and CFPL0
have been shown to prevent phagosome and lysosome fiZdhninhibit toll-like receptor
signaling[30] and induce necrosis macrophages promoting cédi-cell spread of Mt31, 32].

ESAT-6 also inhibits T cell proliferation and IENIL-17 and TNF production in T cel|83].

1.3Clinical aspects of TBi diagnosis, \accine and treatment

A person gets infected with Mtb when it enters the airways in the form of inhaled droplet
nuclei expelled from individuals with active TB dise§34]. About 30% of individuals exposed
to Mtb will become infected. The most widely used method for detecting Mtb infection is the
tuberculin skin test (TST). The TST involves purified protein derivative (PPD) injected
intradermaly into the forearm. A delayed type hypersensitivity response (due tonediated

immunity) results in induration at the site and is measured 48 to 72 houisjposbn. PPD was
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developed by repeated precipitation of proteins from steamed cultuhtb ¢B5]. Individuals

who were BCGvaccinated or infected with nontuberculous mycobacteria (NTM), however, can
present as false positives using this mefl3&}, although the epidemiology suggests that the TST
response due to BCG vaccination wan8 years after vaccinati¢B7, 38]. Thus, a more specific
method should be used for individuals known to have been vaccinated by BCG and in settings
with high incidence of NTM infections. Interferon gamma (trkelease assays (IGRAs) measure

the T cell response to Mtb specific igeins, ESAT6 and CFPL0, which are encoded by RD1.

Only a few NTM species have RD1 and it is absent in B2@>39]. Both TST and IGRAs are
widely used for the diagnosis of Mtb infection, but neither is diagnostic for whether a person has
active or latent TB40-43].

The gold standard for TB diagnosis is still bacterial culture from sputum or bronchoalveolar
lavage. However, because of the slgwwing nature of Mtb, it can take up to 8 weeks before
resultsbecome available; the use of liquid media can shorten this time toelekg44]. Aside
from being sbw, culture can be expensive and requires specialized laboratories to gefprm
Smear microscopy ugirthe ZiehiNeelsen staining method, on the other hand, is inexpensive and
is the most widely used diagnostic technique in developing countries where most of the TB cases
occur[45]. Although smear microscopy is highly specific its sensitivity is limigg. The World
Health Organization has recommended the use of LED microscopy because of increased
sensitivity, similar specificity, costffectiveness and quicker results compared to normal light
smear microscopy47]. Other techniques of TB diagnosis include chesayand nucleic acid
based diagnostic assays, such as Xpert Mtb/Rif developed by Cepheid which can provide a

diagnosis of active TB and drug resistance data in just 2 ¥hr48].



Once infected, approximately-B)% of individuals develop active TB disease. The
symptoms of active TB are cough that lasts 3 weeks or longer, fever, night sweats, chills, loss of
appetite and weight loss, signs difease on chestray or CT, TST or IGRA positivity, and
confirmed by culture if possible. The majority of the Miifected population (3@5%) control
Mtb but does not completely eliminate it. These individuals are considered to be latently infected
with Mtb (known as LTBI) and do not exhibit any symptoms but have evidence of Mtb infection.
Around 10% of LTBI individuals will reactivate in their lifetime and will develop active TB
diseasd49, 50]. HIV co-infection increases the risk of reactivation TB to 10% per j&Ri52].

The classical dogma of binary states of Mtb infection, that is active TB vs. latent infection,
is now obslete. A new paradigm shift has occurred pushing towards Mtb infection as a spectrum
(Figure 1)[1, 53, 54]. On one end of the spectrum, there are people who have naturally cleared
Mtb infection. They may be positive or negative by TST and IGRA, exhibit no symptoms, have
negative sputum smear and culture and normal chest[4, 42, 54]. Some of these people might
be Ar esi st eesgité documéniedextendeld expodure to a confirmed TB case remain
TST and | GRA negative, and Areverterso, peopl
back to being negative to both tefig-59]. Next on the spectrum are people who are TST and
IGRA positive, have intermittent positive sputum culture but are smear negative, may exhibit mild
to no symptoms and have a normal clxesty [1, 42, 54]. Individuals with active TB disease are
positive for TS and IGRA, sputum culture positive, smear positive or negative, cliagswill

show a range of disease and symptoms will range from mild to Jaydt 54].
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TST Negative Positive Positive Positive Usually positive
IGRA Negative Positive Positive Positive Usually positive
Culture Negative Negative Negative Intermittently positive Positive
Sputum smear Negative Negative Negative Usually negative Positive or negative
Infectious No No No Sporadically Yes
Symptoms None None None Mild or none Mild to severe
Preferred treatment None None Preventive therapy Multidrug therapy Multidrug therapy

Figure 1. The spectrum of tuberculosis

Some people naturally clear Mtb infection either by their innate or adaptive immune system.

People who remain infected with Mtb can present a range of results in various diagnostic tests and

awide range of symptoms. Reproduced with permission from Springer Nature, Pai et dl1]2016

BCG, the only licensed TB vaccine used since the early 1920s, has variable efficacy in

protecting adults from pulmonary TB19]. However, there have been exciting recent

developments in TB vaccines.December of 2019, Tait and colleagues published the final results

of a Phase 2b clinical trial of the subunit vaccine, M72:AS01E, which enrolled 328aédgjative

individuals with LTBI divided into 2 cohorts, one of which received the vaccine and theaothe

placebo. After 3 years of followp, M72:ASO1E was shown to reduce the progression of LTBI to

active TB by 49.79%60]. A phase 2 clinical trial enrolling 990 BC&ccinated but IGRA negative

adolescents (i.e. not Mtb infected) sought to evaluate the efficacy of H4:IC31 vaccine and BCG

revaccination in preventing Mtb infection (conversion of IGRA gositive) and disrupting



continued Mtb infection (reversion of positive IGRA to negative) compared to placebo. While
neither vaccine was effective in preventing Mtb infection (IGRA conversion), BCG revaccination
reduced the rate of sustained IGRA coniarsvith 45.4% efficacy compared to placefid].
The most recent promising vaccination studies in macaques are with the use of a rhesus
cytomegalovirus vector expresgi Mtb-specific antigens (RhCMWtb Ag) [62] and intravenous
BCG vaccination (IVBCG) [63]. Fourteen out of 34 (41%) rhesus mageg)vaccinated with
RhCMV-Mtb Ag did not develop any TB disease by CT scan nor at necropsy compared to 0 of the
17 unvaccinated controls. In addition, 10 out of these 14 did not grow any Mtb in any of the tissues
examined. The disease of the remaining wated animals was significantly reduced compared
to unvaccinated control$62]. Most recently, our group showed remarkable results with
administering BCG intravenously in rhesus macaq6éx out of 10 IVBCG vaccinated macaques
did not form any lung granulomas after Mtb infection. Three of the remainkB(J® vaccinated
macaques were protected watB granulomas and <50 Mtb CFU in the entire animal. Overall, IV
BCG macaques had a 10009fold reduction in thoracic bacterial burden compared to the ID BCG
group[63].

A review of studies from the prghenotherapy era showed a-y@ar case fatality ratio of
70% in untreated smegositive HIV-negative individuals, with the ratio being 20% in culture
positive smeanegative individuals. The duration from TB disease onset to death is approximately
3 years[64]. Current TB treatment regimen consists of 2 rherdf rifampicin (RIF), isoniazid
(INH), pyrazinamide (PZA) and ethambutol (EMB) followed by 4 months of RIF and[B%H
Drug resistant TB requires second line antibiotics, and there are several potential regimens.
According to the 2019 WHO Global Tuberculosis rep2}t treatment success is at least 85% for

drug-susceptible cases and 56% for MDRB globally.



The first drug proven to have activity against Mtb, streptomycin, was discovered by Schatz
and Waksman in 1944. It was rapidlgsted in guinea pigs and within 3 years a randomized
controlled clinical trial was started by the Medical Research Council in Britain. This trial showed
that patients who received streptomycin and bed rest showed significant clinical improvement
comparedo patients who had bed rest alone. Unfortunately, this clinical trial also recorded the
rapid development of streptomycin resistance in some patients with a median of 45 days after
treatment initiatior] 66-68]. Around the same time, a Swedish scientist nagdeden Lehmann
discovered paraminosalicylic acid (PAS) which was also active against ). In 1950, the
British Medical Research Council published a monumental study that showed combination drug
therapy reduced the rate of the emergence of drug resistant Mtb compared to using streptomyci
or PAS along7(Q].

Of the current first line anfTB drugs, isoniazid was the first to bechvered in 1912 and
has been part of the afiB drug regimen since 1992Z1]. It is a predrug that enters the cell by
passive diffusion and is activated by the mycobacterial catpsridase enzyme, Kat[F2-74).

It only kills actively dividing mycobacteria by disrupting mycolic acid synthesis, which is a major
component of the Mtleell wall, inhibiting nucleic acid synthesis and producing nitric oxide free
radicals[71, 74-77]. There are many genes thought to be involved in the development of INH
resistance, the main of which &@&tG inhA,andahpC[71, 78, 79]. Pyrazinamide was next to be
discovered and was shown to be effective against Mtb in mice and humans [80,382. PZA

is a predrug that becomes its active form, pyrazinoic acid (PO&@r @onversion by the Mtb
cytoplasmic enzyme, nicotinamidase/pyrazinamid&8: Although there is much debate on its
mode of action, the most recently proposed is that POA binds and promotes degradation of

aspartate decarboxylase (PanD) inhibiting Coenzyme A biosynil&8si83, 84]. Coenzyme A



functions as a cfacta for many enzymes involved in fatty acid and nonribosomal peptide
synthesig85]. Mutaions in thepncA(encodes pyrazinamidase) gene have been associated with
PZA resistancg¢86-89]. Ethambutol was first described in 1961 and was included in th&@Bnti
regimen in 196490]. Similar to INH, EMB inhibits actively replicating bacteria by disrupting
arabinogalactan synthesis, depleting the molecules that anchor naadbcthus disrupting cell

wall synthesis and increasing cell wall permeabi[80-93]. EMB resistance is primarily
associated with mutations in genes encoding arabinosyltransferageEBandembC[90, 94-96].

The last to be included as a first line ahB drug is rifampicin. Rifampicin was discovered by
Piero Sensi and was introduced as an-aBtdrug in 1968. It is one of the most potent -Arii

drugs currently availabl7]. The introduction of rifampicin shortened chemotherapy frezn 1
years to 9 months and when used with PZA to 6 mg@B999]. Rifampicin binds and inhibits

the RNA polymerase Isubunit of Mtb. Consequently, mutations in th@B gene confer
rifampicin resistanc§97, 100, 101]. Side effects from first line anfiB drugs range from mild

(eg. nausea, abdominal pain, drowsiness) to severe (eg. liver and kidney damage, joint pain,
blurred vision)[102. A number of secontine antiTB drugs, which include fluoroquinolones,
injectables (eg. amikacin, kanamycin), carbapenems, linezolid, and bedaquilinechesgare
available for use if Mtb develops resistance to the-lingtdrugs, specially RIF and INH, but side
effects can also be severe (eg. renal, liver and auditory dysfunction, psychosis, peripheral

neuropathy]103 104.



1.4Granulomai the hallmark of tuberculosis

Once Mtb enters the airways and lodges in the alveoli, it is phagocytosed by alveolar
macrophages, dendritic cells@pand neutrophils which carry it to the lufd®5. Mtb-infected
DCs then migrate to the lymph nodes to activate the adaptive immune sydtema9s post
infection[106-108. Activated lymphocytes then migrate from the lymph nodes to the site of lung
infection aggregating with the innate immune cells forming a granuj@®®&111]. Granuloma
formation is dependent on TNF production and the maintenance of chemokine concentrations to
recruit and reta immune cell§112 113. As shown in Figure 2, Mtb is found at the center with
cell debris and irdcting macrophages at the periphery. Epithelioid macrophages dominate the
Amacrophage | ayero although neutrophils, giant
Surrounding the fAmacrophage | ayer o celisardhe | yr
natural killer (NK) cells[109; there are also types of macrophages in the lymphocyte cuff.
Although granulomas serve as protective encasements to control or kill Mtb and prevent
dissemination of the bacilli, they also serve as niches where Mtb can survive and persist.

Granulomas careactivate and become sources of bacterial dissemifa®n114, 115.
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Figure 2. The structure of a granuloma.

A granulomais an aggregation of host immune cells and kHbilli. The center of a granuloma
contains Mt b and cell debris surrounded by
macrophages, giant cells, foam cells, dendritic cells and neutrophils. Enclosing the macrophage
layer is the lymphocyte cuff which otains T cells, B cells, NK cells and macrophages.

Reproduced with permission from Springer Nature, Cadena et al[ 2067

Even within an animal, granulomas have independent trajectories, distinct local immune
environment, killing ability and present aspestrum that can influence host outcome. In a given
animal, granulomas can range from sterilized to uncontrolled or disseminating based on a variety
of host and bacterial factorgl16]. Granulomas can be nonnecrotizing (with epithelioid

macrophages and giantlisein the center), caseous (with necrotic center), suppurative (with
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granulocytic center) and fibrocalcific (mineralized center surrounded by fibrosis). A macaque can
have a combination of these granuloma types. Nonnecrotizing and suppurative granuéomas a
generally associated with high bacterial burden while fibrocalcific granulomas are associated with
low bacterial burden and healing. Caseous granulomas can also be associated with poor Mtb
control, however, over time bacterial killing increases and aesgranulomas evolve into
fibrocalcific granulomag117, 11§. In macaques, gnaloma characteristics early in infection

affect the progression of the disease as a whole. A significant increase in metabolic activity as
measured by positron emission tomography (PET) in granulomas was associated with developing
active TB diseasfL19]. Granulomas that would later disseminate and form new granulomas were
significantly bigger in size (at-8 weeks posinfection) compared to contained granulomas and
dissemination early during infection-@weeks) is associated with developing aihB disease

[119, 12(. Granulomas varied greatly in cell numbers, proportion of T cells, cytokine response
and bacterial burden within and among animals and a spectrum of these parameters are present
irrespective of the hostodos cl i nansesdo nd refledt us . I

the local immune response in granulorfiea]].

