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Abstract 

 Tuberculosis (TB) is a chronic pulmonary disease caused by Mycobacterium tuberculosis 

(Mtb). Mtb spreads by aerosol and infects through the airways. Mtb is phagocytosed by 

macrophages in the lung, and is able to replicate inside these cells. The initial infection of Mtb with 

macrophage results in the recruitment of other innate and adaptive immune cells resulting in the 

formation of a granuloma, the hallmark of Mtb infection. Maintenance of the granuloma is thought 

to be depended on the host immune system. A Bacille Calmette-Guérin (BCG) vaccine was 

developed in 1920 to prevent Mtb infection and is still the only available vaccine. The efiicacy of 

this vaccine is variable in terms of protection against pulmonary TB infection. This thesis focuses 

on the impact of BCG vaccination history of donor human peripheral blood mononuclear cells 

(PBMCs) on the interaction between the host immune cells and Mtb.  

  This work is the first study to investigate BCG vaccination history as a potential 

confounding variable when evaluating the immune responses in an in vitro PBMC model of early 

Mtb infection using the attenuated strain Mtb H37Ra. After validating an in vitro PBMC-collagen 

matrix culture model of Mtb infection, I characterized the immune responses to Mtb infection in 

PBMCs from 10 donors. Aggregates of PBMCs were initially observed on day 3 and the size of 

aggregates continued to increase until day 8 post-infection when macrophages and T cell subsets 

were identified to be present. The levels of cytokines secreted by PBMCs infected with Mtb peaked 

on day 3 and decreased on days 5 and 8. I then stratified the data by donor prior BCG vaccination 

history. Mycobacterial load was significantly lower in infected PBMCs from BCG vaccinated 

donors compared to unvaccinated donors. The proinflammatory cytokines secreted by T helper 1 

cells (Th1): INF-γ, TNF-α, IL-6, IL-4, and IL-17 in the supernatants were higher in BCG 

vaccinated donors compared to BCG unvaccinated donors. In contrast, the secretion of one anti-
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inflammatory cytokine secreted by T helper 2 cells (Th2) as well as Tr1 cells: IL-10, was 

significantly lower in Mtb-infected PBMCs from BCG vaccinated donors compared to BCG 

unvaccinated donors. These results demonstrated that prior BCG vaccination led to a greater Th1 

than a potential Th2 immune response and there by increased the suppression of Mtb growth. 

 Tregs are a subset of T lymphocytes whose role is to suppress the immune response to 

infection. The role of Tregs in the suppression of Mtb growth was studied in donor PBMCs with or 

without Tregs (depleted by antibody- coated magnetic bead separation). This study is the first 

report to investigate the role of Tregs in an early in vitro PBMC model of Mtb H37Ra infection 

cultured for 8 days. Cell aggregates were unexpectedly smaller in PBMCs without Tregs compared 

to PBMCs with Tregs at day 8 post-infection, suggesting that Tregs promoted rather than impaired 

the formation of cell aggregates. The number of Mtb colony forming units (CFUs) increased in 

PBMCs without Tregs compared to PBMCs with Tregs at days 3, 5 and 8, suggesting that Tregs 

may play a role in suppressing the growth of Mtb. Levels of IL-17 and proinflammatory Th1 

cytokines IFN-γ (at days 3 and 5), TNF-α and IL-6 (at day 3) were lower in PBMCs without Tregs 

compared to PBMCs with Tregs. In contrast, anti-inflammatory Th2 cytokines IL-10 and IL-4 were 

higher at day 3 in PBMCs depleted of Tregs compared to PBMCs with Tregs demonstrating that 

depletion of Tregs led to an unexpected decrease in Th1 to a potential Th2 cytokine response.  

            This study highlights the possibility that BCG vaccination may confound results that utilize 

human PBMCs to study Mtb infection. The unexpected finding that depletion of Tregs increased 

Mtb growth and decreased Th1 immune responses to infection suggests further investigation is 

needed to understand the role of Tregs in early Mtb infection.  
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1.1 Introduction   

 The World Health Organization (WHO) has estimated that there are between 8 to 9 million 

new cases each year, of whom 200 million people develop active tuberculosis (TB) during their 

lifetime, and that 30 million will die from TB over the next decade (1). The situation is worsened 

by the increasing incidence of multidrug-resistant (MDR) strains, and the deadly combination of 

TB with acquired immunodeficiency syndrome (AIDS) (2,3). TB is caused by Mycobacterium 

tuberculosis (Mtb), a bacterium that is primarily transmitted by the airborne route from humans 

with active pulmonary TB disease to other humans (2). In more than 95% of individuals with 

primary infection, there are no clinical symptoms (2,4). After primary infection, TB bacilli enter a 

latent or dormant state and this state may last six months or can be maintained for the lifetime of 

the infected person (2,4). Latent TB infection (LTBI) causes no symptoms and is not contagious 

(4). Usually, the only detectable abnormality is a positive tuberculin skin test (4). The WHO has 

estimated that close to two billion people have LTBI, and in human immunodeficiency virus (HIV)-

negative patients, approximately 10% will reactivate over their lifetime and develop active TB 

(5,6). In HIV positive patients, 30% will reactivate over their lifetime and develop active TB (5).  A 

key feature of LTBI infection is the formation of an organized histological structure called a 

granuloma (7). Although the important function of the granuloma is to contain the infection, some 

bacilli can survive inside granuloma for a long time in a dormant state (7). Due to a variety of 

reasons, the dormant bacilli will reactivate, escape the granuloma and spread throughout the body, 

giving rise to clinical disease (8). An understanding of the roles of the host immune system in the 

formation of and stability of granulomas as well as the survival and reactivation of the bacilli within 

these structures is critical for the design of new vaccines and anti-tuberculous drugs. 
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1.2 Tuberculosis Infection 

 TB disease is caused by the Mtb complex, which is comprised of several human and animal 

associated species and sub-species (8,9). The M. tuberculosis complex (MTBC) comprises M. 

tuberculosis, M. africanum, M. canettii, M. bovis (including the attenuated vaccine strain Bacillus 

Calmette–Guérin [BCG]), M. microti, M. orygis, M. caprae, M. pinnipedii, M. suricattae and M. 

mungi (9). In humans, TB is primarily caused by Mtb and M. africanum (9). TB is acquired by the 

inhalation of aerosolized droplets containing the bacilli from individuals with active TB (6,10). The 

droplets with an approximate size of 1-3µm containing approximately 3 bacilli per particle can 

reach the lung alveolar (10). The number of bacteria that are required to establish an infection in 

humans varies depending on the genetic background of the infected individual, the strain of the 

bacteria and host immune responses to the infection (10,11). The shift between latent and active TB 

infection requires an understanding of host and bacterial dynamics within the milieu of a granuloma 

(7). A granuloma is an organized structure of cellular accumulation, which plays a key role in host 

defense against Mtb infection (7,11). These structures sequester and contain Mtb preventing active 

disease, while long-term maintenance of granulomas leads to latent disease (7,11). Thus, it is no 

surprise that the disease is more prominent in populations of immunosuppressed individuals (e.g., 

AIDS patients) (5).  

 Despite the development of effective chemotherapy and vaccine for TB over the last 50 

years, there remain several obstacles to controlling TB infection (12). The current vaccine BCG 

was developed by the French scientists Calmette and Guérin in the 1920s and is the only licensed 

vaccine for TB (13). BCG has been used as a vaccine for more than 70 years and has been given to 

more people than any other vaccine (12). BCG reduces the incidence of miliary and meningeal TB 

in young children and has tolerable side effects (14-16). In contrast, BCG fails to protect against 
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pulmonary TB in adults (14,16,17). Data regarding the protective efficacy of BCG in adults range 

from 0% to 80% (16). Anti-tuberculosis drugs included in the directly observed treatment program 

(isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA), streptomycin, and ethambutol (EMB)) 

must be taken for 6 months or longer (3). A combination of drugs is required to avoid the 

development of drug-resistant TB. These obstacles severely affect patient compliance, which can 

lead to the emergence of MDR and extensively drug-resistant (XDR) strains (18-21). The need for 

immunotherapeutic vaccines and new anti-mycobacterial agents highlights the importance of 

studying Mtb in the context of an infection model (22-24).  

1.2.1 Tuberculosis – a Global Problem 

 TB ranks as the second leading cause of death from a single infectious agent, after HIV. It is 

estimated that one-third of the world’s population is infected with TB. According to the reports of 

the WHO it is estimated that 8.9–10.4 million incident cases and approximately 2 million deaths 

from TB have been recorded for the year 2015.  Even though the number of TB cases in the world 

has significantly declined in the past few decades, the number of new cases continues to be 

considerable. Over 90% of the global TB cases are in developing countries. In 2017, according to 

the WHO India, Indonesia, China, Nigeria, Pakistan and South Africa account for 60% of the total 

number of TB cases in the world.  Asia accounts for 61% of all new TB cases in the world, 

followed by Africa at 26%.  

1.2.2 Human Immunodeficiency Virus and Tuberculosis Co-Infection  

 Another public health issue connected with the spread of the TB is its coincidence with HIV 

infection (5).  HIV-infected persons with LTBI have a much higher risk of developing active TB 

(estimated at 3-16% per year) than the general population (estimated at <10% in a lifetime) (5,8). 

According to the WHO, co-infection of TB and HIV together is responsible for 0.4 million deaths 
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globally in 2015. The risk of developing TB is estimated to be 20 to 30 times greater in people 

living with HIV than people without HIV infection (25-29). In 2015, there were 10.4 million new 

cases of TB, of which 1.2 million were among people living with HIV.  The burden of HIV / TB 

co-infection is highest in Sub-Saharan Africa constituting 81% of all global cases (29). This co-

infection with Mtb and HIV represents a major barrier to the control of TB.  

1.3 Mycobacterium tuberculosis  

 The Mycobacterium species belong to the order actinomycetales, family Mycobacteriaceae 

and genus Mycobacterium (30). The major human pathogens are Mtb (Tuberculosis or Koch’s 

disease, Koch, 1882), M. leprae (leprosy or Hansen’s disease, Hansen, 1874) and rapidly growing 

Mycobacteria spp such as Mycobacterium avium complex and other non-tuberculous mycobacteria 

(NTM) (31,32). Mycobacteria are aerobic, slender, non-motile, non-encapsulated, non-spore 

forming and rod-shaped bacilli (33). The bacilli measure 2-4 micrometers (μm) in length and 0.2-

0.5 μm in width (30). These intra-cellular pathogens infect alveolar macrophages and are found 

within membrane-bound particles or ‘phagosomes’ (34). Mycobacterium is resistant bacilli 

accomplished by adapting to different environmental conditions (35). The bacilli are resistant to 

phagocytosis and remain dormant for decades within phagocytic or non-phagocytic tissue cells with 

the ability to re-activate (34,35). The lipid-rich cell wall makes the bacilli resistant to bacterial 

standard stains such as Gram staining (36). Acid-fast stain such as Ziehl-Neelsen (ZN stain) is used 

to identify Mtb (36) (Figure 1.1).  
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Figure 1.1 Acid-fast staining of Mtb 

Mtb (red bacilli) stained using Ziehl- Neelsen stain in a sputum sample. Image obtained from 

Centers for Disease Control and Prevention. Image taken by Dr. George P. Kubica and has no 

copyright restrictions to use the image. 

http://en.wikipedia.org/wiki/File:Mycobacterium_tuberculosis_Ziehl-Neelsen_stain_02.jpg 

 

  

 Mtb is a slow-growing micro-organism with a generation time of 15 and 20 hours (37) 

which is slow compared to other bacteria (for example Escherichia coli can divide every 20 

minutes) (38). A single airborne droplet nucleus from an infected individual may contain between 

1-3 bacilli (10). Bacilli can remain suspended in the air for several hours, sufficient to infect 

alveolar macrophages and establish respiratory pulmonary Mtb infection in humans (39). The key 

determinants for Mtb transmission are; a number of bacilli inhaled, duration of exposure and Mtb 

virulence.  
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1.3.1 The Mycobacterium tuberculosis genome  

 It has been over 20 years since the genome of the virulent strain of Mtb H37Rv was 

completely sequenced (40). The size of Mtb H37Rv genome is 4,411,529 bp (40,41). Genome 

analysis revealed an efficient DNA repair system with nearly 45 genes related to DNA repair 

mechanisms (41). Moreover, despite over 10,000 years of evolution, minimal variation was 

observed in 16 genetically diverse clinical strains examined (42). Mtb H37Rv and its attenuated 

Mtb H37Ra strains have been widely used as reference strains for studying virulence and 

pathogenesis of Mtb since the 1940s (43,44). The Mtb H37Ra genome is similar to that of Mtb 

H37Rv but is 8,445 bp larger than Mtb H37Rv because of 53 insertions and 21 deletions in H37Ra 

(43). Genomic analysis revealed that attenuated strains, such as the BCG vaccine or the Mtb 

H37Ra, have mutations in PhoPR two-component system resulting in a loss of virulence (43,45,46).  

 There are also some phenotypic characteristics in Mtb H37Ra that are different from 

virulent strain of Mtb H37Rv. For example, (1) a raised colony morphology (47); (2) loss of cord 

formation (48); (3) loss of neutral red dye binding (49); (4) decreased survival under anaerobic 

conditions or inside the macrophages (49,50); (5) impaired ability to disrupt phagosomal 

membranes (51); and (6) loss of virulence in guinea pigs (52) and mice (53,54).  

1.3.2 Cell Wall  

 The cell wall is a key to the survival of mycobacterium (Figure 1.2) (55). The mycobacterial 

cell wall consists of an inner layer and an outer layer that surround the plasma membrane (55). The 

outer layer consists of lipids and proteins (55). The inner layer consists of peptidoglycan (PG), 

arabinogalactan (AG), and mycolic acids (MA) covalently linked together to form an insoluble 

complex and is the essential core of the mycobacterial cell wall (55). PG plays an important role in 

the maintenance of the bacterial shape and protecting bacilli from osmotic pressure (56). AG is 
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important for cell wall integrity and for attaching the impermeable MA layer to the PG layer (56). 

MA are strong hydrophobic molecules that are critical for the survival of Mtb and contributes to the 

drug resistance (56). Another component of the cell wall is lipoarabinomannan, a major lipoglycan 

involved in virulence of Mtb and modulating the host response during infection (56).  

 

Figure1.2 Mtb cell wall basic structure. The cell wall of Mtb is comprised of four layers. The 

outer layer of mycolic acids surrounds inner layers of arabinogalactin and peptidoglycan. These 

surround the phospholipid bilayer of the cell. Image reproduced from from reference (55)  with 

with permission from Yale Journal of Biology and Medicine. 
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1.3.3 Virulence determinants  

 Although Mtb does not produce any toxins, its structural and physiological properties have 

been recognized for mycobacterial virulence and pathology to hosts (57). Mtb have developed 

strategies to avoid or modulate the immune response in their favor (57). For example, the slow 

generation time of Mtb may reduce detection by immunosurveillance and avoid the triggering of 

anti-Mtb immune responses (37). 

 Other virulence factors of Mtb are culture filtrate proteins (found in the culture medium in 

which Mtb grows) (58); cell envelope proteins (including cell wall proteins, lipoproteins and 

secretion systems, proteins inhibiting antimicrobial effectors of the macrophage, gene expression 

regulators (including two component systems, sigma factors and other transcriptional regulators) 

and other proteins, including the ones of unknown function (57,59) (Table 1.1).  
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Table1.1 Virulence factors of Mycobacterium tuberculosis 

Virulence 

factor  

Protein type Role  Virulence 

characterization 

Reference  

Antigen 85 

complex  

Exported   Fibronectin-binding  Tubercle formation  (56)  

HbhA  Adhesin  Heparin-binding 

hemagglutin  

Mtb  binding to 

epithelial cells  

(60) 

ESX-1  Secretion  Virulence proteins  Long term survival of 

Mtb   

(61) 

WhiB3 

protein  

Transcription 

regulator  

Sensing oxygen 

tension and redox state  

Adaptation of 

mycobacteria to 

changes in oxygen 

tension  

(62)  

Acr1 

(hspX)  

α-crystalline 

protein homolog  

Dormancy  Inhibition of 

antimicrobial effectors 

of the macrophage  

(63) 

19-kDa 

protein  

Lipoprotein 

antigen  

Blockage of IFN-γ 

signaling through a 

TLR-2 dependent 

mechanism 

Inhibition of MHC-II 

antigen processing and 

presentation in 

macrophage 

(64) 

Sigma 

factors  

Gene expression 

regulators  

Help in the regulation 

of expression of 

specific genes during 

stress or 

morphological 

development  

Adaptation to the 

changing environment 

within the host  

(65) 

STPKs  Serine-threonine 

protein kinases  

Regulation of cell 

shape  

Host-pathogen 

interactions and 

developmental changes 

through signal 

transduction using 

reversible 

phosphorylation of 

proteins  

(66)  
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1.3.4 Tuberculosis pathology & pathogenesis  

 There are three stages in the progression of TB (1) elimination (immune detection and 

destruction of phagocytic cells), (2) equilibration (latent infection), and (3) escape (development of 

primary or post-primary tuberculosis with/without lymph node or distant sites involvement) (67). 

Following inhalation of bacilli, the bacilli have three potential outcomes; (1) bacilli may be killed 

by the immune system, (2) bacilli may multiply and cause primary TB or (3) bacilli can become 

dormant and remain asymptomatic as LTBI (68). Dormant bacilli can proliferate after a latency 

period in relation to endogenous reactivation or exogenous reinfection (8). The immunological 

response to Mtb to maintain LTBI is a complex phenomenon, the host is in constant battle with the 

microbe at the granuloma level to control infection and to prevent activation (8). Re-activation of 

Mtb may progress to active TB disease or cause a secondary infection (69). 

1.3.4.1 Three main disease phases of TB disease  

 Infection with no symptoms is when the person infected with Mtb has mild or no symptoms 

(in most cases) (70). The bacterium lives in a dormant state. A small scar on the lung may be 

observed on a chest X-ray (71). This is referred to as LTBI (4). It is estimated that one-third of the 

world population have LTBI representing a large reservoir for TB disease. In the absence of active 

TB disease, infected people cannot spread the infection. 

 Active TB infection this occurs in less than 5% of cases (72)  where Mtb can multiply 

actively at the site of infection and the high bacillary concentrations are enough to generate 

spontaneous mutations and induce drug resistance (73). This is common in immunocompromised 

people, malnourished people and people living in poverty or poor health environments. Active 

infection becomes an acute infection and expels high numbers of Mtb bacilli (73).  
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 Re-activated (secondary) infection is when dormant bacilli can cause active TB infection 

after months or years after the primary infection. The “walled off’’ bacteria within the 

granulomatous scar, multiply and cause a secondary infection. Reactivation commonly occurs in 

the lungs (72). Re-activation is associated with a failing immune system commonly found in a 

number of high-risk individuals (for example; HIV/AIDS, malnourished or individuals taking 

immune-suppressive drugs) (74). Mtb virulence directly affects the rate of re-activation (75). 

