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Abstract 

Elucidating mechanisms of protection conferred by a primary Mycobacterium tuberculosis 

(Mtb) infection to a secondary Mtb infection in non-human primates 

 

Sharie Keanne Chua Ganchua, PhD 

 

University of Pittsburgh, 2020 

 

 

 

 
Mycobacterium tuberculosis (Mtb), 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 Calmette-Guerin was developed almost a 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 risk of developing active TB disease after Mtb re-exposure. 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 precise immune mechanisms 

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 Mtb bacilli by drug treatment reduced but did not abolish the 

protection against the establishment of and bacterial growth in granulomas arising from the second 

infection; although the effect of long term primary Mtb infection against a second infection needs to 

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 these animals. Moreover, 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 T cell-depleted macaques did not reach the 

level of bacterial burden in the naïve controls suggesting protection is multifactorial. Lastly, we showed 
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that lymph nodes are more than just sites of antigen presentation and immune activation; rather, they 

are sites of Mtb persistence and growth. Overall, this dissertation provided elements to consider and 

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

ñWhere youth grows pale, and spectre-thin, and dies.ò 

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 TB [2]. Approximately 1/4 of the worldôs population (~2 billion people) 

is currently infected with Mycobacterium tuberculosis [3], the bacteria that causes TB, however, 

most of these infected individuals reside in developing countries in Asia and Africa [2]. While a 

diagnosis of TB does not necessarily mean a death sentence in the modern world because of the 

discovery of antibiotics, emergence of drug resistance is becoming an important public health 

problem. In 2018, an estimated 390,000 of new cases were multidrug-resistant TB (MDR-TB; ie. 

resistant to two first-line anti-TB drugs ï rifampicin and isoniazid) [2]. 

1.2 Mycobacterium tuberculosis 

Mycobacterium tuberculosis (Mtb) is a member of the Mycobacterium tuberculosis 

complex (MTBC) which is comprised of M. tuberculosis (humans), M. bovis (cattle), M. africanum 

(humans), M. caprae (sheep and goats), M. microti (voles) and M. pinnipedii (sea lions and seals) 
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[4]. Despite the differences in host specificity and pathogenicity, members of the MTBC share a 

99.9% similarity in their genomic sequences [5, 6]. M. tuberculosis has 4.4 million base pairs with 

a high GC content of 65.9% encoding ~4,000 genes [7, 8]. M. tuberculosis and M. africanum form 

7 lineages based on 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 and H37Rv 

strains) while some are geographically restricted (eg. Lineages 5 and 6 in West Africa and Lineage 

7 in Ethiopia) [9, 10]. 

Mtb are slow-growing, non-motile, non-spore forming aerobic bacilli. They have a 24 hour 

doubling time at 37oC in a laboratory setting, taking approximately 3 weeks to form rough colonies 

on a 7H11 agar plate [8]. 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 mass [11]. Like Gram-negative 

bacteria, it has an outer membrane, however this is composed mainly of long-chain fatty acids 

called mycolic acids. The mycolic acids are attached to an arabinogalactan layer which in turn is 

linked to a peptidoglycan layer which sits right above a typical lipid bilayer inner membrane [8, 

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 dimycolate), and phthiocerol dimycocerosate [8, 14, 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 the Ziehl-Neelsen (or 

other similar) staining method with the Mtb cell wall retaining the carbol fuschin stain after acid-

alcohol washes [16, 17]. Thus, mycobacteria are referred to as ñacid-fast bacilliò. 
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Bacille Calmette-Guerin (BCG) is an attenuated form of M. bovis obtained through 230 

serial in vitro passages in ox bile-soaked glycerinated potato slices over 13 years [18]. It is the 

only licensed vaccine for TB. BCG can protect infants and children from serious and disseminated 

disease (e.g. miliary TB, skeletal TB, and meningitis) but has variable efficacy in protecting adults 

from the more common form of disease, pulmonary TB [19]. An important genetic difference 

between BCG and Mtb is the deletion of region of difference 1 (RD1) which is in part responsible 

for BCGôs attenuation [20-22]. RD1 forms part of the 6 kDa early secretory antigenic target 

(ESAT-6) secretion system (ESX-1), a Type VII secretion system, and encodes 2 major highly 

immunogenic secreted proteins, ESAT-6 and culture filtrate protein-10 (CFP-10) [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 cytosol [25-28]. ESAT-6 and CFP-10 

have been shown to prevent phagosome and lysosome fusion [29], inhibit toll-like receptor 

signaling [30] and induce necrosis in macrophages promoting cell-to-cell spread of Mtb [31, 32]. 

ESAT-6 also inhibits T cell proliferation and IFNg, IL-17 and TNF production in T cells [33].  

1.3 Clinical aspects of TB ï diagnosis, vaccine 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 disease [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 

intradermally into the forearm. A delayed type hypersensitivity response (due to cell-mediated 

immunity) results in induration at the site and is measured 48 to 72 hours post-injection. PPD was 
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developed by repeated precipitation of proteins from steamed cultures of Mtb [35]. Individuals 

who were BCG-vaccinated or infected with nontuberculous mycobacteria (NTM), however, can 

present as false positives using this method [36], although the epidemiology suggests that the TST 

response due to BCG vaccination wanes >10 years after vaccination [37, 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 (IFNg) release assays (IGRAs) measure 

the T cell response to Mtb specific antigens, ESAT-6 and CFP-10, which are encoded by RD1. 

Only a few NTM species have RD1 and it is absent in BCG [20, 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 TB [40-43]. 

The gold standard for TB diagnosis is still bacterial culture from sputum or bronchoalveolar 

lavage. However, because of the slow-growing nature of Mtb, it can take up to 8 weeks before 

results become available; the use of liquid media can shorten this time to 1-3 weeks [44]. Aside 

from being slow, culture can be expensive and requires specialized laboratories to perform [45]. 

Smear microscopy using the Ziehl-Neelsen 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 limited [46]. The World 

Health Organization has recommended the use of LED microscopy because of increased 

sensitivity, similar specificity, cost-effectiveness and quicker results compared to normal light 

smear microscopy [47]. Other techniques of TB diagnosis include chest X-ray and 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 hours [45, 48]. 
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Once infected, approximately 5-10% 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 of disease on chest x-ray or CT, TST or IGRA positivity, and 

confirmed by culture if possible. The majority of the Mtb-infected population (90-95%) 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 

disease [49, 50]. HIV co-infection increases the risk of reactivation TB to 10% per year [51, 52]. 

The classical dogma of binary states of Mtb infection, that is active TB vs. latent infection, 

is now obsolete. 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 x-ray [1, 42, 54]. Some of these people might 

be ñresistersò, those who despite documented extended exposure to a confirmed TB case remain 

TST and IGRA negative, and ñrevertersò, people who were TST and IGRA positive and revert 

back to being negative to both tests [54-59]. 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 chest x-ray [1, 42, 54]. Individuals with active TB disease are 

positive for TST and IGRA, sputum culture positive, smear positive or negative, chest x-rays will 

show a range of disease and symptoms will range from mild to severe [1, 42, 54].  
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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 

a wide range of symptoms. Reproduced with permission from Springer Nature, Pai et al., 2016 [1]. 

 

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

protecting adults from pulmonary TB [19]. However, there have been exciting recent 

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

of a Phase 2b clinical trial of the subunit vaccine, M72:AS01E, which enrolled 3289 HIV-negative 

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

placebo. After 3 years of follow-up, M72:AS01E was shown to reduce the progression of LTBI to 

active TB by 49.7% [60]. A phase 2 clinical trial enrolling 990 BCG-vaccinated 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 to positive) and disrupting 
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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 conversion with 45.4% efficacy compared to placebo [61]. 

The most recent promising vaccination studies in macaques are with the use of a rhesus 

cytomegalovirus vector expressing Mtb-specific antigens (RhCMV-Mtb Ag) [62] and intravenous 

BCG vaccination (IV-BCG) [63]. Fourteen out of 34 (41%) rhesus macaques 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 vaccinated animals was significantly reduced compared 

to unvaccinated controls [62]. Most recently, our group showed remarkable results with 

administering BCG intravenously in rhesus macaques. Six out of 10 IV-BCG vaccinated macaques 

did not form any lung granulomas after Mtb infection. Three of the remaining IV-BCG vaccinated 

macaques were protected with <3 granulomas and <50 Mtb CFU in the entire animal. Overall, IV-

BCG macaques had a 100,000-fold reduction in thoracic bacterial burden compared to the ID BCG 

group [63]. 

A review of studies from the pre-chemotherapy era showed a 10-year case fatality ratio of 

70% in untreated smear-positive HIV-negative individuals, with the ratio being 20% in culture-

positive smear-negative individuals. The duration from TB disease onset to death is approximately 

3 years [64]. Current TB treatment regimen consists of 2 months of rifampicin (RIF), isoniazid 

(INH), pyrazinamide (PZA) and ethambutol (EMB) followed by 4 months of RIF and INH [65]. 

Drug resistant TB requires second line antibiotics, and there are several potential regimens. 

According to the 2019 WHO Global Tuberculosis report [2], treatment success is at least 85% for 

drug-susceptible cases and 56% for MDR-TB globally. 
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The first drug proven to have activity against Mtb, streptomycin, was discovered by Schatz 

and Waksman in 1944. It was rapidly tested 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 

compared to 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 initiation [66-68]. Around the same time, a Swedish scientist named Jörgen Lehmann 

discovered para-aminosalicylic acid (PAS) which was also active against Mtb [69]. 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 streptomycin 

or PAS alone [70]. 

Of the current first line anti-TB drugs, isoniazid was the first to be discovered in 1912 and 

has been part of the anti-TB drug regimen since 1952 [71]. It is a pro-drug that enters the cell by 

passive diffusion and is activated by the mycobacterial catalase-peroxidase enzyme, KatG [72-74]. 