1.5 Immune response to tuberculosis

The first host cell Mtb encounters are the airway epithel@ls (AEC). These cells
recognize pathogeassociated molecular patterns and daagsociated molecular patterns
through their widely expressed tdike receptors (TLRs) and ndike receptors[122 123.
During Mtb infection, airway epithelial cells produce a myriad of molecules that can regulate the

host immune system. These include complement proteins, antimicrobial peptides, surfactants,
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enzymes, reacter oxygen species (ROS), nitric oxide (NO), proinflammatory cytokines and
chemokines which enhance host immune cell recruitment, increase inflammation and promote
phagocytosis and microbial killifg.23 124]. However, in vitro evidence suggests that AECs can
serve as niches for Mtb growth and replica{id®5, 126, although there is little in vivo evidence

to support this. Mtb replicates >86ld 7 days posinfection in A549 cells, a type Il airway
epithelial carcinoma cell line, compared to ofold and 3fold in murine macrophage cell line
(J774) and fresh human monocgterived macrophages, respectivgly27]. Transcriptome
analysis of Mtb in A549 cells also showed an actively replicating state with enhanced virulence.
Mtb genes associated with replication, mycolic acid synthesis, aerobic respirati@bAmeb

were all upregulated, while, stress response and hywhiwed genes in AECs were
downregulated12§.

Macrophages are the first immune cells that Mtb encourte28]. Macrophages
phagocytose Mtb and contain the bacteria inside a phagosome that undergoes a sequence of fusion
events which are bactericidal to Mtb. Acidification of the phagosome is essential for bacterial
clearance as it provides thetimpum environment for lysosomal enzymes and ROS production
[110, 130. Mtb, however, has in its arsenal cell wall components such as trehalose dimycolate and
lipoarabinomannan,ra secreted proteins (eg. lipid phosphatase [SapM], tyrosine phosphatase
[PtpA], a Zr+ metalloprotease [Zmpl] among others) that prevent phagosomal mat{it&tlen
133. Activation of macrophages with IfNbypasses the phagosome maturatioocll by
stimulation of autophagic pathways and inducing apoptosis in a NO dependent [h84nE35).

In addition to phagosome acidification, macrophages also bombard the Mtb inside the phagosome
with copper and zinc, which are toxic in large quantities,camlive Mtb with iron and manganese

which are essential micronutrients for bacterial surita#g.
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Macrophages are armed with multiple receptors that can recognize Mtb such as ILRs, C
type lectin receptors (CLR), Fc receptors, scavenger receptors, mannose receptors and cytosolic
DNA sensors[137]. Stimulation of these receptors result in enhanced antigen presentation,
phagocytos, apoptosis, autophagy, cytokine secretion and nitric oxide prodyd®8n139.

TLRs 2, 4 and 9 are key in recognizing N1tl4J. Activation of TLR2 leads to production of NO,
TNFa and IL-12 in murine and human monocytes and macrophdgds142. Production of an
antimicrobial peptide, cathelicidins induced by the upregulation of vitamin D receptor and
vitamin D-1-hydroxylase genes caused by TLR2 activatid#3d. Activation of TLR4
predominantly leads to TNF production, along witk@land monocyte chemoattractant protein
(MCP-1), in murine macrophages and human monocjtdg-146. TLR9 -/- mice exhibited
reduced 1L12p40 and IFdNproduction but there was no effect on bacterial burden. However, a
TLR2/9 -/- mice displayed enhanced susceptibility to Mtb infection suggesting a redundant role
between TLR 2 and PL47]. In addition to TLRs, racrophages have complement receptors (CR)
that recognize complement proteins and promote phagocjid&ls One of particular interest is

CR3 as blocking of this receptor by monoclonal antibodies inhibited adherence of Mtb to human
monocytes in vitrdoy up to 81%4149. Mannose receptors are one mechanism used by Mtb to
gain entry to macrophages without prior opsonization and promote survival and growth. Mannose
receptors recognize LAM whichldcks phagosome maturatigd5Q; there is a report that
mannose receptors only recognizes virulent Mthins[157].

Neutrophils are also one of the first responders to Mtb infelib@. Their 0le in TB is
controversial, with the potential to be both beneficial and harmful. They have been shown to be
important early in infection in mic|l52-155 but also correlated to active TB disease, increased

bacterial burden, host tissue destruction and even respiratory failure and death in several models
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and human$156-161]. Early recruitment of neutrophils by LPS administration in rats at the time
of infection resulted in a 65fdld decrease in lung Mtb CFU (NLPS- 1.3x1@ CFU vs with LPS

- 200 CFU). This protection progressively waned as LPS was administd@dldys after Mtb
infection[153. Similar resilts were shown in other studiggb2, 154, 155. Proposed mechanisms

by which neutrophils kill Mtb include phagocytosis, either directly or by phagocytosing Mtb
infected cells, producing reactive oxygen/nitrogen intermediates, degranulation of bactericidal
molecues (eg. cathelicidins, defensins, elastase) and forming neutrophil extracellular traps (NETS)
[162 163. In contrast, some studies showed poor Kilting in neutrophils even when stimulated

with IFNgand TN ma ki ng it a fAtrojan horseo harboring
bactericidal macrophagg$56, 164, 165. In macaques, granzymedXpressing neutrophils were
correlated with increased bacterial burdegranuloma$160. Neutrophils have also been shown

to produce cytokines such as TNF;4LIL-10 and IFNin macaque lung granulomas, however,
cytokine secretion was not correlatedwhiacterial load166.

Dendritic cells are the most effective antigen presenting cells and also important sources
of IL-12 which promotes Th1l differentiatig@67]. Although the host need Mibfected DCs to
migrate to the lymph nodes to activate the adaptive immune sys8&n107], Mtb also uses DCs
to dampen the immune respon€&209, also called DGpecific intracellular adhesion molecule
3-grabbing norintegrin receptor (DESIGN), binds to CD54, an intercellular adhesion molecule
1 (ICAM-1) found in endothelial cells that facilitate DC migratidr29. Interaction of CD209
with Mtb LAM mannose promotes internalization of Mtb, increased production -d0lland
decreased production of 412 modulating T cell activitf168. In contrast, studies have also

shown that DCs infected with Mtb becomes activated upregulating expression of activation
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markers (eg. MHC II, CD40, CD80) and increased production of inflammatory cytokiclesisu
TNFa, IL-12, IL-1 and IL-:6 promoting DC maturation and antigen presentdtl@®, 170 .

Natural killer (NK) cells have been proposed to play a role during Mtb infection by lysing
Mtb-infected macrophageq171, 172, producing IFN) and IL-22, which enhances
phagolysosomal infusiofl73, stimulating IFNy production by CD8 T cellgl74], and limiting
regulatory T cell (Treg) expansi¢h75.

Protection during Mtb infection is mostly attributed to the cellular adaptive immune
responsdl176, 177]. The importance of CD4 T cells in TB was demonstrated bynitreased
susceptibility of HIV+ patients to Mtb infection and disefsed. This was further supported by
CDA4 T cell depletion studies in mi¢g79-181] and norhuman primates (NHRL82 183 where
animals showed increased pathology, bacterial burden and reactiveBome macaques with
LTBI. CD4 T cells producing IFNyare key players in Mtb clearance by promoting phagosome
lysosome fusion and ROS production in macrophd@@4 176 184, 185. The importance of
CD8 T cells was not readily apparent ustiidies in mice deficient in molecules necessary for
antigen presentation through major histocompatibility complex (MHC) class | resulted in greater
bacterial burden, severe pathology and accelerated fE26h187). CD8 T cells control Mtb
infection by producing cytokines (eg.-B, TNF, IFNg), and inducing apoptosis either by
degranulation (perforin, granzymes and granulysin) ofHaasligand interaction in Mimfected
cells[50, 188. In BCGvaccinated rhesus macaques, CD8 depletion prior tedugk challenge
resulted in higher bacterial burden, more severe lung pathology and more extensive dissemination
compared to macaques/gn IgG contro[189. Our unpublished data also support a critical role

for CD8 T cells in control of initial Mtb infection in macaques.
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Studies in genetic knockout mouse strains were instrumental in demonstrating the
importance of IFNg[190 191], IL-12[192 and T-bet[193, a transcription factor regulating Thl
cell development, all of which were unable to control bacterial growth. The importanceghlFN
TB is further spported by individuals with Mendelian susceptibility to mycobacterial disease
(MSMD). MSMD is a rare genetic condition characterized by increased susceptibility to weakly
virulent mycobacteria species, such as BCG and environmental mycobacteria, inramsethe
healthy person. Genes associated with MSMD diminishes the production or responsg 194N
195. TNFa is also critical in TB infection as first shown in mice where @Nteutralization and
disruption of TNF receptor resulted in lyagdleath compared to contro[496]. This was validated
in humans where latent TB subjects reactivated afterirastration of a TNER-neutralizing
antibody, infliximab[197], and in NHPs where TNFneutralization resulted in disseminated TB
disease and reactivation of ~50% of macaques with [TIB8 199. The role of Th17 cells in
humans is unclear. Logerum IL-17 level was associated with higher fatality 2 months after anti
TB treatment [200. Humans with active TB disease had a lower frequency of CD4 T cells
producing I-17 in blood compared to healthy and LTBI individug261, 202. However, one
study did not find any significant difference in-1I7 mRNA levels in bronchoalveolar lavage and
blood between patients with active TB and healthy confdl§. In addition, high levels of CD4
T cells producing both IF§land IL-17 were associated with severe TB disda6d]. IL-17 has
been shown to be protective in mice following primary infection with Mtb Beijing HN20§|
or BCG vaccinatiorj20€. IL-17-/- mice exhibited greater lung pathology and baatdyurden
after infection with Mtb Beijing HN878205. BCGinduced protection in mice was dependent on
the presencefdl -17 which leads to chemokine secretion and recruitment af-geblducing CD4

T cells to the lungf20q. IL-10 is widely regarded as detrimental to TB as it has been implicated
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to arrest phagosomal maturation in Miifected human mcrophage$207] and downregulate
protective Thl responses in vifi2d08 209. Increased IE10 production in C57BL/6 mice, which
are naturally resistant to Mtb infection, has no effect early during infection but resulted-in 100
fold higher lung bacterial burden compared to untreated C57BIldé during the chronic phase
of the infection (10200 days posinfection)[21(. Similarly, treatment of CBA/J mice, which
are normally susceptible to Mtb infection, with aitti10 resulted in stable lung bacterial burden
and increased mice survival, and this was associated with T cell recruitment gardBNction
[21]]. In macaques, depleting 410 resulted in less lungflammation and increased cytokine
production at 34 weeks posinfection compared to control animals, but with no significant
differences in bacterial burden during the early phase of infed@d2. Eliciting pro
inflammatory Thl responses is assumed to be necessary duringfétttion although several
vaccines that elicit such responses are still not protef2i¥§d. Indeed, a purely inflammatory
response is destructive to the host causing widespread immunopathology, thus a balanoe betwee
pro- and antiinflammatory responses should be elicited to achieve optimal control dfliih

In contrast to T cells, the role of B cells and antibodie¥Bnhas been uncertain and
controversial. Serum therapy studies, that is the transfer of sera from animals infected with Mtb or
immunized with Mtb products to other animals or humans, done in the early 1900s had inconsistent
results[214). Recently, however, with the improvement of technology and techniques, there have
been studies that showed protective effect of passive transfertiobdies to mycobacterial
antigens in mice (reviewed HY15). Humans with LTBI and active TB produced different
antibody signatures. Antibodies from LTBI patients promoted phagosomal maturation, enhanced
inflammasome activation and increased Killing of antllular Mtb in macrophagd216§. In

NHPs, B cells can be found in clusters resembling germinal centers in granulomas and are actively
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secreting Mtbspecific antibodied217]. B cell depletion prior to infection did not result in
increased overall susceptibility to TB disease, however, lung granulomas exhibited higher bacterial
burden, less inflammation and altered cytokine ley2[3. Formation of iBALT was also

associated with LTBI in NHPR19.

1.6 Non-human primate model of tuberailosis

Many animal models have been developed to study TB. Mice are the most widely used and
have contributed significantly in our current knowledge of TB. The commonly used mice (eg.
C57BL/6 and BALB/c) are considered to be naturally resistant to Mtb infection; although they
carry high bacterial burdens @00s CFU/lung) and cannot clear the infection, these strains can
live for a year or more with TB. Some mouse strains are mometisle (eg. C3H, CBA)
developing progressively severe disease causing early[@2&hAlthough there is an abundance
of available reagents to study mouse immunology and certain manipulations such as gene knock
outs and adoptive transfers are easily performed in this animal, it falls short in replicating some of
the crucial aspés of human TB. Upon Mtb infection, murine lungs develop confluent collections
of cells, termed granulomatous inflammation, but not organized granulomas as seen in humans,
and do not have true latent and reactivation stgi2$223. Rabbits are resistant to Mtb but
susceptible td/. bovis Rabbits do form granulomas and develop cavities similar to huf2ahs
224]. In contrast to rabbits, guinea pigs are susceptible to Mtb and a subset of their granulomas
resemble those seen in humans. However, for both rabbits and guinea pigs, the lack of
immunologic reagents is problematic, genetic manipulation is difficult andlateacy and

reactivation states have not been demonstfa@si228. Zebrafish infected witM. marinum an
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aquatic mycobacterial species, are good models to use for studying the dynamics of granuloma
formation. Zebrafish develop humdike granulomas and as embryos they are transparent which
is advantageous for re@iine imaging. However, their anatomy and pbiegy are different from
humans. For example, since zebrafish do not have lungs, granulomas form in the pancreas, liver,
spleen, gonads and fatty tis§@@5, 229. Non-human primates (NHP) develop thelfgpectrum
of TB disease including latency and reactivation, and form granulomas and otassd@&ated
pathologies identical to humans. Hindrances to NHP use, however, are high cost and large
Biosafety Level 3 space required for housing and mainterja2é&e23Q.

The NHP model of TB is well establishEzB31-234]. Cynomolgus macaques infected with
a low dose inoculum (<25 CFU) of Mtb strain Erdman present with the full spectrum of infection
outcomes seen in humans. Approximately 50% of macaques progaetisealisease while ~50%
develop latent TB infection showing no signs of disease. The clinical criteria used to classify active
disease and latent TB are very similar to those used for hya2@hga33. Macaques are classified
as having active TB disease if they present with clinical signsv@ght loss, cough), an elevated
erythrocyte sedimentation rate (ESR >2mm), cheastyxscan showing disease, and Mtb culture
from gastric aspirate (GA) and/or bronchoalveolar lavage (BAL). Latent TB is defined as showing
no clinical signs, negative Mthutture from GA or BAL and normal ESR up to 6 months post
infection[198 231, 233. Mtb-infected macaques develop a range of granuloma types as seen in
humans with caseis granulomas being predominant in the lufig$7]. Moreover, some
macaques have extrapunary infection (eg. spleen, liver, lymph nodgg3 235.