 In 90% of immune-competent individuals, the host cellular immune response is elicited 

through cytokines and chemokines that contain or limit infection to the primary site of infection by 

forming granulomatous lesions named ‘’Ghon complex or Ghon focus’’ (76). The presence of 

epithelioid cells indicating granulomatous lesions with or without caseation (caseous necrotic 

tissue) is the best diagnostic criteria for a TB infection (73). In 10% of cases, active bacterial 

replication results in lesions including tissue necrosis and cavitations (73,76). Infected tissue 

maintains stable latent bacilli and extends the production of foamy macrophages, which enable 

latent bacilli to escape and regrow within the alveolar spaces forming new granuloma (73). 

Cavitations correlate with bacillary loads. The estimated bacillary load in the cavitary wall is 107 to 

1010 in contrast to 102 to 104 in caseous necrotic areas (73). TB pathogenesis is associated with 

bacillary loads, which increases infection rate and disease severity (73).  

   Four weeks post-infection, neutrophils accumulate at the site of infection surrounded by 

lymphocytes leading to the formation of ring-like appearance (77). External to the ring foamy 

macrophages (FM) accumulate to clear the infection in the alveolar spaces (78). FM ingest bacilli 

and are filled internally with respiratory cells, surfactant, bacilli and lipoid vacuoles; they then 

leave the alveolar spaces via the main respiratory airway tracts and are removed by the stomach 

swallowing reflex or by coughing (73). Re-infection occurs during the chronic phase when the FM  
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leave the granulomatous tissue and move towards the alveolar spaces (78). During active immunity, 

macrophages that are already infected and the newly arrived macrophages become foamy and filled 

with acid-fast bacilli which are easier to detect than in the chronic stage of infection (78).  

1.4 Diagnosis of Pulmonary Tuberculosis Disease  

            The main symptoms of an active TB include a bloody cough, chest pains, night sweats, 

fever, weakness, and weight loss (79). TB diagnosis is important for differentiation between TB 

and other common respiratory infections and active vs LTBI (80). Diagnosis of pulmonary TB 

plays a crucial role in preventing transmission of the disease. Similar to TB infection the lower 

respiratory tract infections (e.g. pneumonia) also cause fever with productive/purulent sputum (81). 

Pulmonary tuberculosis should always be included in the differential diagnosis of persons with 

pulmonary signs or symptoms. 

1.4.1 Radiological diagnostic tests  

           The preliminary diagnosis of TB is made through radiological diagnostic tests such as a 

chest x-ray (CXR) and computerized tomography (CT) (82).  

1.4.1.1 Chest X-ray (CXR)  

           Although, the majority of healthy individuals do not show a radiographic pattern of LTBI, 

WHO recommends chest radiography to detect chest and lung lesions (79). Primary TB is 

characterized by lymphadenopathy, pleural effusion, lower or mid lung zone infiltrates (83). TB re-

activation lesions are typically located in the lower part of upper lobes or the upper part of middle 

and/or lower lobes with characteristic cavitary lesion (71). CXR for TB diagnosis is categorized 

into five groups: (1) normal or minor findings (non-related to TB), (2) granulomas with or without 

calcification considered likely due to remote TB infection (LTBI) and/or is defined as possible 

active TB. Another three findings are considered as active TB (3) multiple non-calcified nodules, 
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(4) mass in the parenchyma, hilum, or mediastinum and (5) multiple parenchymal lung infiltrate 

with or without cavitations (71). A CXR is the major diagnostic test for examining lesions in the 

chest, can deliver a fast test result and is a relatively cheap procedure. However, the disadvantages 

of CXR are; (1) very subjective that depends on readers experience for differentiation between 

image findings. (2) has very poor specificity for the diagnosis of latent or active TB and (3) the 

inability to relate the CXR results to sputum smear results.  

1.4.1.2 Computerized tomography scans (CT scans)  

            CT scans were introduced in the 1970s as medical imaging methods to generate three-

dimensional images (84). A CT is performed in normal or inconclusive CXR. A CT determines TB 

disease activity and complications e.g. 1-3 mm small size nodules (85). CT scans can detect both 

acute and chronic changes in the lung parenchyma (85). Cavitation is a common sign of LTBI and 

TB disease or military TB spread (hematogenous-disseminated small nodules occurs in 2-6% of 

primary TB) (86). Other common CT findings of pulmonary TB re-activation are centrilobular 

small nodules, large nodule more than 8 mm and patchy or lobular (85,86). The main advantage of 

CT is achieved by reducing super imposition of structures outside the lungs but due to the hazards 

of radiation doses and the expensive cost CT usage is limited. 

1.4.2 Tuberculin skin test (TST) or Mantoux Skin test  

            Since the late 19th century, no changes have been made to the TST test (87). The test is 

exactly the same as described first by Robert Koch in 1890 and as modified by Charles Mantoux, a 

French physician who developed Koch’s work for use in the diagnosis of both active and latent Mtb 

infections (87). TST is an in vivo skin test to measure an individual’s immune inflammatory 

response caused by a localized delayed-type hypersensitivity reaction-IV (DTH-IV) versus the 

injected Purified protein derivative (PPD) (88). A PPD mixture contains tuberculin’s composed of a 
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crude mixture of heat-denatured proteins derived from cultures of Mtb, of more than 200 antigens 

that are also shared by other mycobacteria (89).  

The TST reactivity has been studied in different groups such as individuals with different 

forms of disease, different races and ages, and from different countries (90). The average TST 

reaction measured 14-18 mm (90). However in 15-50% of the study population, false negative 

reactions occurred. The conditions that were associated with reduced TST reactivity was in 

advanced TB disease, malnutrition and old age (90). A study conducted in Malaysia showed a 

sensitivity of 86% in people with active TB and the false positive result in this study was 42%. In 

another study, the false-positive rate was 43% in people with no history of TB and 60% in non-TB 

pulmonary diseases. In contrast, in those with confirmed pulmonary TB, false-negative rate was 

20.5% and in patients with TB lymphadenitis, the false negative rate was 11.7%. Over all the 

sensitivity and specificity of TST in extrapulmonary TB is reported as 47% and 86% (91). 

In a meta-analysis of TST tests results, it was demonstrated that people who received BCG 

vaccination were more likely to have a positive result. The relative risk was 2.12 (95% CI:1.50 to 

3.00) compared to people without BCG vaccine. The effect of BCG was less after 15 years of 

vaccination. A cut-off measurement of skin indurations of >15 mm is more likely to be the result of 

tuberculous infection than due to previous BCG vaccination (90). 

Since there is no gold standard rule for TST test result interpretation, an indurations size of 

more than 5 mm diameter is considered as a positive TST reaction in BCG non-vaccinated 

individuals and more than 15 mm is a sign of LTBI in low-risk TB populations (89). In TB endemic 

regions TST test is considered positive if the induration is more than 10 mm e.g. China or even 

more than 20mm in India. TST is a simple and cost-effective (89). It is also used as a confirmatory 

test for BCG vaccination. However, TST is inadequate for a confirmed diagnosis of TB or 
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exclusion of LTBI infection. TST sensitivity is affected by several factors such as exposure to M. 

avium, M. paratuberculosis, and environmental mycobacteria and by skin tuberculosis (89).   

1.4.3 Interferon Gamma Release Assays  

 To overcome the limitations of the TST, Interferon Gamma Release Assays (IGRAs) 

laboratory blood tests have been developed. IGRAs measure IFN-γ release in response to Mtb 

specific antigens present in the Region of Difference 1 (RD1) locus, which is absent in most of the 

environmental mycobacteria and BCG, thus avoiding the false positive results observed with the 

TST (92). Two commercially available IGRAs are the QuantiFERON®TB Gold In-Tube (QFT) 

assay and the T-SPOT®TB assay (93). The QFT assay is an enzyme-linked immunosorbent assay 

(ELISA) which is a whole-blood test and T-SPOT®TB assay is an enzyme-linked immunosorbent 

spot used for diagnosing LTBI (93) (Table 1.2).  
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Table1.2  Comparison of skin and blood tests for active or latent Mtb infection with standard 

sputum smear microscopy.  

Characteristic of test Tuberculin skin 

test (TST) 

Quantiferon-TB Gold 

In-Tube test 

T-Spot.TB assay 

Test/Assay Purified protein 

derivative injected 

intradermally   

Enzyme-linked 

immunosorbent assay 

using whole blood 

Enzyme-linked 

immunosorbent spot 

test using peripheral 

blood mononuclear 

cells 

Antigens Tuberculin 

proteins 

ESAT-6, CFP-10, 

TB7.7 

Mixtures of 

synthetic peptides 

(ESAT-6 and CFP-

10) 

Measurement Size of skin 

induration 

Interferon-γ Interferon-γ 

producing cells 

Sensitivity 

(vs. standard sputum 

smear microscopy)  

80% to 95% 70% to 91% 84% to 91% 

Specificity 

(vs. standard sputum 

smear microscopy) 

80% 95% to 99% 95% to 97% 

Affected by BCG 

vaccination 

Yes 

(wanes over time) 

No No 
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1.4.4 Laboratory Microbiological Tests  

           To identify active TB infection caused by Mtb, acid-fast bacilli (AFB) are stained with ZN 

stain or Auramine stain (AS) (94). Bacteria can be grown in TB growth culture using liquid media 

(Middle Brook) or solid media (95).  

1.4.4.1 Sputum smear microscopy  

            Sputum smear microscopy is used to diagnose pulmonary infection with MTBC and 

nontuberculous mycobacteria (NTM) (96). Sputum smear samples are prepared by placing 1 to 2 

drops of sputum on the slide that are smeared on a slide for the purpose of microscopic examination 

(97). Acid-fast stain ZN is used in clinical mycobacteriology laboratories to identify active TB 

infection caused by Mtb (94). The acid-fast bacilli are rod-shaped bacteria that can be seen under 

the conventional light microscopy following a staining procedure in which the bacteria retain the 

color of the stain after an acid wash (82,98). Alternatively, fluorescence stains (auramine or 

auramine-rhodamine) can also be used for the detection of mycobacterium (82,98).  

            The sensitivity of smear microscopy is influenced by various factors, such as; the severity of 

TB disease, the type, the quality of the specimen collected, the number of mycobacteria present in 

the specimen (1,000–10,000 CFU/ml required for reliable detection), the method of processing the 

specimen (concentrated or not), the staining technique, and the quality of the examination (97,99-

101). The major disadvantage of acid-fast stains is that they cannot differentiate between 

mycobacteria species (82,98). The overall clinical sensitivity of sputum smear staining is 22–80% 

depending on the burden of mycobacteria, the type of acid-fast stain used, and experience of the 

laboratory technician (82,98). Although acid-fast microscopy identifies bacilli, other approaches, 

such as culture or direct molecular detection, are still required to confirm the genus or species of 

Mtb.  
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1.4.4.2 Culture  

           Currently, Mtb by culture is still a standard test that is required for comprehensive 

antimicrobial susceptibility testing and most currently used strain-typing approaches (96). 

However, culture may not detect some pulmonary infections due to a variety of reasons including 

specimen collection timing, specimen type, laboratory processing and bacterial growth kinetics in 

the host (98). Key disadvantages to culture also include the long culture time-more than 2 - 4 weeks 

for liquid culture, 6 - 8 weeks for solid culture and the requirement of level 3 laboratories (98). Due 

to the long incubation times, contamination in liquid culture is also a concern in diagnostic 

laboratories (98).   

1.4.4.3 Identification of Mycobacterium tuberculosis  

           Positive mycobacterial cultures are identified based on colony morphology, sequencing of 

key genes, or other molecular approaches from culture (82). To identify definitive mycobacterial 

isolates from culture, molecular methods are used (102). Molecular methods such as nucleic acid 

hybridization probes, line probe hybridization assays, matrix-assisted laser desorption/ionization 

time-of-flight mass spectroscopy, and DNA sequencing allow for rapid species identification of 

mycobacteria (102,103). Since traditional molecular methods rely on the culturing methods, the 

slow growth rates of mycobacteria delay the diagnosis of Mtb infection (103,104). The key factors 

to consider in the diagnosis of Mtb are improved test accuracy and the short detection times. 

Replacement tests have been proposed in order to address these shortcomings and limitations of the 

current diagnostic tests described above for the detection of Mtb (103,104). 

            Nucleic acid amplification (NAA) tests detect Mtb complex directly from patient specimens 

in as little as two hours (105-108). Two NAA tests have been approved by the US Food and Drug 

Administration (102,108) and they are the Amplified Mtb direct test (MTD) and the Xpert Mtb 
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/RIF® test (93,102). These tests target MTBC specific rRNA and DNA sequences by transcription-

mediated amplification and real-time PCR methods (92,109). The sensitivity for the Amplified 

MTD test from smear-positive respiratory specimens is 87.5–100%, while for the smear-negative 

samples the specificity is 63.6–100% (89,93,109). The sensitivity for the Xpert Mtb /RIF® assay is 

90–99% from smear-positive samples, and 66–74% sensitivity for smear-negative samples 

compared to the standard smear microscopy and culture methods whose sensitivity of sputum acid-

fast staining is 22–80% depending on the burden of mycobacteria (93,109). 

1.5 Drug treatment for TB  

1.5.1 First line therapy  

 Treatment of TB disease involves the use of multiple drugs in combination to avoid 

resistance to treatment and to target the persistent bacteria (110). The current first-line anti-TB 

therapy recommended by WHO includes a two months long intensive phase: a combination of four 

drugs such as INH, RIF, PZA and EMB (79,111). Following the first 2 month regime, two drugs 

INH and RIF are used for 4-6 months and this phase is called the continuation phase of treatment 

(112).  

1.5.2 Second line therapy  

 The second line of treatment is recommended for patients who are infected with an Mtb 

strain resistant to drugs RIF and INH, i.e. Multidrug-resistant tuberculosis (MDR-TB) (112). 

Globally in 2015, the WHO estimated that 3.9% of new cases and 21% of previously treated cases 

of TB were MDR-TB (79). An estimated 250,000 deaths from MDR-TB have occurred in 2015 

(79). The countries with the largest number of MDR-TB cases (45% of the total) are from China, 

India and the Russian Federation (79). The treatment of MDR-TB usually lasts 20 months and 

includes five drugs such as pyrazinamide and four core second-line medicines: one from group A 

(levofloxacin, moxifloxacin, and gatifloxacin); one from Group B (amikacin, capreomycin, 
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kanamycin, and streptomycin) and at least two from Group C (ethionamide / prothionamide, 

cycloserine / terizidone, linezolid, and clofazimine). In addition to the treatment with a combination 

of drugs, the treatment also includes injections of aminoglycoside, like kanamycin or amikacin for 

8 months (79) (Table 1.3).  

Table1.3 Drugs for TB infection 

Groups Drugs Duration of therapy 

 

First line drugs  

 

Isoniazid 

Rifampicin 

Pyrazinamide 

Ethambutol 

 

 

6 months 

 

Second line drugs 

Group A 

 

 

 

Levofloxacin 

Moxifloxacin 

Gatifloxacin 

 

 

Combination of: 

 

one drug from group A 

 

+ 

 

one drug from group B 

 

+ 

 

at least 2 drugs from group C  

 

 

for 20 months 

 

 

Group B 

 

Amikacin 

Capreomycin 

Kanamycin 

Streptomycin 

 

Group C Ethionamide / Prothionamide 

Cycloserine / Terizidone 

Linezolid 

Clofazimine 

 

 

Injectable drugs 

 

Amikacin or 

Kanamycin 

 

8 months 

 

1.5.3 Treatment of extensively drug-resistant TB  

           Extensively drug-resistant TB (XDR-TB) is the most severe form of drug resistance in Mtb 

(111). Globally in 2015, the WHO estimated that 9.5% of MDR-TB cases have XDR-TB and are 
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resistant to INH, RIF, and any fluoroquinolone and at least one second-line injectable drug 

(kanamycin, amikacin, capreomycin) (79). The intensive phase of treatment for XDR-TB involves 

capreomycin for eight months followed by the treatment with at least five to six drugs in 

combination (111). The regimens for the treatment of XDR-TB is based on the conventional drug-

susceptibility testing (DST) (112).  

           A new anti-tuberculosis drug, bedaquiline, has been approved in an interim recommendation 

by the WHO for patients where regimen contains four effective second-line drugs that cannot be 

constructed or in patients where there is MDR-TB plus documented resistance to a fluoroquinolone 

(pre-XDR-TB) (113,114). However, it should be noted that the WHO recommends the addition of 

bedaquiline to the treatment regimen only in adult patients with pulmonary MDR-TB (79). 

1.6 Prevention of Tuberculosis  

            Difficulties in diagnosis and treatment of the TB disease along with the development of 

drug-resistant strains of Mtb and HIV-TB co-infection are all barriers to global control of TB. 

Another barrier to the control of the disease is the lack of an effective vaccine. A better 

understanding of Mtb infection and the host immune response is essential to the development of 

better diagnostics, treatments and effective vaccines.  

1.6.1 Vaccination for TB  

           The only currently available vaccine for Mtb infection is the BCG vaccine. The BCG 

vaccine was originally derived in 1921 following serial passage of M. bovis strain isolated from a 

cow (115). There are currently six main strains that account for over 90% of the BCG vaccine and 

they are BCG Japanese, BCG Danish, BCG Glaxo, BCG Connaught, BCG Pasteur, and BCG Tice 

with no standard production methods shared between producers (115). The BCG vaccine lacks the 

RD1 locus which encodes proteins important for virulence of mycobacteria and also for T cell 
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responses including early secretory antigen 6 kDa (ESAT-6) and culture filtrate protein 10 (CFP-

10) (116,117). The protective effects of the BCG vaccines are characterized by the joint responses 

of innate and adaptive immune responses to the Mtb infection (117).  

            As mentioned earlier, the BCG vaccine has variable efficiency in terms of geography and 

age group (117-119). Case-control studies have shown that the vaccine is effective at reducing 

disseminated forms of TB, including miliary TB and TB meningitis in children. However, 

randomized controlled trials of BCG has shown limited efficacy against adult pulmonary TB 

(ranging from 0-80%) (120-126). The variability in the efficacy can be explained by the difference 

in the geographical location between the study sites (127). For example, the UK clinical trials 

showed protection against adult pulmonary TB, but little protection was observed in the Malawi 

clinical trials (128). 

           In general, BCG vaccination has shown some effectiveness among children against Mtb 

infection (129). A systematic review and meta-analysis by Roy et al. indicated that BCG has a 19% 

efficacy in terms of protecting children from Mtb compared to children who received no BCG 

vaccination. These results are in agreement with other cross-sectional studies that estimated the 

association between BCG vaccination and the prevalence of TB (129,130).   