It only kills actively dividing mycobacteria by disrupting mycolic acid synthesis, which is a major 

component of the Mtb cell 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 are katG inhA, and ahpC [71, 78, 79]. Pyrazinamide was next to be 

discovered and was shown to be effective against Mtb in mice and humans in 1952 [80, 81]. PZA 

is a pro-drug that becomes its active form, pyrazinoic acid (POA), after conversion by the Mtb 

cytoplasmic enzyme, nicotinamidase/pyrazinamidase [82]. 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 biosynthesis [80, 83, 84]. Coenzyme A 
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functions as a co-factor for many enzymes involved in fatty acid and nonribosomal peptide 

synthesis [85]. Mutations in the pncA (encodes pyrazinamidase) gene have been associated with 

PZA resistance [86-89]. Ethambutol was first described in 1961 and was included in the anti-TB 

regimen in 1966 [90]. Similar to INH, EMB inhibits actively replicating bacteria by disrupting 

arabinogalactan synthesis, depleting the molecules that anchor mycolic acids thus disrupting cell 

wall synthesis and increasing cell wall permeability [90-93]. EMB resistance is primarily 

associated with mutations in genes encoding arabinosyltransferases, embB and embC [90, 94-96]. 

The last to be included as a first line anti-TB drug is rifampicin. Rifampicin was discovered by 

Piero Sensi and was introduced as an anti-TB drug in 1968. It is one of the most potent anti-TB 

drugs currently available [97]. The introduction of rifampicin shortened chemotherapy from 1-2 

years to 9 months and when used with PZA to 6 months [98, 99]. Rifampicin binds and inhibits 

the RNA polymerase b subunit of Mtb. Consequently, mutations in the rpoB gene confer 

rifampicin resistance [97, 100, 101]. Side effects from first line anti-TB drugs range from mild 

(eg. nausea, abdominal pain, drowsiness) to severe (eg. liver and kidney damage, joint pain, 

blurred vision) [102]. A number of second-line anti-TB drugs, which include fluoroquinolones, 

injectables (eg. amikacin, kanamycin), carbapenems, linezolid, and bedaquiline among others, are 

available for use if Mtb develops resistance to the first-line drugs, specially RIF and INH, but side 

effects can also be severe (eg. renal, liver and auditory dysfunction, psychosis, peripheral 

neuropathy) [103, 104].  
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1.4 Granuloma ï the hallmark of tuberculosis 

Once Mtb enters the airways and lodges in the alveoli, it is phagocytosed by alveolar 

macrophages, dendritic cells (DC) and neutrophils which carry it to the lungs [105]. Mtb-infected 

DCs then migrate to the lymph nodes to activate the adaptive immune system 9-11 days 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 granuloma [109-111]. Granuloma 

formation is dependent on TNF production and the maintenance of chemokine concentrations to 

recruit and retain immune cells [112, 113]. As shown in Figure 2, Mtb is found at the center with 

cell debris and infecting macrophages at the periphery. Epithelioid macrophages dominate the 

ñmacrophage layerò although neutrophils, giant cells and foam cells can also be found interspersed. 

Surrounding the ñmacrophage layerò is the lymphocytic cuff composed of T cells, B cells and 

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 can reactivate and become sources of bacterial dissemination [109, 114, 115]. 
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Figure 2. The structure of a granuloma. 

A granuloma is an aggregation of host immune cells and Mtb bacilli. The center of a granuloma 

contains Mtb and cell debris surrounded by a ñmacrophage layerò containing epithelioid 

macrophages, giant cells, foam cells, dendritic cells and neutrophils. Enclosing the macrophage 

layer is the lymphocyte cuff which contains T cells, B cells, NK cells and macrophages. 

Reproduced with permission from Springer Nature, Cadena et al, 2017 [116]. 

 

Even within an animal, granulomas have independent trajectories, distinct local immune 

environment, killing ability and present as a spectrum 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 factors [116]. Granulomas can be nonnecrotizing (with epithelioid 

macrophages and giant cells in 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 granulomas are 

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 caseous granulomas evolve into 

fibrocalcific granulomas [117, 118]. In macaques, granuloma 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 disease [119]. Granulomas that would later disseminate and form new granulomas were 

significantly bigger in size (at 4-5 weeks post-infection) compared to contained granulomas and 

dissemination early during infection (3-6 weeks) is associated with developing active TB disease 

[119, 120]. 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 hostôs clinical status. Importantly, systemic immune responses do not reflect 

the local immune response in granulomas [121]. 

1.5  Immune response to tuberculosis 

The first host cell Mtb encounters are the airway epithelial cells (AEC). These cells 

recognize pathogen-associated molecular patterns and danger-associated molecular patterns 

through their widely expressed toll-like receptors (TLRs) and nod-like 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, reactive oxygen species (ROS), nitric oxide (NO), proinflammatory cytokines and 

chemokines which enhance host immune cell recruitment, increase inflammation and promote 

phagocytosis and microbial killing [123, 124]. However, in vitro evidence suggests that AECs can 

serve as niches for Mtb growth and replication [125, 126], although there is little in vivo evidence 

to support this. Mtb replicates >55-fold 7 days post-infection in A549 cells, a type II airway 

epithelial carcinoma cell line, compared to only 4-fold and 3-fold in murine macrophage cell line 

(J774) and fresh human monocyte-derived macrophages, respectively [127]. 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 respiration and ESAT-6 

were all upregulated, while, stress response and hypoxia-induced genes in AECs were 

downregulated [128]. 

Macrophages are the first immune cells that Mtb encounters [129]. 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 the optimum environment for lysosomal enzymes and ROS production 

[110, 130]. Mtb, however, has in its arsenal cell wall components such as trehalose dimycolate and 

lipoarabinomannan, and secreted proteins (eg. lipid phosphatase [SapM], tyrosine phosphatase 

[PtpA], a Zn2+ metalloprotease [Zmp1] among others) that prevent phagosomal maturation [131-

133]. Activation of macrophages with IFNg bypasses the phagosome maturation block by 

stimulation of autophagic pathways and inducing apoptosis in a NO dependent manner [134, 135]. 

In addition to phagosome acidification, macrophages also bombard the Mtb inside the phagosome 

with copper and zinc, which are toxic in large quantities, and deprive Mtb with iron and manganese 

which are essential micronutrients for bacterial survival [136]. 
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Macrophages are armed with multiple receptors that can recognize Mtb such as TLRs, 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, 

phagocytosis, apoptosis, autophagy, cytokine secretion and nitric oxide production [138, 139]. 

TLRs 2, 4 and 9 are key in recognizing Mtb [140]. Activation of TLR2 leads to production of NO, 

TNFa and IL-12 in murine and human monocytes and macrophages [141, 142]. Production of an 

antimicrobial peptide, cathelicidin, is induced by the upregulation of vitamin D receptor and 

vitamin D-1-hydroxylase genes caused by TLR2 activation [143]. Activation of TLR4 

predominantly leads to TNF production, along with IL-6 and monocyte chemoattractant protein-1 

(MCP-1), in murine macrophages and human monocytes [144-146]. TLR9 -/- mice exhibited 

reduced IL12p40 and IFNg production 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 9 [147]. In addition to TLRs, macrophages have complement receptors (CR) 

that recognize complement proteins and promote phagocytosis [148]. One of particular interest is 

CR3 as blocking of this receptor by monoclonal antibodies inhibited adherence of Mtb to human 

monocytes in vitro by up to 81% [149]. 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 which blocks phagosome maturation [150]; there is a report that 

mannose receptors only recognizes virulent Mtb strains [151].  

Neutrophils are also one of the first responders to Mtb infection [110]. Their role in TB is 

controversial, with the potential to be both beneficial and harmful. They have been shown to be 

important early in infection in mice [152-155] 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 humans [156-161]. Early recruitment of neutrophils by LPS administration in rats at the time 

of infection resulted in a 650-fold decrease in lung Mtb CFU (No LPS - 1.3x105 CFU vs with LPS 

- 200 CFU). This protection progressively waned as LPS was administered 1-10 days after Mtb 

infection [153]. Similar results were shown in other studies [152, 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 

molecules (eg. cathelicidins, defensins, elastase) and forming neutrophil extracellular traps (NETs) 

[162, 163]. In contrast, some studies showed poor Mtb killing in neutrophils even when stimulated 

with IFNg and TNFa making it a ñtrojan horseò harboring Mtb and hiding them from potentially 

bactericidal macrophages [156, 164, 165]. In macaques, granzyme B-expressing neutrophils were 

correlated with increased bacterial burden in granulomas [160]. Neutrophils have also been shown 

to produce cytokines such as TNF, IL-4, IL-10 and IFNg in macaque lung granulomas, however, 

cytokine secretion was not correlated with bacterial load [166]. 

Dendritic cells are the most effective antigen presenting cells and also important sources 

of IL-12 which promotes Th1 differentiation [167]. Although the host need Mtb-infected DCs to 

migrate to the lymph nodes to activate the adaptive immune system [105, 107], Mtb also uses DCs 

to dampen the immune response. CD209, also called DC-specific intracellular adhesion molecule 

3-grabbing non-integrin receptor (DC-SIGN), binds to CD54, an intercellular adhesion molecule 

1 (ICAM-1) found in endothelial cells that facilitate DC migration [129]. Interaction of CD209 

with Mtb LAM mannose promotes internalization of Mtb, increased production of IL-10 and 

decreased production of IL-12 modulating T cell activity [168]. In contrast, studies have also 

shown that DCs infected with Mtb becomes activated upregulating expression of activation 



 16 

markers (eg. MHC II, CD40, CD80) and increased production of inflammatory cytokines such as 

TNFa, IL-12, IL-1 and IL-6 promoting DC maturation and antigen presentation [169, 170].  

Natural killer (NK) cells have been proposed to play a role during Mtb infection by lysing 

Mtb-infected macrophages [171, 172], producing IFNg and IL-22, which enhances 

phagolysosomal infusion [173], stimulating IFNg production by CD8 T cells [174], and limiting 

regulatory T cell (Treg) expansion [175]. 