In addition to exhibiting the full spectrum of Mtb infection, there several other reasons
that make NHPs superior in modeling TB compared to other animal models. Tracking disease

progression such as granuloma formation and thoracic inflammation is possible in NHPs with the
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use of serial imaging using positron emissiomagraphy and computed tomography (PET CT)
(Figure 3). CT provides a spatial map of the lungs where individual lesions and lymph nodes can
be quantified for size and location. The use of the PET praéb#uorodeoxyglucose (FDG),

which is taken up by metabcally active host cells, makes it possible to quantify overall lung
inflammation as well as the FDGtavity in individual granulomas. Combining PET and CT
provides a structural and functional map of the lungs during Mtb infef28§. In addition,
thoracic lymph nodes (LNs) are also involved in TB disease in NHPs and humans, especially in
children[234, 235, 237]. Individual granulomas and LNs can be excised and analyzed for bacterial
burden pathology and immune response. Lastly, NHPs can be used to study various interventions
such as vaccines, drugs, and hdistcted therapies as well as the importance of various immune

factors using antibodies to deplete cell types or neutralize cytdkiBds
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Figure 3. Serial PET CT imaging allows tracking of inflammation and formation of new
granulomas.
Blue arrows = old granulomas; red arrows = new granulomas adjacent to old granulomas and
yellow arrows = new granulomas forming at neies far from initial granulomas. Reproduced

from Coleman et al, 201419 .

1.7Lymph nodesi the neglected battlefield of tuberculosis

This section is adapted from the original publication:
Ganchua SKC, White AG, Klein EC and Flynn JL. 2020. Lymph nodks neglected

battlefield in tuberculosi®?LoS Pathogens. In pregseeChapter &or full article)

Even though TB most commonly manifests as a pulmonary disease, extrapulmonary TB
also @curs. In humans, Mtb infection usually results in a Ghon comipl@xuberculous lung

lesion accompanied by a granuloma in a thoracic lymph 2@k 239. Infected lymph nodes
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are considered to be extrapulmonary, even if they are within the thoracic cavity, and are the most
common sites of extrapulmonary Mtb infecti@40, 241]. Early autopsy studies in humans found
live Mtb in lymph nodes without signs of TB disease anywhere else in the Bé2¢44]. Even
lymph nodes that appeared normal through gross inspection by a trained pathologist could harbor
live Mtb [242. In cattle, lymph nodes atke most common site ®. bovisinfection[245. In a
small study of 15 cattle with evidence of bovifiB in lymph nodes, only 1 had identifiable
pulmonary infectiori246]. However, some auth®as cited by Neill et §245 believe that a more
comprehensive inspection of the bovine lungs shoelddsformed since TB lesions can be small.
It is widely accepted that in bovine TB lymph nodes get infected first while pulmonary lesions
develop later during the infecti¢845 247). In our experience working with ndruman primates,
lymph nodes are almost always infected with Mtb along with the I{28f$. Occasionally, we
find lymph nodes with no apparent granuloma also harboring live Mthlib&iven these
observations, it is understandable that Behr and Waters proposed TB as a lymphatic disease rather
than strictly a pulmonary diseafz4§.

The involement of lymph nodes during the first month of Mtb infection is well established
in mouse models of TB. After aerosol infection, Mtb is phagocytosed by alveolar macrophages,
myeloid dendritic cells (DC) and neutrophils in the lufi@5. While other respiratory viral and
bacterial pathogens induce DC migration to the lymph nodes to activate the adaptive immune
system by 13 days posinfection[249-251]], this important process is delayed in Mtb infection.
Several studies have shown that Niibected DCs do not migrate to the lymph node and prime T
cells until 911 days posinfection[106-108. This delay in the dissemination of Mblacteria to
the lymph nodes is thought to play a role in the increased susceptibility of C3H/HeJ mice to Mtb

compared to C57BL/6 micgl0g. Wolf andcolleagues also showed that the migration of DCs
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was transient, slowing down after peaking at 21 daysiptesttion, an interesting observation
given the chronic nature of TB. Not only are DC migratory functions dysregulated, but DCs and
interstitial macophages that transport Mtb to the lymph nodes are relatively poor at stimulating T
cell responses to Mtb antigefi7].

Based on human and macaque studies, lymph raateplay a major role in reactivation
of latent TB caused by immunosuppression. In NHPs, we define reactivation TB as a positive
culture in bronchoalveolar lavage and/or gastric aspirate, increase in erythrocyte sedimentation
rate, signs of disease suchaagighing or weight loss, or the formation of a new granuloma by
PET CT after latent Mtb infection was establislj@82 183 198 199 257. In CD4 T celt
depleted cynomolgus macaques, lower CD4+ T cell levels in hilar lymph nodes was associated
with reactivation[187. In TNFneutralized macaques, early signs of reactivation (ie- non
necrotizing granuloma formation adjacent to established dad ofineralized granulomas) were
observed microscopically in the lymph nod&88. Latently Mtbinfected macaques with a high
risk of reactivating after TNF neutralization had a smaller prtogro of sterile thoracic lymph
nodes, highly metabolically active (by PET CT) lymph nodes and increased live Mtb burden in
lymph nodes compared to low risk animgl99. In a separate stud#83, DNA barcode Mtb
bacteria, which allows for the discrimination of individual bacteria, was used to track Mtb
dissemination during reactivation of latent TB in cynomolgus macaques induced by SIV co
infection. New lung granulomas that arose during reactivation weessessfor DNA barcodes
and compared to the DNA barcoded bacilli found in old granulomas (those present prior to SIV
infection) or in thoracic lymph nodes. Almost 50% of the DNA barcodes in new granulomas
matched DNA barcodes from bacteria only found ingjinmodes and not in the old granulomas.

Moreover, Mtb recovered from extrapulmonary sites (eg. liver and spleen) had the same barcodes
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as Mtb from the lymph nodes. This suggests that Mtb dissemination during reactivation can
originate from the lymph nodefispersing to the lungs and other organs. In antiretrenable
humans with latent TB emmfected with HIV, abnormal FDG uptake in lymph nodes was
associated with reactivation. Ten participants determined to have subclinical TB pathology were
more likelyto develop abnormal uptake of FDG in thoracic lymph nodes compared to participants
without subclinical TB disease. Participants with subclinical TB pathology were also significantly
more likely to develop active TB disease (4/10) during tmeoéith followrup period compared

the 25 participants with no subclinical pathology of which none developed active TB {&&3se
These data suggest that reactivation of laldy whether by SIV/HIV infection, CD4 depletion

or TNF neutralization, can start in the lymph nodes and can be predicted by visualizing the
metabolic activity of lymph nodes by PET CT.

For a vaccine to successfully elicit an immune responsetatjisired to reach secondary
lymphoid organs such as the lymph nodes. A study in C57BL/6 mice compared the efficacy of
three BCG vaccination routes [intradermal, subcutaneous (s.c.) and intralymphatic injection] in
eliciting a robust immune response andt@ction from Mtb challengg254]. Direct injection of
BCG to the inguinal lymph nodes resulted in tremendous transient swelling of not just the injected
lymph nodes but all the other lymph nodes as well (eg. mesenteric, axillary, brachial, thoracic and
cervical nodes). This is in contrast to subcutaneous and intradermal vaccination which caused
minimal swelling of any of the lymph nodes examined. Lymph ndea intralymphatically
vaccinated mice harbored greater numbers of BCG by -Rieblsen staining compared to s.c.
vaccinated animals. Intralymphatic vaccination also elicited a more robust immune response
compared to s.c. vaccinated animals. Significamibye proliferation and stronger TNF,-B, IL-

17 and IFN responses up to 40 days pwatcination were observed in PRbmulated
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splenocytes from intralymphatic vaccinated animals compared to s.c. vaccinated animals. Direct
vaccination of lymph nodessa resulted in significantly reduced Mtb burden (up to 12 weeks
postinfection) against Mtb challenge in the lungs and spleen compared to s.c. and unvaccinated
control mice[254]. These data suggest that direct vaccination of lymph nodes could improve the
efficacy of BCG in eliciting an immune responsel gmotection against Mtb challenge.

Lymph nodes are sites where Mtb can persist, disseminate and redd8zte83 198
199 253. Therefore, it is imperative that afitB drugs be tested for their ability to eliminate Mtb
bacteria in the lymph nodes. There is only one study | am aware of that examined concentrations
of rifampicin (RIF) and isoniazid (INH) in the blood, lungs, gramas and lymph nodes in
humang 255 256]. Rifampicin had the highest concentration in the blood (6.95 ddthdwed
by tuberculous foci (2.43 pg/g) and healthy lung tissue (2.22 ug/g). Thoracic lymph nodes (1.41
Hg/g) had lower RIF concentration compared to blood and lung granulomas. Interestingly, the
lowest RIF concentration was found in caseous lymph n(@68 ug/g). In contrast, although
INH concentration was also highest in the blood (4.11 pg/ml), its concentration in healthy lungs
(0.58 pg/g), bronchopulmonary lymph nodes (0.53 ug/g), cavities (0.59 pg/g), tuberculous foci
(0.6 pg/g) and caseous lymphdes (0.21 pg/g) were all relatively simij@b5s, 256. Remarkably,
caseous lymph nodes had once again the lowest INH concentration. No information about Mtb
burden in the different tissues were provided. Although this is just one study, it provides a glimpse
of lower RIF and INH penetration in lymph nodes consplato lung granulomas.

Lymph nodes are underappreciated in the study of TB. It is clear that aside from their main
function of initiating and shaping adaptive immune responses, lymph nodes also play a role in Mtb

persistence, TB reactivation, and vaccaiicacy and have impaired afB drug penetration.
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More attention should be paid to these organs when testing vaccines and drug candidates in the

future.

1.8 Reinfection in TB

Most vaccines in use in humans are based on the idea pravious infectionwith a
microbe will induce an immune response that prevents infection or disease when the host
encounters #amicrobeagain. The vaccine mimics some part of the host response to infection and
provides immunity against the pathogen. However, in TB, it is aneldether an ongoing or
previous Mtb infection confers protection to a secondary infection. This is a critical issue for
vaccine development. Early human epidemiologic studies followed nursing and medical students
by monitoring their TST status (indicagiinfection) and signs of TB disease (to distinguish latent
vs active TB) throughout the course of their training and even many years after. Andrews and
colleagueg4257] did a metaanalysis of thesand other epidemiologic studies and concluded that
LTBI resulted in a 79% lower risk of developing active TB compared to an uninfected person.
However, the timing of primary infection and even whether the subjects were exposed to or
infected with Mtb dumg their training were not known. In addition, whether the protection against
developing active TB disease seen in individuals with LTBI was due to their ongoing latent
infection or their innate resistance to TB disease were also unknown. In humansinheskohs
(infected with> 2 Mtb strains) could be present in 4% of active TB patients, although extent

of disease and transmission in the community, specimen handling, contamination rate, strain

a)

typing method used, drHigtatusemld al affeattoicenunab@®f. t he p

27



Several early reinfection studies also exist in animal models where Mtb reinfection can be
assured although discrimination between the 2 infections can still be challeBginging a drug
susceptible Mtb strain for the first infection and a streptomypesnstant strain for the second
infection, Kanai and Yanagisawa showed that for both guinea pigs and rats multiplication of Mtb
bacilli from the second infection was sigedintly hindered while the Mtb from the first infection
thrived [259, 260. Similar results were obtained in kats where granulomas formed by the
second infection had fewer Mtb bacilli. Although discrimination between the 2 infections relied
on the size and histology of granulomas in one study, one study used Mtb for the first infection
andM. bovisfor the secondnfection[261, 262]. More recently, in mice that were drug treated
before reinfecting with Mtb, significantly fewer Mtiacilli (100Gfold lower) were found in the
lungs 30 days posnfection, however, this protection wanaad the lung Mtb burden reached the
level of control animals by 60 days pastection[263. By using serial PET CT scans and DNA
tagged Mtb strains, Cadena et[a64 showed that reinfected cynomolgus macaques formed
significantly fewer granulomas from the second infection compared to controls (those that did not
have primary infection) with 5/8 reinfected animals failing to form any CFU+ granulomas from
the second infection. The granulomas that did grow Mtb had significantly fewer bacterial load
compared to the controls. In addition, there was dissemination tedteeic lymph nodes in only
1 of the 8 reinfected animals, compared to 5 of 6 of the control animals. Overall, there was a
10,000fold reduction in bacterial burden from the second infection in macaques with ongoing

primary infection.
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2.0 Gaps inknowledge am specific aims

The main hindrance to current vaccine development is the lack of biomarkers or immune
correlates for protection against TB. In fact, the immune responses to target in a protective vaccine
are largely unknown. Published data suggest thatithdals with latent TB have a lower risk of
progressing to active TB after Mtb-exposurg257]. However, the extent to which Mtb protects
against actual reinfection (and not simply disease) mpbetely unknown and extremely
challenging to assess in humans. In previous work in our lab, we showed that macaques with an
ongoing primary Mtb infection presented with limited disease progression (fewer new granulomas
and higher frequency of sterile leas) after secondary challenge. This degree of protection is
greater than most vaccines tested tfarsandprovides a model for protective immunity. The
mechanisms and factors limiting disease progression during a secondary Mtb infection are
currently unkiown. In this dissertation, | investigated the protection provided by primary infection,
focusing on the contribution of bacterial viability and CD4 T céltg/pothesize that the resulting
adaptive cellular immunity from an ongoing primary Mtb infectidmmits granuloma formation,
bacterial burden and disease progression of a secondary Mtb infectiaiso performed an
extensive analysis of lymph nodes from Mrtifected macaques to understand their role in Mtb

infection, with the hypothesis that thoracic lymph nodes are a unique reservoir for Mtb.
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The main hypothesis will be directly tested through these specific aims:

AIM 1. Determine the contribution of bacterial viability in the protection
conferred by a primary Mtb infection to a secondary Mtb infection. Mtb-infected
cynomolgus macaques will be drug treated to eliminate viable Mtb prior to reinfection.
Infection and disease progression will be followed by PET CT, immunologic responses
monitored by floncytometry and disease outcome measures (number of secondary granulomas
and bacterial burden) evaluated in all macaquéypothesize that live Mtb is required to

provide protection against a secondary Mtb infection.

AIM 2. Determine the contribution of CD4 T cells in the protection conferred by
a primary Mtb infection to a secondary Mtb infection. There will be 3 cohorts in this study:
(1) CD4 T ceHldepleted macaques, (2) macaques infused with IgG control, and (3) macaques
infected with 2d infection orly. As in Aim 1, infection and disease progression, host immune
response and disease outcome measures will be monitbsgubthesize that CD4 T cells are

important in providing protection against a secondary Mtb infection.