           Although BCG vaccination is suboptimal for protection against an adult pulmonary disease, 

BCG vaccination seems to have a limited effect in addressing the high number of TB cases in the 

world, particularly among adults and the aging population (131-134). Several factors have been 

proposed to explain the variability in the efficacy rate of BCG vaccine. First, the use of different 

strains of BCG may lead to different levels of protection (135). Four main BCG strains used for 

vaccination are the Pasteur 1173 P2 strain, the Danish SSI 1331 strain, the Glaxo 1077 strain, and 

the Japanese Tokyo 172 strain (135). The induction of an immune response differs between BCG 
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strains and this may impact the efficacy of the vaccine (136). Henao-Tamayo et al. (2016) noted 

that the new Beijing family strain of Mtb can induce the emergence of Foxp3+ CD4+ regulatory T 

cells (Tregs), which can reduce the protective effects of the BCG vaccine (137). Another proposed 

reason for the variation in the efficacy of the BCG vaccine is the exposure to environmental 

mycobacteria, which have been reported in regions with low BCG vaccine efficacy. It is proposed 

that the protective responses by BCG vaccination are inhibited by the exposure to environmental 

mycobacteria (138,138-141). Overall, it appears that a key barrier to control TB disease is the lack 

of an effective vaccine. A better understanding of Mtb infection and the host immune response is 

essential to the development of an effective vaccine.  

1.6.2 Immune responses following BCG vaccination  

           Following intradermal BCG vaccination, epidermal macrophages interact with 

BCG via pattern recognition receptors (PRRs), including complement receptor 3 (CR3) and Toll-

like receptor 2/4 (TLR2/4) (142,143). Since the lipid portion of the cell wall of BCG is very similar 

to Mtb, it has been speculated that infection of tissue macrophages is similar to Mtb (144,145). 

However, BCG first contact is with epidermal macrophages, whereas Mtb encounters with alveolar 

macrophages (146,147). Differences in the mechanisms of antigen (Ag) recognition, Ag uptake, Ag 

processing, and Ag presentation between these two types of macrophages remains unclear and this 

may be one of the reasons why BCG is not fully protective.  

           BCG vaccination can induce Th1 cells identified by the production of IFN-γ, and Th17 cells 

identified by the production of IL-17A, although IL-4 producing Th2 cells can also be generated 

(148). Other cell subsets such as Tregs and CD1-restricted T cells also arise following BCG 

vaccination, although to a lesser extent. BCG also induces cytotoxic T cells, whose main function is 

to lyse infected cells through osmotic disruption (149).  
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           The importance of CD4+ Tregs to BCG vaccination has been studied in the Tregs depletion 

models. The diversity of Tregs is discussed later in chapter 4. It has been demonstrated that Tregs 

depletion decreases Mtb load in BCG-vaccinated mice (182). Similarly, BCG vaccination boosted 

with an Ag85 (Mtb protein) significantly decreased the number of Tregs and their depletion reduced 

bacterial load in the lung of Mtb infected mice (183). Furthermore, in BCG vaccinated human 

adults it has been reported that BCG immunization that induced local skin inflammation, showed 

increased levels of multifunctional CD4+ T cells (184). However, in BCG vaccinated individuals 

who developed mild local skin inflammation showed increased levels of CD8+ regulatory T cells 

(184). Thus, factors that influence vaccination induced inflammation could affect the development 

of Treg cells. Since the above studies highlight that, a vaccine booster (BCG or other) may not help 

in the development of immunity where Tregs may play a role (185) it is critical to understand the 

exact role of Tregs during BCG vaccination. Understanding their role could be critical in inducing 

optimal immunity to Mtb infection. BCG immunization in humans induces CD1-restricted CD8+ T 

cells that recognize BCG infected dendritic cells (DCs) (186). Studies in guinea pigs demonstrated 

that BCG vaccination induces humoral and CD1-restricted cytotoxic T cell-mediated immune 

responses (187) and are important in preventing disseminated TB and TB meningitis. The absence 

of group one CD1 molecules (CD1a, CD1b, and CD1c) in mice (188) has made it difficult to 

research the exact role of the CD1-restricted CD8+ T cell population to BCG immunity and during 

Mtb infection 

            The role of T cells as the main effector cells following BCG vaccination has been 

demonstrated in mouse knockout models (150-153). The transfer of CD4+ or CD8+ T cells from 

BCG vaccinated mice into rag1−/− mice (deficient for both B and T cells) show that CD4+ T cells 

reduce bacterial load in the lung and spleen, while CD8+ T cells reduce bacterial load in the spleen. 
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This data suggest that CD4+ T cells are the main effector cells generated by BCG vaccination in the 

lung, and CD8+ T cells help in preventing dissemination (miliary TB and TB meningitis) of the 

bacteria (154-157). In addition, it has been reported in a mouse model that BCG vaccination 

followed by Mtb challenge in the absence of CD4+ T cells reduced Mtb bacterial burden in the lung 

post-infection, supporting the importance of CD8+ T cells during the later phases of the disease 

(154,158). It is clear that BCG vaccination can stimulate both CD4+ and CD8+ T cells and that 

CD4+ T cells are not as efficient as CD8+ T cell in clearing mycobacterial infection in a tissue-

specific environment. This indicates that the distinctive environment of the lung makes it difficult 

for CD4+ T cells to perform their functions (156,157). It is possible that Mtb possesses many 

virulence factors that are not present in BCG that could inhibit CD4+ T cells, but not CD8+ T cell 

responses (157). Since the effector function of CD8+ T cells following BCG vaccination has been 

characterized to a lesser extent than CD4+ T cells the mechanism by which CD8+ T cells contribute 

to the efficacy of BCG (for example cytotoxic function, stimulation of other cells via cytokines, 

chemokines, or microbicide molecules) remains to be determined.  

           T cell responses in human studies show that BCG vaccination efficacy is linked to the age at 

which BCG is administered (159). BCG is commonly administered at the time of birth, as infants 

are exposed to various antigens when born; it is understood that T cells are biased toward a Th2 

response to prevent excessive inflammation (160). Since Th2 response can be unfavorable to 

mycobacterial immunity, BCG vaccination of neonates may not as good in protection against Mtb 

infection (160-164). However, studies in human newborns and infants demonstrated that Th1 

biased immune response following BCG vaccination similar to adults immunized with BCG 

(165,166). These studies reported a high number of IFNγ+CD4+ T cells (167,168), and also a 

significant component of CD4+ T cell population negative for IFNγ but positive for TNF and IL-2 
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(169) indicating that BCG generates different immune responses required to contain Mtb in infants. 

Hence, it seems that the efficacy of BCG against Mtb may not be due to the failure of generating 

Th1 cellular immunity at the time of vaccination. In contrast, it has been reported that cytokine and 

chemokine production differs in children vaccinated with BCG in Malawi and the United Kingdom 

(170,171). Malawian infants produced more cytokines associated with Th17 and Th2 immunity 

compared to infants from the UK (171). An explanation for this could be the environment 

surrounding the BCG vaccinated infants. For example, parasitic coinfections that dampen 

protective immune responses (172), or environmental mycobacteria (173).  

            Th17 responses in the lung are associated to increased protection and exacerbated pathology 

against Mtb infection (174,175). Previous work shows that repeated BCG vaccination exacerbates 

the influx of neutrophils into the lung in an IL-17A dependent manner leading to extensive 

immunopathology (176). In contrast, IL-17A is required to sustain IFN-γ responses by CD4+ T cells 

in the lung. In mice, it has been reported that BCG vaccination stimulates Th17 responses within 

the lung (176). The presence of IL-17A in the lung may be important in generating an effective 

immune response that benefits the host (bacterial control with limited inflammation) or an immune 

response that ultimately damages the host (initial bacterial control with too much inflammation that 

subsequently leads to uncontrolled bacterial growth). The role of IL-17A in the immune response 

to Mtb was primarily studied during the initial granuloma formation (177,178). High concentrations 

of IL-17A were correlated with the presence of IL-10 (179). Although the relationship between IL-

17A and IL-10 remains unclear, IL-10 has been shown to have an immunosuppressive role during 

the generation of BCG immunity (174,180).  Similar to IL-17A (174,180), IL-10 plays an important 

role during the initial stages of Mtb infection in vivo (181). The role of Th17 cellular responses to 

BCG vaccination still remains to be understood.  
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           Overall, these findings reveal that BCG vaccination generates effective, long-lasting 

immunity that prevents Mtb infection and the development of TB. CD4+ T cells and CD8+ T cells 

are important in maintaining the chronic phase of the disease and appear to be particularly 

important in the dissemination to peripheral organs.  

1.7 Initiation of infection: the basics  

           Mtb is spread in aerosolized droplets from the sputum of an infected person.  Once it enters 

the lung, the bacterium is deposited in the alveoli, but can also infect lung epithelial cells and 

activate mucosal-associated invariant T cells (182). Macrophages in the alveoli are the primary 

target for Mtb (72). The immune responses that are generated by the infection are adequate to 

control TB disease but are unable to clear the infection, with many individuals developing LTBI 

(183). A study of Italian Healthcare workers exposed to culture-confirmed cases of TB indicated 

that the post-exposure annual rate of TB infection was 26 per 100 person year (95% CI 13.6-50) 

(184). Mtb has the ability to manipulate the host immune responses that can facilitate the 

development of TB disease, which enables release of bacteria and transmission to other hosts or 

progress to the development of granulomas (185). Figure 1.3A illustrates how inhaled droplets 

enter the lung alveoli, where the bacteria are phagocytosed by AMs (186-188). The interaction 

between Mtb and AMs decides the subsequent progression of infection (Figure 1.3B). If the 

mycobacteria has evolved effective strategies to evade the immune response, the infection is 

preserved in a latent condition in the form of granuloma (Figure 1.3C). Alternatively, if the host 

fails to eradicate the mycobacteria, the mycobacteria is replicated and transformed into active TB 

disease (Figure 1.3D). A granuloma is an active lesion that has the capacity to influence T cell 

migration both locally and distally. 
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Figure1.3 Pathogenesis of tuberculosis. (A) Mtb enters the host when inhaled droplets are 

transmitted to the lungs. (B) the bacteria are phagocytized by alveolar macrophages and eliminated 

by different mechanisms, which include apoptosis and autophagy. (C) when Mtb growth is 

contained inside granulomas, it is preserved in a latent condition seen in 90–95% of infected 

individuals and infection does not transform into the disease. (D) Mtb is replicated in the 

macrophages and transformed into active tuberculosis with symptoms of tuberculosis and can also 

be disseminated to other tissues and organs as seen in 5-10% of cases.  

 

1.7.1 The Granuloma  

           Granulomas in the lungs are the defining pathological characteristics of TB (4). Granulomas, 

which allow for infections to be controlled but also thrive, are the lesions that contain the 

mycobacteria (189,190). In granuloma structures, both the immune cells and the infection co-exist 

(190). Human TB granulomas are composed of a central mass of infected macrophages, neutrophils 

and DCs (191-193). Macrophages within the granuloma have differentiated into multinucleated 
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giant cells, epithelioid cells and FMs (194). The granulomas are surrounded by a central core of 

innate immune cells surrounded by T and B cells. The fibroblasts create a peripheral fibrotic 

capsule around the immune cells (192).  

1.7.1.1 The classic understanding of pulmonary granuloma formation  

            After initial infection, DCs and monocyte-derived macrophages phagocytose the bacillus 

(186,195,196). Mtb can survive inside macrophages by inhibiting the fusion of phagosomes with 

the lysosomes thereby preventing the formation of a phagolysosome, the mature form of a phago-

some (195). During the initiation of the granuloma formation, there is an early recruitment and 

clustering event involving inflammatory macrophages. New macrophages and other immune cells 

are then recruited to the site of infection, and develop into granulomas, the characteristic lesions of 

TB. After the initiation of the acquired immune responses, T cells migrate from the circulation into 

the parenchyma of the lung and then to the site of the infection, composed largely of macrophages 

and DCs (197-199). Mature granulomas form as multicellular structures composed of infected and 

uninfected macrophages, epithelioid cells, giant cells (multinucleated cells derived from fused 

macrophages), T cells and B cells (200-202) that can contain the bacilli and prevents spread of the 

infection. Inward migrating DCs express IL-12p40 (203), and the receptor IL-12Rβ1 (204). Major 

histocompatibility complex (MHC) class II expressing DCs are required for T-cell activation but 

outward migrating DCs also end up transporting bacteria to local draining lymph nodes (205). 

Inhibition of growth or death of Mtb is in part due to enhanced macrophage activation and the 

creation of an oxygen and nutrient deprived environment (206,207).  

            As shown in Figure 1.4, a spectrum of granulomas is observed in humans (208). Figure 

1.4A describes solid granulomas, where mycobacteria are most likely dormant (35). Figure 1.4B 

describes necrotic granulomas, which are present in the early stages of active TB. Figure 1.4C 
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describes caseous (cheesy like) granulomas found in end-stage or severe TB. The solid non-

caseating granuloma consists of CD4+ and CD8+ T cells, B cells and macrophages harboring few 

tubercle bacilli (Figure 1.4A). A layer of fibroblasts surrounds this specific granuloma, with fibrosis 

occurring as the granuloma controls the infection and the inflammatory process is limited. In a 

latently infected individual, one or more granulomas controlling the infection can sometimes be 

observed; these granulomas can also be calcified (191,209). As shown in Figure 1.4B, necrosis first 

occurs in the center of the structure and may further develop into a caseous necrosis of human lung 

tissue (194). Figure 1.4C illustrates that caseous granulomas can progress to form cavities within 

the lung, leading to erosion of the granuloma into a bronchus, and the subsequent release of bacteria 

into the airways (206). They have a central necrotic area that contains extracellular bacteria 

surrounded by macrophages and phagocytes and contains lymphoid-like structures that are rich in T 

and B cells, as well as macrophages that contain tubercle bacilli. Immune cell responses to TB will 

be described in detailed in section 1.17.3. 
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Figure1.4 Changing stability of the tuberculosis granuloma. The tuberculous granuloma is a 

compact, organized aggregate of epithelioid macrophages with tightly interlink cell membranes of 

epithelioid cells and adjacent cells. Depending on the immune response at the time of infection, the 

granulomas can either be solid, caseating or necrotic. In a solid granuloma, the infected 

macrophages are in the middle surrounded by other immune cells, such as CD4+ and CD8+ T cells, 

as well as macrophages that fuse to form multinucleated giant cells or have differentiated into 

foamy cells. A solid non-caseating granuloma (A) is seen during latent infection where the bacteria 

can be dormant and may have survived for decades. In a necrotic granuloma (B), the bacteria have 

multiplied and promoted the death of macrophages. In a caseous granuloma (C), the center of the 

granuloma is liquefied, which ultimately results in the dissemination of the bacteria to other parts of 

the body. The bacteria are also transmitted to other individuals due to their release via droplets. 
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1.7.1.2 Independent developmental trajectories of lesions within an individual host tissue  

            There is growing evidence that within the lung, each granuloma may have its own course 

rof fate, and that the lung should not be considered an environment where all granulomas are 

synchronized to a common state. The use of [18F]-fluorodeoxyglucose (FDG) positron emission 

tomography (PET)-CT scanning in human lungs during a linezolid treatment study indicated 

diversity in the local inflammatory response leading to variability in the size of lesions and FDG 

avidity (210). This has been cited as evidence that lesions within the lung are controlled not only by 

a systemic host immune response but also by local factors that would determine the fate of 

individual lesions (211). Furthermore, in nonhuman primate models, molecular tracking has been 

used to indicate the variability in the fate of multiple lesions within a host, possibly due to 

differences in host-mediated killing at the individual lesion level (P. L. Lin et al., 2014). Finally, a 

recent mathematical model proposes that there may actually be no steady state for granulomas and 

that instead, there is a continuous progression of disease with each granuloma progressing at a 

different rate over time (212).  

           One hypothesis is that independent lesion fates would require locally acting agent(s) or 

factor(s) to modulate the pathophysiology of the granuloma environment in response to the 

pathogen. It is still not known what these local agents might be. It is possible that locally acting 

agents are the product of lipid metabolism at the site of an infection or other pathophysiologic 

process as described elsewhere in other organ systems (213). These could include pro- and anti-

inflammatory eicosanoids (lipid mediators derived from arachidonic acid, prostaglandins, lipoxins, 

and resolvins), those that modulate lesion resolution (213-215), or drive the lesion towards disease 

exacerbation and the development of necrotic foci (215). It might be possible that these agents 
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provide fine-tuning to systemic changes driven by cytokines and could possibly change the 

direction of lesion development within the host lung (211,216). 

1.7.1.3 Lesion trajectories are controlled by host & bacterial factors  

            The fate of an individual granuloma is most likely controlled by a variety of bacterial and 

host factors. Apart from the mediators described above, these driving forces may also be impacted 

by the factors described in the following sections. 

1.7.1.4  Is the RD1 region of Mtb required for the creation of a granuloma?  

           A variety of genes have been proposed to play a role in the persistence of Mtb in hosts (217). 

Complete genome sequencing has been carried out on a variety of Mtb complex strains including 

H37Rv, CDC1551, H37Ra and BCG. It is clear that there are differences in both the presence and 

the expression of specific gene products amongst members of the Mtb complex (43,92). DNA 

sequence analysis identified the RD1 as an approximately 9.5-kb region of Mtb (92) responsible for 

virulence that is absent in BCG (218). The RD1 region contains genes that encode two secretory 

proteins, EsxA coding for ESAT-6 and EsxB coding for CFP-10, as well as the rv3877 gene, a 

putative translocation pore in the cytoplasmic membrane; all are located within the ESX-1 locus 

that encodes a secretory type VII system (218,219). RD1 is associated with the pathogenesis of TB 

and contributes to the secretion of specific pro-inflammatory cytokine (e.g., IL-1) (202,219). RD1 

may also be driving nonspecific cell damage (e.g., mitochondrial damage): a mouse macrophage 

cell line RAW264 cell infection models showed that strains of H37Rv lacking RD1 have less 

measurable mitochondrial damage and did not have depleted ATP levels when compared with cells 

infected with wild-type H37Rv (202). The soluble RD1 component ESAT-6 may also play a role in 

tissue remodeling and cell recruitment to support granuloma formation. ESAT-6 has been shown to 

induce Matrix metallopeptidase 9 (MMP-9) production in the epithelial cells and the recruitment of 
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macrophages to the site of infection (220). MMP-9 might drive tissue remodeling that would allow 

for intact solid granuloma production (221-224). However, sequence analysis alone is not enough 

to determine the differences between strains as seen with Mtb. H37Ra, which contains the RD1 

region but has noticeable downregulation of the RD1 gene products CFP-10 and ESAT-6 proteins 

(225). 

1.7.1.5  Host genetic polymorphisms may impact the balance of granuloma stability 

instability & the progression to active disease  

            Some host genetic polymorphisms, such as the polymorphism in the promoter (-403G/A and 

-28C/G) and intron (In1.1T/C) regions of the Ccl5 gene, may play a role in host resistance to Mtb 

infection (226,227). However, once infection has been established, several human polymorphisms 

may play a role in increasing patient risk for a destabilized granuloma and active disease. A 

functional promoter polymorphism in the -2518A>G of the monocyte chemoattractant protein-l 

(MCP-1) gene Ccl2 (chromosome region 17q11.2) has been associated with increased susceptibility 

to Mtb infection in some non-BCG vaccinated populations (228). The proposed model is that the 

polymorphism is associated with increased levels of MCP-1, which in turn is associated with 

decreased levels of IL-12p40 and greater likelihood of progression to active disease (228). 