Protection during Mtb infection is mostly attributed to the cellular adaptive immune 

response [176, 177]. The importance of CD4 T cells in TB was demonstrated by the increased 

susceptibility of HIV+ patients to Mtb infection and disease [178]. This was further supported by 

CD4 T cell depletion studies in mice [179-181] and non-human primates (NHP) [182, 183] where 

animals showed increased pathology, bacterial burden and reactivation of some macaques with 

LTBI. CD4 T cells producing IFNg are key players in Mtb clearance by promoting phagosome-

lysosome fusion and ROS production in macrophages [134, 176, 184, 185]. The importance of 

CD8 T cells was not readily apparent until studies in mice deficient in molecules necessary for 

antigen presentation through major histocompatibility complex (MHC) class I resulted in greater 

bacterial burden, severe pathology and accelerated death [186, 187]. CD8 T cells control Mtb 

infection by producing cytokines (eg. IL-2, TNF, IFNg), and inducing apoptosis either by 

degranulation (perforin, granzymes and granulysin) or Fas-Fas ligand interaction in Mtb-infected 

cells [50, 188]. In BCG-vaccinated rhesus macaques, CD8 depletion prior to high-dose challenge 

resulted in higher bacterial burden, more severe lung pathology and more extensive dissemination 

compared to macaques given IgG control [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 Th1 

cell development, all of which were unable to control bacterial growth. The importance of IFNg in 

TB is further supported 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, in an otherwise 

healthy person. Genes associated with MSMD diminishes the production or response to IFNg [194, 

195]. TNFa is also critical in TB infection as first shown in mice where TNFa neutralization and 

disruption of TNF receptor resulted in early death compared to controls  [196]. This was validated 

in humans where latent TB subjects reactivated after administration of a TNFa-neutralizing 

antibody, infliximab [197], and in NHPs where TNFa neutralization resulted in disseminated TB 

disease and reactivation of ~50% of macaques with LTBI [198, 199]. The role of Th17 cells in 

humans is unclear. Low serum 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 IL-17 in blood compared to healthy and LTBI individuals [201, 202]. However, one 

study did not find any significant difference in IL-17 mRNA levels in bronchoalveolar lavage and 

blood between patients with active TB and healthy controls [203]. In addition, high levels of CD4 

T cells producing both IFNg and IL-17 were associated with severe TB disease [204]. IL-17 has 

been shown to be protective in mice following primary infection with Mtb Beijing HN878 [205] 

or BCG vaccination [206]. IL-17-/- mice exhibited greater lung pathology and bacterial burden 

after infection with Mtb Beijing HN878 [205]. BCG-induced protection in mice was dependent on 

the presence of IL -17 which leads to chemokine secretion and recruitment of IFNg-producing CD4 

T cells to the lungs [206]. IL-10 is widely regarded as detrimental to TB as it has been implicated 
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to arrest phagosomal maturation in Mtb-infected human macrophages [207] and downregulate 

protective Th1 responses in vitro [208, 209]. Increased IL-10 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 C57BL/6 mice during the chronic phase 

of the infection (100-200 days post-infection) [210]. Similarly, treatment of CBA/J mice, which 

are normally susceptible to Mtb infection, with anti-IL-10 resulted in stable lung bacterial burden 

and increased mice survival, and this was associated with T cell recruitment and IFNg production 

[211]. In macaques, depleting IL-10 resulted in less lung inflammation and increased cytokine 

production at 3-4 weeks post-infection compared to control animals, but with no significant 

differences in bacterial burden during the early phase of infection [212]. Eliciting pro-

inflammatory Th1 responses is assumed to be necessary during Mtb infection although several 

vaccines that elicit such responses are still not protective [213]. Indeed, a purely inflammatory 

response is destructive to the host causing widespread immunopathology, thus a balance between 

pro- and anti-inflammatory responses should be elicited to achieve optimal control of Mtb [121]. 

In contrast to T cells, the role of B cells and antibodies in TB has 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 transfer of antibodies to mycobacterial 

antigens in mice (reviewed by [215]). Humans with LTBI and active TB produced different 

antibody signatures. Antibodies from LTBI patients promoted phagosomal maturation, enhanced 

inflammasome activation and increased killing of intracellular Mtb in macrophages [216]. In 

NHPs, B cells can be found in clusters resembling germinal centers in granulomas and are actively 
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secreting Mtb-specific antibodies [217]. 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 levels [218]. Formation of iBALT was also 

associated with LTBI in NHPs [219]. 

1.6 Non-human primate model of tuberculosis 

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 (105-106 CFU/lung) and cannot clear the infection, these strains can 

live for a year or more with TB. Some mouse strains are more susceptible (eg. C3H, CBA) 

developing progressively severe disease causing early death [220]. Although 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 aspects 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 states [221-223]. Rabbits are resistant to Mtb but 

susceptible to M. bovis. Rabbits do form granulomas and develop cavities similar to humans [221, 

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 and true latency and 

reactivation states have not been demonstrated [225-228]. Zebrafish infected with M. marinum, an 
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aquatic mycobacterial species, are good models to use for studying the dynamics of granuloma 

formation. Zebrafish develop human-like granulomas and as embryos they are transparent which 

is advantageous for real-time imaging. However, their anatomy and physiology are different from 

humans. For example, since zebrafish do not have lungs, granulomas form in the pancreas, liver, 

spleen, gonads and fatty tissue [225, 229]. Non-human primates (NHP) develop the full spectrum 

of TB disease including latency and reactivation, and form granulomas and other TB-associated 

pathologies identical to humans. Hindrances to NHP use, however, are high cost and large 

Biosafety Level 3 space required for housing and maintenance [225, 230]. 

The NHP model of TB is well established [231-234]. 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 progress to active disease 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 humans [231-233]. Macaques are classified 

as having active TB disease if they present with clinical signs (eg. weight loss, cough), an elevated 

erythrocyte sedimentation rate (ESR >2mm), chest x-ray scan showing disease, and Mtb culture 

from gastric aspirate (GA) and/or bronchoalveolar lavage (BAL). Latent TB is defined as showing 

no clinical signs, negative Mtb culture 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 caseous granulomas being predominant in the lungs [117]. Moreover, some 

macaques have extrapulmonary infection (eg. spleen, liver, lymph nodes) [233, 235].  

In addition to exhibiting the full spectrum of Mtb infection, there are 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 emission tomography 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 probe 18F-fluorodeoxyglucose (FDG), 

which is taken up by metabolically active host cells, makes it possible to quantify overall lung 

inflammation as well as the FDG activity in individual granulomas. Combining PET and CT 

provides a structural and functional map of the lungs during Mtb infection [236]. 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 host-directed therapies as well as the importance of various immune 

factors using antibodies to deplete cell types or neutralize cytokines [234]. 
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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 new sites far from initial granulomas. Reproduced 

from Coleman et al, 2014 [119]. 

1.7 Lymph nodes ï the neglected battlefield of tuberculosis 

This section is adapted from the original publication: 

Ganchua SKC, White AG, Klein EC and Flynn JL. 2020. Lymph nodes ï the neglected 

battlefield in tuberculosis. PLoS Pathogens. In press. (see Chapter 8 for full article) 

 

Even though TB most commonly manifests as a pulmonary disease, extrapulmonary TB 

also occurs. In humans, Mtb infection usually results in a Ghon complex ï a tuberculous lung 

lesion accompanied by a granuloma in a thoracic lymph node [238, 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 infection [240, 241]. Early autopsy studies in humans found 

live Mtb in lymph nodes without signs of TB disease anywhere else in the body [242-244]. Even 

lymph nodes that appeared normal through gross inspection by a trained pathologist could harbor 

live Mtb [242]. In cattle, lymph nodes are the most common site of M. bovis infection [245]. In a 

small study of 15 cattle with evidence of bovine TB in lymph nodes, only 1 had identifiable 

pulmonary infection [246]. However, some authors as cited by Neill et al [245] believe that a more 

comprehensive inspection of the bovine lungs should be performed 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 infection [245, 247]. In our experience working with non-human primates, 

lymph nodes are almost always infected with Mtb along with the lungs [235]. Occasionally, we 

find lymph nodes with no apparent granuloma also harboring live Mtb bacilli. Given these 

observations, it is understandable that Behr and Waters proposed TB as a lymphatic disease rather 

than strictly a pulmonary disease [248]. 

The involvement 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 lungs [105]. While other respiratory viral and 

bacterial pathogens induce DC migration to the lymph nodes to activate the adaptive immune 

system by 1-3 days post-infection [249-251], this important process is delayed in Mtb infection. 

Several studies have shown that Mtb-infected DCs do not migrate to the lymph node and prime T 

cells until 9-11 days post-infection [106-108]. This delay in the dissemination of Mtb bacteria to 

the lymph nodes is thought to play a role in the increased susceptibility of C3H/HeJ mice to Mtb 

compared to C57BL/6 mice [106]. Wolf and colleagues also showed that the migration of DCs 
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was transient, slowing down after peaking at 21 days post-infection, an interesting observation 

given the chronic nature of TB. Not only are DC migratory functions dysregulated, but DCs and 

interstitial macrophages that transport Mtb to the lymph nodes are relatively poor at stimulating T 

cell responses to Mtb antigens [107]. 

Based on human and macaque studies, lymph nodes can play 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 such as coughing or weight loss, or the formation of a new granuloma by 

PET CT after latent Mtb infection was established [182, 183, 198, 199, 252]. In CD4 T cell-

depleted cynomolgus macaques, lower CD4+ T cell levels in hilar lymph nodes was associated 

with reactivation [182]. In TNF-neutralized macaques, early signs of reactivation (ie. non-

necrotizing granuloma formation adjacent to established and often mineralized granulomas) were 

observed microscopically in the lymph nodes [198]. Latently Mtb-infected macaques with a high 

risk of reactivating after TNF neutralization had a smaller proportion 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 animals [199]. In a separate study [183], DNA barcoded 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 were assessed for 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 in lymph nodes 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 nodes dispersing to the lungs and other organs. In antiretroviral-naïve 

humans with latent TB co-infected with HIV, abnormal FDG uptake in lymph nodes was 

associated with reactivation. Ten participants determined to have subclinical TB pathology were 

more likely to 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 the 6-month follow-up period compared 

the 25 participants with no subclinical pathology of which none developed active TB disease [253]. 

These data suggest that reactivation of latent TB, 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 response, it is required 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 and protection from Mtb challenge [254]. 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 nodes from intralymphatically 

vaccinated mice harbored greater numbers of BCG by Ziehl-Neelsen staining compared to s.c. 

vaccinated animals. Intralymphatic vaccination also elicited a more robust immune response 

compared to s.c. vaccinated animals. Significantly more proliferation and stronger TNF, IL-2, IL-

17 and IFNg responses up to 40 days post-vaccination were observed in PPD-stimulated 
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splenocytes from intralymphatic vaccinated animals compared to s.c. vaccinated animals. Direct 

vaccination of lymph nodes also resulted in significantly reduced Mtb burden (up to 12 weeks 

post-infection) 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 response and protection against Mtb challenge. 