AIM 3. Determine the role of lymph nodes during a primary Mtb infection and
reinfection. Lymph nodes from infected cynomolgus and rhesus macaques at different time
points postinfection, as well as from reinfected cynomolgus macaques from Aims 1 and 2,
will be assayed for bacterial lwen, Mtb killing capability and immune response. Localization

of Mtb and immune cells in infected lymph nodes will also be determirgghothesize that
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thoracic lymph nodes serve as niches for bacterial replication during a primary Mtb infection

while lymph nodes play a minimal role in the protection against a secondary Mtb infection.

The development of an effective TB vaccine that prevents establishment of infection and
disease progression is crucial if we want to eradicate TB. The goals of this dissertation are to gain
important insight into the immunologic mechanisms of protecti@hthe different bacterial and
host factors influencing them. This will lead to a more focused approach to effective TB vaccine
design and development. Elucidating the role of lymph nodes in Mtb infection will also draw

consideration of these tissues inegetive drug treatment and vaccine design.
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3.0Drug treatment does not abolish the protection againdtb reinfection

3.1 Introduction

A metaanalysis of early epidemiology studies showed that a person with Mitent
tuberculosis(Mtb) infection (LTBI) has a 79% leer risk of developing active TB disease
compared to an uninfected perd@57]. However, in these early studies, the timing and whether
or not the subjects were exposed to or reinfected with Mtb were unknown, since development of
active TB was the outcome measure. This limitation was circumvented using small animal models
which shoved that an ongoing Mtb infection impaired bacterial growth from the second infection;
although discrimination between the 2 infections was challer[@®@262. These small animal
studies were done in the early to Alil00s and over time there have been significant
i mprovements in technology. I n our | aborator
Harvard, Cadena and colleagues used serial PET CT scansktthidirst and second infection
in real time in cynomolgus macaques and used Bagyed Mtb strains to effectively discriminate
granulomas that formed from the first infection vs. second infection. Similar to the early animal
studies, macaques that hadangoing Mtb infection formed significantly fewer granulomas from
the second infection compared to naive controls (i.e. those that did not have a first infection). In
5/8 reinfected animals, the few granulomas that formed from the second infection eviee st
while the remaining 3 reinfected animals that did form CFU+ granulomas from the second
infection had significantly lower (10,0€f@ld reduction) bacterial burden compared to the

granulomas that formed in the control animgé4]. This demonstrated that an ongoing Mtb
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infection, regardless of extent of disease, provided robust protection against a second Mtb
infection.

The underlying mechanism of protection in Mtb reinfection studies is still largely
unknown. When mice were drug treated before reinfecting with Mtb, f@ddGewer Mtb bacilli
was found in the lungs 30 days pasection, however, this protection waned and lung bacterial
burden increased to the level of control animals by 60 daysrdestion[263. In humans, the
incidence rate of recurrent TB disease, eitherdigpse or reinfection, after successful treatment
was 18x (Ching,265]) and 14.6x (Spairj266]) more than the indence rate of initial TB disease
in the general population. A study in Cape Town, South Africa which used DNA fingerprinting
methods to discriminate between relapse and reinfection showed the incidence rate of active TB
disease attributed to Mtb reinfeatiafter successful treatment was 4x more than the incidence rate
of initial TB disease in the general populati@67]. Threepossible reasons that could explain
these findings include: (1) selection biaselection of individuals with predisposition to Mtb
infection and TB disease; (2) TB disease increases susceptibility of an intiadueceeding
Mtb infection and diseasand (3) elimination of live Mtb resulting from drug treatment increased
susceptibility of these individuals wubsequenmtb infection and diseaséduman studies are
vulnerable to confounding factors, such abptatory errors, lung damage, timing of reinfection,
HIV status, socieeconomic background and emergence of drug resistant Mtb strains which are
not always included in the analysis.

Here, we sought to address whether eliminating live Mtb bacilli abolibleegrotection
an ongoing primary Mtb infection confers to a second Mtb challenge using the established NHP
reinfection model[264. NHPs faithfully model the full spectrum of human Miffection

outcomes and granulomas without the confounding factors prevalent in human [2BG233).

33



In addition, by using serial PET CT scans and Didgged Mtb strains, we can track granuloma
formation in real time and discriminatettveen granulomas formed by first vs. second infection
[264]. Our findings indicate that drug treatment reduced but did not abolish the protection a
primary Mtb infection conferred to a second infection. There was no significant difference in
protection (measured as number of and Mtb burden in granulomas forming from the second
infection) between the druigeated and nedrug treated groups, although both drugpted and
nontdrug treated animals did not demonstrate as robust protection as in the original reinfection

study[264].

3.2 Methodology

3.2.1Ethics Statement

All experimental manipulations, protocols, and care of tiimals were approved by the
University of Pittsburgh School of Medicine Institutional Animal Care and Use Committee
(IACUC). The protocol assurance number for our IACUC is A3Q87 Our specific protocol
approval number for this project is 15066174. TheCWXC adheres to national guidelines
established in the Animal Welfare Act (7 U.S.C. Sections P2B839) and the Guide for the Care
and Use of Laboratory Animalsiu&dition) as mandated by the U.S. Public Health Service Policy.

All macaques used in this study were housed at the University of Pittsburgh in rooms with
autonomously controlled temperature, humidity, and lighting. Animals were singly housed in
caging at least 2 square meters apart that allowed visual and tactilet aoittaneighboring

conspecifics. The macaques were fed twice daily with biscuits formulated for nonhuman primates,
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supplemented at least 4 days/week with large pieces of fresh fruits or vegetables. Animals had
access to watexd libitem Because our macags were singly housed due to the infectious nature

of these studies, an enhanced enrichment plan was designed and overseen by our nonhuman
primate enrichment specialist. This plan has 3 components. First, sppe@ic behaviors are
encouraged. All amals have access to toys and other manipulata, some of which will be filled
with food treats (e.g. frozen fruit, peanut butter, etc.). These are rotated on a regular basis. Puzzle
feeders foraging boards, and cardboard tubes containing small food itenaseafdaced in the

cage to stimulate foraging behaviors. Adjustable mirrors accessible to the animals stimulate
interaction between animals. Second, routine interaction between humans and macaques are
encouraged. These interactions occur daily and comsistly of small food objects offered as
enrichment and adhere to established safety protocols. Animal caretakers are encouraged to
interact with the animals (by talking or with facial expressions) while performing tasks in the
housing area. Routine proeeds (e.g. feeding, cage cleaning, etc) are done on a strict schedule to
allow the animals to acclimate to a routine daily schedule. Third, all macaques are provided with

a variety of visual and auditory stimulation. Housing areas contain either radidg/\odeo
equipment that play cartoons or other formats designed for children for at least 3 hours each day.
The videos and radios are rotated between animal rooms so that the same enrichment is not played
repetitively for the same group of animals.

All animals are checked at least twice daily to assess appetite, attitude, activity level,
hydration status, etc. Followirld. tuberculosisnfection, the animals are monitored closely for
evidence of disease (e.g., anorexia, weight loss, tachypnea, dysprigrangpuPhysical exams,
including weights, are performed on a regular basis. Animals are sedated prior to all veterinary

procedures (e.g. blood draws, etc.) using ketamine or other approved drugs. Regular PET CT
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imaging is conducted on most of our macadoélswing infection and has proved very useful for
monitoring disease progression. Our veterinary technicians monitor animals especially closely for
any signs of pain or distress. If any are noted, appropriate supportive care (e.g. dietary
supplementation rehydration) and clinical treatments (analgesics) are given. Any animal
considered to have advanced disease or intractable pain or distress from any cause is sedated with

ketamine and then humanely euthanatized using sodium pentobarbital.

3.2.2Animals, infections, drug treatment and disease tracking by PET CT

Ten cynomolgus macaquebldcaca fasiculariy with age range of 6:9.6 years were
obtained from Valley Biosystems (3 females, 7 males, Sacramento, California). Animals were
placed in quarantine for 1 mdntvhere they were monitored to ensure good physical health and
no prior Mtb infection. All animals were infected with DMNAgged Mtb Erdman via
bronchoscopic instillation as previously descrig@82 233. All 10 macaques received Mtb
library A as the first infection. Granuloma formation, lung inflammation and overall disease was
tracked usingsF-fluorodeoxyglucose (FDG) PET CT every 4 weeks. PET CT scans were analyzed
using OsiriX viewer as previously described with a detection lwhilmm [23§. The first
infection was followed for 16 weeks before splitting the 10 macaques into 2 cohorts: drug treated
(n=7) and nordrug treated (n=3). Because this study was scheduled to last for 9 months, we
needed to choose macaques for the-arugy treated group that we predicted would survive until
the end of the study without drug intervention. The 3 macaques were chosen based on minimal
change in granuloma numbers from 4 to 12 weeks-ip@sttion and reduced total lung
inflammation measured by PET CT. We previously described that lack of new granuloma

formation and a stable metabolic activity measured by FDG in granulomas and lympleadge
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postinfection could predict which macaques will develop LTBI at 6 monthsipbsttion[119.
Macaques in the drutgeated group were given afitB drugs orally once daily for ~3 months (80

97 days) (RIF 20mg/kg; INH 15mg/kg; ETH 50mg/k@A2150mg/kg)[268. Campliance ranged

from 80-:98% although one macaque had low compliance (30416, 62%). Macaques were taken off
drug treatment -2 weeks before the second infection with Mtb library B and subsequently
necropsied 4 weeks later. The macaques in thelnag treatd group followed the same timeline

as the drugreated group but without drug treatment. Macaques receivé@ CFU of Mtb library

A for the first infection and-8 CFU of Mtb library B for the second infection. Dose was calculated
from colony counts afteplating an aliquot of the infection inoculum on 7H11 agar plates and
incubating for 3 weeks at 32/5% CQ. Historical controls from a previous Mtb reinfection study

[264] were used as comparison in some parameters.

3.2.3Bronchoalveolar lavage (BAL)

BAL was obtained every 8 weeks as described previo{®B4, 233. Briefly, a
bronchoscope with a 2.5 mm outer diameter was inserted into the trdehsadated animal and
placed in the right middle or lower lobe. A saline solution (40ml) was introduced briefly, suctioned
and transferred to a 50ml conical tube. An aliquot was used to plate for CFU on 7H11 agar which
was read after 3 weeks of incubat@n3%C/5% CQ. BAL were centrifuged at 1,800 rpm for 8
minutes at 4C. Cells were resuspended in 1ml PBS, counted using a hemocytometer and used for
intracellular cytokine staining. Supernatants were filtered withrir28yringe filter to remove

Mtb baceria and frozen aBQC until use for Luminex.
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3.2.4Necropsy Procedures

Procedures done during necropsy have been previously ded@8ie@32]. Briefly, 1-3
days prior to necropsy, a PET CT scan was taken andasgehtify the location and metabolic
activity (FDG activity) of granulomas and lymph nodes; this scan was used as a map to aid in the
individual identificationand excision of these samples during necropsy. On the day of necropsy,
macaques were humanedgacrificed with sodium pentobarbital injection and terminally bled.
Individual granulomas, thoracic and peripheral lymph nodes, lung tissue, spleen and liver were all
excised and homogenized separately into single cell suspensions. Homogenates wesd &iquot
plating on 7H11 agar for bacterial burden, freezing for DNA extraction and staining for flow
cytometry analysis. Any remaining samples were frozen for future use. Homogenates were plated
in serial dilutions on 7H11 medium and incubated aC&% CQ for 3 weeks before enumeration

of CFU.

3.2.51solation of genomic DNA from bacteria

DNA extraction was performed on granuloma and lymph node homogenates, as well as
their scrapates (scraped colonies that grew on 7H11 agar plates) for library identification as
described previouslf118. Briefly, a small aliquot othe homogenate or scrapate were vortexed
with 0.1mm zirconiasilica beads (BioSpec Products, Inc.) and subsequently extracted twice with
phenol chloroform isoamyl alcohol (25:24:1, Sigldrich) before precipitating DNA with
molecular grade 100% isoprapa (SigmaAldrich) and 3M sodium acetate (Sigmddrich) and

resuspending in nucleasee water (Invitrogen).
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3.2.6Library identification

Identification of library DNA tags have been previously descrif2&#]]. Briefly, DNA
was amplified by PCR for 236 cycles before using in the NanoString nCounter assay
(NanoString Technologies) with custom designed probes. The scheme for labeling granulomas as
old or new is found in Table 1.

Table 1. Granuloma classification scheme

PET CT* Library Classification
old A old

old B new

new A old

new B new

old/new A+B new
unknown A old

unknown B new

old No data old

new No data new

* granuloma was noted on PET G&@an during first infection (old) or only after second infection
(new). Unknown: granuloma was not seen on PET CT scan, possibly due to size or inability to

discriminate from other granulomas in close proximity.

3.2.7Intracellular cytokine staining and flow cytometry

Intracellular cytokine staining was performed on BAL and individual granuloma samples,
involved lymph nodes (with granuloma either by gross inspection or microscopy and/or CFU+)
and uninvolved lung lobes (no granulomas and §HBAL cells (250,0001x10s) were stimulated
with peptide pools of ESAB and CFP10 (10w/ml of each peptide pool) in the presence of

Brefeldin A (GolgiPlug, BD Biosciences) at &€75% CQ for 3.54 hours prior to staining.
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Unstimulated controls were always included, however, positive controls (phorbol dibutyrate
[PdBu] and ionomycir§231]) were only included if there were enough cells. Cells were stained
with a viability marker (LIVE/DEAD fixable blue dead cell stain kit, Invitrogen) and surface and
intracellular markers. Surface markers for T cells idell€D3 (clone SP32, BD Pharmingen),

CD4 (Clone L200, BD Horizon) and CD8 (Clone SK1, BD Biosciences). Intracellular markers
include IFNg (Clone B27, BD Biosciences), TNF (Clone MAB11, BD Biosciences [[Clone
MQ1-17H12, Biolegend), 1110 (Clone JES®D7, eBioscience) and Ki67 (Clone B56, BD
Biosciences). Data was acquired using the LSR Il (BD) and analyzed using FlowJo software
v10.6.1 (BD).

Because of the abundance of Mtb antigens already present in granulomas and involved
lymph nodeq12]], these samples were not further stimulated with Mtb peptides. Due to low
number of cells, uninvolved lung lobes were also not stimulated. All samples were incubated in
the presence of Brefeldin A (GolgiPlug, BD Biosciences) aC&Po CQfor 3.54 hoursprior to
staining. Cells were stained with a viability marker (LIVE/DEAD fixable blue dead cell stain kit,
Invitrogen) and surface and intracellular markers. Surface markers include CD3 (clon2,SP34
BD Pharmingen), CD4 (Clone L200, BD Horizon), CD8 (@&K1, BD Biosciences) and CD20
(Clone 2H7, eBioscience). Intracellular markers include CD107a (Clone H4A3, Biolegend), IFN
(Clone B27, BD Biosciences), TNF (Clone MAB11, BD Biosciencesy, [Clone MQ117H12,
Biolegend), 11-:10 (Clone JES®D?7, eBiosciace) and 1L17 (Clone eBio64CAP17, eBioscience).