Although, IL-12p40 is a chemoattractant for macrophages and promotes the migration of bacterially 

stimulated DCs, IL-12p40 is important in the activation of cytokines IL-12 and IL-23 (229). These 

cytokines have specific roles in the initiation, expansion and control of the cellular response to 

tuberculosis (230). Another functional polymorphism is found in the promoter region of Mmp1 

(chromosome region 11q22.2), an insertion of a guanine at position 1607 (-1607_1608insG), 

creates an Ets-1 transcription factor binding site (228,231)and enhances gene expression (232). It is 



36 
 

thought that polymorphisms in Ccl2 and Mmp1 may jointly act to increase the chance of active 

disease in the hosts (232). 

1.7.1.6 The granuloma provides a distinctly different environment for drug-induced 

bacterial killing than within normal lung tissue or blood  

            Growing evidence suggests that bacteria within the granuloma are not subject to the same 

host and environmental pressures as bacteria within the normal lung or within the blood. It has been 

proposed that the concentration of anti-mycobacterial drugs in the blood represents the drug 

concentration in the lesions of the lung. However, initial work in rabbits indicates that drug pen-

etration into lesions varies among individuals, and among drugs, and differs from the penetration 

into the lung in general, as estimated by penetration coefficients. Work by Kjellsson et al. has 

indicated that there may be no numerical differences for drug penetration across lesion type for RIF 

and INH, while for PZA and moxifloxacin (MXF) there were modest numerical differences in the 

penetration for the suppurative and coalescing lesions compared with caseous and solid types of 

lesions (233). Within lesions, other work has reported a lower concentration of MXF in the caseous 

vs. the cellular fraction of the granuloma (234). Penetration into the lesions and activity of anti-Mtb 

drugs in the lesions is different from what occurs in normal lung tissue. Antibiotics are frequently 

below effective concentrations inside granulomas and this can lead to bacterial growth between 

doses and prolonged treatment times. Antibiotics may also be distributed along concentration 

gradients within granulomas, with lower antibody concentrations toward their centers (234).  

1.8 Immune response to Mtb    

           Mtb is not easily cleared by the immune system due to its immune evasion mechanisms and 

therefore a chronic disease develops (235). Control of TB infection depends on the development of 

efficient innate and adaptive immune responses at the site of infection (236). However, Mtb 
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requires an immunological balance, insufficient immune responses, as well as too much 

inflammation, can be harmful to the host (190). Many of the immune cells during Mtb infection 

have multiple roles in a network of immune reaction. In an active TB infection, Mtb is able to 

manipulate immune response to provide a suitable environment for growth while promoting the 

growth required for transmission of disease. 

1.8.1 Innate immune response in TB infection  

           The ability of the innate immune system to recognize and react to invading microbes is 

essential for infection control (237). PRRs on macrophages and other leukocytes recognize and 

respond to microbial components (238). The PRRs recognize a diverse set of molecules generally 

classified as pathogen-associated molecular patterns (PAMPs) (238). In particular, the mammalian 

Toll-like receptors (TLR) PRRs play an important role in innate immunity by recognition of 

PAMPs that initiate the activation of NF-κB and other intracellular signaling pathways through the 

adapter protein, MyD88 (239,240). TLRs detect the presence of infection and induce activation of 

inflammatory and antimicrobial innate immune responses (239,240). Mtb primarily infects 

macrophages and control the macrophages bactericidal action to create a suitable environment for 

bacterial survival and replication (241). Innate immune response to Mtb is an important factor in 

determining the disease outcome as only a few individuals exposed to Mtb become actively infected 

(241). The innate immune cells respond to Mtb infection by producing pro-inflammatory cytokines 

leading to intercellular communication and cell recruitment to the site of infection (236). PAMPs 

trigger the activation of diverse PRRs and innate mediators involved in the phagocytosis of 

mycobacteria and induction of signaling pathways that trigger production of inflammatory 

cytokines such as interleukin-12 (IL-12), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-

1β) (238,242). Mtb enter host macrophages via binding to multiple PRR receptor types 
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simultaneously (238). These receptors belong to four main classes: opsonizing receptors (e.g. FcγR 

and complement receptors), scavenger receptors (e.g. CD36 and MARCO), C-type lectin receptors 

(e.g. mannose receptor, dectin-1 and 2, and DC-SIGN) and innate immune sensors (e.g. TLRs and 

NODs) (239). 

           TLRs are essential for recognition of microbes by antigen presenting cells (APCs) such as 

macrophages and DCs. In Mtb infection TLR2, TLR4 and TLR9 play an important role (239).  

Polymorphisms in TLR2 and TLR9 have been associated with increased susceptibility to Mtb hence 

confirming the key role of TLRs in the host defense against mycobacteria (239). Mtb has developed 

different strategies to interfere with TLR activation and the induction of inflammation. Upon Mtb 

infection in the lung, innate immune cells involved are the phagocytic cells such as resident 

alveolar macrophages, pulmonary DCs, monocytes, and neutrophils (243). Mtb can also bind and 

interact with non-specialized phagocytic cells such as alveolar epithelial cells (244). Inhaled 

mycobacteria are engulfed by alveolar macrophages that will become activated (206). Activated 

macrophages produce reactive nitrogen intermediates (RNI) as well as antimicrobial peptides that 

act as the first line of defense to limit bacterial replication (245). Neutrophils are also known to 

phagocytose and kill Mtb (243). Death of the macrophage is essential for the mycobacteria to 

escape and infect new cells (34,246). Different modes of host cell death play different roles in host 

defense and microbial survival during microbial infections (247,248). Apoptosis is a programmed 

cell death that is dependent on the induction of caspases, while necrosis is a passive form of cell 

death that is induced by different types of stress, inflammation or microbial infection (247). Mtb 

has developed mechanisms to limit macrophage apoptosis and promote cell necrosis, which can 

prevent cross-presentation of Mtb antigens by DCs that could inhibit and delay T cell priming 
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(248). Infection of macrophages with virulent Mtb has shown to reduce the viability of the host 

cells similar to necrosis rather than apoptosis (249). 

1.8.2 Adaptive immune response in TB infection  

            Control of Mtb infection is dependent on the induction of cell-mediated immunity, which 

involves close interactions between innate and adaptive immune responses (70). Recognition of 

Mtb antigens by TLRs and other PRRs expressed on DCs triggers activation of DCs that leads to 

the initiation of antigen-specific adaptive immune responses (237). DCs take up the Mtb antigens in 

the lung and migrate to the draining lymph nodes to initiate activation of T cell responses (250). For 

the initiation of adaptive immune responses after Mtb infection in the lung, it takes 7-9 days for the 

antigens to be carried to the draining lymph nodes and an additional 6-10 days for antigen-specific 

T cells to become activated and migrate to the primary site of infection (251). Slow development of 

adaptive immune response allows Mtb to establish before effective immune elimination of bacteria 

can occur (251). Initiation of T cell responses that is insufficient to eliminate Mtb bacteria may be 

due to the slow growth of the Mtb bacteria (252). Moreover, early induction of Tregs with 

suppressive functions may be capable of delaying the priming of effector CD4+ and CD8+ T cells in 

the draining lymph nodes (252).  For the development of effector T cell responses, bacterial 

antigens must be presented by DCs (253). The function of CD4+ and CD8+ T cells in TB is to 

activate phagocyte killing of bacteria or to induce direct killing of Mtb infected cells via the 

expression of cytolytic effector molecules, but also to regulate the inflammatory environment to 

limit tissue damage (254). The major effector mechanism of cell-mediated immunity is the 

activation of infected macrophages by interferon-γ (IFN-γ) produced by CD4+ T cells (255). The 

production of IFN-γ is regulated by IL-12, which is released by activated DCs as well as 

macrophages (256). IFN-γ with TNF-α activates microbicidal mechanisms in macrophages that are 
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responsible for the control and elimination of Mtb (257). In addition, the killing of Mtb infected 

macrophages is done by CD8+ cytolytic T cells (CTLs) expressing granule-associated effector 

molecules (258). Induction of effective adaptive immune response is important for Mtb control 

inside granulomatous lesions (253). The importance of CD4+ T cells in anti-TB immunity has been 

extensively demonstrated by the observation that virus-mediated loss of CD4+ T cells in HIV-

infected patients increased the susceptibility to TB (259). It has also been reported that inherited 

deficiencies in the IFN-γ-receptor result in a deficiency of IFN-γ signaling that leads to an increased 

susceptibility to mycobacteria (260). 

1.8.3 Host immune responses to Mtb infection and the production of a granuloma  

            As discussed in section 1.16, a typical hallmark of TB is the formation of granulomas at the 

site of Mtb infection (70). Early granuloma formation is dictated by macrophages infected with Mtb 

(261). Macrophage cells are the key immune cells involved in the granuloma formation and control 

of intracellular Mtb replication (261). Mtb infected macrophages recruit uninfected macrophages 

and other immune cells of both myeloid and lymphoid origin to respond to TB infection (Figure 

1.5).  
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Figure1.5. Cells involved in response to TB infection. Upon inhalation into the lung, Mtb (black 

rod) travels along the trachea, bronchus, and bronchioles to the alveoli. Lining the airway is the 

respiratory mucosa (A). This consists of a layer of AECs that provide a tight barrier to prevent Mtb 

from invading the tissue and they have many receptors to detect Mtb. AECs control the composition 

of ASL, a substance containing mucus, anti-microbial peptides, antibodies and 

cytokines/chemokines. The lamina propria supports the epithelium and also contains immune cells 

such as macrophages and MAIT that respond to infection. Mtb eventually reaches the alveolar (B), 

which are surrounded by a network of capillaries to facilitate gas exchange. The alveolus (C) is 

structurally formed from type I epithelial cells, and type II epithelial cells are often found at the cell 

junctions. Type II cells secrete a variety of anti-microbial substances including a pulmonary 

surfactant. AMs and DCs are the primary resident defenders of the alveolus. They are effective 

phagocytes and have a range of intrinsic anti-microbial capacities. In addition, neutrophils and NKs 

are recruited from the surrounding capillaries to bolster the host defense. Image reproduced from 

from reference # 284 with permission from Wiley Global Permissions.  
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1.8.3.1 Myeloid cells in TB infection  

1.8.3.1.1 Macrophages  

            After initial infection of alveolar macrophages in the lung, monocytes migrate to the site of 

Mtb infection from the blood (262). Monocytes can differentiate into tissue macrophages at the site 

of infection. The majority of the macrophages involved in granuloma formation are the epithelioid 

cells, which are activated macrophages (263). Two different macrophages CFS-1 and GM-CSF 

have a contrasting role in TB infection (264). The CFS-1 subset is known as classically activated 

macrophages with bactericidal properties that are induced by Th1 cytokines (i.e. IFN-γ) (265). 

CFS-1 macrophages express inducible nitric oxide synthase (iNOS), which is an enzyme that 

catalyzes the synthesis of the potent antimicrobial compound nitric oxide (NO) (266). Hence, the 

production of iNOS is strongly induced by IFN-γ. Alternatively, GM-CSF activated macrophages 

have anti-inflammatory properties that are induced by Th2 cytokines (i.e. IL-4, IL-13) (265). GM-

CSF macrophages express Arginase type 1 (Arg-1) an enzyme that competes with iNOS for the use 

of arginine as a substrate (266).  iNOS uses arginine as a substrate to generate toxic NO, Arg-1 use 

arginine as a substrate to generate ornithine (266). Ornithine promotes collagen deposition and 

contributes to the formation of epithelioid granulomas and tissue fibrosis (267). GM-CSF 

macrophage activation allows the bacteria to survive in infected macrophages partly by preventing 

NO synthesis (268). GM-CSF macrophages also produce anti-inflammatory cytokines including IL-

10 and transforming growth factor-β (TGF-β) that could further suppress a bactericidal function of 

the macrophage (269). TLR signaling triggered by mycobacteria induce the production of Arg-1 via 

IL-10, IL-6 and granulocyte colony stimulating factor (G-CSF) and inhibition of Arg-1 expression 

has been shown to be beneficial for host survival (270). The ratio between CFS-1 and GM-CSF 

macrophages in the granuloma may be an important determinant for the outcome of TB infection; 
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the presence of both subsets is required to maintain a balance between pro- and anti-inflammatory 

responses (190).  

           Chronically activated macrophages fuse to generate MGCs, which is a characteristic of 

human TB (261). The cell-to-cell fusion process is caused by mycobacterial lipomannan or by IL-4 

(271). MGCs release high concentrations of lytic enzymes, which destroy the surrounding tissue 

(271). The importance of MGCs during granulomatous inflammation remains to be determined.  

1.8.3.1.2 Dendritic cells (DCs)  

            Mtb cannot infect DCs, but they help to keep the bacteria in a non-replicating state (272). 

DCs are not very effective at killing Mtb but the key role is the presentation of Mtb antigens in the 

initiation of Mtb specific T cell responses (273). DCs containing live mycobacteria stimulate T cells 

but also are used by Mtb as a tool for spreading (272,273). DCs present peptide and lipid antigens 

to MHC-II and CD1molecules present on various APCs, such as B cells and monocytes. However, 

Mtb induced DC maturation leads to an uncoordinated presentation of peptide antigens for 

subsequent T cell activation (274). DCs are important in the cross-presentation of Mtb antigens as 

DCs can engulf apoptotic vesicles from Mtb infected cells to prime T cells (275). An IL-12 

cytokine produced by DCs is essential in the induction of IFN-γ and a Th1-mediated immune 

response that is required for immune protection in TB (276). Mtb infection may fail to induce 

effective production of IL-12 by DCs, which could further disrupt the induction of Th1 response 

(203). DCs present in the granulomatous lesions in the lungs have down-regulated MHC-II and co-

stimulatory molecules and therefore DCs isolated from the granulomas fail to activate of Mtb 

specific CD4+ T cells (277). 
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1.8.3.1.3 Neutrophils  

 Neutrophils can become infected and are activated by Mtb products, such as LAM (278). 

Neutrophils kill Mtb via the production of reactive oxygen species (279), however virulent strains 

of Mtb have evolved mechanisms to escape oxidative killing (280). Neutrophils are attracted to the 

site of infection by secretion of chemokine CXCL8 and recruit other leukocytes in the early 

granuloma formation through the secretion of CXCR3-signaling chemokines (280). Neutrophils in 

combination with human DCs promote DC activation with less IL-10 production and better antigen 

presentation compared to mycobacteria and DCs alone (280). 

1.8.3.2 Lymphoid cells in TB infection  

           Multiple components are involved in controlling the development of a granuloma including 

immune cells. CD4+ T cells, CD8+ T cells, regulatory T cells, B cells, γ/δ T cells, NK cells, as well 

as NKT cells are involved in the control of TB infections (Figure 1.6). 
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Figure1.6. Immune cells, cytokine secretion and the type of granuloma.  In the presence of 

CD4+ Th1 immune response and CD8+ T cells (CTL), the solid granuloma is formed. In the 

presence of Tregs, a caeseous granuloma is formed. 

 

 

1.8.3.2.1 CD4+ T helper 1 (Th1) cells in TB infection  

            CD4+ T cells are recognized as the most important cells in the response to Mtb infection 

(281). Their role in the clearance of Mtb infection has been extensively studied in both mice and 

humans (282). Initial studies in mouse models demonstrated that adoptive transfer of CD4+ T cells 

from infected donors to T cell deficient recipients provided protection against Mtb (283). Later, 
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studies using CD4 deficient mice or depletion of CD4+ T cells using a monoclonal antibody showed 

that CD4+ T cells were important for protection against Mtb (284-286). Furthermore, mice deficient 

in MHC II (CD4+T lymphocytes) have increased susceptibility to Mtb (284).  

            In humans, the importance of CD4+ T cells in the control of Mtb infection is supported by 

reports of the immunocompromised (e.g. HIV positive patients), who are highly susceptible to Mtb 

infection and reactivation, particularly those with low CD4+ T cell counts (287,288). It has been 

suggested that Mtb specific CD4+ T cells are preferentially depleted in HIV-positive patients 

thereby increasing susceptibility to TB (289). Bacterial loads are controlled when CD4+ T cells 

interact directly with the infected macrophages (290). Th1 cells produce IFN-γ and TNF-α which 

synergize to activate microbicidal mechanisms in human macrophages (257). In addition to IFN-γ 

and TNF-α, IL-2 is also produced by the Th1 cells that support the proliferation and clonal 

expansion of antigen-specific T cells (291). Th1 cytokines are required for the activation and 

differentiation of CD8+ cytotoxic T lymphocytes (CTLs) in the killing of Mtb infected cells (292). 

A deficiency in the Th1 pathway that occurs either as a consequence of HIV infection, cancer, 

immunosuppressive drugs or genetic defects increases the susceptibility to mycobacterial diseases 

(293). APCs stimulate CD4+ T cells via T cell receptor and co-stimulatory molecules such as 

CD40-CD40L and CD80/CD86-CD28 (294,295). 

           Activated APCs produce IL-12, which is a key cytokine that stimulates the polarization of 

Th1 through the production of IFN-γ (296). The early CD4+ T cell production of IFN-γ is important 

for the effective control of TB infection (282). In addition, Mtb specific CD4+ T cells secreting 

combinations of cytokines IFN-γ/TNF-α or IFN-γ/IL-2 have been detected in patients with TB/HIV 

co-infection (297,298). It has been demonstrated that effective treatment of TB leads to a shift from 

IFN-γ producing positive CD4+ T cells to IFN-γ+ /IL-2+ producing double-positive CD4+ T cells, 
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which suggests that polyfunctional CD4+ T cells may be involved in immune protection to Mtb 

infection (298). 

1.8.3.2.2 CD4+ T helper 2 (Th2) cells  

            The Th1 response is important in the control of TB disease; in contrast, active TB disease 

has been associated with increased activation of Th2 cells in vivo (299). Th2 cells produce IL-4, IL-

5, and IL-13, which contribute to the initiation of a humoral immune response (300,301). Since Mtb 

is an intracellular microbe, antibody-mediated immunity may not be protective against Mtb (301). It 

has been reported that Th2 polarization could affect disease susceptibility in TB (302,303). A 100-

fold increase of IL-13 and IL-4 has been reported in patients with active TB compared to age and 

gender-matched controls (304). It has also been demonstrated that progressive TB disease might be 

due to preexisting Th2 immune responses that induce toxicity of TNF-α and/or impair bactericidal 

functions (305). Importantly, progressive TB disease is not only related to the absence of a Th1 

response but may be due to co-existing Th1/Th2 or excessive Th2 immunity (305-308). 

1.8.3.2.3 CD4+ T helper17 (Th17) cells  

           Th17 cells are pro-inflammatory cells that mediate antimicrobial immunity against bacteria 

and fungi, particularly at mucosal surfaces (309). Th17 cells produce a variety of cytokines 

including IL-17, IL-22, and GM-CSF (310). These cells are important in generating immune 

responses to infection with extracellular bacteria and fungi (311,312). Studies have demonstrated 

that Th17 cells appear in the early phase of adaptive immunity and contribute to host defense 

against Mtb (309). Th17 cells produce IL-17, IL-21, IL-22 and IL-23 (175,313). In addition to the 

Th1 response, a Th17 response is considered protective in mycobacterial infection (314). Th17 cells 

can trigger the production of chemokines CXCL9, CXCL10, and CXCL11 which recruit IFN-γ 

producing CD4+ T cells to the site of Mtb infection and restrict the growth (309). Th17 cells also 
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regulate the production of antimicrobial peptides and are essential in the formation of mature TB 

granulomas (309).  The exact role of Th17 in the protection of TB still needs to be evaluated. 