Lymph nodes are sites where Mtb can persist, disseminate and reactivate [182, 183, 198, 

199, 253]. Therefore, it is imperative that anti-TB drugs be tested for their ability to eliminate Mtb 

bacteria in the lymph nodes. There is only one study I am aware of that examined concentrations 

of rifampicin (RIF) and isoniazid (INH) in the blood, lungs, granulomas and lymph nodes in 

humans [255, 256]. Rifampicin had the highest concentration in the blood (6.95 µg/ml) followed 

by tuberculous foci (2.43 µg/g) and healthy lung tissue (2.22 µg/g). Thoracic lymph nodes (1.41 

µg/g) had lower RIF concentration compared to blood and lung granulomas. Interestingly, the 

lowest RIF concentration was found in caseous lymph nodes (0.03 µg/g). In contrast, although 

INH concentration was also highest in the blood (4.11 µg/ml), its concentration in healthy lungs 

(0.58 µg/g), bronchopulmonary lymph nodes (0.53 µg/g), cavities (0.59 µg/g), tuberculous foci 

(0.6 µg/g) and caseous lymph nodes (0.21 µg/g) were all relatively similar [255, 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 compared to 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 vaccine efficacy and have impaired anti-TB 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 that a previous infection with a 

microbe will induce an immune response that prevents infection or disease when the host 

encounters the microbe again. The vaccine mimics some part of the host response to infection and 

provides immunity against the pathogen. However, in TB, it is unclear whether 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 (indicating infection) and signs of TB disease (to distinguish latent 

vs active TB) throughout the course of their training and even many years after. Andrews and 

colleagues [257] did a meta-analysis of these and 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 during 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 humans, mixed infections 

(infected with > 2 Mtb strains) could be present in 0.4-57% of active TB patients, although extent 

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

typing method used, drug resistance and the patientôs HIV status could all affect this number [258].  
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Several early reinfection studies also exist in animal models where Mtb reinfection can be 

assured although discrimination between the 2 infections can still be challenging. By using a drug-

susceptible Mtb strain for the first infection and a streptomycin-resistant 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 significantly hindered while the Mtb from the first infection 

thrived [259, 260]. Similar results were obtained in rabbits 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 

and M. bovis for the second infection [261, 262]. More recently, in mice that were drug treated 

before reinfecting with Mtb, significantly fewer Mtb bacilli (1000-fold lower) were found in the 

lungs 30 days post-infection, however, this protection waned and the lung Mtb burden reached the 

level of control animals by 60 days post-infection [263]. By using serial PET CT scans and DNA-

tagged Mtb strains, Cadena et al [264] 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 to the thoracic lymph nodes in only 

1 of the 8 reinfected animals, compared to 5 of 6 of the control animals. Overall, there was a 

10,000-fold reduction in bacterial burden from the second infection in macaques with ongoing 

primary infection. 
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2.0  Gaps in knowledge and 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 that individuals with latent TB have a lower risk of 

progressing to active TB after Mtb re-exposure [257]. However, the extent to which Mtb protects 

against actual reinfection (and not simply disease) is completely 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 lesions) after secondary challenge. This degree of protection is 

greater than most vaccines tested thus far and provides a model for protective immunity. The 

mechanisms and factors limiting disease progression during a secondary Mtb infection are 

currently unknown. In this dissertation, I investigated the protection provided by primary infection, 

focusing on the contribution of bacterial viability and CD4 T cells. I hypothesize that the resulting 

adaptive cellular immunity from an ongoing primary Mtb infection limits granuloma formation, 

bacterial burden and disease progression of a secondary Mtb infection. I also performed an 

extensive analysis of lymph nodes from Mtb-infected 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 flow cytometry and disease outcome measures (number of secondary granulomas 

and bacterial burden) evaluated in all macaques. I hypothesize 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 cell-depleted macaques, (2) macaques infused with IgG control, and (3) macaques 

infected with 2nd infection only. As in Aim 1, infection and disease progression, host immune 

response and disease outcome measures will be monitored. I hypothesize 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 post-infection, as well as from reinfected cynomolgus macaques from Aims 1 and 2, 

will be assayed for bacterial burden, Mtb killing capability and immune response. Localization 

of Mtb and immune cells in infected lymph nodes will also be determined. I hypothesize 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 protection and the 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 in effective drug treatment and vaccine design. 
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3.0 Drug treatment does not abolish the protection against Mtb reinfection 

3.1 Introduction  

A meta-analysis of early epidemiology studies showed that a person with latent M. 

tuberculosis (Mtb) infection (LTBI) has a 79% lower risk of developing active TB disease 

compared to an uninfected person [257]. 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 showed that an ongoing Mtb infection impaired bacterial growth from the second infection; 

although discrimination between the 2 infections was challenging [259-262]. These small animal 

studies were done in the early to mid-1900s and over time there have been significant 

improvements in technology. In our laboratory in collaboration with Sarah Fortuneôs lab at 

Harvard, Cadena and colleagues used serial PET CT scans to track the first and second infection 

in real time in cynomolgus macaques and used DNA-tagged Mtb strains to effectively discriminate 

granulomas that formed from the first infection vs. second infection. Similar to the early animal 

studies, macaques that had an ongoing Mtb infection formed significantly fewer granulomas from 

the second infection compared to naïve 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 were sterile 

while the remaining 3 reinfected animals that did form CFU+ granulomas from the second 

infection had significantly lower (10,000-fold reduction) bacterial burden compared to the 

granulomas that formed in the control animals [264]. 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, 1,000-fold fewer Mtb bacilli 

was found in the lungs 30 days post-infection, however, this protection waned and lung bacterial 

burden increased to the level of control animals by 60 days post-infection [263]. In humans, the 

incidence rate of recurrent TB disease, either by relapse or reinfection, after successful treatment 

was 18x (China, [265]) and 14.6x (Spain, [266]) more than the incidence 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 reinfection after successful treatment was 4x more than the incidence rate 

of initial TB disease in the general population [267]. Three possible reasons that could explain 

these findings include: (1) selection bias ï selection of individuals with predisposition to Mtb 

infection and TB disease; (2) TB disease increases susceptibility of an individual to succeeding 

Mtb infection and disease; and (3) elimination of live Mtb resulting from drug treatment increased 

susceptibility of these individuals to subsequent Mtb infection and disease. Human studies are 

vulnerable to confounding factors, such as, laboratory errors, lung damage, timing of reinfection, 

HIV status, socio-economic 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 abolishes the protection 

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 Mtb infection 

outcomes and granulomas without the confounding factors prevalent in human studies [230-233]. 
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In addition, by using serial PET CT scans and DNA-tagged Mtb strains, we can track granuloma 

formation in real time and discriminate between 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 drug-treated and non-drug treated groups, although both drug treated and 

non-drug treated animals did not demonstrate as robust protection as in the original reinfection 

study [264]. 

3.2 Methodology 

3.2.1 Ethics 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 A3187-01. Our specific protocol 

approval number for this project is 15066174. The IACUC adheres to national guidelines 

established in the Animal Welfare Act (7 U.S.C. Sections 2131ï2159) and the Guide for the Care 

and Use of Laboratory Animals (8th Edition) 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 tactile contact with neighboring 

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 water ad 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 components. First, species-specific behaviors are 

encouraged. All animals 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 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 are 

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 expressions) while 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 auditory 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 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. Following M. tuberculosis infection, the animals are monitored closely for 

evidence of disease (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 drugs. Regular PET CT 
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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 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. 

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

Ten cynomolgus macaques (Macaca fasicularis) with age range of 6.5-9.6 years were 

obtained from Valley Biosystems (3 females, 7 males, Sacramento, California). Animals were 

placed in quarantine for 1 month where they were monitored to ensure good physical health and 

no prior Mtb infection. All animals were infected with DNA-tagged Mtb Erdman via 

bronchoscopic instillation as previously described [232, 233]. All 10 macaques received Mtb 

library A as the first infection. Granuloma formation, lung inflammation and overall disease was 

tracked using 18F-fluorodeoxyglucose (FDG) PET CT every 4 weeks. PET CT scans were analyzed 

using OsiriX viewer as previously described with a detection limit of 1mm [236]. The first 

infection was followed for 16 weeks before splitting the 10 macaques into 2 cohorts: drug treated 

(n=7) and non-drug treated (n=3). Because this study was scheduled to last for 9 months, we 

needed to choose macaques for the non-drug 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 post-infection 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 lymph nodes early 
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post-infection could predict which macaques will develop LTBI at 6 months post-infection [119]. 

Macaques in the drug-treated group were given anti-TB drugs orally once daily for ~3 months (80-

97 days) (RIF 20mg/kg; INH 15mg/kg; ETH 50mg/kg; PZA 150mg/kg) [268]. Compliance ranged 

from 80-98% although one macaque had low compliance (30416, 62%). Macaques were taken off 

drug treatment 2-4 weeks before the second infection with Mtb library B and subsequently 

necropsied 4 weeks later. The macaques in the non-drug treated group followed the same timeline 

as the drug-treated group but without drug treatment. Macaques received 14-16 CFU of Mtb library 

A for the first infection and 8-9 CFU of Mtb library B for the second infection. Dose was calculated 

from colony counts after plating an aliquot of the infection inoculum on 7H11 agar plates and 

incubating for 3 weeks at 37oC/5% CO2. Historical controls from a previous Mtb reinfection study 

[264] were used as comparison in some parameters.  

3.2.3 Bronchoalveolar lavage (BAL) 

BAL was obtained every 8 weeks as described previously [231, 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 (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 incubation at 37oC/5% CO2. BAL were centrifuged at 1,800 rpm for 8 

minutes at 4oC. Cells were resuspended in 1ml PBS, counted using a hemocytometer and used for 

intracellular cytokine staining. Supernatants were filtered with 0.22mm syringe filter to remove 

Mtb bacteria and frozen at -80oC until use for Luminex.  
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3.2.4 Necropsy Procedures 

Procedures done during necropsy have been previously described [231, 232]. Briefly, 1-3 

days prior to necropsy, a PET CT scan was taken and used to identify 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. On the day of necropsy, 

macaques were humanely sacrificed 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 were aliquoted for 

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 at 37oC/5% CO2 for 3 weeks before enumeration 

of CFU. 