Data was acquired using the LSR Il (BD) and analyzed using FlowJo software v10.6.1 (BD).
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3.2.8Luminex on BAL samples

Frozen supernatants were thawed on ice and concentrated using a centrifugation filter unit
(AmiconUltra4 Centri f ugal Filter Unit, 3kDa cutof f,
instructions. Samples were assayed in duplicates using the ProcartaPlex NHP multiplex
i mmunoassay (lnvitrogen) foll owi rgf30cgtokindsact ur
and chemokines using the BioPlex reader (Biorad). An additicfatailution was performed

on the supplied standards to extend its lower detection limit.

3.2.9Statistical Analysis

We used DOAgostino & Pear dam/buttue®smallsampteet er n
sizes, nonparametric tests were used. The Mahiney test was used to compare 2 groups. The
KruskatWal | i s test with Dunnés adjustment for mul
more groups. P values < 0.05 were d¢deed statistically significant. Data were graphed and
analyzed using GraphPad Prism v8 (GraphPad Software). All CFU data in graphs witixibe y

in log scale were transformed by adding 1.
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3.3 Results

3.3.1Drug treatment sterilized most macaques

To determine wather live bacteria were necessary in the protection a primary Mtb
infection confers to a second infection, 10 cynomolgus macaques were divided into 2 groups
(FiguredA). Sixteen weeks after initial infection with Mtb library A, one group (n=7) was treated
with antt TB drugs (RIF, INH, ETH, PZA) for ~3 months (87 days) before the second infection
with Mtb library B. The control group (n=3) followed the same timeline but was not given any
ant-TB drugs. By PET CT, drug treatment reduced metabolic aciivitung granulomas and
lymph nodes (FigiB). Total lung inflammation decreased in majority of the animals during the
drug treatment period (F{C). Macaques in the neafrug treated group had stable lung metabolic
activity throughout the study (F#PD). The y-axis is in log scale and a change from 100 to 0 and

vice versa is not considered significant in FDG activity.
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Figure 4. Drug treatment reduced metabolic activity in lung granulomas and lymph nodes

A. Experimentalplan. B.3D rendering otthe thoracic cavity of a macaque peand posidrug

treatment. Green arrow points to lymph nodes. C. Total lung metabolic activity ifirdaigd
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macaques. Area shaded light blue indicates drug treatment period. Ardmates second

infection. D. Total lung metabolic activity in nairug treated macaques.

To evaluate the sterilizing efficacy of our drug regimen, we determined whether any of the
scrapates (colonies scraped from 7H11 agar plates) from the drug mmeatkdys were Mtb
library A. Drug treatment sterilized 5 of 7 macaques. The remaining 2 macaques still had live Mtb
library A, however, each monkey only had 1 CFU+ tissue and the CFU was very low (10 CFU in
a lung granuloma of 29116 and 20 CFU in a lymptenof 29616) (Figure 5). Macaques that did

not receive drug treatment also had live Mtb library A strains (Figure 5).

A
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(=]
(=]
1

289 290 291 292 293 296 304 294 295 299

1500 o
1000
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CFU / lymph node

289 290 291 292 293 296 304 294 295 299

Drug treated No drug

Figure 5. Drug treatment sterilized majority of the drug-treated macaques.

A. Bacterial burden of lung granulomas with Mtb library A. B. Bacterial burden of lymph nodes

with Mtb library A.
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3.3.2Drug treatment does not abolish protection from second infection

Our primary outcome measures to determine whether a macaque was protectdtefro
second infection are the number of and bacterial burden in granulomas attributed to the second
infection (i.e. new granulomas) by PET CT and/or Mtb library B confirmation. Both groups formed
fewer new granulomas 4 weeks after the second infectiopa@t to 4 weeks after the initial
infection using a similar dose (446 CFUi 1stdose, 8 CFUT 2nddose) (Figure 6A). There was
no significant difference in the reduction of the number of granulomas formed at 4 weeks post
second infection between thegfoups (Figure 6A). The number of new granulomas (Figure 6B)
and bacterial burden (Figure 6C) in both groups were not significantly different. Historical controls
used in this study are naive andwWeéek reinfection controls frorf264]. The naive group only
received Mtb library B infection and was necropsied 4 weeks after. Fhweél reinfection group
received Mtb library A as therst infection followed by Mtb library B infection 16 weeks after.
They were necropsied 4 weeks after Mtb library B infection. Even though the number of new
granulomas formed in the drug treated and-duyg treated groups were similar with theviéek
reinfection group, the bacterial burden in the new granulomas of tweeé&k reinfection group
was lower. The median CFU of new granulomas of both-dand nondrug treated groups was
~60-fold lower compared to the median CFU of the naive controls, howéiemias not
statistically significant (Figure 6C). The protection observed in both groups was not as robust as
the historical 18veek reinfection control animals (Figure 6C). One animal (29416) in the non
drug treated group did not form any new granulonidee CFU of new granulomas in each
macaque is shown in Figure 3D. Similar to theniéek reinfection animals, thoracic lymph nodes
were protected from Mtb library B infection. Of 10 animals, only 4 (3 in dregted; 1 in non

drug treated) macaques halyhph node CFU+ for Mtb library B (Figure 6E). These data suggest
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that elimination of live Mtb by drug treatment does not abolish the protection a primary Mtb
infection confers to a second infection. However, the protection in both drug treated aifrdgion

treated groups were not as robust as the protection seen inweek@einfection animals.
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Figure 6. Drug treatment does not abolish protection from second infection.

A. Number of granulomas formed 4 weeks after the first and second infection. Each data point is
a monkey. ManfWhitney test was used to compare the change in number of granulomas formed
from the first and second infection. B. Number of new granulomaddiraed after the second
infection. The reinfected (16wks) and naive groups are historical controls from an earlier study
[264] that were added for comparison. Each data point is a monkey. Kisitlsd with Du n n 6 s
multiple comparison test was used to compare the groups. C. Mean total CFU of new granulomas
formed after second infection. The reinfected (16wks) and naive groups are historical controls
from an earlier studf264] that were added for comparison. Each data point is a monkey. Kruskal
Wallis with Dunnés multiple comparison test w
granulomas per macaque in both groups. Each data point is a granuloma. E. Nutimtwercat

lymph nodes that were CFU+ for Mtb library B. The reinfected (16wks) and naive groups are
historical controls from an earlier stuf364] that were added for comparison. Each data point is

amonkey. KruskaWa | | i s with Dunndés multiple compari soi

3.3.3Drug treatment does not change lymphocyte populations and cytokine response in

airways

We next investigated whether drug treatment changes the airway immune environment by
interrogating lymphocyte populations, cytokine production and proliferation in respoivib-t
specific antigens ESA® and CFP10, pre and posidrug treatment, using flow cytometry for
surface markers with intracellular cytokine staining. There was no change in the number of
lymphocytes per ml of BAL in both dreigeated and nedrug treatedjroups preand posidrug
treatment (Figure 7A). Similarly, no changes occurred in the number of CD4 and CD8 T cells per
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ml BAL from pre to postdrug treatment (Figure 7B). When comparing between groups, we

did not find any significant change in theduency of lymphocytes, CD4 and CD8 T cells in the

BAL that was due to drug treatment (Figure 7). Some macaques had a large decrease in the
frequency of CD4 T cells producing IENIL-2 and TNR in the drug treated group (Figure 8).
However, overall, thergvas no significant difference in cytokine response and proliferation in
CD4 (Figure 8) and CD8 T cells (Figure 9) in the BAL between the 2 groups indicating that drug

treatment did not result in a significant change in the airway lymphocyte environment.
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Figure 7. No significant difference in lymphocyte populations in airways of the 2 groups from
pre- to postdrug treatment.

A. Change between the lymphocyte count/ml of BAL-gneg treatment and pedtug treatment.
B. Change between the CD4 T cell count/ml of BAL-drag treatment and pedtug treatment.
C. Change between the CD8 T cell count/ml of BAL-greg treatment and pedtug treatment.

Each data point is a monkey. Lines at median. Mafiitney test was usdd compare the groups.
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Figure 8. Similar changes in cytokine response of CD4 T cells to Mibpecific antigens from
pre- to postdrug treatment.

A. Change in frequency of IkiN CD4 T cells from preto postdrug treatment. B. Change in the
frequency of 1-:2+ CD4 T cells from preto postdrug treatment. C. Change in the frequency of
IL-10+ CDA4 T cells from preto postdrug treatment. D. Change in the frequency of Ki67+ CD4
T cells from pre to postdrug treatment. E. Change in the frequency of aNED4 T cells from

pre- to postdrug treatment. Each data point is a monkey. Lines at median. Media subtracted.

MannWhitney test was used to compare the groups.
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Figure 9. Similar changes in cytokine response of CD8 T cells to Mtbpecific antigens from
pre- to postdrug treatment.

A. Change in the frequency of IlgN CD8 T cells from preto postdrug treatment. B. Change in
the frequency of 1.2+ CD8 T cel from pre to postdrug treatment. C. Change in the frequency
of IL-10+ CD8 T cells from preto postdrug treatment. D. Change in the frequency of Ki67+
CD8 T cells from preto postdrug treatment. E. Change in the frequency of aNEDS8 T cells

from pre- to postdrug treatment. Each data point is a monkey. Lines at median. Media subtracted.

MannWhitney test was used to compare the groups.

To determine whether there was a difference in the airway immune environment pre
second infection in both groupaie examined lymphocyte populations, cytokine response and
proliferation in response to ESAG and CFPL0. In addition, we did a multiplex immunoassay
(Luminex) on the BAL supernatants psecond infection. There was no significant difference in

the lymphogte, CD4 and CD8 T cell counts between the two groups (Fifdrélhere was also
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no significant difference in the cytokine response and proliferation of CD4 (Fiduend CD8
T cells (Figure12) between the two groups. Levels of two chemokines, B lymoytieo
chemoattractant (BLC) and macrophage inflammatory prdtéeta (MIR1b), and 1 cytokine,
monokine induced by IF(MIG), were significantly higher in the nearug treated group (Figure
13 B-D). Levels of interferonnducible T cell alpha chemoattractartTIAC) and IL-1b also

trended to be higher in the naoinug treated group albeit not statistically significant (iFegL3A

and 13E). Data on other cytokines and chemokines tested that were not statistically different
between the two groups is in Figufiel. These data suggest that the airway lymphocyte
environment was similar in macaques regardless of drug treatmeatiately prior to the second

infection. Macaques in the nairug treated group, however, had higher levels of proinflammatory

chemokines and cytokine.
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Figure 10. Similar counts of lymphocytes, CD4 T cells and CD8 T cells in BApre-second

infection in both groups.

A. Lymphocyte count per ml of BAL. B. CD4 T cell count per ml of BAL. C. CD8 T cell count

per ml of BAL. Each data point is a monkey. Lines at median. M&hriney test was used to

compare the groups.
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Figure 11. No difference in CD4 T cell cytokine response against Mtbpecific antigens pre
second infection between the 2 groups.

A. Frequency of IFig+ CD4 T cells. B. Frequency of {2+ CD4 T cells. C. Frequency of{10+
CDA4 T cells. DFrequency of Kie67+ CD4 T cells. E. Frequency of BNFCD4 T cells. Each data

point is a monkey. Lines at median. Mavfhitney test was used to compare the groups.
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Figure 12. No difference in CD8 T cell cytokine responsagainst Mtb-specific antigens pre
second infection between the 2 groups.

A. Frequency of IFig+ CD8 T cells. B. Frequency of {2+ CD8 T cells. C. Frequency of-10+
CDS8 T cells. D. Frequency of Ki67+ CD8 T cells. E. Frequency of @NEDS8 T cells. Each da

point is a monkey. Lines at median. Mavfhitney test was used to compare the groups.
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Figure 13. Non-drug treated group had higher levels of proinflammatory chemokines and

cytokine.

A. IL-1b. B. B lymphocytechemoattractant (BLC). C. Macrophage inflammatory preiebeta
(MIP-1b). D. Monokine induced by IFY (MIG). E. Interferoninducible T cell alpha
chemoattractant {TAC). Each data point is a monkey. Lines at median. LL = lower limit of

detection. ManfWhitney test was used to compare the groups.
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Figure 14. Cytokines and chemokines measured in BAL prsecond infection.
These were the analytes that were not significantly different between the groups. Each data point
is a monkeyLines at median. LL = lower limit of detection. Mavhitney test was used to

compare the groups.

3.3.4Similar immunological environment in new granulomas, involved lymph nodes and

uninvolved lungs in both groups

To determine whether drug treatmeaffected the immune environment of new
granulomas, involved lymph nodes (with granuloma either by gross inspection or microscopically
and/or CFU+), and uninvolved lungs (no granuloma present in lobe and),Gi#Jperformed
intracellular cytokine stainingna flow cytometry after incubating them unstimulated for&hbs
at 36C/5%CQ. There was no difference in the frequencies of lymphocytes, CD3+ T cells, CD20+
B cells, CD4+ T cells and CD8+ T cells in the new granulomas (Figure 15). Similarly, no
significant difference was found in the cytokine and cytotoxic response of CD4+ (Figure 16) and
CD8+ T cells (Figure 17) in the new granulomas. Not all of the macaques had involved lymph
nodes but comparing those that did have granuloma/s and/or were CFU+, di@adosignificant
difference in the cytokine and cytotoxic response of CD4+ (Figure 18) and CD8+ T cells (Figure
19). Similar results were found in uninvolved lungs (Figure 20 and 21). The immune environment
in new granulomas, involved lymph nodes and uoived lungs were similar in both groups
suggesting that drug treatment had no effect on the immune environment in these tissues. One
limitation is that the uninvolved lungs were not restimulated with peptides, which could have
prevented us from measuringttMspecific responses, as these lung lobes were not CFU+ at
necropsy and therefore were not receiving endogenous stimulation.
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Figure 15. Similar levels of lymphocytes in new granulomas of both groups.

A. Frequency ofymphocytes of live cells. B. Frequency of CD3+ T cells of lymphocytes. C.
Frequency of CD20+ B cells of lymphocytes. D. Frequency of CD4+ T cells of CD3+ T cells. E.
Frequency of CD8+ T cells of CD3+ T cells. Each data point is a monkey. Lines at nhéalfemn.