1.8.3.2.4 CD8+ T cells  

           CD8+ T cells are a subset of T cells that are required to control TB infection in humans 

(315). CD8+ CTL are specialized CD8+ T cells that kill Mtb infected cells by the release of granules 

containing cytolytic and bactericidal effector molecules, but can also be activated to produce Th1 

cytokines that contribute to the immune protection (316,317). CD8+ T cells participate in the 

control of Mtb infection by lysis of Mtb infected macrophages combined with the killing of 

intracellular bacteria and also by the expression of effector cytokines (318,319). CD8+ CTLs anti-

mycobacterial activity is mainly by granule-mediated cytotoxicity (320). However, death receptor-

ligand can also induce apoptosis which may be less efficient in killing intracellular Mtb (321). Mtb 

infected cells in humans were shown to kill mycobacteria by the pore-forming protein perforin in 

combination with the antimicrobial peptide granulysin (318,319). Evidence from human TB 

suggests that CD8+ effector memory T cells expressing high levels of perforin and granulysin can 

mediate antimicrobial activity (315,320). Reduced numbers of CD8+ effector T cells were detected 

in patients with rheumatoid arthritis after treatment with anti-TNF-α inhibitors, which resulted in an 

increased susceptibility of patients to develop active TB (321). 

           Polyfunctional Mtb specific CD8+ Tcells that produce double-positive cytokines IFN-γ+/IL-

2+ has been shown to correlate with host protection and a beneficial response to anti-TB treatment 

(315). In contrast, CD8+ T cells which produce the chemokine XCL1 (lymphotactin) negatively 

regulates IFN-γ production by CD4+ T cells. CD8+ T cell repertoires in children with TB have been 

identified as the clonal expansion of terminally differentiated CD8+ effector T cells in severe forms 

of the disease (315,322). Hence, CD8+ T cells may also serve as targets of immune evasion by Mtb. 
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1.8.3.2.5 Subsets of T cells in TB infection  

            Circulating T cells mostly have a resting or naive phenotype which can be characterized by 

cell markers CD45RO-, CD45RA+ and CCR7+ (323). When a naïve T cell encounters an antigen 

(Ag), an adaptive immune response along with the induction of memory cells develops (254,323). 

Adaptive immune responses will recognize the same Ag, upon the second encounter (254). In the 

first phase naïve T cell encounters an Ag, a massive proliferation and clonal expansion of Ag-

specific T cells is followed by a phase of contraction (324,325). The cells in this phase are called 

effector T cells and these cells are eliminated by apoptosis at the end of an immune response 

(254,326). In the second phase memory T cells develop and are maintained for prolonged periods 

due to retention of Ag. Memory T cells are a pool of effector T cells that can rapidly respond to 

later encounters with the pathogen (254).  

           The characterization of subsets of memory T cells are detected by surface markers (326). 

Memory T cells are characterized based on the presence of cell marker CD62L (326).            

Central memory (TCM) cells are identified by the presence of the CCR7 cell marker (CCR7+). These 

cells home to secondary lymphoid tissues and produce high amounts of IL-2 but low levels of other 

effector cytokines (327). The effector memory (TEM) cells are identified by the absence of the 

CCR7 cell marker (CCR7-). These cells home to the peripheral tissues and produce high levels of 

cytokines (327). It has been demonstrated that the telomeres are longer in TCM cells than TEM cells 

and TCM cells are capable of generating TEM cells in vitro, but TEM cells don’t generate TCM cells 

(327). 

           Several studies have identified that polyfunctional T cells (T cells with multiple effector 

functions) induce immune protection to Mtb infection (328-331). Earlier studies in human TB have 

reported that polyfunctional T cells produce IFN-γ in combination with IL-2 (332-336). Later 
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studies identified that a subset of cells simultaneously produces IFN-γ, TNF-α, and/or IL-2 in 

patients with active TB disease compared to latently infected individuals (315,337-339). This 

subset of T cells decreased after anti-TB treatment. In another study, CD4+ T cells expressing 

cytokines IFN-γ, TNF-α, and IL-2 were found simultaneously in adults with active TB disease 

compared to LTBI individuals (338). In addition, they also identified that IFN-γ single and IFN-

γ/IL-2 dual secreting CD4+ T cells dominated the anti-mycobacterial response (338,339). 

Therefore, the presence of multifunctional CD4+ T cells in TB patients was related to the bacterial 

loads and they decrease after completion of anti-TB chemotherapy (338,339). This demonstrates 

that the presence of multifunctional CD4+ T cells is related to active TB disease rather than a 

protective role. In contrast, several other studies have reported a contrasting finding that 

polyfunctional T cells were reduced in patients with active TB disease compared to LTBI 

individuals, and that the T cells recovered with anti-TB therapy (332,340). It has also been 

demonstrated that increased antigen-specific TEM cells and a decreased TCM CD4+ T cells have been 

found in patients with active TB (341,342) compared to LTBI individuals (332). Similarly, dual 

IFN-γ/IL-2-producing T cells were reported in patients with anti-TB therapy (343,344). In addition, 

increased antigen-specific TEM cells and a decreased TCM CD4+ T cells have been found in patients 

with active TB (341,342) compared to LTBI individuals (332). 

           Marin et al. reported that polyfunctional T cells produce IFN-γ, TNF-α, IL-2, and IL-17 after 

short-term (1 day) and long-term (6 days) in vitro stimulation using different antigens (CFP-10, 

PPD, or Mtb) (332). Further, they identified an increase in single and double CD4+ T cells in long-

term in vitro stimulation compared to short-term in vitro stimulation in LTBI subjects and a 

significant increase of single CD4+ T cells in patients with active disease (332). Mtb stimulation 

increased single and triple producing CD4+ T cells in LTBI subjects in 6 days compared to 1 day in 
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vitro stimulated cells (332). This suggests that different mycobacterial antigens induce distinct T 

cell functional signatures in LTBI subjects and in patients with active disease, and the possibility to 

identify CD4 T cells that correlate with the state of infection could be used as indicators of the 

disease (343). Petruccioli et al. have reported that RD1-proteins specific CD4+ T cells with a TEM 

phenotype correlate with active TB disease, while RD1-proteins specific CD4+ T cells with a TCM 

phenotype were associated with cured TB and LTBI  (343). Therefore, this suggests that different 

expression of the memory and effector T cells may be used to monitor treatment efficacy (343). 

Similarly, Lalvani et al. reported the same trend of memory and effector T cells as demonstrated by 

Petruccioli, but in response to different antigenic stimulation, (PPD and RD1-peptides) (320,343). 

Moreover, these studies also identified that HIV infection did not influence the number of Mtb 

specific CD4+ T effector cells, but was dependent on the stage of TB disease (320,343). Therefore, 

characterization of distinct phenotypes of T cells with several functional properties such as 

activation, memory, migratory and inhibitory receptors would be helpful in evaluating TB disease.  

1.8.3.2.6 Regulatory T cells (Tregs)  

            Natural Tregs constitute about 5% of peripheral T cells which constitutively express CD25, 

the transcription factor fork head box P3 (FoxP3) (345) and T cell inhibitory receptors, Cytotoxic 

T-Lymphocyte Antigen 4 (CTLA-4) and the Glucocorticoid-Induced TNFR family related gene 

(GITR) (294). Inducible Tregs develop from conventional CD4+ T cells (345). Important functions 

of Tregs are to prevent autoimmunity, maintain self-tolerance and suppression of immune 

responses during infections (346-348). The CD4+CD25+FoxP3+ Tregs are increased in patients with 

active TB (349-351). The presence of CD4+Foxp3+ Tregs was observed in the granuloma of 

humans, non-human primates, and mice (352-354). The immunosuppressive functions of natural 

and induced Tregs depend on negative signals induced by CTLA-4, GITR or Programmed Cell 
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Death-1 (PD-1) upon binding to their appropriate ligand on APC and soluble factors such as IL-10 

and TGF-β (355). Expansion and accumulation of Tregs have been shown to decrease Th1 cell 

responses in patients with TB (356). Sharma et al. reported that the ratio of Tregs: effector T cells is 

significantly higher in the tissues of individuals with disseminated TB (miliary TB) compared to 

individuals with pulmonary TB (123). Similarly, in the macaque monkey model, macaques 

exhibited low numbers of T reg cells during early infection in the blood, but increased numbers of 

Tregs were observed in the lung (357).  

 In addition, it has been reported that immunosuppressive cytokines that impair immunity to 

Mtb can be produced by both Tregs and anti-inflammatory M2 macrophages (358,359). Increased 

numbers of Mtb specific Tregs restrict and delay T cell effector responses in TB infection. Tregs 

delay priming, expansion, and mobilization of both CD4+ and CD8+ effector T cells that leads to an 

enhanced Mtb growth (316). Tregs also counteract Th17 cells, thus inhibiting the early recruitment 

of IFN-γ-producing CD4+ T cells to the site of infection. Immature DCs and anti-inflammatory 

macrophages that are infected by Mtb have shown to be capable of inducing Tregs (175). The role 

of Tregs in Mtb infection is unclear, but an observational study by Burl et al. suggested that 

induviduals who are exposed to Mtb have reduced number of Treg cells in the peripheral blood 

(360). In addition, other observational studies reported the correlation between the severity of the 

disease and the number of Tregs during active TB infection; increased numbers of Tregs were 

reported in the lungs and blood (314,349,361,362). Further, histological analysis of tissue samples 

revealed that caseating granulomas contain significantly greater numbers of Treg cells than other 

granulomas (363). Overall, human studies have discovered remarkable correlations that suggest 

Tregs may play a critical role in disease pathogenesis, but the exact function of Tregs (harmful vs 

beneficial) during active TB needs to be evaluated. 
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           The role of Tregs in human TB has been demonstrated in vitro. Tregs depletion from 

PBMCs resulted in increased IFN-γ production and T cell proliferation, demonstrating the 

suppressive function of Tregs (349). Further studies have reported that Tregs can suppress T cell 

responses to some Mtb antigens such as heparin-binding hemagglutinin but not to Mtb antigen 

ESAT-6, suggesting that Tregs may be specific for some but not all epitopes (364). However, it is 

possible that the selective suppression of specific epitopes may be due to the differences in the 

relative affinities of T cells for their associated antigen.  

            In mouse models of TB infection, a low dose aerosol infection leads to the proliferation of 

Tregs, and increased numbers of activated T cells in the lung.  The functional role of Tregs during 

Mtb infection has been demonstrated after depleting Tregs in the lung using anti-CD25 antibodies. 

Mice treated with anti-CD25 antibodies and subsequently infected with Mtb exhibited slightly 

enhanced Th1 effector cell proliferation and production of IFN-γ, but no change in the lung 

bacterial burden was observed (365). Kursar et al. transferred effector T cells (CD4+CD25-) with or 

without Tregs (CD4+CD25+) into T cell-deficient mice (Rag deficient), and subsequently infected 

with Mtb (366).  A decrease in bacterial loads was observed in mice that received effector T cells 

alone compared to mice that received effector T cells with Tregs suggesting that CD25+ Tregs may 

inhibit the protective immune response to Mtb (366). However, effector T cells can also express 

CD25 (367); hence it is not inevitably clear whether Tregs were capable of specifically suppressing 

immunity against Mtb infection. 

1.8.3.3 B cells  

            Antibody production is one of the most important effector functions of the B cells (368). 

Humoral immune responses are important for protection against many pathogens (368).  However, 

B cells also carry out a variety of other effector and regulatory functions during the course of an 
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immune response (369). B cells mediate protection from pathogens via antigen presentation, co-

stimulation, and antibody secretion, production of cytokines that regulate humoral and T cell 

responses (370). Different effector functions of B cells are tightly controlled and they are 

functionally and phenotypically distinct effector and regulatory B cell subsets that are sub-divided 

based on their cytokine profile (371,372). Effector B cell subsets differentiate the development of T 

cells as Th1 or Th2, via production of IFN-γ and IL-4 (371)(373). Lately, it has also been 

demonstrated that regulatory B cells producing IL-10 can maintain FoxP3+ Tregs and limit Th1 and 

Th17 responses in healthy individuals, but not in patients with an autoimmune rheumatoid arthritis 

(373). The frequency of regulatory B cells in the peripheral blood of TB patients was inversely 

correlated with Th17 cells (374). In contrast, it has been reported that people with active TB have 

higher frequencies of regulatory B cells with suppressive activity compared to healthy controls 

(374).  

           The protective immune response in TB infection is mostly based on cellular immunity, but 

the role of B cell-mediated immunity in TB remains controversial (375,376). It has been 

demonstrated that B cells had an impact on the inflammatory response and TB disease in a murine 

model challenged with aerosol  (377). In addition, it has been reported that B cells were present in 

granulomatous TB lesions in the lung, which were involved in the organization and development of 

the TB granuloma (378-380). Thus, B cells may potentially use different functions to control other 

immune cells present in the granulomas including macrophages and T cells.  
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1.8.3.4 Other immune cells involved in TB infection  

1.8.3.4.1 Gamma-delta T cells (γδ T cells)  

            γδ T cells are non-conventional T cells that play important roles in antimicrobial immunity 

as well as in chronic inflammatory reactions (381). The early source of IL-17 is from γδ T cells, 

which bridge innate and adaptive immunity that are important in the early host defense against Mtb 

(382). Mice deficient in γδ T cells had increased bacterial loads and decreased survival in an 

intravenous model of Mtb infection (383). In contrast, aerosol infection of Mtb in mice deficient in 

γδ T cells did not impact the control of bacterial load or survival but exhibited increased 

inflammation (384). Thus the role of γδ T cells in the response to Mtb infection is unclear.  

1.8.3.4.2 Natural killer (NK) cells  

           NK cells are important in the innate defense against pathogens (385). It has been 

demonstrated that human NK cells can recognize and lyse Mtb infected macrophages using the 

NKp46 receptor (386). In addition to their role in the granule-mediated killing of infected cells, NK 

cells also produce significant amounts of cytokines (387). CD3-CD56+ NK cells produce IL-22 

when exposed to autologous monocytes and gamma-irradiated Mtb in the presence of cytokines IL-

15 and IL-23 (387). The contribution of NK cells to immune defense against Mtb through the 

production of IL-22 has been studied in the Mtb infected macrophages (387). Mtb infected 

macrophages showed increased phagolysosomal fusion and reduced Mtb growth, suggesting that 

NK cells can contribute to immune defenses against Mtb through the production of IL-22 (387). 

1.8.3.4.3 Natural Killer T cells (NKT)  

           NKT cells recognize antigens presented by CD1 (388). The role of NKT cells in the immune 

response to Mtb is unclear. Reports on the role of NKT cells in Mtb are based on  observational 

studies in humans (389-391). NKT cells are reduced in active TB patients compared to healthy 

uninfected controls (392). Infection of human PBMCs with mycobacteria led to a phenotypic shift, 
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resulting in an increased relative proportion of CD4+NKT cells compared to CD4-CD8- (double 

negative) cells (389-391). The same phenotypic shift was also observed in the mouse model of TB 

infection (393). Although NKT cell contribution at the site of infection is unknown, it is suggested 

that NKT cells that express both T-cell receptor (TCR) and NK cell markers, and γ/δ T cells that 

secrete IL-17 act as intermediaries between the innate and adaptive immune responses (394,395).   

1.8.4 Cytokine responses to Mtb infection   

1.8.4.1 Pro-inflammatory cytokines   

            Pro-inflammatory cytokines are produced predominantly by activated macrophages and are 

involved in the up-regulation of inflammatory reactions (269). The role of these cytokines in TB 

infection is detailed in Table 1.4. 
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Table 1.4 Pro-inflammatory cytokines in TB infection 

Cytokine Receptor/Signal Main producers Role in Mtb infection 

TNF-α TNFR1, TNFR2 

JNK, p38, NFκB 

Airway epithelial 

cells, alveolar 

Type II 

pneumocytes, NK 

T cells, 

macrophages, 

alveolar 

macrophages, 

DCs, neutrophils, 

CD4+ (Th1) and 

CD8+ T cells 

Positive: induction of 

chemokines, 

activation of 

macrophages, 

granuloma formation 

 

Negative:Over 

production caused 

tissue damage 

IL-1α/IL-1β IL-1R1, IL1RAcP 

MyD88,IRAK4,NFκB 

DCs Positive: recruitment 

and activation of 

phagocytic cells, 

Th17 polarization 

IL-6 IL-6R, gp130 

JAK, STAT3, MAPK 

Macrophages, 

DCs 

Positive: Th17 

polarization 

IL-12 

p40,p35 

12Rβ1, IL-12Rβ2 

JAK2, TYK2, STAT4 

DCs Positive: Th1 

polarization  

Negative: Over 

production is toxic  

IFN-γ IFNGR1, IFNGR2 

JAK/STAT 

Airway epithelial 

cells, alveolar 

Type II 

pneumocytes, NK 

T cells, CD4+ 

(Th1) and CD8+ T 

cells, γ/δ T cells, 

CD1-restricted T 

cells 

Positive: activation of 

macrophage, 

induction of NO 

synthesis and 

bacterial killing 

Negative: 

Overexpression 

pathogenic 

 

1.8.4.1.1 Tumor Necrosis Factor-α (TNF-α)  

           TNF-α is a pro-inflammatory cytokine that is required for the control of acute Mtb infection 

(242). TNF-α is produced by a variety of cells such as macrophages, DCs and T cells (269,396). 

C57BL/6 mice deficient in TNF-α, or the 55 kDa TNF receptor (TNFR), or where TNF-α was 

neutralized by using monoclonal antibody during infection, all displayed increased susceptibility to 
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Mtb infection (397,398). Other observations from these studies are decreased survival, increased 

bacterial loads and disrupted granuloma formation (397,398). TNF-α acts as a mediator of 

macrophage activation, apoptosis and granuloma formation (399). TNF-α, with IFN-γ, induces the 

production of Nitric Oxide Synthase 2 (NOS2) expression (400). In the absence of TNF-α, the 

NOS2 expression is delayed in response to Mtb infection and the granulomas formed are 

disorganized, with the presence of few activated or epithelioid macrophages, demonstrating that 

TNF-α affects cell migration and localization of Mtb infection (397). In addition, it has been 

demonstrated that blockade of TNF-α during the chronic phase of experimental Mtb infection in a 

cynomolgus macaque model led to the exacerbation of primary infection and reactivation of latent 

infection. Bacterial loads and pathology was increased and decreased dissemination of infection to 

the extra-pulmonary sites and increased pro-inflammatory response, was observed which suggests 

that TNF-α may also exert an anti-inflammatory effect (401).  