3.2.5 Isolation 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 previously [118]. Briefly, a small aliquot of the homogenate or scrapate were vortexed 

with 0.1mm zirconia-silica beads (BioSpec Products, Inc.) and subsequently extracted twice with 

phenol chloroform isoamyl alcohol (25:24:1, Sigma-Aldrich) before precipitating DNA with 

molecular grade 100% isopropanol (Sigma-Aldrich) and 3M sodium acetate (Sigma-Aldrich) and 

resuspending in nuclease-free water (Invitrogen).  
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3.2.6 Library identification  

Identification of library DNA tags have been previously described [264]. Briefly, DNA 

was amplified by PCR for 24-36 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 CT scan 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. 

3.2.7 Intracellular 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 CFU-). BAL cells (250,000-1x106) were stimulated 

with peptide pools of ESAT-6 and CFP-10 (10mg/ml of each peptide pool) in the presence of 

Brefeldin A (GolgiPlug, BD Biosciences) at 37oC/5% CO2 for 3.5-4 hours prior to staining. 
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Unstimulated controls were always included, however, positive controls (phorbol dibutyrate 

[PdBu] and ionomycin [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 include CD3 (clone SP34-2, 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), IL-2 (Clone 

MQ1-17H12, Biolegend), IL-10 (Clone JES3-9D7, eBioscience) and Ki67 (Clone B56, BD 

Biosciences). Data was acquired using the LSR II (BD) and analyzed using FlowJo software 

v10.6.1 (BD).  

Because of the abundance of Mtb antigens already present in granulomas and involved 

lymph nodes [121], 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) at 37oC/5% CO2 for 3.5-4 hours 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 SP34-2, 

BD Pharmingen), CD4 (Clone L200, BD Horizon), CD8 (Clone SK1, BD Biosciences) and CD20 

(Clone 2H7, eBioscience). Intracellular markers include CD107a (Clone H4A3, Biolegend), IFNg 

(Clone B27, BD Biosciences), TNF (Clone MAB11, BD Biosciences), IL-2 (Clone MQ1-17H12, 

Biolegend), IL-10 (Clone JES3-9D7, eBioscience) and IL-17 (Clone eBio64CAP17, eBioscience). 

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

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

(Amicon Ultra-4 Centrifugal Filter Unit, 3kDa cutoff, Millipore Sigma) following manufacturerôs 

instructions. Samples were assayed in duplicates using the ProcartaPlex NHP multiplex 

immunoassay (Invitrogen) following manufacturerôs instructions measuring levels of 30 cytokines 

and chemokines using the BioPlex reader (Biorad). An additional 2-fold dilution was performed 

on the supplied standards to extend its lower detection limit.  

3.2.9 Statistical Analysis 

We used DôAgostino & Pearson test to determine normality of data, but due to small sample 

sizes, nonparametric tests were used. The Mann-Whitney test was used to compare 2 groups. The 

Kruskal-Wallis test with Dunnôs adjustment for multiple comparisons was used to compare 3 or 

more groups. P values < 0.05 were considered statistically significant. Data were graphed and 

analyzed using GraphPad Prism v8 (GraphPad Software). All CFU data in graphs with the y-axis 

in log scale were transformed by adding 1.  
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3.3 Results 

3.3.1 Drug treatment sterilized most macaques 

To determine whether live bacteria were necessary in the protection a primary Mtb 

infection confers to a second infection, 10 cynomolgus macaques were divided into 2 groups 

(Figure 4A). Sixteen weeks after initial infection with Mtb library A, one group (n=7) was treated 

with anti-TB drugs (RIF, INH, ETH, PZA) for ~3 months (80-97 days) before the second infection 

with Mtb library B. The control group (n=3) followed the same timeline but was not given any 

anti-TB drugs. By PET CT, drug treatment reduced metabolic activity in lung granulomas and 

lymph nodes (Fig 4B). Total lung inflammation decreased in majority of the animals during the 

drug treatment period (Fig 4C). Macaques in the non-drug treated group had stable lung metabolic 

activity throughout the study (Fig 4D). 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 

of macaques. 

A. Experimental plan. B. 3D rendering of the thoracic cavity of a macaque pre- and post-drug 

treatment. Green arrow points to lymph nodes. C. Total lung metabolic activity in drug-treated 
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macaques. Area shaded light blue indicates drug treatment period. Arrow indicates second 

infection. D. Total lung metabolic activity in non-drug 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 treated monkeys 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 lymph node of 29616) (Figure 5). Macaques that did 

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

 

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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3.3.2 Drug treatment does not abolish protection from second infection 

Our primary outcome measures to determine whether a macaque was protected from the 

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 infection compared to 4 weeks after the initial 

infection using a similar dose (14-16 CFU ï 1st dose, 8-9 CFU ï 2nd dose) (Figure 6A). There was 

no significant difference in the reduction of the number of granulomas formed at 4 weeks post-

second infection between the 2 groups (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 naïve and 16-week reinfection controls from [264]. The naïve group only 

received Mtb library B infection and was necropsied 4 weeks after. The 16-week reinfection group 

received Mtb library A as the first 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 non-drug treated groups were similar with the 16-week 

reinfection group, the bacterial burden in the new granulomas of the 16-week reinfection group 

was lower. The median CFU of new granulomas of both drug- and non-drug treated groups was 

~60-fold lower compared to the median CFU of the naïve controls, however this was not 

statistically significant (Figure 6C). The protection observed in both groups was not as robust as 

the historical 16-week reinfection control animals (Figure 6C). One animal (29416) in the non-

drug treated group did not form any new granulomas. The CFU of new granulomas in each 

macaque is shown in Figure 3D. Similar to the 16-week reinfection animals, thoracic lymph nodes 

were protected from Mtb library B infection. Of 10 animals, only 4 (3 in drug-treated; 1 in non-

drug treated) macaques had 1 lymph 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 and non-drug 

treated groups were not as robust as the protection seen in the 16-week reinfection 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. Mann-Whitney test was used to compare the change in number of granulomas formed 

from the first and second infection. B. Number of new granulomas that formed after the second 

infection. The reinfected (16wks) and naïve groups are historical controls from an earlier study 

[264] that were added for comparison. Each data point is a monkey. Kruskal-Wallis with Dunnôs 

multiple comparison test was used to compare the groups. C. Mean total CFU of new granulomas 

formed after second infection. The reinfected (16wks) and naïve groups are historical controls 

from an earlier study [264] that were added for comparison. Each data point is a monkey. Kruskal-

Wallis with Dunnôs multiple comparison test was used to compare the groups. D. CFU of new 

granulomas per macaque in both groups. Each data point is a granuloma. E. Number of thoracic 

lymph nodes that were CFU+ for Mtb library B. The reinfected (16wks) and naïve groups are 

historical controls from an earlier study [264] that were added for comparison. Each data point is 

a monkey. Kruskal-Wallis with Dunnôs multiple comparison test was used to compare the groups. 

3.3.3 Drug 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 response to Mtb-

specific antigens ESAT-6 and CFP-10, pre- and post-drug 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 drug-treated and non-drug treated groups pre- and post-drug 

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 post-drug treatment (Figure 7B-C). When comparing between groups, we 

did not find any significant change in the frequency 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 IFNg, IL-2 and TNFa in the drug treated group (Figure 8). 

However, overall, there was 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.  

 

 

Figure 7. No significant difference in lymphocyte populations in airways of the 2 groups from 

pre- to post-drug treatment. 

A. Change between the lymphocyte count/ml of BAL pre-drug treatment and post-drug treatment. 

B. Change between the CD4 T cell count/ml of BAL pre-drug treatment and post-drug treatment. 

C. Change between the CD8 T cell count/ml of BAL pre-drug treatment and post-drug treatment. 

Each data point is a monkey. Lines at median. Mann-Whitney test was used to compare the groups. 
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Figure 8. Similar changes in cytokine response of CD4 T cells to Mtb-specific antigens from 

pre- to post-drug treatment. 

A. Change in frequency of IFNg+ CD4 T cells from pre- to post-drug treatment. B. Change in the 

frequency of IL-2+ CD4 T cells from pre- to post-drug treatment. C. Change in the frequency of 

IL-10+ CD4 T cells from pre- to post-drug treatment. D. Change in the frequency of Ki67+ CD4 

T cells from pre- to post-drug treatment. E. Change in the frequency of TNFa+ CD4 T cells from 

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

Mann-Whitney test was used to compare the groups. 

 



 51 

 

Figure 9. Similar changes in cytokine response of CD8 T cells to Mtb-specific antigens from 

pre- to post-drug treatment. 

A. Change in the frequency of IFNg+ CD8 T cells from pre- to post-drug treatment. B. Change in 

the frequency of IL-2+ CD8 T cells from pre- to post-drug treatment. C. Change in the frequency 

of IL-10+ CD8 T cells from pre- to post-drug treatment. D. Change in the frequency of Ki67+ 

CD8 T cells from pre- to post-drug treatment. E. Change in the frequency of TNFa+ CD8 T cells 

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

Mann-Whitney test was used to compare the groups. 

 

To determine whether there was a difference in the airway immune environment pre-

second infection in both groups, we examined lymphocyte populations, cytokine response and 

proliferation in response to ESAT-6 and CFP-10. In addition, we did a multiplex immunoassay 

(Luminex) on the BAL supernatants pre-second infection. There was no significant difference in 

the lymphocyte, CD4 and CD8 T cell counts between the two groups (Figure 10). There was also 
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no significant difference in the cytokine response and proliferation of CD4 (Figure 11) and CD8 

T cells (Figure 12) between the two groups. Levels of two chemokines, B lymphocyte 

chemoattractant (BLC) and macrophage inflammatory protein-1 beta (MIP-1b), and 1 cytokine, 

monokine induced by IFNg (MIG), were significantly higher in the non-drug treated group (Figure 

13 B-D). Levels of interferon-inducible T cell alpha chemoattractant (I-TAC) and IL-1b also 

trended to be higher in the non-drug treated group albeit not statistically significant (Figure 13A 

and 13E). Data on other cytokines and chemokines tested that were not statistically different 

between the two groups is in Figure 14. These data suggest that the airway lymphocyte 

environment was similar in macaques regardless of drug treatment immediately prior to the second 

infection. Macaques in the non-drug treated group, however, had higher levels of proinflammatory 

chemokines and cytokine.  