Whitney test was used to compare the groups.
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Figure 16. Similar CD4 T cell cytokine response in new granulomas from drugreated and
non-drug treated groups.

A. Frequency of CD107a+ CD4 T cells. B. Frequency ofdgfind/or TN+ CD4 T cells. C.
Frequency of IE2+ CD4 T cells. D. Frequency of 410+ CD4 T cells. E. Frequency of-.7+
CD4 T cells. Each data point is a monkey. Lines at median. Mé&miney testwas used to

compare the groups.
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Figure 17. Similar CD8 T cell cytokine response in new granulomas from drugreated and
non-drug treated groups.

A. Frequency of CD107a+ CD8 T cells. B. Frequency ofgfind/or TN+ CD8 Tcells. C.
Frequency of IE2+ CD8 T cells. D. Frequency of 410+ CD8 T cells. E. Frequency of-l.7+
CD8 T cells. Each data point is a monkey. Lines at median. Méminey test was used to

compare the groups.
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Figure 18. Similar CD4 T cell cytokine response in involved lymph nodes from drugreated
and nondrug treated groups.

A. Frequency of CD107a+ CD4 T cells. B. Frequency ofgfFind/or TN+ CD4 T cells. C.
Frequency of IE2+ CD4 T cells. D. Frequency of {110+ CD4 T cellsE. Frequency of 1117+
CD4 T cells. Each data point is a monkey. Lines at median. Méminey test was used to

compare the groups.
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Figure 19. Similar CD8 T cell cytokine response in involved lymph nodes frordrug-treated
and non-drug treated groups.

A. CD107a+ CD8 T cellB. IFNg+ and/or TNfa+ CD8 T cellsC. IL-2+ CD8 T cells. D. IE10+
CDS8 T cells. E. IL17+ CD8 T cellsEach data point is a monkey. Lines at median. Mafitney

test was used to compareat@ent groups.
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Figure 20. Similar CD4 T cell cytokine response in uninvolved lungs from drugreated and
non-drug treated groups.

A. CD107a+ CDA4 T cellB. IFNgt and/or TNRa+ CD4 T cellsC. IL-2+ CD4 T cellsD. IL-10+
CD4 T cells. E. 117+ CD4 T cellsEach data point is a monkey. Lines at median. Mafimitney

test was used to compare treatment groups.
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Figure 21. Similar CD8 T cell cytokine response in uninvolved lungs from drugreated and
non-drug treated groups.

A. CD107a+ CD8 T cellB. IFNg+ and/or TNfa+ CD8 T cellsC. IL-2+ CD8 T cells. D. IE10+
CDS8 T cells. E. IL17+ CD8 T cellsEach data point is a monkey. Lines at median. Mafitney

test was used to compare treatnmgnoups.

3.4 Discussion

Epidemiology studies on the incidence rate of recurrent TB disease in patients who were
successfully drug treated begs the question of whether eliminating live Mtb bacilli by drug
treatment somehow increases the risk of an individoaldvelop TB disease in succeeding

exposures or infections. Here, we show that macaques that were drug treated had the same level
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of protection as nodrug treated controls after second infection. Macaques from both groups
developed fewer number of granmias 4 weeks postecond infection compared to 4 weeks post
first infection when infected with a similar dose. The reduction in granuloma formation was similar
in both groups. Macaques from both groups formed similar number and had similar bacterial
burdenin new granulomas. When compared to naive controls, new granulomas from both drug
and nondrug treated groups had ~68ld lower CFU. However, the protection exhibited by the
macaques in this study was not as robust as tiveeb& reinfection controls.

Onelimitation of this study is the small number of animals in the diug treated controls.
In addition, since we are testing protection, a macaque can be completely protected from the
second infection (i.e. no new granuloma formation) like monkey 2941lteimondrug treated
group. Although that in itself is a result, it further reduces the number of data points from new
granulomas that we can analyze. Even though 2 of 7tdeated macaques were not completely
sterilized, it did not have an effect on thember of new granulomas formed and their bacterial
burden compared to the macaques that were completely sterilized (Figure 3D). This study also
focused on lymphocytes, especially T cells, which would cause us to miss any effect of drug
treatment to theanate arm of the immune system, as well as the contribution of the innate immune
cells to the protection we observed.

Similar to the 18wveek reinfection controls, Mtb library B was not able to disseminate to
and replicate in the lymph nodes of most angmaboth drugireated and nedrug treated groups.
This suggests that Mtb library B was immediately killed or restricted when it entered the lungs. A
recent NHP BCG vaccination study showed stunning protection when BCG was administered
intravenously (IVBCG) compared to intradermal or aerosol routes. Six of 1BOG vaccinated

animals did not form any granulomas after Mtb infection with 3 of the remaininBA&
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vaccinated macaques formirgg granulomas. The NBCG vaccinated group had an overall
reduction of 100,006old in thoracic Mtb burden compared to animals vaccinated intradermally.
Similar to the Mtb reinfection studies, 9 out of 10 rhesus macaques in {BE®/vaccinated
group did ot grow Mtb in any of their lymph nodes examir{éd]. Based on the result of this
study, the 16veek reinfection studj264], and the IVBCG study[63], one characteristiof a
successful vaccine is the ability to induce rapid killing of Mtb when it enters the lungs and to
prevent Mtb from reaching the lymph nodes.

We have shown that lymph nodes serve as niches for Mtb persistence and growth during a
primary infection(Chapter 5) These organs do not seem to play the same role during reinfection
since Mtb library B rarely reaches the lymph nodes. T cell responses in involved lymph nodes
were extremely low which could be explained by a large population of naive T cetissi t
organs. However, even in lung granulomas, only a small proportion of T cells (~8%) produce
cytokines[121]]. Lymph nodes may not play an active role dutimg second infection, however,
they are sources of Mipecific T cells primed during the first infection that home to the lungs
which can also respond to the second infection. Lymph nodes have also been shown to be
important in the development of proteetiimmune responses against Mtb infection after BCG
vaccination. Direct injection of BCG into lymph nodes of C57BL/6 mice generated significantly
more proliferation and stronger TNF, -, IL-17 and IFN responses in PRBtimulated
splenocytes compared to mice vaccinated subcutaneously. In addition, mice intralymphatically
vaccinated had significantly reduced Mtb burden in the lungs and spleen up to 12 weeks after Mtb
infection compared to subcutaneoushaccinated and unvaccinated mi¢254. IV-BCG
vaccinated animals also had BCG infiltration and metabolic activity (probably activation of

immune responsen thoracic lymph nodes and spleen which were not observed in animals
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vaccinated via other routes (e.g. intradermal and aerosol). In both mice and NHP studies, BCG
colonization of lungdraining lymph nodes is associated with protection from Mtb infe¢68n
254.

We probed the immune environment of the airways since this is the first line of defense
that Mtb will encounter and asked whether drug treatment changes this environment. In both drug
treated and ncedrug treated groups, we did not observe any changes&einntimber of
lymphocytes, CD4 and CD8 T cells in the BAL from pte postdrug treatment. We did not
observe any significant change attributable to drug treatment in the frequency of lymphocytes,
including CD4 and CD8 T cells, and T cell cytokine respsragainst Mtkspecific antigens,
ESAT-6 and CFPL0, by flow cytometry. The lymphocyte populations investigated and their
immune responses were similar in BALs of drug and-day treated groups before the second
infection which could explain the similargiection observed in both groups. In a study by Condos
and colleague269 of BAL immune responses in five patients with active TB, the level ofglFN
remained stable from baseline to 6 months-plosg) treatment but increased after 12 months of
drug treatment. TNF levels in 2 of 5 patients decreased from baseline to 6 monttsugost
treatnent while the remaining 3 patients had stable Té&N€ls. However, at 12 months after drug
treatment, all patients had low levels of TNF in their BAL. Another study showed an increase in
lymphocyte numbers in the BAL mostly due to an influx of CD4 T celiweeks postirug
treatment in 5 patients with miliary TB. No cytokine response was recq@i&§l. Studies
comparing BAL responses before and after-aBtidrug treatment are fewer compared to studies
comparing blood. However, blood responses do not necessarily correlate with local immune
responses in the lung&21]. Differences in the immune response to drug treatment in our study

compared to the abovmaentioned human studies could be explained by the following: (a) different
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biological host (NHP vs human(pb) different treatment duration (3 months vs 2 months vs 6 and
12 months), (c) different instrumentation used (flow cytometry vs ELISA vs light microscopy for
cell counting) and (d) low sample size.

Based on the results of this study, the increasecidence of TB recurrence in successfully
drug treated individuals in some studj@65-267] is most likely because of selectiorabi(i.e.
selection of individuals with predisposition to Mtb infection and TB disease). However, there is
one more important factor to consider as to why our study contradicts human epidemiology
studies; and this is the timing of the second infection 3ABL/6 mice, protection from the second
infection after drug treatment only lasted for 30 days. On day 60, the protection waned resulting
in the bacterial burden of reinfected mice matching those of the controls (one infectidi268ly)
Human epidemiology studies also support the theory of waning protection after successful
treatment. A study in Uganda showed that in bothdd8gative and HIWpositive individuals, TB
recurrencalue to relapse was more common and occurred early at 6.5 months after completion of
drug treatment while TB recurrence due to reinfection occurred much later at 14.2 months post
drug treatmenf271]. Similarly, in Cape Town, South Africa, reinfection accounted for only 20%
(9/44) of recurrent cases in the first year after drug treatment completion. This increased to 66%
(57/86) after the first year. This study found a strong association betwkgse and earlier
occurrencqd27Z. However, one study thahalyzed extensive data from clinics in Cape Town,
South Africa, found that the rate of Mtb reinfection and disease was highest in the first months
after successful treatment. This rate rapidly declined {3y y2ars postrug treatment and
continued to deate until it reached the incidence rate of the general population at 10 years post
drug treatmeni273. In our study, we infected the macaques with Mtb library B (second infection)

2-4 weeks postompletion ¢ drug treatment. We did not see any changes due to drug treatment
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in the BAL lymphocyte compartment psecond infection. However, we did observe higher levels
of proinflammatory chemokines and cytokines in the BAL of-daig treated macaques which
could eventually influence recruitment of immune cells to the airways if given more time.
Interestingly, the nowlrug treated group appears to have diminished protection compared to the
16-week reinfection controls with the only difference being the longerainttee first infection in

our study. Does this mean that the protection wanes from 16 weekBrgtostfection to ~33
weeks posfirst infection? However, due to our low sample size, we cannot make any solid
conclusions. Questions about waning of pridecand timing of second infection should be
addressed in the future.

The hunt continues as to the mechanism of protection a first Mtb infection confers to a
secondary challenge. Based on this study, live Mtb is not a requirement for this protection.
However, the duration of this protection is currently unknown and needs to be studied. The role of
immune cells, adaptive or innate, as well as antibodies, should also be examined. An unbiased
approach like single cell RNA sequencing might prove useful imrogating immune responses
in different tissues. Whether this protection extends to different Mtb strains and different levels of

virulence also remains to be investigated.
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4.0CDAT cells are important in protecting againstMtb reinfection

4.1 Introduction

Protection against Mtb infection or disease is mostly attributed to the adaptive cellular
immune respongd. 76, 177]. HIV+ individuals have increased susceptigitio Mtb infection and
disease highlighting the importance of CD4 T c¢ll§g. Indeed, in individuals with HIV
infection, the incidence rate of TB increases as the peripheral CD4 T cell numbers dedddase
The importance of CD4 T cells was further reinforced by CD4 T cell depletion studies in mice
[179-181] and norhuman primates (NHR182, 183 where animals showed increased pathology,
bacterial burden and reactivatioh some macaques with LTBI. Reactivation in macaques was
associated with greater CD4 T cell depletion in mediastinal lymph fd88s while greater CD4
T cell depletion in the blood was associated with early reactivi2B®. In addition, CD4 T cells
producing IFNy are key players in Mtb clearance by promoting phagodgsasome fusion and
ROS production in macrophagies34, 176, 184, 185.

The mechanisms of protection against reinfection are not known. While the importance of
CD4 T cells in TB have been demstrated in humans with HIV/TB daafection and animal
models of CD4 T cell depletion, SIV infection and LTBI reactivation, their importance in
protecting against Mtb reinfection has not been tested. Here, we show that CD4 T cells are
important in the priection a primandrug treatedMtb infection confers to a secondary infection.
CD4 T cell depleted macaques had higher Mtb burden in new granulomas compared to the IgG
control animals. CD4 T cell depletion also promoted Mtb dissemination to the lymph. nodes

However, our data supports that other factors are likely to be contributing to protection against
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reinfection, as CD4 T cellepleted reinfected macaques did not exhibit the same extent of Mtb

burden as naive animals.

4.2 Methodology

4.2.1Ethics Statement

All experimental manipulations, protocols, and care of the animals were approved by the
University of Pittsburgh School of Medicine Institutional Animal Care and Use Committee
(IACUC). The protocol assurance number for our IACUC is A3Q87 Ourspecific protocol
approval numbers for this project are 18063158 and 18124275. The IACUC adheres to national
guidelines established in the Animal Welfare Act (7 U.S.C. Sectionsi 2139) and the Guide
for the Care and Use of Laboratory Animals @lition) as mandated by the U.S. Public Health
Service Policy.

All macaques used in this study were housed at the University of Pittsburgh in rooms with
autonomously controlled temperature, humidity, and lighting. Animals were singly housed in
caging at least 8quare meters apart that allowed visual and tactile contact with neighboring
conspecifics. The macaques were fed twice daily with biscuits formulated for nonhuman primates,
supplemented at least 4 days/week with large pieces of fresh fruits or vegeiainiesls had
access to watexd libitem Because our macaques were singly housed due to the infectious nature
of these studies, an enhanced enrichment plan was designed and overseen by our nonhuman
primate enrichment specialist. This plan has 3 componEmgt, speciespecific behaviors are

encouraged. All animals have access to toys and other manipulata, some of which will be filled
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with food treats (e.g. frozen fruit, peanut butter, etc.). These are rotated on a regular basis. Puzzle
feedersforaging wards, and cardboard tubes containing small food items also are placed in the
cage to stimulate foraging behaviors. Adjustable mirrors accessible to the animals stimulate
interaction between animals. Second, routine interaction between humans and macaques
encouraged. These interactions occur daily and consist mainly of small food objects offered as
enrichment and adhere to established safety protocols. Animal caretakers are encouraged to
interact with the animals (by talking or with facial expressiomBjle performing tasks in the
housing area. Routine procedures (e.g. feeding, cage cleaning, etc) are done on a strict schedule to
allow the animals to acclimate to a routine daily schedule. Third, all macaques are provided with
a variety of visual and aitdry stimulation. Housing areas contain either radios or TV/video
equipment that play cartoons or other formats designed for children for at least 3 hours each day.
The videos and radios are rotated between animal rooms so that the same enrichmgliatyischot
repetitively for the same group of animals.