           The importance of TNF-α in human TB was first demonstrated in patients treated for 

rheumatoid arthritis with TNF-antagonists, which led to the reactivation of latent tuberculosis 

(402). The risk of developing active TB in these patients was 4-10-higher compared to the patients 

that were untreated for rheumatoid arthritis (403-406). The TB disease pattern in these patients is 

characterized by a high rate of extrapulmonary (56-62%) and disseminated TB disease (24-28%) 

(402,405). In addition, it has also been reported that anti-TNF treatment resulted in a decreased 

frequency of a subpopulation of memory CD4+ T cells and also of CD8+ effector memory T cells, 

which confirms that this treatment has severe effects on Mtb-specific T cell responses (321). 
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1.8.4.1.2 Interleukin-1 beta (IL-1β)  

           Numerous human genetic studies have reported an association of polymorphisms in the IL-

1 or IL-1R genes altering TB disease progression and susceptibility (407-411). In contrast, 

treatment of autoinflammatory disease and rheumatoid arthritis by the drug Anakinra that blocks 

IL-1 did not aggravate TB disease or reactivate latent infection (410). Thus, it is not clear whether 

IL-1 has a critical role in the control of Mtb infection in humans. 

1.8.4.1.3 Interleukin-6 (IL-6)  

           IL-6 exhibits both pro- and anti-inflammatory properties and has multiple roles in the 

immune response including inflammation, hematopoiesis, and differentiation of T cells (242,310). 

It is produced at the site of infection during the early stage of mycobacterial infection (242). The 

role of IL-6 in TB infection is controversial and little is known about IL-6 during Mtb infection in 

humans. It has been reported that patients with cavitary TB disease express lower levels of IL-6 in 

their bronchial alveolar lavage (BAL) fluid compared to TB patients without cavitary disease. 

There were no correlation between cytokine expression in BAL fluid and serum (412). In contrast, a 

study identified elevated blood plasma levels of IL-6 from TB patients with developed lung lesions 

(413).  

           In mouse models, the importance of IL-6 during Mtb infection depends upon the route and 

dose of infection. Neutralization of IL-6 either by antibody treatment or by gene deletion increased 

susceptibility to high dose intravenous challenge of mycobacteria in mice (414,415). In contrast, 

IL-6 deficient mice with a low dose aerosol infection of Mtb exhibited a modest increase in the 

bacterial load in the lungs compared to wild-type mice (416). In the low and high dose challenge 

models, increased IL-4 delayed T cell responses, and IFN-γ expression was observed (415,416). In 

vivo data support a protective role for IL-6 mediated through IFN-γ (415,416). It appears that from 
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animal studies and the human data, IL-6 may be associated with expression of immunity in the lung 

during the early stages of infection. 

1.8.4.1.4 Interleukin-12 (IL-12)  

            IL-12 is a key player in the host defense against infection with Mtb and has a critical role in 

the stimulation of IFN-γ production. IL-12 can be detected in lung infiltrates, and granulomas, and 

is associated with pleurisy and lymphadenitis (417). The importance of IL-12 in TB is illustrated in 

an individual’s deficient with IL-12p40. Deficiency in IL-12p40 increases susceptibility to Mtb 

infection (418-423). Further, patients with Mendelian susceptibility to mycobacterial disease 

(MSMD) exhibit susceptibility to Mtb due to the deficiencies in IL-12Rβ1, IFNγR1, and IL-12p40 

and develop disseminated BCG infection (BCGosis) following BCG vaccination (195,424-426).  

           In vivo animal models suggest that IL-12 is expressed within the lung during Mtb infection 

(417). Treatment of mice with exogenous IL-12 during Mtb infection increased survival of mice, 

resistance to Mtb infection, and increased production of IFN-γ by splenocytes (397,427). In 

contrast, the same effect was not observed in the IFN-γ deficient mice, suggesting that the 

protective effect of IL-12 is IFN-γ dependent (397). This was supported by studies in IL-12p40 

deficient mice which displayed increased susceptibility to Mtb infection, defective granuloma 

formation and reduced IFN-γ production levels by splenocytes (428,429). Further, IL-12p40 

homodimers are required for optimal DCs trafficing and T cell activation suggesting a role of IL-12 

in the maintenance of Th1 response during Mtb infection (203). However, comparison of IL-12p35 

and IL-12p40 deficient mice revealed that IL-12p35 deficient mice were less susceptible to Mtb 

infection and were capable of inducing an IFN-γ response, albeit at a reduced level compared to IL-

12p40 deficient mice (428).  
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1.8.4.1.5 Interferon-γ (IFN-γ)  

            IFN-γ is a key cytokine in the control of Mtb infection. It is primarily produced by CD4+ 

and CD8+ T cells (283,430) but also can be produced by T cells expressing γδ receptors (γδ T cells) 

and CD1-restricted T cells (431,432). IFN-γ activates macrophages, controls mycobacterial growth, 

and also induces production of inducible nitric oxide synthase (iNOS), an enzyme that synthesizes 

reactive nitrogen intermediates (RNIs) and NADPH-oxidase which synthesizes reactive oxygen 

species (ROS) (433). Deletion of the NOS2 gene in mice resulted in increased susceptibility to Mtb 

infection (434-436). The role of NOS in humans is less clear (437). Reports on the role of NADPH 

in the mouse model of Mtb are conflicting (433,434,438,438). One mechanism by which Mtb 

survives intracellularly in macrophages is through inhibition of phagosome maturation leading to a 

less acidic environment (439). IFN-γ has shown to increase the acidification of phagosome by the 

production of RNIs and ROS (35,431,432). In addition to activating macrophages, IFN-γ also play 

a role in the control of  immunopathology, and increased survival of neutrophils (440-443). 

1.8.4.2 Anti-inflammatory cytokines  

           The anti-inflammatory cytokines are molecules that control the pro-inflammatory cytokine 

response. Their role in TB infection is outlined in Table 1.5. 
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Table 1.5 Anti-inflammatory cytokines in TB infection 

Cytokine Receptor/Signal Main producers Role in Mtb infection 

IL-10 IL-10 receptor-1 and IL-

10 receptor-2 

Neutrophils, 

Macrophages, 

DC, Tregs 

Positive: Anti-

inflammatory 

Negative: inhibits 

CD4+ T cell responses, 

APC presentation, the 

function of 

macrophages and DCs, 

to produce IL-12 

TGF-β MMP-9, MMP-2 Macrophages, 

DC, Tregs 

Positive:aAnti-

inflammatory 

Negative: inhibits 

several T-cell 

activation and 

function, tissue 

damage 

IL-4 IL4R Th2 cells, 

Activated mast 

cells, basophils 

and γ/δ T cells 

Positive: anti-

inflammatory 

Negative: suppress 

IFN-γ production and 

macrophage activation 

IL-17 IL-17RC, IL-17RA CD4+ (Th17) T 

cells, γ/δ T cells 

Positive: recruitment 

of neutrophil, 

activation of 

macrophage 

Negative: drives 

pathology via  

neutrophils  

 

 

1.8.4.2.1 Interleukin-10 (IL-10)  

            IL-10 is secreted by macrophages, neutrophils, DCs, B cells, and T cells (444). IL-10 

directly inhibits CD4+ T cell response. IL-10 can also inhibit APC function of macrophages, DCs, 

and the production of cytokines such as IL-12, thus inhibiting the development of Th1 responses 

against mycobacterial infections (445). The role of IL-10 during Mtb infection has been 

controversial, with many conflicting reports possibly due to the differences in the genetic 
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background of the mice, and the strain of Mtb used for infection  (446). Early studies suggested that 

mice deficient with IL-10 had no effect on bacterial load (447) and IL-10 is not responsible for 

suppressing a Th1 response (448). Later studies suggested that IL-10 only suppressed protective 

responses early in infection (449). Furthermore, it has been shown that IL-10 inhibited the 

formation of mature, fibrotic granulomas capable of containing the infection, but depletion of IL-10 

did not enhance protection against Mtb (450). An in silico model of non-human primates showed 

that IL-10 is detrimental for granuloma sterilization but at the expense of caseation (451). This was 

further supported by reports that virulent strains of Mtb induce higher levels of IL-10 (452,453). 

For example, Mtb strain H37Rv and the clinical isolate CH produce different levels of IL-10 upon 

infection of human monocyte-derived macrophages (453). The hypervirulence of Mtb HN878 may 

be due to the production of higher levels of IL-10 producing Foxp3+ T cells upon aerosol infection 

in mice (452).  

            A role for IL-10 in contributing to the pathogenesis of Mtb infection is also suggested by 

studies in humans (446). Elevated levels of IL-10 are reported in the lungs (454), serum (455) and 

sputum (456) in active TB patients (446) (446). IFN-γ and IL-10 were produced by CD4+ T cells 

isolated from BAL from active TB patients compared to the healthy controls (457). Furthermore, 

the suppressive role of IL-10 was demonstrated by neutralizing IL-10 with anti-IL-10. In the 

absence of IL-10, production of IFN-γ by PBMCs from TB patients was increased when cultured in 

the presence of Mtb and the expression of IL-10 correlated with bacterial load in active TB patients 

(458).  

1.8.4.2.2 Transforming Growth Factor β (TGF-β)  

            TGF-β is produced by human monocytes and DCs they are present in the granulomatous 

lesions of tuberculosis patients (459,460). TGF-β inhibits T cell responses to Mtb infection and can 
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deactivate macrophages by inhibiting IFN-γ-induced NOS2 production (445). The role of TGF-β in 

vivo suggests that TGF-β suppress cell-mediated immunity, IFN-γ production, antigen presentation, 

production of pro-inflammatory cytokines, and cellular activation (459). In addition, TGF- β is 

involved in tissue damage and fibrosis loss (459). 

1.8.4.2.3 Interleukin-4 (IL-4)  

           The role of IL-4 is to suppress IFN-γ production and macrophage activation. IL-4 is 

associated with Th2 responses, induced in response to helminth infections and contributes to 

diseases such as asthma and allergy (461-464). In a mouse model, infection with Mtb or 

reactivation of latent infection is associated with increased production of IL-4 and overexpression 

of IL-4 aggravates tissue damage (465). Mtb infection in IL-4 gene-disrupted mice demonstrated 

similar bacterial load and susceptibility to TB infection as wild-type mice. There were no 

significant increase in the bacterial load observed in the IL-4 gene-disrupted mice (447). Production 

of IL-4 does not promote cellular immunity to Mtb infection, suggesting that IL-4 may not play a 

significant role in the development of TB disease (447). In contrast, a study in IL-4 knockout mice 

reported increased granuloma sizes, increased production of pro-inflammatory cytokines, excessive 

tissue damage and increased Mtb load compared to the control mice (466).  

1.8.4.2.4 Interleukin-17 (IL-17)  

           Th17 cells produce a variety of cytokines including IL-17, IL-22, and GM-CSF (310). These 

cells are important in generating immune responses to infection with extracellular bacteria and 

fungi (311,312). IL-17 is primarily produced by Th17 cells but other cells, such as γδ T cells and 

NKT cells are also able to produce IL-17 (467). During Mtb infection, γδ T cells are the major 

source of IL-17 production (468). The role of IL-17 in primary Mtb infection is unclear. IL-17 

deficiency in the mouse models was not reported to impact the control of Mtb infection; however, it 
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is proposed that IL-17 plays an important role in the formation of granulomas following BCG 

infection (177,469). During Mtb infection, IL-17 may play a role in the control of infection through 

CXCL13 in the induction and localization of T cells within the granuloma (470). However, the 

same study reported that IL-17 was dispensable for protection against the Mtb strain H37Rv and a 

less virulent clinical isolate CDC1551 (470). In contrast, it has been reported that IL-17 was 

required for control of bacterial loads following intra-tracheal infection with H37Rv (177). Thus, it 

seems that IL-17 may contribute to protection against Mtb infections but the precise role of IL-17 in 

the pathogenesis of TB infection is unknown. 

1.8.5 Chemokines in TB  

           CC chemokines are a sub-group of chemokines that include 27 members (471). In addition 

to their well-characterized roles in the regulation of inflammation and immune homeostasis, some 

members of this chemokine family such as chemokine CCL2 have been associated with increased 

susceptibility to pulmonary TB infection (472). High concentrations of CCL2 have been shown to 

inhibit the production of IL-12 in cultures of Mtb stimulated monocytes (228). CCL5 is a 

chemokine produced by a variety of cells including macrophages, fibroblasts, eosinophils, 

endothelial cells, and platelets. CCL5 exerts chemotactic activity on NK cells, T cells, DCs and 

macrophages to inflamed or infected tissues (473). The expression and functional activities of 

CCL5 have been studied in experimental models of granulomas, elicited by M. bovis. These results 

demonstrated higher levels of CCL5 in granulomas (474). Consequently, the recruitment of APCs 

and T cells and also the formation of granulomas induced by Mtb have been shown to be reduced in 

CCL5 knockout mice (475). CCL5 is especially important in the early responses to Mtb due to its 

role in the recruitment of IFN-γ-producing T cells to form granulomas at the site of infection (475). 
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CXC chemokines are a sub-group of chemokines that includes 17 members (471). It has 

been demonstrated that neutralization of TNF-α in Mtb infected macrophages resulted in a 

reduction of inflammatory chemokines such as CCL5, CXCL9, and CXCL10 (476). CXCL8 is a 

proinflammatory chemokine that recruits neutrophils and T cells in response to infection (477). It 

has been shown that IL-4 reduces CXCL8 levels, but has no effect on CXCL10 levels. The down-

regulation of CXCL8 secretion is important to prevent inflammation in human TB, but reduce cell-

mediated immune responses, since CXCL8 is required to induce neutrophil and T cell migration 

(478). CXCL9 and CXCL10 are induced by IFN-γ during infection, injury or inflammation. The 

main role is leucocyte trafficking by CD4+, CD8+ T cells and NK cells (479). CXCL10 secretion is 

induced by Mtb stimulated macrophages (480) and attracts T cells but not neutrophils (481)  

1.9 Models Used to Study the Tuberculosis Granuloma  

1.9.1  In vivo experimental models to study the TB granuloma  

            There are several nonhuman models that can be used to study the pathophysiology of the 

TB granuloma, (1) the humanized murine model, (2) the guinea pig model, (3) the rabbit model; 

and (4) the primate model. The mouse model has been very useful in obtaining the information on 

the cytokine and immune cell responses for granuloma formation. The benefits of the mouse model 

include the inexpensive nature of the assay system, the ease in handling mice, the different variant 

strains available and reagents available for the perturbation of the system (482,483). However, 

significant differences exist between the granulomatous response to Mtb infection in the lung 

between mice and humans (378). Necrosis is lacking or difficult to achieve in murine models 

(Figure 1.7B) and may not represent the necrosis seen in human granulomas (Figure 1.7A) 

(191,484-487). Finally, although latency can be studied, there is no standardized model of latency 

in the murine model (263). In guinea pig and rabbit models, the benefits include ease of handling 

and the ability to produce necrosis within the granuloma (488,489). There are now latent models of 
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infection that have been created in the guinea pig host but these have not been widely tested (490). 

The rabbit model is the only animal model that can represent the progressive disease as seen in 

human infection (491,492). However, drawbacks to both the guinea pig and rabbit models include 

the limited variety of reagents to study pathophysiology when compared with human or murine 

models. Finally, primate models of infection allow for granuloma production that is similar to 

humans and latency can be established (189,493), with necrosis also produced in granulomas (401). 

Drawbacks to using primates for this type of work include the expense, difficulty in handling and 

ethical concerns in primate research. 
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Figure1.8. Differences in granuloma structure between mouse and human granulomas. (A) In 

human granulomas, the infected macrophages are in the middle surrounded by other immune cells 

such as CD4+ and CD8+ T cells, as well as macrophages that fuse to form multinucleated giant cells 

or differentiated into foamy cells. This type of granuloma is seen during latent infection where the 

mycobacteria can be dormant and survive for decades. (B) granulomas in mice are comprised of 

loose non-necrotic aggregates, surrounded by lymphocytes and macrophages that have fused and 

differentiated into foamy cells. Mtb: Mycobacterium tuberculosis. 

 

1.9.2 Mathematical & computational models  

           Mathematical and computational models have been used to predict the granulomatous 

response in TB infection based on experimental observations and the available information about 

the disease (212,494-500). Mathematical models are inexpensive and allow investigators to test a 



69 
 

variety of new hypotheses and incorporate a number of complex parameters without the cost and 

time issues encountered in wet laboratory experiments (501,502). These models have been used to 

address questions in TB that are difficult to approach experimentally. For example, differential 

equation (DE) based models describe a relationship between numbers of cells and concentrations of 

molecules and their rates of change in the granuloma and time (212,499,500). In contrast to DE-

based models, individual-based models, or agent-based models (ABMs), are rule-based models that 

capture the events occurring in the immune systems (e.g., immune cells, bacteria, environmental 

factors) using a 2D grid representing a section of lung tissue (495-497). Although these models 

have been useful in answering complex questions, they are highly dependent on the parameters 

chosen, and require previous observations in different systems to extrapolate the results. As a result, 

they can miss unknown factors. 

1.9.3 In vitro granuloma models  

1.9.3.1 The experimental human lung tissue model  

           Previously, an early granuloma model was established using human lung tissue (503), which 

used a previously described 3D tissue model of the human lung mucosa (504). Macrophages were 

infected with Mtb strains prior to infection of the model and then co-introduced with PKH26 red 

fluorescent dye-labeled monocytes into the lung model. Using confocal microscopy, only virulent 

strain infections (e.g., H37Rv) and not avirulent strains (H37Ra, BCG, ΔRD1, and ΔESAT-6) were 

associated with monocyte/macrophage clustering at the infection sites (503). As an indicator of 

necrosis, another group stained for HMGB-1 protein, a marker released from cells undergoing 

necrosis (505). They observed a significantly higher level of HMGB-1 staining in tissues infected 

with H37Ra than in uninfected areas or in tissues infected with avirulent or ΔRD1 or ΔESAT-6 

strains (503). However, it should be noted that this is a very preliminary model which uses indirect 
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indicators (e.g., macrophage, monocytes clustering and HMGB-1 protein production) and only 

involves macrophages, monocytes, fibroblasts and lung-specific epithelial cells (503). A key 

message in this study is that mycobacterial factors may be important in initiating early phases of 

granuloma production, as well as the development of necrosis. 

1.9.3.2 Peripheral blood mononuclear cell models  

           Peripheral blood mononuclear cell (PBMC) granuloma models allow for the systematic 

determination of bacterial and host factors that drive granuloma formation and pathophysiology 

(209). Over the last 10 years, a variety of approaches have been used.  In early models, proof of 

principle studies used Mtb antigens attached to agarose beads instead of viable mycobacteria. These 

antigen-bead complexes, when incubated with PBMCs, induced the production of the granuloma-

like structure. The composition of immune cells within these structures was similar to that found in 

natural Mtb granulomas. Later studies used cyanogen bromide (CNBr)-activated Sepharose beads 

coated with purified protein derivative (PPD) (506). In a study by Puissegur et al., blood samples 

were collected from healthy BCG-vaccinated, PPD-reactive nontuberculous control individuals 

(507). Monocyte-like cells were recruited to the bead surface on day one. By day four, lymphocyte-

like cells were recruited and were seen to bind to the attached monocyte-like cells. By day five, 

bead surfaces were completely covered by recruited cells and multilayers of monocytes and 

lymphocytes were formed with pseudopodia (indicating cell differentiation) identified (508). 