 

 

Figure 10. Similar counts of lymphocytes, CD4 T cells and CD8 T cells in BAL pre-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. Mann-Whitney test was used to 

compare the groups. 
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Figure 11. No difference in CD4 T cell cytokine response against Mtb-specific antigens pre-

second infection between the 2 groups. 

A. Frequency of IFNg+ CD4 T cells. B. Frequency of IL-2+ CD4 T cells. C. Frequency of IL-10+ 

CD4 T cells. D. Frequency of Ki67+ CD4 T cells. E. Frequency of TNFa+ CD4 T cells. Each data 

point is a monkey. Lines at median. Mann-Whitney test was used to compare the groups. 
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Figure 12. No difference in CD8 T cell cytokine response against Mtb-specific antigens pre-

second infection between the 2 groups. 

A. Frequency of IFNg+ CD8 T cells. B. Frequency of IL-2+ CD8 T cells. C. Frequency of IL-10+ 

CD8 T cells. D. Frequency of Ki67+ CD8 T cells. E. Frequency of TNFa+ CD8 T cells. Each data 

point is a monkey. Lines at median. Mann-Whitney 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 lymphocyte chemoattractant (BLC). C. Macrophage inflammatory protein-1 beta 

(MIP-1b). D. Monokine induced by IFNg (MIG). E. Interferon-inducible T cell alpha 

chemoattractant (I-TAC). Each data point is a monkey. Lines at median. LL = lower limit of 

detection. Mann-Whitney test was used to compare the groups. 
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Figure 14. Cytokines and chemokines measured in BAL pre-second infection.  

These were the analytes that were not significantly different between the groups. Each data point 

is a monkey. Lines at median. LL = lower limit of detection. Mann-Whitney test was used to 

compare the groups. 

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

uninvolved lungs in both groups 

To determine whether drug treatment affected 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 CFU-), we performed 

intracellular cytokine staining and flow cytometry after incubating them unstimulated for 3.5-4hrs 

at 37oC/5%CO2. 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+, we found no significant 

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 uninvolved 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 measuring Mtb specific 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 of lymphocytes 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 median. Mann-

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

non-drug treated groups. 

A. Frequency of CD107a+ CD4 T cells. B. Frequency of IFNg+ and/or TNFa+ CD4 T cells. C. 

Frequency of IL-2+ CD4 T cells. D. Frequency of IL-10+ CD4 T cells. E. Frequency of IL-17+ 

CD4 T cells. Each data point is a monkey. Lines at median. Mann-Whitney test was used to 

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

non-drug treated groups. 

A. Frequency of CD107a+ CD8 T cells. B. Frequency of IFNg+ and/or TNFa+ CD8 T cells. C. 

Frequency of IL-2+ CD8 T cells. D. Frequency of IL-10+ CD8 T cells. E. Frequency of IL-17+ 

CD8 T cells. Each data point is a monkey. Lines at median. Mann-Whitney test was used to 

compare the groups. 
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Figure 18. Similar  CD4 T cell cytokine response in involved lymph nodes from drug-treated 

and non-drug treated groups. 

A. Frequency of CD107a+ CD4 T cells. B. Frequency of IFNg+ and/or TNFa+ CD4 T cells. C. 

Frequency of IL-2+ CD4 T cells. D. Frequency of IL-10+ CD4 T cells. E. Frequency of IL-17+ 

CD4 T cells. Each data point is a monkey. Lines at median. Mann-Whitney test was used to 

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

and non-drug treated groups. 

A. CD107a+ CD8 T cells. B. IFNg+ and/or TNFa+ CD8 T cells. C. IL-2+ CD8 T cells. D. IL-10+ 

CD8 T cells. E. IL-17+ CD8 T cells. Each data point is a monkey. Lines at median. Mann-Whitney 

test was used to compare treatment groups. 
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Figure 20. Similar CD4 T cell cytokine response in uninvolved lungs from drug-treated and 

non-drug treated groups. 

A. CD107a+ CD4 T cells. B. IFNg+ and/or TNFa+ CD4 T cells. C. IL-2+ CD4 T cells. D. IL-10+ 

CD4 T cells. E. IL-17+ CD4 T cells. Each data point is a monkey. Lines at median. Mann-Whitney 

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

non-drug treated groups. 

A. CD107a+ CD8 T cells. B. IFNg+ and/or TNFa+ CD8 T cells. C. IL-2+ CD8 T cells. D. IL-10+ 

CD8 T cells. E. IL-17+ CD8 T cells. Each data point is a monkey. Lines at median. Mann-Whitney 

test was used to compare treatment groups. 

 

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 individual to develop 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 non-drug treated controls after second infection. Macaques from both groups 

developed fewer number of granulomas 4 weeks post-second 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 

burden in new granulomas. When compared to naïve controls, new granulomas from both drug 

and non-drug treated groups had ~60-fold lower CFU. However, the protection exhibited by the 

macaques in this study was not as robust as the 16-week reinfection controls. 

One limitation of this study is the small number of animals in the non-drug 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 29416 in the non-drug 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 7 drug-treated macaques were not completely 

sterilized, it did not have an effect on the number 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 the innate arm of the immune system, as well as the contribution of the innate immune 

cells to the protection we observed.  

Similar to the 16-week reinfection controls, Mtb library B was not able to disseminate to 

and replicate in the lymph nodes of most animals in both drug-treated and non-drug 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 (IV-BCG) compared to intradermal or aerosol routes. Six of 10 IV-BCG vaccinated 

animals did not form any granulomas after Mtb infection with 3 of the remaining IV-BCG 
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vaccinated macaques forming <3 granulomas. The IV-BCG vaccinated group had an overall 

reduction of 100,000-fold in thoracic Mtb burden compared to animals vaccinated intradermally. 

Similar to the Mtb reinfection studies, 9 out of 10 rhesus macaques in the IV-BCG vaccinated 

group did not grow Mtb in any of their lymph nodes examined [63]. Based on the result of this 

study, the 16-week reinfection study [264], and the IV-BCG study [63], one characteristic of 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 naïve T cells in these 

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 during the second infection, however, 

they are sources of Mtb-specific 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 protective immune 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-2, IL-17 and IFNg responses in PPD-stimulated 

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 subcutaneously vaccinated and unvaccinated mice [254]. IV-BCG 

vaccinated animals also had BCG infiltration and metabolic activity (probably activation of 

immune response) in 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 lung-draining lymph nodes is associated with protection from Mtb infection [63, 

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 non-drug treated groups, we did not observe any changes in the number of 

lymphocytes, CD4 and CD8 T cells in the BAL from pre- to post-drug 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 responses against Mtb-specific antigens, 

ESAT-6 and CFP-10, by flow cytometry. The lymphocyte populations investigated and their 

immune responses were similar in BALs of drug and non-drug treated groups before the second 

infection which could explain the similar protection observed in both groups. In a study by Condos 

and colleagues [269] of BAL immune responses in five patients with active TB, the level of IFNg 

remained stable from baseline to 6 months post-drug treatment but increased after 12 months of 

drug treatment. TNF levels in 2 of 5 patients decreased from baseline to 6 months post-drug 

treatment while the remaining 3 patients had stable TNF levels. 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 cells 8 weeks post-drug 

treatment in 5 patients with miliary TB. No cytokine response was recorded [270]. Studies 

comparing BAL responses before and after anti-TB drug treatment are fewer compared to studies 

comparing blood. However, blood responses do not necessarily correlate with local immune 

responses in the lungs [121]. Differences in the immune response to drug treatment in our study 

compared to the above-mentioned human studies could be explained by the following: (a) different 
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biological host (NHP vs human), (b) 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 increase in incidence of TB recurrence in successfully 

drug treated individuals in some studies [265-267] is most likely because of selection bias (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. In C57BL/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 infection only) [263]. 

Human epidemiology studies also support the theory of waning protection after successful 

treatment. A study in Uganda showed that in both HIV-negative and HIV-positive individuals, TB 

recurrence due 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 treatment [271]. 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 between relapse and earlier 

occurrence [272]. However, one study that analyzed 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 by 2-3 years post-drug treatment and 

continued to decline until it reached the incidence rate of the general population at 10 years post-

drug treatment [273]. In our study, we infected the macaques with Mtb library B (second infection) 

2-4 weeks post-completion of drug treatment. We did not see any changes due to drug treatment 
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in the BAL lymphocyte compartment pre-second infection. However, we did observe higher levels 

of proinflammatory chemokines and cytokines in the BAL of non-drug treated macaques which 

could eventually influence recruitment of immune cells to the airways if given more time. 

Interestingly, the non-drug treated group appears to have diminished protection compared to the 

16-week reinfection controls with the only difference being the longer time of the first infection in 

our study. Does this mean that the protection wanes from 16 weeks post-first infection to ~33 

weeks post-first infection? However, due to our low sample size, we cannot make any solid 

conclusions. Questions about waning of protection and 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 in interrogating 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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4.0 CD4 T cells are important in protecting against Mtb reinfection 

4.1 In troduction 

Protection against Mtb infection or disease is mostly attributed to the adaptive cellular 

immune response [176, 177]. HIV+ individuals have increased susceptibility to Mtb infection and 

disease highlighting the importance of CD4 T cells [178]. Indeed, in individuals with HIV 

infection, the incidence rate of TB increases as the peripheral CD4 T cell numbers decrease [274]. 

The importance of CD4 T cells was further reinforced by CD4 T cell depletion studies in mice 

[179-181] and non-human primates (NHP) [182, 183] where animals showed increased pathology, 

bacterial burden and reactivation of some macaques with LTBI. Reactivation in macaques was 

associated with greater CD4 T cell depletion in mediastinal lymph nodes [182], while greater CD4 

T cell depletion in the blood was associated with early reactivation [252]. In addition, CD4 T cells 

producing IFNg are key players in Mtb clearance by promoting phagosome-lysosome fusion and 

ROS production in macrophages [134, 176, 184, 185]. 