All animals are checked at least twice daily to assess appetite, attitude, activity level,
hydration status, etc. Following. tuberculosisnfection, the animals are monitored closely for
evidence of disase (e.g., anorexia, weight loss, tachypnea, dyspnea, coughing). Physical exams,
including weights, are performed on a regular basis. Animals are sedated prior to all veterinary
procedures (e.g. blood draws, etc.) using ketamine or other approved deggéarRPET CT
imaging is conducted on most of our macaques following infection and has proved very useful for
monitoring disease progression. Our veterinary technicians monitor animals especially closely for
any signs of pain or distress. If any are notedpropriate supportive care (e.g. dietary

supplementation, rehydration) and clinical treatments (analgesics) are given. Any animal
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considered to have advanced disease or intractable pain or distress from any cause is sedated with

ketamine and then humageduthanatized using sodium pentobarbital.

4.2.2Animals, infections, CD4 T cell depletion and disease tracking by PET CT

Nineteen cynomolgus macaquésacaca fasiculariswith age range of 5:8.1 years were
obtained from Valley Biosystems (all males, Sacramento, California). Animals were placed in
guarantine for 1 month where they were monitored to ensure good physical health and no prior
Mtb infection. All animals weranfected with DNAtagged Mtb Erdman via bronchoscopic
instillation as previously describg@32 233. Thirteen macaques received Mtb library A as the
first infection. Granuloma formation, lungflammation and overall disease was tracked usifg
fluorodeoxyglucose (FDG) PET CT every 4 weeks throughout infection. PET CT scans were
analyzed using OsiriX viewer as previously described with a detection limit of [R36h The
first infection was followed for 9 weeks before drngating all 13 macaques. Macaques were
given antiTB drugs orally once daily for-8 months (RIF 20mg/kg; INH 15migy; ETH 50mg/kg;

PZA 150mg/kg)[269. Compliance ranged from 9I00%. The 13 macaques weratshed by

PET CT for disease status and randomized into 2 cohorts: CD4 T cell depletion (n=7) and IgG
control (n=6). After resting for 4 weeks after drug treatment, CD4R1 (50mg/kg, NHP Reagent
Resource), a rhesus recombinant CD4 T-deflleting antibodyyvas administered subcutaneously

in 4 animals and intravenously in 3 animals 1 week before the second infection with Mtb library
B and then was administered intravenously every 2 weeks until necropsy. CD4 T cell depletion
was monitored by flow cytometry the blood and complete blood count weekly. To measure CD4

T cell depletion in tissues, a peripheral lymph node biopsy was performed before CD4 T cell

depletion and the CD4 T cell level was compared with a peripheral lymph node from the same
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macaque obtairmmkat necropsy. Macaques from the IgG control group received rhesus recombinant
IgG1 control antibody (50mg/kg, NHP Reagent Resource) following the same timeline of the CD4
T cell-depletion group. Six macaques were included as naive controls infectedttitibigry B
only.

Macaques received 2 CFU of Mtb library A for the first infection andZ& CFU of Mtb
library B for the second infection (or the first infection for the naive monkeys) (Table 2). Dose
was calculated from colony counts after platingabguot of the infection inoculum on 7H11 agar
plates and incubating for 3 weeks at@/b% CQ. Three macaques from a separate reinfection
study (16 weeks Mtb library A followed by 4 weeks of Mtb library B, no drug treatment) were
used as additional caots for some parameters, however, due to low sample size, they were not

included in any statistical analyses.
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Table 2. Animals usedin CD4 T cell depletion study

Lib A Lib A Drug Drug Antibody | Lib B infection Lib B New granuloma| Total lung Total LN
Monkey ID | Group | infection date dose start end start date dose mean CFU CFU CFU
12418 1gG 7/6/18 12 9/7/18 1/4/19 2/1/19 2/8/19 22 757 2750 320
12518 IgG 7/6/18 12 9/7/18 | 1/25/19 | 2/22/19 3/1/19 12 548 6060 105
12618 19G 7/6/18 12 9/7/18 1/17/19 | 2/15/19 2/25/19 8 1584 17368 720
12718 aCD4 7/6/18 12 9/7/18 | 1/17/19 | 2/15/19 2/25/19 8 46707 195898 1800
12818 aCD4 7/6/18 4 9/7/18 1/25/19 | 2/22/19 3/1/19 12 6717 44350 210
12918 Naive 2/8/19 22 87529 615948 351020
13018 Naive 2/8/19 22 13550 110754 424000
13118 Naive 2/25/19 8 33935 543155 75425
13218 aCD4 7/6/18 12 9/7/18 1/4/19 2/1/19 2/8/19 22 4493 65040 4510
13318 aCD4 7/6/18 12 9/7/18 1/4/19 2/1/19 2/8/19 22 5275 30581 80
13418 aCD4 7/6/18 12 9/7/18 1/17/19 | 2/15/19 2/25/19 8 14003 159315 5895
13518 aCD4 7/6/18 12 9/7/18 | 1/25/19 | 2/22/19 3/1/19 12 32520 464550 5700
13618 IgG 7/6/18 4 9/7/18 1/17/19 | 2/15/19 2/25/19 8 1317 9220 0
13718 Naive 2/25/19 8 34882 352840 36000
13818 Naive 3/1/19 12 47026 848490 978980
13918 Naive 3/1/19 12 29404 329780 28295
14018 IgG 7/6/18 4 9/7/18 | 1/25/19 | 1/25/19 3/1/19 12 2131 12855 680
14118 IgG 7/6/18 4 9/7/18 1/4/19 2/1/19 2/8/19 22 2345 10800 30
14218 aCD4 7/6/18 4 9/7/18 1/25/19 | 2/22/19 3/1/19 12 5945 127550 33030
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4.2.3Antibody validation

To test whether the ar@D4 depletion antibody masks CD4 receptors, peripheral blood
mononuclear cells (PBMC) were incubated with 1X (0.77 mg/ml, the calculated concentration of
a-CD4 antibodies in blood of macaques given a dose of 50mg/kg), 0.25X acongEntration
of CD4 T celtdepleting antibody for 30 minutes ato®before surface staining withD3 (clone
SP342, BD Pharmingen), CD4 (Clone L200, BD Horizon) and CD8 (Clone RBABD
Biosciences) surface markers. PBMCs that were not incubated with tHeDxh&ntibody were
included as a control. Data was acquired using the LSR Il (BD) and atalgieg FlowJo

software v10.6.1 (BD).

4.2.4Bronchoalveolar lavage

BAL was obtained as described previoys$1, 233. Briefly, a bronchoscope with a 2.5
mm outer diameter was inserted into the trachea of a sedated animal and placed in the right middle
or lower lobe. A saline solution (4f)) was introduced briefly, suctioned and transferred to a 50ml
conical tube. An aliquot was used to plate for CFU on 7H11 agar which was read after 3 weeks of
incubation at 3¢C/5% CQ. BAL were centrifuged at 1,800 rpm for 8 minutes & 4Cells were
resuspended in 1ml PBS, counted using a hemocytometer and used for intracellular cytokine

staining.
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4.2.5Necropsy Procedures

Procedures done during necropsy have been previously ded@8ie@32]. Briefly, 1-3
days prior to necropsy, a pnecropsy PET CT scan was taken and usedeatify the location
and metabolic activity (FDG activity) of granulomas and lymph nodes; this scan was used as a
map to aid in the individual identification and excision of these samples during necropsy, including
determination of old (poditrst infection) and new (postecond infection) lesions (Figure 22). On
the day of necropsy, macaques were humanely sacrificed with sodium pentobarbital and terminally
bled. Individual granulomas, thoracic and peripheral lymph nodes, lung tissue, spleen and liver
were all excised and homogenized separately into single cell suspensions. New granulomas
determined by PET CT and uninvolved lung lobes (no granuloma present in the lobe) were
enzymatically homogenized using a human tumor dissociation kit (Miltenyi Biotec)aand
gentl eMACS Dissociator (Miltenyi Biotec) follc«
were aliquoted for plating on 7H11 agar for bacterial burden, freezing for DNA extraction and
staining for flow cytometry analysis. Any remaining samples were frdeenfuture use.
Homogenates were plated in serial dilutions on 7H11 medium and incubate@&98TQ for
3 weeks before enumeration of CFU. Lung homogenates physically homogenized were filtered

with 0.22xm syringe filter to remove Mtb bacteria and ®0ozat-80.C until use for Luminex.
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Figure 22. Cross-sectional PET CT scans of a macaque in each group prend postsecond

infection.

Left panel shows PET CT scan ~1 week before Mtb library B infection. Right panel shows PET

CT scan 4 weeks after Mtb library B infection-8Bldays before necropsy). Green arrows point to

Aol do granul omas from Mtb | ibrary A. Bl ue arr

library B infection.

4.2.61solation of genomic DNA from bacteria

DNA extraction was performed on granuloma and lymph node homogenates, as well as
their scrapates (scraped colonies that grew on 7H11 agar plates) for library identification as
described previouslj118. Briefly, a small aliquot of the homogenate oragxate were vortexed
with 0.1mm zirconiasilica beads (BioSpec Products, Inc.) and subsequently extracted twice with
phenol chloroform isoamyl alcohol (25:24:1, Sigldrich) before precipitating DNA with
molecular grade 100% isopropanol (SigAddrich) ard 3M sodium acetate (Signasedrich) and

resuspending in nucleasee water (Invitrogen).

4.2.7Library and barcode identification

Identification of library DNA tags have been previously descrif2&#]]. Briefly, DNA
was amplified by PCR for 236 cycles before using in the NanoString nCounter assay
(NanoString Technologies) with custom designed probes. Individual DNA barcodes were
determined by sequencing using lllumina MiSeq and running custom bioiatics scripts as

previously describefll2(.
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The scheme for labeling granulomas as old or new is found in Table 3.

Table 3. Granuloma classification scheme.

PET CT* Library Classification
old A old

old B new

new A old

new B new

old/new A+B new
unknown A old

unknown B new

old No data old

new No data new

* granuloma was noted on PET CT scan during first infection (old) or only after second infection
(new). Unknown: granuloma was not seen on PET CT geasjbly due to size or inability to

discriminate from other granulomas in close proximity.

4.2 .8Intracellular cytokine staining and flow cytometry

Intracellular cytokine staining was performed on BAL and individual granulomas, CFU+
lymph nodes and uninvolvedrg lobes (no granulomas and GIFUWBAL cells (250,0001x10s)
were stimulated with peptide pools of ESA&Tand CFPLO (10vg/ml of each peptide pool) in the
presence of Brefeldin A (GolgiPlug, BD Biosciences) aC33% CQfor 6 hours prior to staining.
Unstimulated controls were always included, however, positive controls (phorbol dibutyrate
[PdBu] and ionomyci§231]) were only included if there were enough cells. Cells were stained
with a viability marker (LIVE/DEAD fixable blue dead cell stain kit, Invitrogen) and surface and
intracellular markers. Surface markanclude CD3 (clone SP3% BD Pharmingen), CD4 (Clone
L200, BD Horizon), CD8 (Clone RPA8, BD Biosciences) and CD206 (Clone 19.2, BD
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Biosciences). Intracellular markers include B-fClone B27, BD Biosciences), TNF (Clone
MAB11, BD Biosciences), 1117 (Clone CZ823G1, Miltenyi Biotec), 11:10 (Clone JES®D?7,
Invitrogen), CD107a (eBioH4A3, Thermo Fisher Scientific) and6Il{Clone MQ213A5,
Invitrogen). Data was acquired using the LSR Il (BD) and analyzed using FlowJo software v10.6.1
(BD).

Because of thabundance of Mtb antigens already pre$&gi], individual granulomas
were not further stimulated before analysis by flow cytometry. Both CFU+ lymph nodes and
uninvolved lung lobes were stimulated with peptide pools of-$fibcific antigens, ESA® and
CFR10 (10rg/ml of each peptide pool). All samples were incubated in the presence of Brefeldin
A (GolgiPlug, BD Biosciences) at 32/5% CQfor 3.54 hours (granulomas) and 6 hours (lymph
nodes and lung lobes) prior to staining. Cells were stained with a viability marker (LIVE/DEAD
fixable blue dead cell stain kit, Invitrogen) and surface and intracellular markers. Surface markers
include CD3(clone SP342, BD Pharmingen), CD4 (Clone L200, BD Horizon), CD8 (Clone SK1,
BD Biosciences), CD11b (Clone ICRF44, BD Biosciences) and CD20 (Clone 2H7, eBioscience).
Intracellular markers include CD107a (Clone eBioH4A3, Thermo Fisher Scientificg,({Fibhe
B27, BD Biosciences), TNF (Clone MAB11, BD Biosciences), Granzyme B (Clone GB11, BD
Biosciences), IL10 (Clone JES3®D7, Biolegend), IL17 (Clone CZ&3G1, Miltenyi Biotec),
calprotectin biotin (Clone 27E10, Invitrogen) and AF700 streptavidin (Invitfogeata was

acquired using the LSR 1l (BD) and analyzed using FlowJo software v10.6.1 (BD).

4.2.9Luminex on lung homogenates

Frozen supernatants were thawed on ice and concentrated using a centrifugation filter unit

(Amicon Ultra4 Centrifugal Filter Unit, 3k cut of f , Millipore Sigma)
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instructions. Samples were assayed in duplicates using the ProcartaPlex NHP multiplex
i mmunoassay (lnvitrogen) following manufactur
and chemokines usinpe BioPlex reader (Biorad). An additionafdd dilution was performed

on the supplied standards to extend its lower detection limit.

4.2.103D rendering of Mtb barcodes in macaque lungs

Threedimensional plots illustrating the locations of excised barcoded granulomas and
lymph nodes were constructed as previously described with minor modificg2iths Briefly,
these 3D images welwiilt using a custom coderitten in Python. The outlines of the lung were
displayed by using the terminal CT scan of each NHP to calculate a polygon mesh at the lung/soft
tissue boundary defined by an image value48f0 Hounsfield Units. Pie chart markers were
overlaid onto eachendering of the lung outlines. These markers represent the set of lesions and

lymph nodes for which barcode percentages were also obtained.

4.2.11Statistical analysis

We used DOAgostino & Pearson test to detern
sizes, nonparametric tests were used. The Méafimtney test was used to compare 2 groups. The
KruskatWal | i s test with Dunnés adjustment for mu
groups. The Wilcoxon matched pairs test was used for matching samplesp Bhba$ mands t e
was used for correlation analyses. P values < 0.05 were considered statistically significant. Data

were graphed and analyzed using GraphPad Prism v8 (GraphPad Software). All CFU data and cell
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counts obtained from flow cytometry presentedgmaphs with the jaxis in log scale were

transformed by adding 1.