Staining at day nine identified CD68-positive staining cells that might represent multinucleated 

giant cells (MGC). These MGC-like cells were also surrounded by CD3- stained lymphocytes 

(508). Potential macrophages stained strongly positive for CD168, and possible epithelioid cells 

were weakly stained for CD168. 
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           Other PBMC models have avoided antigen-coated beads and utilized viable BCG to create 

granuloma-like structures. This approach also showed that PBMCs from healthy donors were able 

to form granuloma-like structures around BCG within nine days (509). These granulomas included 

activated lymphocytes in tight contact with macrophages, as well as multinucleated giant cells. 

BCG-containing phagosomes were also present in what appeared to be epithelioid cells. 

            However, it is not clear how BCG generates a granuloma in the absence of RD1 and how 

these models would vary from other Mtb models. BCG granulomas are possible as BCG pulmonary 

granulomas have been described in highly immunocompromised patients (509). The growing 

number of models using human donor PBMCs suggest that the immune status, previous PPD or 

BCG exposure, previous Mtb infection status and health (including acute infections) of the PBMC 

donor must be accounted for when in vitro granuloma models are studied (508).  

            Concerns remain about these in vitro PBMC granuloma models. Are these models in fact 

just cell aggregates with similar cellular characteristics to human granulomas? Perhaps they have 

some key characteristics that may improve our knowledge about Mtb infections. They allow us to 

study Mtb infections of cells in a mixed multicellular environment. They may also account for 

PBMC donor factors that might have a downstream impact on how Mtb infections occur, and how 

granulomas are formed. These models can be quite dynamic and can be used to study the 

proliferation of specific cell types during a mock infection.  

1.9.3.3 In vitro granuloma models are amenable to microdissection approaches  

           New developments in microdissection (510) have raised the possibility that individual 

granulomas within an infection model could be interrogated. The previous PBMC granuloma 

models described above have all been approached as a single system with no attempt to dissect 

individual granulomas. Given the previous discussion that each granuloma may be on its own 
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developmental trajectory, it is possible that dissection approaches could provide more information 

on how individual granulomas develop within a larger system. Microdissection studies have 

previously been used to study the expression of host cell genes in lung tissue from Mtb infected 

mice (511). Tissue from microdissection has also been used for qPCR, and immunohistochemistry 

from M. bovis induced granulomas in cattle. 

1.9.3.4 Dormancy models of TB infection  

           As described earlier, host cell-free Mtb culture experiments have often been used to mimic 

the conditions encountered by the bacteria within host granulomas (512-514). These have then been 

applied to simple infection models with some, for example, using a hypoxic-induced environment 

model, it was shown that Mtb accumulates triacylglycerides and goes into a dormant state but can 

regrow after re-exposure to oxygen (514). When this information was applied to a lipid loading 

THP-1 infection model, the Mtb was found to be dormant (513,514). This work has been useful in 

improving our understanding of the metabolic adaptation of Mtb during processes resembling 

dormancy. However, these models have been unable to demonstrate resuscitation under conditions 

that mimic immune suppression, which is a key element in Mtb pathophysiology leading to active 

TB. To achieve this goal, 3D in vitro models of granulomas have been studied.  

1.9.3.5 3D in vitro models  

           Seitzer and Gerdes were the first to report the 3D granuloma model using PBMCs infected 

with Mtb (515). In their studies, PBMCs were infected with Mtb strain H37Rv at different 

multiplicity of infection (MOI) (number of bacteria/cell) and seeded into agarose-coated wells. 

After four days of incubation, the lowest MOI in their study (1:150) produced host cell aggregates. 

However, infection at a higher MOI did not result in a large aggregate formation but rather 

numerous very small aggregates. An increase in the number of dead cells was also observed. By 
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histological analysis the aggregates were confirmed to have similar phenotypical characteristics 

(e.g., cell population type) to natural Mtb granulomas. Another study combined human PBMCs, 

autologous macrophages and Mtb in ultralow attachment tissue culture plates. The non-adherent 

PBMCs were added on day two and five after infection to mimic the natural infection process in 

which additional lymphocytes are recruited to the infection site (200). The formation of granulomas 

was observed and acid-fast bacilli were observed within the host cells composing the granuloma. 

Birkness et al., also showed that the addition of IL2, IFN-γ and/or TNF-α, enhanced the formation 

of the granuloma and host cell recruitment. Although these models have provided researchers with 

important information about granuloma cell differentiation, they were unable to establish dormancy 

and resuscitation inside the 3D-generated granulomas. 

            Kapoor et al. developed a 3D in vitro granuloma model in which Mtb progresses to dor-

mancy and subsequently resuscitates under conditions that mimic weakening of the immune system 

(516). PBMCs were mixed at room temperature with an extracellular matrix (ECM). Mtb H37Rv 

was added to the ECM at MOI of 1:10. After 8 days of incubation, micro granulomas, and an 

aggregation of lymphocytes around infected macrophages were observed, as well as the presence of 

multinucleated giant cells. The cytokines IFN-γ, TNF-α, IL-12p40, and IL-10 were detected in the 

culture supernatants. Dormancy was demonstrated by the loss of acid-fastness, accumulation of 

lipid bodies, development of rifampicin tolerance, and gene expression changes. Treating the 

granulomas with immunosuppressant anti-TNF-monoclonal antibody reactivated the dormant Mtb. 

Several other studies used the 3D granuloma model to study other mycobacterial diseases, such as 

M. leprae (517), M. bovis (515) and M. avium (200). These studies had the advantage of showing 

Mtb going into dormancy and subsequently resuscitating under conditions that mimic weakening of 
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the immune system, these studies were not able to mimic the different cell types in a lung tissue 

exposed to Mtb infection (200,508,516,517).  

           Recently, Braian et al. developed a cell-based in vitro human lung tissue model (518). In this 

model, the human lung-specific fibroblasts were cultured in a matrix of collagen. A transwell insert 

matrix was layered over the top of the membrane. Monocytes or macrophages isolated from the 

PBMC were infected with Mtb and added to the matrix layer, and human lung-specific epithelial 

cells were added to the culture. The culture was then exposed to air to initiate the production of 

extracellular matrix proteins, mucus secretion, and stratification by the epithelium. The advantage 

of this 3D tissue model is that it displays the characteristic features of human lung tissue, including 

epithelial cells integrated with macrophages, the formation of extracellular matrix, stratified epi-

thelia and mucus secretion (518). Although this model has several advantages over other in vitro 

models, it has some limitations. This model consists of only monocytes and macrophages, besides 

lung-specific cells. It lacks neutrophils and lymphocytes which are also known to be in TB 

granulomas. This model can be used to study both active infection and latent states. Continued 

work is needed to determine if this model is representative of true dormancy.  

           In summary, 3D in vitro models are comparable to granulomas observed in clinical 

specimens. Potential applications of the in vitro models include the study of functional 

characterization of individual cell types, of cell surface expression, cytokine and chemokine 

secretion, development of dormancy, and resuscitation under conditions that suppress the host 

immune response. These models could potentially provide insights into the mechanistic aspects of 

host defenses, such as phagosomal maturation, autophagy, and antimicrobial peptides. Interestingly, 

3D in vitro models allow manipulation of one or more cells types and provide a relevant tissue 

microenvironment, potentially a platform for testing vaccine and drug candidates against dormant, 
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as well as active mycobacteria. These models could also potentially provide insights between 

mycobacteria and host–cell interactions within granuloma structures, which animal models have 

limited ability to address. 

1.10 Rationale for thesis research  

           The main defense mechanism against Mtb infection is the formation of granulomas. An 

understanding of the complex host-pathogen that takes place within the TB granuloma is critical for 

the design of new TB drugs and vaccines. The animal models of Mtb, through the use of knockout 

and transgenic animals as well as antibody depletion, has been helpful for understating the 

mechanisms of the immune response that are required for bacterial containment. However, this 

approach is limited in understanding the loss or gain of an immune component at a systemic level.  

In vitro granuloma models allow for the study of defined cellular and soluble host factors, as well 

as specific natural strains and acellular mycobacterial components. This ability to work with 

simpler systems involved in granuloma formation, while still maintaining a sense of complexity, 

allows for the creation of well-focused scientific hypotheses in a model that is more representative 

of the natural host. In vitro granuloma models will also allow the exploration of genetic and 

immunologic variables contributing to TB including the metabolic state of mycobacteria contained 

inside human granulomas. For example, studies in an animal models identified that BCG 

vaccination generates effective, long-lasting immunity that prevents Mtb infection and the 

development of TB. However, the exact mechanism by which the immunity fails in the lung is not 

completely understood and whether BCG vaccination is good or bad is still a debatable question. 

The role of adaptive immune cell subsets (Th1, Th2, Th17 and Tregs) on BCG vaccination remains 

to be evaluated in terms of the variability between the hosts (i.e, why some individuals develop 

immunity and some do not) and is key in controlling the infection. Understanding BCG vaccination 
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mediated adaptive immune responses to Mtb in animal models is problematic because they do not 

exactly recapitulate Mtb infection in humans. Mtb has evolved to primarily infect humans and thus 

using human models to study the mechanisms that are responsible for clearance of mycobacteria is 

very important. In doing so, our insight of the human Mtb granuloma response will be greatly 

improved, thus new ideas for biomarkers, therapy and development of effective vaccines against 

TB infection. These studies address an important question in human Mtb infection: is the formation 

of granuloma dependent on BCG vaccination and the variability between the hosts is simply a Th1 

or inflammatory response, or is a more balanced immune response necessary for granuloma 

formation and containment of infection that may be valuable.   
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1.11 Overall study hypotheses  

 Host BCG vaccination history and/or types of of host immune cells (Tregs) will affect 

immune cell recruitment, Mtb growth and cytokine responses in a human PBMC-derived in vitro 

model of early Mtb H37Ra infection. 

1.11.1 Objectives and hypothesis  

 

Objective 1: To investigate if infection of human PBMCs with an attenuated strain of Mtb H37Ra 

forms early host immune cell aggregates (Chapter 2).  

Hypothesis: Infection of PBMCs with Mtb H37Ra will form early host immune cell aggregates. 

Objective 2: To evaluate the impact of BCG vaccination on mycobacterial load and immune 

responses in a human PBMC-derived model of early Mtb H37Ra infection (Chapter 2).   

Hypothesis: Infection of BCG vaccinated donor PBMCs suppress bacterial replication and Th2 

cytokine responses  

Objective 3: To examine mycobacterial load and immune responses in a Tregs depleted  

PBMC-derived model of early Mtb H37Ra infection (Chapter 3).  

Hypothesis: Tregs suppress bacterial replication and Th2 cytokine responses  

 

 

 

 

 

 

 

 



78 
 

1.12 References 

 

(1) World Health Organization, Available at: htp://www.who.int/tb/publications/global_report/en/.  

(2) Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al. Tuberculosis. Nat Rev 

Dis Primers 2016 Oct 27;2:16076.  

(3) World Health Organization, Available at:  http://www.who.int/tb/research/en/.  

(4) Gideon HP, Flynn JL. Latent tuberculosis: what the host "sees"? Immunol Res 2011 Aug;50(2-

3):202-212.  

(5) Kwan CK, Ernst JD. HIV and tuberculosis: a deadly human syndemic. Clin Microbiol Rev 2011 

Apr;24(2):351-376.  

(6) Fogel N. Tuberculosis: a disease without boundaries. Tuberculosis (Edinb) 2015 Sep;95(5):527-

531.  

(7) Pagan AJ, Ramakrishnan L. The Formation and Function of Granulomas. Annu Rev Immunol 

2018 Apr 26;36:639-665.  

(8) Ai JW, Ruan QL, Liu QH, Zhang WH. Updates on the risk factors for latent tuberculosis 

reactivation and their managements. Emerg Microbes Infect 2016 Feb 3;5:e10.  

(9) Sinha P, Gupta A, Prakash P, Anupurba S, Tripathi R, Srivastava GN. Differentiation of 

Mycobacterium tuberculosis complex from non-tubercular mycobacteria by nested multiplex PCR 

targeting IS6110, MTP40 and 32kD alpha antigen encoding gene fragments. BMC Infect Dis 2016 

Mar 12;16:123-016-1450-1.  

(10) Fennelly KP, Jones-Lopez EC. Quantity and Quality of Inhaled Dose Predicts 

Immunopathology in Tuberculosis. Front Immunol 2015 Jun 29;6:313.  

(11) Gong C, Linderman JJ, Kirschner D. A population model capturing dynamics of tuberculosis 

granulomas predicts host infection outcomes. Math Biosci Eng 2015 Jun;12(3):625-642.  

(12) Luca S, Mihaescu T. History of BCG Vaccine. Maedica (Buchar) 2013 Mar;8(1):53-58.  

(13) Calmette A, Guerin C, Boquet A, Négre L. La vaccination préventive contre la tuberculose par 

le "BCG. Paris: Masson et cie; 1927.  

(14) Brewer TF. Preventing tuberculosis with bacillus Calmette-Guerin vaccine: a meta-analysis of 

the literature. Clin Infect Dis 2000 Sep;31 Suppl 3:S64-7.  

(15) Liu J, Tran V, Leung AS, Alexander DC, Zhu B. BCG vaccines: their mechanisms of 

attenuation and impact on safety and protective efficacy. Hum Vaccin 2009 Feb;5(2):70-78.  



79 
 

(16) Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg HV, et al. Efficacy of 

BCG vaccine in the prevention of tuberculosis. Meta-analysis of the published literature. JAMA 

1994 Mar 2;271(9):698-702.  

(17) Moliva JI, Turner J, Torrelles JB. Immune Responses to Bacillus Calmette-Guerin 

Vaccination: Why Do They Fail to Protect against Mycobacterium tuberculosis? Front Immunol 

2017 Apr 5;8:407.  

(18) Migliori GB, D'Arcy Richardson M, Sotgiu G, Lange C. Multidrug-resistant and extensively 

drug-resistant tuberculosis in the West. Europe and United States: epidemiology, surveillance, and 

control. Clin Chest Med 2009 Dec;30(4):637-65, vii.  

(19) Calver AD, Falmer AA, Murray M, Strauss OJ, Streicher EM, Hanekom M, et al. Emergence 

of increased resistance and extensively drug-resistant tuberculosis despite treatment adherence, 

South Africa. Emerg Infect Dis 2010 Feb;16(2):264-271.  

(20) Fauci AS, NIAID Tuberculosis Working Group. Multidrug-resistant and extensively drug-

resistant tuberculosis: the National Institute of Allergy and Infectious Diseases Research agenda 

and recommendations for priority research. J Infect Dis 2008 Jun 1;197(11):1493-1498.  

(21) Gandhi NR, Nunn P, Dheda K, Schaaf HS, Zignol M, van Soolingen D, et al. Multidrug-

resistant and extensively drug-resistant tuberculosis: a threat to global control of tuberculosis. 

Lancet 2010 May 22;375(9728):1830-1843.  

(22) Mdluli K, Kaneko T, Upton A. The tuberculosis drug discovery and development pipeline and 

emerging drug targets. Cold Spring Harb Perspect Med 2015 Jan 

29;5(6):10.1101/cshperspect.a021154.  

(23) Zumla A, Chakaya J, Centis R, D'Ambrosio L, Mwaba P, Bates M, et al. Tuberculosis 

treatment and management--an update on treatment regimens, trials, new drugs, and adjunct 

therapies. Lancet Respir Med 2015 Mar;3(3):220-234.  

(24) Zumla A, Nahid P, Cole ST. Advances in the development of new tuberculosis drugs and 

treatment regimens. Nat Rev Drug Discov 2013 May;12(5):388-404.  

(25) Meda ZC, Sombie I, Sanon OW, Mare D, Morisky DE, Chen YM. Risk factors of tuberculosis 

infection among HIV/AIDS patients in Burkina Faso. AIDS Res Hum Retroviruses 2013 

Jul;29(7):1045-1055.  

(26) Cui Z, Lin M, Nie S, Lan R. Risk factors associated with Tuberculosis (TB) among people 

living with HIV/AIDS: A pair-matched case-control study in Guangxi, China. PLoS One 2017 Mar 

30;12(3):e0173976.  



80 
 

(27) Turkova A, Chappell E, Judd A, Goodall RL, Welch SB, Foster C, et al. Prevalence, incidence, 

and associated risk factors of tuberculosis in children with HIV living in the UK and Ireland 

(CHIPS): a cohort study. Lancet HIV 2015 Dec;2(12):e530-9.  

(28) Trinh QM, Nguyen HL, Nguyen VN, Nguyen TV, Sintchenko V, Marais BJ. Tuberculosis and 

HIV co-infection-focus on the Asia-Pacific region. Int J Infect Dis 2015 Mar;32:170-178.  

(29) Yah CS, Tambo E, Khayeka-Wandabwa C, Ngogang JY. Impact of telemonitoring approaches 

on integrated HIV and TB diagnosis and treatment interventions in sub-Saharan Africa: a scoping 

review. Health Promot Perspect 2017 Mar 5;7(2):60-65.  

(30) Rastogi N, Legrand E, Sola C. The mycobacteria: an introduction to nomenclature and 

pathogenesis. Rev Sci Tech 2001 Apr;20(1):21-54.  

(31) Koch R. The etiology of tuberculosis [Koch’s postulates] Mittheilungen aus dem Kaiserlichen 

Gesundheitsamte. 1884(2:1–88.).  

(32) Gerhard, Armauer, Hansen,. Undersøgelser Angående Spedalskhedens Årsager (Investigations 

concerning the etiology of leprosy)". Norsk Mag. Laegervidenskaben (in Norwegian). 1874;4:1–88.  

(33) Jankute M, Cox JA, Harrison J, Besra GS. Assembly of the Mycobacterial Cell Wall. Annu 

Rev Microbiol 2015;69:405-423.  

(34) Jamwal SV, Mehrotra P, Singh A, Siddiqui Z, Basu A, Rao KV. Mycobacterial escape from 

macrophage phagosomes to the cytoplasm represents an alternate adaptation mechanism. Sci Rep 

2016 Mar 16;6:23089.  

(35) Gengenbacher M, Kaufmann SH. Mycobacterium tuberculosis: success through dormancy. 

FEMS Microbiol Rev 2012 May;36(3):514-532.  

(36) Ryan GJ, Shapiro HM, Lenaerts AJ. Improving acid-fast fluorescent staining for the detection 

of mycobacteria using a new nucleic acid staining approach. Tuberculosis (Edinb) 2014 

Sep;94(5):511-518.  

(37) Hett EC, Rubin EJ. Bacterial growth and cell division: a mycobacterial perspective. Microbiol 

Mol Biol Rev 2008 Mar;72(1):126-56, table of contents.  

(38) Plank LD, Harvey JD. Generation time statistics of Escherichia coli B measured by 

synchronous culture techniques. J Gen Microbiol 1979 Nov;115(1):69-77.  

(39) Tang JW, Li Y, Eames I, Chan PK, Ridgway GL. Factors involved in the aerosol transmission 

of infection and control of ventilation in healthcare premises. J Hosp Infect 2006 Oct;64(2):100-

114.  



81 
 

(40) Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, et al. Deciphering the biology 

of Mycobacterium tuberculosis from the complete genome sequence. Nature 1998 Jun 

11;393(6685):537-544.  