The mechanisms of protection against reinfection are not known. While the importance of 

CD4 T cells in TB have been demonstrated in humans with HIV/TB co-infection 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 protection a primary drug treated Mtb 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 cell-depleted reinfected macaques did not exhibit the same extent of Mtb 

burden as naïve animals. 

4.2 Methodology 

4.2.1 Ethics 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 A3187-01. Our specific 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. Sections 2131ï2159) and the Guide 

for the Care and Use of Laboratory Animals (8th Edition) 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 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 vegetables. Animals had 

access to water ad 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 components. First, species-specific 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 

feeders, foraging boards, 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 are 

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 expressions) while 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 auditory 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 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. Following M. tuberculosis infection, the animals are monitored closely for 

evidence of disease (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 drugs. Regular PET 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 noted, appropriate 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 humanely euthanatized using sodium pentobarbital. 

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

Nineteen cynomolgus macaques (Macaca fasicularis) with age range of 5.8-9.1 years were 

obtained from Valley Biosystems (all males, Sacramento, California). Animals were placed in 

quarantine for 1 month where they were monitored to ensure good physical health and no prior 

Mtb infection. All animals were infected with DNA-tagged Mtb Erdman via bronchoscopic 

instillation as previously described [232, 233]. Thirteen macaques received Mtb library A as the 

first infection. Granuloma formation, lung inflammation and overall disease was tracked using 18F-

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 1mm [236]. The 

first infection was followed for 9 weeks before drug-treating all 13 macaques. Macaques were 

given anti-TB drugs orally once daily for 4-5 months (RIF 20mg/kg; INH 15mg/kg; ETH 50mg/kg; 

PZA 150mg/kg) [268]. Compliance ranged from 97-100%. The 13 macaques were matched 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 cell-depleting antibody, was 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 in 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 obtained at 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 naïve controls infected with Mtb library B 

only.  

Macaques received 4-12 CFU of Mtb library A for the first infection and 8-22 CFU of Mtb 

library B for the second infection (or the first infection for the naïve monkeys) (Table 2). Dose 

was calculated from colony counts after plating an aliquot of the infection inoculum on 7H11 agar 

plates and incubating for 3 weeks at 37oC/5% CO2. 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 controls for some parameters, however, due to low sample size, they were not 

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

Monkey ID Group 

Lib A 

infection date 

Lib A 

dose 

Drug 

start 

Drug 

end 

Antibody 

start 

Lib B infection 

date 

Lib B 

dose 

New granuloma 

mean CFU 

Total lung 

CFU 

Total LN 

CFU 

12418 IgG 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 IgG 7/6/18 12 9/7/18 1/17/19 2/15/19 2/25/19 8 1584 17368 720 

12718 a-CD4 7/6/18 12 9/7/18 1/17/19 2/15/19 2/25/19 8 46707 195898 1800 

12818 a-CD4 7/6/18 4 9/7/18 1/25/19 2/22/19 3/1/19 12 6717 44350 210 

12918 Naïve           2/8/19 22 87529 615948 351020 

13018 Naïve           2/8/19 22 13550 110754 424000 

13118 Naïve           2/25/19 8 33935 543155 75425 

13218 a-CD4 7/6/18 12 9/7/18 1/4/19 2/1/19 2/8/19 22 4493 65040 4510 

13318 a-CD4 7/6/18 12 9/7/18 1/4/19 2/1/19 2/8/19 22 5275 30581 80 

13418 a-CD4 7/6/18 12 9/7/18 1/17/19 2/15/19 2/25/19 8 14003 159315 5895 

13518 a-CD4 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 Naïve           2/25/19 8 34882 352840 36000 

13818 Naïve           3/1/19 12 47026 848490 978980 

13918 Naïve           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 a-CD4 7/6/18 4 9/7/18 1/25/19 2/22/19 3/1/19 12 5945 127550 33030 
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4.2.3 Antibody validation  

To test whether the anti-CD4 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 and 4X concentration 

of CD4 T cell-depleting antibody for 30 minutes at 37oC before surface staining with CD3 (clone 

SP34-2, BD Pharmingen), CD4 (Clone L200, BD Horizon) and CD8 (Clone RPA-T8, BD 

Biosciences) surface markers. PBMCs that were not incubated with the anti-CD4 antibody were 

included as a control. Data was acquired using the LSR II (BD) and analyzed using FlowJo 

software v10.6.1 (BD). 

4.2.4 Bronchoalveolar lavage 

BAL was obtained as described previously [231, 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 (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 

incubation at 37oC/5% CO2. BAL were centrifuged at 1,800 rpm for 8 minutes at 4oC. Cells were 

resuspended in 1ml PBS, counted using a hemocytometer and used for intracellular cytokine 

staining.  
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4.2.5 Necropsy Procedures 

Procedures done during necropsy have been previously described [231, 232]. Briefly, 1-3 

days prior to necropsy, a pre-necropsy PET CT scan was taken and used to identify 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 (post-first infection) and new (post-second 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) and a 

gentleMACS Dissociator (MiltenyiBiotec) following manufacturerôs protocols. Homogenates 

were aliquoted for 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 at 37oC/5% CO2 for 

3 weeks before enumeration of CFU. Lung homogenates physically homogenized were filtered 

with 0.22mm syringe filter to remove Mtb bacteria and frozen at -80oC until use for Luminex. 



 78 

 



 79 

Figure 22. Cross-sectional PET CT scans of a macaque in each group pre- and post-second 

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 (1-3 days before necropsy). Green arrows point to 

ñoldò granulomas from Mtb library A. Blue arrows point to ñnewò granulomas formed after Mtb 

library B infection. 

4.2.6 Isolation 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 previously [118]. Briefly, a small aliquot of the homogenate or scrapate were vortexed 

with 0.1mm zirconia-silica beads (BioSpec Products, Inc.) and subsequently extracted twice with 

phenol chloroform isoamyl alcohol (25:24:1, Sigma-Aldrich) before precipitating DNA with 

molecular grade 100% isopropanol (Sigma-Aldrich) and 3M sodium acetate (Sigma-Aldrich) and 

resuspending in nuclease-free water (Invitrogen).  

4.2.7 Library and barcode identification  

Identification of library DNA tags have been previously described [264]. Briefly, DNA 

was amplified by PCR for 24-36 cycles before using in the NanoString nCounter assay 

(NanoString Technologies) with custom designed probes. Individual DNA barcodes were 

determined by sequencing using Illumina MiSeq and running custom bioinformatics scripts as 

previously described [120]. 
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The scheme for labeling granulomas as old or new is found in Table 3.  

 

Table 3. Granuloma classification scheme. 

 

 

 

 

 

 

* 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 scan, possibly due to size or inability to 

discriminate from other granulomas in close proximity. 

4.2.8 Intracellular cytokine staining and flow cytometry 

Intracellular cytokine staining was performed on BAL and individual granulomas, CFU+ 

lymph nodes and uninvolved lung lobes (no granulomas and CFU-). BAL cells (250,000-1x106) 

were stimulated with peptide pools of ESAT-6 and CFP-10 (10mg/ml of each peptide pool) in the 

presence of Brefeldin A (GolgiPlug, BD Biosciences) at 37oC/5% CO2 for 6 hours prior to staining. 

Unstimulated controls were always included, however, positive controls (phorbol dibutyrate 

[PdBu] and ionomycin [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 include CD3 (clone SP34-2, BD Pharmingen), CD4 (Clone 

L200, BD Horizon), CD8 (Clone RPA-T8, BD Biosciences) and CD206 (Clone 19.2, BD 

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 
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Biosciences). Intracellular markers include IFNg (Clone B27, BD Biosciences), TNF (Clone 

MAB11, BD Biosciences), IL-17 (Clone CZ8-23G1, Miltenyi Biotec), IL-10 (Clone JES3-9D7, 

Invitrogen), CD107a (eBioH4A3, Thermo Fisher Scientific) and IL-6 (Clone MQ2-13A5, 

Invitrogen). Data was acquired using the LSR II (BD) and analyzed using FlowJo software v10.6.1 

(BD). 

Because of the abundance of Mtb antigens already present [121], 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 Mtb-specific antigens, ESAT-6 and 

CFP-10 (10mg/ml of each peptide pool). All samples were incubated in the presence of Brefeldin 

A (GolgiPlug, BD Biosciences) at 37oC/5% CO2 for 3.5-4 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 SP34-2, 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 Scientific), IFNg (Clone 

B27, BD Biosciences), TNF (Clone MAB11, BD Biosciences), Granzyme B (Clone GB11, BD 

Biosciences), IL-10 (Clone JES3-9D7, Biolegend), IL-17 (Clone CZ8-23G1, Miltenyi Biotec), 

calprotectin biotin (Clone 27E10, Invitrogen) and AF700 streptavidin (Invitrogen). Data was 

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

4.2.9 Luminex on lung homogenates 

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

(Amicon Ultra-4 Centrifugal Filter Unit, 3kDa cutoff, Millipore Sigma) following manufacturerôs 
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instructions. Samples were assayed in duplicates using the ProcartaPlex NHP multiplex 

immunoassay (Invitrogen) following manufacturerôs instructions measuring levels of 30 cytokines 

and chemokines using the BioPlex reader (Biorad). An additional 2-fold dilution was performed 

on the supplied standards to extend its lower detection limit.  

4.2.10 3D rendering of Mtb barcodes in macaque lungs 

Three-dimensional plots illustrating the locations of excised barcoded granulomas and 

lymph nodes were constructed as previously described with minor modifications [275]. Briefly, 

these 3D images were built using a custom code written 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 value of -400 Hounsfield Units. Pie chart markers were 

overlaid onto each rendering of the lung outlines. These markers represent the set of lesions and 

lymph nodes for which barcode percentages were also obtained. 

4.2.11 Statistical analysis 

We used DôAgostino & Pearson test to determine normality of data, but due to small sample 

sizes, nonparametric tests were used. The Mann-Whitney test was used to compare 2 groups. The 

Kruskal-Wallis test with Dunnôs adjustment for multiple comparisons was used to compare 3 

groups. The Wilcoxon matched pairs test was used for matching samples. The Spearmanôs test 

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 presented in graphs with the y-axis in log scale were 

transformed by adding 1.  