4.3 Results

4.3.1Experimental Design

We sought to determine whether CD4 T cells are important in the context of protection
from Mtb reinfection. Since CD4 T cell depletion in macaques with acutigronic Mtb infection
results in exacerbation of dised487, we chose to treat the macaques with primary Itbary
A infection (N=13) in this study with anfiB drugs for 45 months to eliminate the Library A
bacteria prior to CD4 T cell depletion (Figure 23). Groups included{CP4 group (N=7):
macaques treated with aCD4 Ab beginning 1 week prior to YibBamfection with infusions
continuing up to 4 weeks pelbrary B infection; (2) IgG group (N=6): macaques following the
same timeline as tha-CD4 group but infused with IgG control antibodies instead-@D4
antibodies; and (3) naive group: macaqwes only received Mtb library B infection and were
not treated with antibodies. The macaques infected with library A and drug treated were matched
based on the total lung FDG activity (the total amount of FDG retained in the infected lungs) post
drug treament and randomized ineeCD4 and IgG groups. Total lung FDG activity is positively
correlated with lung Mtb burd€gi235 and can be used to track response to drug treafiédjt
After randomization, there was no significantfelience in the total lung FDG activity in both

groups preand posidrug treatment (Figure 24). This indicates that macaques m-@@4 and
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IgG groups had similar disease after the first infection and a similar response to drug treatment,

and that ouresults are not influenced by selection bias.

a N 4 Weeks
|9 Weeks | &5 months I TR N
[ | I
Drug Tx [a-CD4] ! I ! ! |
(n=7) Mtb Lib A Drug Rest Mtb Lib B Necropsy
Treatment
P (HRZE)
£y | I R T R
| I I | | | | |
Drug Tx [1gG] .
(n=6) Mtb Lib A Drug Rest Mtb Lib B Necropsy
Treatment
HRZE
igl (HRZE) | 4 Weeks |
[ |
Nal‘;: (_:oﬁr;trOI Mtb Lib B Necropsy
y g. | 16 Weeks | 4 Weeks |
I [ |
Mtb Lib A Mtb Lib B Necropsy

Figure 23. Experimental Design.

Both CD4 T celldepleted (n=7) and IgG control (n=6) groups followed the same timeline of 9
weeks Mtb library A infection followed by-8 months of drug treatment before infusion véth

CD4 or IgG antibodies. Both groups were infected with Mtb librarwigeék aftera-CD4 or IgG
infusion and were necropsied after 4 weeks. The naive controls only received Mtb library B

infection and were also necropsied after 4 weeks. An additionak®& reinfection control (n=3)

from a different study was included for cparison.
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Figure 24. Total lung FDG activity in a-CD4 and IgG groups pre and postdrug treatment.

MannWhitney test was used to compare the groups. Lines at median.

4.3.2CD4 T cell depleting antibody does not mask CDreceptors

To test whether the CD4 T cell depleting antibody masks CD4 receptors and thus could
block binding of the arCD4 antibody for flow cytometry, we incubated PBMCs at 0.25X, 1X
and 4X of the calculated blood concentration of the CD4 Tdsgiletng antibody in macaques if
given at 50mg/kg dose. No blocking of the CD4 receptor was observed in any of the concentrations
tested when compared with the no CD4 T -delpleting antibody control (Figur5). This
indicates that the CD4 T cell depletionblvod and tissues as measured by flow cytometry in this
study is accurate and not confounded by blocking of the CD4 receptor by the CD4ld@pteting

antibody.
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Figure 25. Anti-CD4 T cell depleting antibody does not maskD4 receptors.
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4.3.3Macaques with primary Mtb infection, regardless of drug treatment, have

significantly higher T cell counts and cytokineproducing CD4 T cells in BAL

The first site where Mtb encounters the immune system is in the airways. We tested
whether he airway immune environment in primary infected drug treated and naive macaques
were significantly different 1 week before Mtb library B infection (prior to CD4 T cell depletion).
The 16week reinfection animals served as additional controls but weliaatatied in statistical
analyses. Macaques infected previously with Mtb library A, whether drug treated or not, had
greater numbers of CD4 and CD8 T cells but similar levels of CD206+ alveolar macrophages in
the airways compared to the naive animals (E@®). In addition, macaques previously infected
with Mtb library A, regardless of drug treatment, had a trending higher number of cytotoxic and
IL-10-producing CD4 T cells and significantly greater number of CD4 T cells producirggiidN
TNFa after ESAT6/CFR10 stimulation compared to the naive grébjgure27), although there
was substantial variability across animals. There was no significant difference in the cytotoxic
function and cytokine production of CD8 T cells in the BAL between drug treatiatkave groups
(Figure28). These data suggest that primary Mtb infection recruits T cells, especiatly dRN
TNFa-producing CD4 T cells, to the airways and these cells remain in the airways even after drug

treatment. This suggests that CD4 T cells imaymportant in protection against reinfection.
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Figure 26. Greater T cell counts in BAL of macaques with primary Mtb infection.

Each data point is a monkéyannWhitney test was used to compare the groups. Lines at

median.
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Figure 27. Greater CD4 T cell counts producing cytokines in BAL of macaques with primary
Mtb infection.

Each data point is a monkéylann-Whitney test was used to compare the groups. Lines at median.
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Figure 28. No difference in the numbers of functional CD8 T cells between naive and
primary -infected drug treated macaques.

Each data point is a monkéylann-Whitney test was used to compare the groups. Lines at median.

4.3.4RobustCD4 T cell depletion in blood and tissues

To examine the effectiveness of CD4 T cell depletion in macaques, we measured the levels
of CD4 T cells at time points prand posinfusion in thea-CD4, IgG and naive groups. CD4 T

cells were substantially degied (10 to 1,000fold compared to pranfusion levels) in the blood
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of macaques following-CD4 antibody treatment, with some variability among animals, at the
time of second infection and up to necropsy, while no change in CD4 T cell levels was observed
in the IgG and naive groups (Figure 29A). There was no difference in the cell counts of CD8 T
cells, B cells, monocytes and neutrophils in the blood of all groups throughout the coarse of
CD4 and IgG infusions (Figure 29B). Thus theCD4 antibody was gcessful at peripheral

depletion of CD4 T cells with no effect to other cell populations in the blood.
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Figure 29. CD4 T cell depletion in the blood.

A. Frequency and cell couat/of CD4+ T cells in the blood at different time points-@ed post
infusion. Arrow indicates time of second infection. B. Cell calrdf CD8 T cells, CD20 B cells,
monocytes and neutrophils in the blood at different time pointsgme posinfusion. The IgG

group is shown in greea-CD4 group in purple and the naive controls are in blue.
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Although depletion of CD4 T cells in blood appeared to be robust, it can be more difficult
to deplete cells in tissues. We assessed the extent of CD4 T cell depldissues at necropsy, 4
weeks after infection with Library B. The frequency of CD4 T cells in peripheral lymph nodes at
necropsy was significantly lower compared to the peripheral lymph nodes biopsiafupren
in the CD4 T celldepleted group (p 8.0156, Wilcoxoamatched pairs test, Figure 30A) but not
in the 1gG group. The frequency of CD4 T cells was significantly reduced compared to the IgG
and naive groups in new granulomas (Figure 30B), uninvolved lung lobes (Figure 30C), thoracic
and periphal lymph nodes (Figure 30D, E) and spleen (Figure 30F). Similar results were found
when the CD4 T cell counts per new granuloma or gram tissue were examined (Figure 31).
Although we see a ~ld reduction in the number of CD4 T cells in the tissues exaaniluring

necropsy, there are still CD4 T cells remaining which could influence protection ar@i24

group.
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Figure 31. CD4 T cell counts in tissues at necropsy.
Two macaques from-CD4 and naive groups did not have lung lobes processed via gentleMACS
stained for flow cytometry. Each data point is a monkéuskatWa | | i s wi t h Dunnos

comparison test was used to compare the grduipss at median.

We also examined the counts of CD8 T cells and B cells in tissues at necropsy and found
no signficant difference in almost all tissues between the 3 groups (FBlmed33). The IgG
group had significantly lower counts of B cells in new granulomas compared to the naive group,
however it was not significantly different with taeCD4 group. This indicates that depleting CD4
T cells does not affect the number of CD8 T catid B cells in new granulomas, uninvolved lung

lobes, thoracic and peripheral lymph nodes and spleen.
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Figure 32. CD8 T cell counts in tissues at necropsy.
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Figure 33. B cell counts in tissues at necropsy.
Two macaques from-CD4 and naive groups did not have lung lobes processed via gentleMACS.
Each data point is a monkegruskatWa |l | i s wi th Dunndés multiople

compare the groups. Lines at median.

4.3.5CD4 T cell depletion diminishes the protection a primary Mtb infection confers

againsta secondary Mtb challenge

To determine the impact of CD4 T cell depletion in the protection a primary Mtb infection
confers to a secondary Mtb challenge, we measured théetuoh new granulomas and Mtb
burden in different tissues in each group. There was no significant difference in the number of new

granulomas among the groups, however, the median number of new granulomas@bheand
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naive groups was ~2x more compared to the IgG group (F3e In addition, the number of

new granulomas in tha-CD4 and naive groups were ~3x more than thev&ék reinfection
control (Figure34A). CD4 T cell depletion appears to result in an incréasew granulomas in

some macaques but not all, suggesting heterogeneity among macaques. This heterogeneity could
be related to extent of CD4 T cell depletion or to a stronger reliance on CD4 T cells for protection
in some animals versus oth¢is2. Mtb burden in new granulomas was significantly higher in
thea-CD4 group compared to the IgG group (Figga8). Mtb burden in new granulomas in the
a-CD4 group was Hold lower compared to the naive group, however it was not statistically
significant (Figire34B). The distribution of new granuloma CFU in each group is shown in Figure
34C. A similar pattern can be observed in total lung CFU (Fig42). The IgG group had
significantly lower CFU in thoracic lymph nodes compared to naive animalsf¢@®&wer),

while a-CD4 group had trending lower CFU compared to the naive groufol@iower) but not
significantly higher compared to the IgG group-f2Id higher) (Figure34E). These data suggest

that while CD4 T cell depletion did not significantly incseahe number of new granulomas in all
CD4 T celldepleted macaques, it resulted in significantly higher bacterial burden in new
granulomas and lungs compared to IgG controls indicating a role for CD4 T cells in controlling
bacterial burden resulting frothe second infection. CD4 T cell depletion did not significantly
increase Mtb burden in thoracic lymph nodes compared to the IgG group. Although CD4 T cells
appear to be playing a role in control of reinfection, the bacterial burden & @4 group did

not reach the same level as the naive group. This suggests that protection was not completely
abolished with CD4 T cell depletion, and that there are other factors that are contributing to this
protection. However, the remaining CD4 T cells in the tissoedd have also contributed to the

residual protection.
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Figure 34. CD4 T cell depletion diminished protection a primary Mtb infection confers to a
secondary Mtb challenge.

A. The number of new granulomas in each group. B. Mean total CFU in new granulomas in each
group (note that there were no new granulomdsahthe 16week reinfection animals, which is

why there are only 2 points on this graph). C. Bacterial burdemirgremulomas. Each data point

is a granuloma. Each color is a monkey. D. Total CFU in uninvolved lungs in each group. E. Total
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CFU in thoracic lymph nodes in each group. Each data point is a monkeyB@amndl DE. 16
week reinfection animals are not ingkd in C and D, since these animals were not drug treated
and are dominated by Library A bactef@uskatWa | | i s wi t h Dunnds mul ti

was used to compare the groups. Lines at median.

4.3.6Number of CD4 and CD8 T cells in the airways negativelgorrelate with new

granuloma formation and total lung CFU

Since we observed greater numbers of CD4 and CD8 T cells in the BAL, as well as CD4
T cells producing IFi§and TNR, we wanted to test whether their numbers correlate with disease
outcome measureBicluding only the naive and IgG macaques in the analysis (since this BAL is
before CD4 T cell depletion), there was a moderate negative correlation between the number of
CD4 T cells (r =0.6608, p=0.0223; Figurg5), number of IFNy -producing CD4 T cellgr=-
0.7908, p=0.0034; Figuio) and TNR-producing CD4 T cells (0.6938, p=0.0152; Figui®&/)
and the number of new granulomas in the groups. There was also a moderate negative correlation
between the number of CD4 T cells and the mean CFU of new gnaasil(r=0.6294, p=0.0323),
total lung CFU (r=0.7762, p=0.0043) and total thoracic lymph node CFLO(i#.33, p = 0.0118)
(Figure35). The number of IFiproducing CD4 T cells also moderately and negatively correlated
with total lung CFU (r=0.6727, p=0.R01), but not with mean CFU of new granulomas (r=
0.5232, p=0.0836) and total thoracic lymph node CFUO(#983, p=0.1014) (Figurg6). The
number of TNR-producing CD4 T cells were moderately and negatively correlated with total
lung CFU (r=0.7254, p=0102) and total thoracic lymph node CFU-(:662, p=0.0229) but not

with mean CFU of new granulomas {85564, p=0.0648) (Figur&7). The number of CD8 T
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cells were strongly and negatively correlated with the number of new granulor@&a8@49, p =
0.0024), moderately and negatively correlated with total lung CH0.6573, p=0.0238), but not
correlated with mean CFU of new granulomas@5245, p=0.0839and total thoracic lymph

node CFU (r=0.5455, p=0.0708) (Figur@8). This suggests that the levels of CD4 and CD8 T
cells, including IFNr and TNFRa-producing CD4 T cells, in the airways before the second infection
limit new granuloma formation and Mtbpiecation in the lungs. However, it is also possible that
this relationship is a treatment effect (ie. negative correlation with new granuloma formation and
total lung CFU is due to the macaques belonging to 2 different grawgise vs primarmfected

and not due to the numbers of CD4 or CD8 T cells in the airways).
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Figure 35. Correlation between CD4 T cell counts in the BAL and various disease outcome

measures

at necropsy.

Each data point is a monkegpearman correlation test was used to assess correlation between

variables.
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Figure 36. Correlation between number of IFNg-producing CD4 T cells in the BAL and

various disease outcome measures ia¢Ccropsy.

Each data point is a monkegpearman correlation test was used to assess correlation between

variables.
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Figure 37. Correlation between number of TNFRa-producing CD4 T cells in the BAL and

various disease outcomeneasures at necropsy.

Each data point is a monke$pearman correlation test was used to assess correlation between

variables.
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