4.3 Results 

4.3.1 Experimental 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 acute or chronic Mtb infection 

results in exacerbation of disease [182], we chose to treat the macaques with primary Mtb Library 

A infection (N=13) in this study with anti-TB drugs for 4-5 months to eliminate the Library A 

bacteria prior to CD4 T cell depletion (Figure 23). Groups included (1) a-CD4 group (N=7): 

macaques treated with aCD4 Ab beginning 1 week prior to library B infection with infusions 

continuing up to 4 weeks post-library B infection; (2) IgG group (N=6): macaques following the 

same timeline as the a-CD4 group but infused with IgG control antibodies instead of a-CD4 

antibodies; and (3) naïve group: macaques who 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 treatment and randomized into a-CD4 and IgG groups. Total lung FDG activity is positively 

correlated with lung Mtb burden [235] and can be used to track response to drug treatment [276]. 

After randomization, there was no significant difference in the total lung FDG activity in both 

groups pre- and post-drug treatment (Figure 24). This indicates that macaques in the a-CD4 and 
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IgG groups had similar disease after the first infection and a similar response to drug treatment, 

and that our results are not influenced by selection bias. 

 

 

Figure 23. Experimental Design. 

Both CD4 T cell-depleted (n=7) and IgG control (n=6) groups followed the same timeline of 9 

weeks Mtb library A infection followed by 4-5 months of drug treatment before infusion with a-

CD4 or IgG antibodies. Both groups were infected with Mtb library B 1 week after a-CD4 or IgG 

infusion and were necropsied after 4 weeks. The naïve controls only received Mtb library B 

infection and were also necropsied after 4 weeks. An additional 16-week reinfection control (n=3) 

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

Mann-Whitney test was used to compare the groups. Lines at median. 

4.3.2 CD4 T cell depleting antibody does not mask CD4 receptors 

To test whether the CD4 T cell depleting antibody masks CD4 receptors and thus could 

block binding of the anti-CD4 antibody for flow cytometry, we incubated PBMCs at 0.25X, 1X 

and 4X of the calculated blood concentration of the CD4 T cell-depleting 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 cell-depleting antibody control (Figure 25). This 

indicates that the CD4 T cell depletion in blood and tissues as measured by flow cytometry in this 

study is accurate and not confounded by blocking of the CD4 receptor by the CD4 T cell-depleting 

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

significantly higher T cell counts and cytokine-producing CD4 T cells in BAL 

The first site where Mtb encounters the immune system is in the airways. We tested 

whether the airway immune environment in primary infected drug treated and naïve macaques 

were significantly different 1 week before Mtb library B infection (prior to CD4 T cell depletion). 

The 16-week reinfection animals served as additional controls but were not included 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 naïve animals (Figure 26). 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 producing IFNg and 

TNFa after ESAT-6/CFP-10 stimulation compared to the naïve group (Figure 27), 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 treated and naive groups 

(Figure 28). These data suggest that primary Mtb infection recruits T cells, especially IFNg- and 

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 may be important 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 monkey. Mann-Whitney 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 monkey. Mann-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 naïve and 

primary -infected drug treated macaques. 

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

4.3.4 Robust CD4 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 pre- and post-infusion in the a-CD4, IgG and naïve groups. CD4 T 

cells were substantially depleted (10- to 1,000-fold compared to pre-infusion levels) in the blood 
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of macaques following a-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 naïve 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 course of a-

CD4 and IgG infusions (Figure 29B). Thus the a-CD4 antibody was successful at peripheral 

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

 

 

Figure 29. CD4 T cell depletion in the blood. 

A. Frequency and cell count/ɛl of CD4+ T cells in the blood at different time points pre- and post-

infusion. Arrow indicates time of second infection. B. Cell count/ɛl of CD8 T cells, CD20 B cells, 

monocytes and neutrophils in the blood at different time points pre- and post-infusion. The IgG 

group is shown in green, a-CD4 group in purple and the naïve 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 depletion in tissues 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 biopsied pre-infusion 

in the CD4 T cell-depleted group (p = 0.0156, Wilcoxon-matched pairs test, Figure 30A) but not 

in the IgG group. The frequency of CD4 T cells was significantly reduced compared to the IgG 

and naïve groups in new granulomas (Figure 30B), uninvolved lung lobes (Figure 30C), thoracic 

and peripheral 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 ~10-fold reduction in the number of CD4 T cells in the tissues examined during 

necropsy, there are still CD4 T cells remaining which could influence protection in the a-CD4 

group. 
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Figure 30. Frequency of CD4 T cells in tissues at necropsy. 

A. Frequency of CD4 T cells in biopsied peripheral lymph nodes pre-infusion compared to 

peripheral lymph nodes at necropsy (Nx) in the IgG and a-CD4 groups. Frequency of CD4 T cells 

in all groups in new granulomas (B), uninvolved lung lobes (2 macaques from a-CD4 and naïve 

groups did not have lung lobes processed via gentleMACS stained for flow cytometry) (C), 

thoracic lymph nodes (D), peripheral lymph nodes (E) and spleen (F). Each data point is a monkey. 

Kruskal-Wallis with Dunnôs multiple comparison test was used to compare the groups. Lines at 

median. 
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Figure 31. CD4 T cell counts in tissues at necropsy. 

Two macaques from a-CD4 and naïve groups did not have lung lobes processed via gentleMACS 

stained for flow cytometry. Each data point is a monkey. Kruskal-Wallis with Dunnôs multiple 

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

 

We also examined the counts of CD8 T cells and B cells in tissues at necropsy and found 

no significant difference in almost all tissues between the 3 groups (Figure 32 and 33). The IgG 

group had significantly lower counts of B cells in new granulomas compared to the naïve group, 

however it was not significantly different with the a-CD4 group. This indicates that depleting CD4 

T cells does not affect the number of CD8 T cells and 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. 

Two macaques from a-CD4 and naïve groups did not have lung lobes processed via gentleMACS. 

Each data point is a monkey. Kruskal-Wallis with Dunnôs multiple comparison test was used to 

compare the groups. Lines at median. 
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Figure 33. B cell counts in tissues at necropsy. 

Two macaques from a-CD4 and naïve groups did not have lung lobes processed via gentleMACS. 

Each data point is a monkey. Kruskal-Wallis with Dunnôs multiple comparison test was used to 

compare the groups. Lines at median. 

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

against a 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 the number of 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 in the a-CD4 and 



 97 

naïve groups was ~2x more compared to the IgG group (Figure 34A). In addition, the number of 

new granulomas in the a-CD4 and naïve groups were ~3x more than the 16-week reinfection 

control (Figure 34A). CD4 T cell depletion appears to result in an increase in new 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 others [182]. Mtb burden in new granulomas was significantly higher in 

the a-CD4 group compared to the IgG group (Figure 34B). Mtb burden in new granulomas in the 

a-CD4 group was 5-fold lower compared to the naïve group, however it was not statistically 

significant (Figure 34B). The distribution of new granuloma CFU in each group is shown in Figure 

34C. A similar pattern can be observed in total lung CFU (Figure 34D). The IgG group had 

significantly lower CFU in thoracic lymph nodes compared to naïve animals (998-fold lower), 

while a-CD4 group had trending lower CFU compared to the naïve group (47-fold lower) but not 

significantly higher compared to the IgG group (21-fold higher) (Figure 34E). These data suggest 

that while CD4 T cell depletion did not significantly increase the number of new granulomas in all 

CD4 T cell-depleted 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 from the 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 in the a-CD4 group did 

not reach the same level as the naïve 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 tissues could 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 granulomas in 1 of the 16-week reinfection animals, which is 

why there are only 2 points on this graph). C. Bacterial burden in new granulomas. 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 monkey for A-B and D-E. 16-

week reinfection animals are not included in C and D, since these animals were not drug treated 

and are dominated by Library A bacteria. Kruskal-Wallis with Dunnôs multiple comparison test 

was used to compare the groups. Lines at median. 

4.3.6 Number of CD4 and CD8 T cells in the airways negatively correlate 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 IFNg and TNFa, we wanted to test whether their numbers correlate with disease 

outcome measures. Including only the naïve 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; Figure 35), number of IFNg -producing CD4 T cells (r=-

0.7908, p=0.0034; Figure 36) and TNFa-producing CD4 T cells (r=-0.6938, p=0.0152; Figure 37) 

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 granulomas (r=-0.6294, p=0.0323), 

total lung CFU (r=-0.7762, p=0.0043) and total thoracic lymph node CFU (r=-0.7133, p = 0.0118) 

(Figure 35). The number of IFNg-producing CD4 T cells also moderately and negatively correlated 

with total lung CFU (r=-0.6727, p=0.0201), but not with mean CFU of new granulomas (r=-

0.5232, p=0.0836) and total thoracic lymph node CFU (r=-0.4983, p=0.1014) (Figure 36). The 

number of TNFa-producing CD4 T cells were moderately and negatively correlated with total 

lung CFU (r=-0.7254, p=0.0102) and total thoracic lymph node CFU (r=-0.662, p=0.0229) but not 

with mean CFU of new granulomas (r=-0.5564, p=0.0648) (Figure 37). The number of CD8 T 
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cells were strongly and negatively correlated with the number of new granulomas (r=-0.8049, p = 

0.0024), moderately and negatively correlated with total lung CFU (r=-0.6573, p=0.0238), but not 

correlated with mean CFU of new granulomas (r=-0.5245, p=0.0839) and total thoracic lymph 

node CFU (r=-0.5455, p=0.0708) (Figure 38). This suggests that the levels of CD4 and CD8 T 

cells, including IFNg- and TNFa-producing CD4 T cells, in the airways before the second infection 

limit new granuloma formation and Mtb replication 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 groups ï naïve vs primary-infected 

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 monkey. Spearman 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 at necropsy. 

Each data point is a monkey. Spearman correlation test was used to assess correlation between 

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

various disease outcome measures at necropsy. 

Each data point is a monkey. Spearman correlation test was used to assess correlation between 

variables. 

 






























































































































































































































































































