(41) Mizrahi V, Andersen SJ. DNA repair in Mycobacterium tuberculosis. What have we learnt 

from the genome sequence? Mol Microbiol 1998 Sep;29(6):1331-1339.  

(42) Musser JM, Amin A, Ramaswamy S. Negligible genetic diversity of Mycobacterium 

tuberculosis host immune system protein targets: evidence of limited selective pressure. Genetics 

2000 May;155(1):7-16.  

(43) Zheng H, Lu L, Wang B, Pu S, Zhang X, Zhu G, et al. Genetic basis of virulence attenuation 

revealed by comparative genomic analysis of Mycobacterium tuberculosis strain H37Ra versus 

H37Rv. PLoS One 2008 Jun 11;3(6):e2375.  

(44) Yuk JM, Jo EK. Host immune responses to mycobacterial antigens and their implications for 

the development of a vaccine to control tuberculosis. Clin Exp Vaccine Res 2014 Jul;3(2):155-167.  

(45) Cimino M, Thomas C, Namouchi A, Dubrac S, Gicquel B, Gopaul DN. Identification of DNA 

binding motifs of the Mycobacterium tuberculosis PhoP/PhoR two-component signal transduction 

system. PLoS One 2012;7(8):e42876.  

(46) Frigui W, Bottai D, Majlessi L, Monot M, Josselin E, Brodin P, et al. Control of M. 

tuberculosis ESAT-6 secretion and specific T cell recognition by PhoP. PLoS Pathog 2008 Feb 

8;4(2):e33.  

(47) Steenken J, Gardner L. Lysis of Tubercle Bacilli in Vitro. 1946;54(American review of 

tuberculosis):52-66.  

(48) Tsukamura M. Loss of cord formation of thermophilic variants of Mycobacterium 

tuberculosis. Microbiol Immunol 1983;27(8):709-710.  

(49) Dubos RJ. Cellular Structures and Functions Concerned in Parasitism. Bacteriol Rev 1948 

Sep;12(3):173-194.  

(50) Heplar JQ, Clifton CE, Rafel S, Futrella CM. Virulence of the tubercle bacillus. I. Effect of 

oxygen tension upon respiration of virulent and avirulent bacilli. J Infect Dis 1954 Jan-

Feb;94(1):90-98.  

(51) Honigsbaum M. Rene Dubos, tuberculosis, and the "ecological facets of virulence". Hist Philos 

Life Sci 2017 Sep;39(3):15-017-0142-5. Epub 2017 Jul 4.  

(52) Alsaadi AI, Smith DW. The fate of virulent and attenuated Mycobacteria in guinea pigs 

infected by the respiratory route. Am Rev Respir Dis 1973 Jun;107(6):1041-1046.  



82 
 

(53) Pierce CH, Dubos RJ, Schaefer WB. Multiplication and survival of tubercle bacilli in the 

organs of mice. J Exp Med 1953 Feb 1;97(2):189-206.  

(54) Larson CL, Wicht WC. Infection of Mice with Mycobacterium Tuberculosis, Strain H37ra. 

Am Rev Respir Dis 1964 Nov;90:742-748.  

(55) Faraji AH, Wipf P. Nanoparticles in cellular drug delivery. Bioorg Med Chem 2009 Apr 

15;17(8):2950-2962.  

(56) Belisle JT, Vissa VD, Sievert T, Takayama K, Brennan PJ, Besra GS. Role of the major 

antigen of Mycobacterium tuberculosis in cell wall biogenesis. Science 1997 May 

30;276(5317):1420-1422.  

(57) Forrellad MA, Klepp LI, Gioffre A, Sabio y Garcia J, Morbidoni HR, de la Paz Santangelo M, 

et al. Virulence factors of the Mycobacterium tuberculosis complex. Virulence 2013 Jan 1;4(1):3-

66.  

(58) Smith JP. Nanoparticle delivery of anti-tuberculosis chemotherapy as a potential mediator 

against drug-resistant tuberculosis. Yale J Biol Med 2011 Dec;84(4):361-369.  

(59) Smith I. Mycobacterium tuberculosis pathogenesis and molecular determinants of virulence. 

Clin Microbiol Rev 2003 Jul;16(3):463-496.  

(60) Delogu G, Brennan MJ. Functional domains present in the mycobacterial hemagglutinin, 

HBHA. J Bacteriol 1999 Dec;181(24):7464-7469.  

(61) Raghavan S, Manzanillo P, Chan K, Dovey C, Cox JS. Secreted transcription factor controls 

Mycobacterium tuberculosis virulence. Nature 2008 Aug 7;454(7205):717-721.  

(62) Banaiee N, Jacobs WR,Jr, Ernst JD. Regulation of Mycobacterium tuberculosis whiB3 in the 

mouse lung and macrophages. Infect Immun 2006 Nov;74(11):6449-6457.  

(63) Amir M, Aqdas M, Nadeem S, Siddiqui KF, Khan N, Sheikh JA, et al. Diametric Role of the 

Latency-Associated Protein Acr1 of Mycobacterium tuberculosis in Modulating the Functionality 

of Pre- and Post-maturational Stages of Dendritic Cells. Front Immunol 2017 May 30;8:624.  

(64) Lopez M, Sly LM, Luu Y, Young D, Cooper H, Reiner NE. The 19-kDa Mycobacterium 

tuberculosis protein induces macrophage apoptosis through Toll-like receptor-2. J Immunol 2003 

Mar 1;170(5):2409-2416.  

(65) Manganelli R, Provvedi R, Rodrigue S, Beaucher J, Gaudreau L, Smith I. Sigma factors and 

global gene regulation in Mycobacterium tuberculosis. J Bacteriol 2004 Feb;186(4):895-902.  



83 
 

(66) Kang CM, Abbott DW, Park ST, Dascher CC, Cantley LC, Husson RN. The Mycobacterium 

tuberculosis serine/threonine kinases PknA and PknB: substrate identification and regulation of cell 

shape. Genes Dev 2005 Jul 15;19(14):1692-1704.  

(67) Grange JM, Brunet LR, Rieder HL. Immune protection against tuberculosis--when is 

immunotherapy preferable to vaccination? Tuberculosis (Edinb) 2011 Mar;91(2):179-185.  

(68) Ndlovu H, Marakalala MJ. Granulomas and Inflammation: Host-Directed Therapies for 

Tuberculosis. Front Immunol 2016 Oct 24;7:434.  

(69) Cardona PJ. Reactivation or reinfection in adult tuberculosis: Is that the question? Int J 

Mycobacteriol 2016 Dec;5(4):400-407.  

(70) Sasindran SJ, Torrelles JB. Mycobacterium Tuberculosis Infection and Inflammation: what is 

Beneficial for the Host and for the Bacterium? Front Microbiol 2011 Jan 26;2:2.  

(71) Bhalla AS, Goyal A, Guleria R, Gupta AK. Chest tuberculosis: Radiological review and 

imaging recommendations. Indian J Radiol Imaging 2015 Jul-Sep;25(3):213-225.  

(72) Glickman MS, Jacobs WR,Jr. Microbial pathogenesis of Mycobacterium tuberculosis: dawn of 

a discipline. Cell 2001 Feb 23;104(4):477-485.  

(73) Palaci M, Dietze R, Hadad DJ, Ribeiro FK, Peres RL, Vinhas SA, et al. Cavitary disease and 

quantitative sputum bacillary load in cases of pulmonary tuberculosis. J Clin Microbiol 2007 

Dec;45(12):4064-4066.  

(74) Blanco M, Ratzan J, Cabello-Inchausti B, Fernandes L. Necrotizing granulomas in B-cell 

chronic lymphocytic leukemia/small lymphocytic lymphoma. Ann Diagn Pathol 2002 

Aug;6(4):216-221.  

(75) Basu S, Galvani AP. The evolution of tuberculosis virulence. Bull Math Biol 2009 

Jul;71(5):1073-1088.  

(76) Subbian S, Tsenova L, Kim MJ, Wainwright HC, Visser A, Bandyopadhyay N, et al. Lesion-

Specific Immune Response in Granulomas of Patients with Pulmonary Tuberculosis: A Pilot Study. 

PLoS One 2015 Jul 2;10(7):e0132249.  

(77) Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils. Annu Rev 

Pathol 2014;9:181-218.  

(78) Russell DG, Cardona PJ, Kim MJ, Allain S, Altare F. Foamy macrophages and the progression 

of the human tuberculosis granuloma. Nat Immunol 2009 Sep;10(9):943-948.  

(79)  http://www.who.int/tb/research/en/.  



84 
 

(80) Campbell IA, Bah-Sow O. Pulmonary tuberculosis: diagnosis and treatment. BMJ 2006 May 

20;332(7551):1194-1197.  

(81) Moore M, Stuart B, Little P, Smith S, Thompson MJ, Knox K, et al. Predictors of pneumonia 

in lower respiratory tract infections: 3C prospective cough complication cohort study. Eur Respir J 

2017 Nov 22;50(5):10.1183/13993003.00434-2017. Print 2017 Nov.  

(82) Ryu YJ. Diagnosis of pulmonary tuberculosis: recent advances and diagnostic algorithms. 

Tuberc Respir Dis (Seoul) 2015 Apr;78(2):64-71.  

(83) Karkhanis VS, Joshi JM. Pleural effusion: diagnosis, treatment, and management. Open 

Access Emerg Med 2012 Jun 22;4:31-52.  

(84) Karatas OH, Toy E. Three-dimensional imaging techniques: A literature review. Eur J Dent 

2014 Jan;8(1):132-140.  

(85) Choromanska A, Macura KJ. Evaluation of solitary pulmonary nodule detected during 

computed tomography examination. Pol J Radiol 2012 Apr;77(2):22-34.  

(86) Nakanishi M, Demura Y, Ameshima S, Kosaka N, Chiba Y, Nishikawa S, et al. Utility of 

high-resolution computed tomography for predicting risk of sputum smear-negative pulmonary 

tuberculosis. Eur J Radiol 2010 Mar;73(3):545-550.  

(87) Daniel TM. The history of tuberculosis. Respir Med 2006 Nov;100(11):1862-1870.  

(88) Costa NM, Albuquerque M, Lins JB, Alvares-Junior JT, Stefani MM. Delayed-type 

hypersensitivity skin test responses to PPD and other antigens among BCG-vaccinated HIV-1-

infected and healthy children and adolescents. Rev Soc Bras Med Trop 2011 Oct;44(5):542-545.  

(89) Al-Orainey IO. Diagnosis of latent tuberculosis: Can we do better? Ann Thorac Med 2009 

Jan;4(1):5-9.  

(90) Nayak S, Acharjya B. Mantoux test and its interpretation. Indian Dermatol Online J 2012 

Jan;3(1):2-6.  

(91) Yaacob I, Ahmad Z. Clinical significance of Mantoux test in Malaysian patients. Med J 

Malaysia 1990 Sep;45(3):231-234.  

(92) Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, Stover CK. Molecular analysis of genetic 

differences between Mycobacterium bovis BCG and virulent M. bovis. J Bacteriol 1996 

Mar;178(5):1274-1282.  

(93) Pai M, Denkinger CM, Kik SV, Rangaka MX, Zwerling A, Oxlade O, et al. Gamma interferon 

release assays for detection of Mycobacterium tuberculosis infection. Clin Microbiol Rev 2014 

Jan;27(1):3-20.  



85 
 

(94) Hooja S, Pal N, Malhotra B, Goyal S, Kumar V, Vyas L. Comparison of Ziehl Neelsen & 

Auramine O staining methods on direct and concentrated smears in clinical specimens. Indian J 

Tuberc 2011 Apr;58(2):72-76.  

(95) Naveen G, Peerapur BV. Comparison of the Lowenstein-Jensen Medium, the Middlebrook 

7H10 Medium and MB/BacT for the Isolation of Mycobacterium Tuberculosis (Mtb) from Clinical 

Specimens. J Clin Diagn Res 2012 Dec;6(10):1704-1709.  

(96) Azadi D, Motallebirad T, Ghaffari K, Shojaei H. Mycobacteriosis and Tuberculosis: 

Laboratory Diagnosis. Open Microbiol J 2018 Mar 30;12:41-58.  

(97) McCarter YS, Robinson A. Quality evaluation of sputum specimens for mycobacterial culture. 

Am J Clin Pathol 1996 Jun;105(6):769-773.  

(98) Cudahy P, Shenoi SV. Diagnostics for pulmonary tuberculosis. Postgrad Med J 2016 

Apr;92(1086):187-193.  

(99) Lipsky BA, Gates J, Tenover FC, Plorde JJ. Factors affecting the clinical value of microscopy 

for acid-fast bacilli. Rev Infect Dis 1984 Mar-Apr;6(2):214-222.  

(100) Peterson EM, Nakasone A, Platon-DeLeon JM, Jang Y, de La Maza LM, Desmond E. 

Comparison of direct and concentrated acid-fast smears to identify specimens culture positive for 

Mycobacterium spp. J Clin Microbiol 1999 Nov;37(11):3564-3568.  

(101) Rickman TW, Moyer NP. Increased sensitivity of acid-fast smears. J Clin Microbiol 1980 

Jun;11(6):618-620.  

(102) Nurwidya F, Handayani D, Burhan E, Yunus F. Molecular Diagnosis of Tuberculosis. 

Chonnam Med J 2018 Jan;54(1):1-9.  

(103) Kik SV, Denkinger CM, Chedore P, Pai M. Replacing smear microscopy for the diagnosis of 

tuberculosis: what is the market potential? Eur Respir J 2014 Jun;43(6):1793-1796.  

(104) Mlotshwa M, Abraham N, Beery M, Williams S, Smit S, Uys M, et al. Risk factors for 

tuberculosis smear non-conversion in Eden district, Western Cape, South Africa, 2007-2013: a 

retrospective cohort study. BMC Infect Dis 2016 Aug 2;16:365-016-1712-y.  

(105) Kocagoz T, Yilmaz E, Ozkara S, Kocagoz S, Hayran M, Sachedeva M, et al. Detection of 

Mycobacterium tuberculosis in sputum samples by polymerase chain reaction using a simplified 

procedure. J Clin Microbiol 1993 Jun;31(6):1435-1438.  

(106) Aslanzadeh J, de la Viuda M, Fille M, Smith WB, Namdari H. Comparison of culture and 

acid-fast bacilli stain to PCR for detection of Mycobacterium tuberculosis in clinical samples. Mol 

Cell Probes 1998 Aug;12(4):207-211.  



86 
 

(107) Sarmiento OL, Weigle KA, Alexander J, Weber DJ, Miller WC. Assessment by meta-

analysis of PCR for diagnosis of smear-negative pulmonary tuberculosis. J Clin Microbiol 2003 

Jul;41(7):3233-3240.  

(108) Mok JH. Diagnosis and Treatment of Latent Tuberculosis Infection in Healthcare Workers. 

Tuberc Respir Dis (Seoul) 2016 Jul;79(3):127-133.  

(109) Lalvani A, Pareek M. A 100 year update on diagnosis of tuberculosis infection. Br Med Bull 

2010;93:69-84.  

(110) Manjelievskaia J, Erck D, Piracha S, Schrager L. Drug-resistant TB: deadly, costly and in 

need of a vaccine. Trans R Soc Trop Med Hyg 2016 Mar;110(3):186-191.  

(111) Matteelli A, Roggi A, Carvalho AC. Extensively drug-resistant tuberculosis: epidemiology 

and management. Clin Epidemiol 2014 Apr 1;6:111-118.  

(112) Seung KJ, Keshavjee S, Rich ML. Multidrug-Resistant Tuberculosis and Extensively Drug-

Resistant Tuberculosis. Cold Spring Harb Perspect Med 2015 Apr 27;5(9):a017863.  

(113) Svensson EM, Murray S, Karlsson MO, Dooley KE. Rifampicin and rifapentine significantly 

reduce concentrations of bedaquiline, a new anti-TB drug. J Antimicrob Chemother 2015 

Apr;70(4):1106-1114.  

(114) Wolfson LJ, Walker A, Hettle R, Lu X, Kambili C, Murungi A, et al. Cost-effectiveness of 

adding bedaquiline to drug regimens for the treatment of multidrug-resistant tuberculosis in the UK. 

PLoS One 2015 Mar 20;10(3):e0120763.  

(115) Horwitz MA, Harth G, Dillon BJ, Maslesa-Galic S. Commonly administered BCG strains 

including an evolutionarily early strain and evolutionarily late strains of disparate genealogy induce 

comparable protective immunity against tuberculosis. Vaccine 2009 Jan 14;27(3):441-445.  

(116) Guo S, Xue R, Li Y, Wang SM, Ren L, Xu JJ. The CFP10/ESAT6 complex of 

Mycobacterium tuberculosis may function as a regulator of macrophage cell death at different 

stages of tuberculosis infection. Med Hypotheses 2012 Mar;78(3):389-392.  

(117) Arts RJ, Blok BA, Aaby P, Joosten LA, de Jong D, van der Meer JW, et al. Long-term in 

vitro and in vivo effects of gamma-irradiated BCG on innate and adaptive immunity. J Leukoc Biol 

2015 Dec;98(6):995-1001.  

(118) Cruz A, Torrado E, Carmona J, Fraga AG, Costa P, Rodrigues F, et al. BCG vaccination-

induced long-lasting control of Mycobacterium tuberculosis correlates with the accumulation of a 

novel population of CD4(+)IL-17(+)TNF(+)IL-2(+) T cells. Vaccine 2015 Jan 1;33(1):85-91.  

(119) Dockrell HM, Smith SG. What Have We Learnt about BCG Vaccination in the Last 20 

Years? Front Immunol 2017 Sep 13;8:1134.  



87 
 

(120) Ferguson RG, Simes AB. BCG vaccination of Indian infants in Saskatchewan. Tubercle 1949 

Jan;30(1):5-11.  

(121) Hart PD, Sutherland I. BCG and vole bacillus vaccines in the prevention of tuberculosis in 

adolescence and early adult life. Br Med J 1977 Jul 30;2(6082):293-295.  

(122) Miceli I, de Kantor IN, Colaiacovo D, Peluffo G, Cutillo I, Gorra R, et al. Evaluation of the 

effectiveness of BCG vaccination using the case-control method in Buenos Aires, Argentina. Int J 

Epidemiol 1988 Sep;17(3):629-634.  

(123) Sharma RS, Srivastava DK, Singh AA, Kumaraswamy RK, Mullick DN, Rungsung N, et al. 

Epidemiological evaluation of BCG vaccine efficacy in Delhi--1989. J Commun Dis 1989 

Sep;21(3):200-206.  

(124) Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. The efficacy 

of bacillus Calmette-Guerin vaccination of newborns and infants in the prevention of tuberculosis: 

meta-analyses of the published literature. Pediatrics 1995 Jul;96(1 Pt 1):29-35.  

(125) Brewer TF. Preventing tuberculosis with bacillus Calmette-Guerin vaccine: a meta-analysis 

of the literature. Clin Infect Dis 2000 Sep;31 Suppl 3:S64-7.  

(126) Fifteen year follow up of trial of BCG vaccines in south India for tuberculosis prevention. 

Tuberculosis Research Centre (ICMR), Chennai. Indian J Med Res 1999 Aug;110:56-69.  

(127) Fine PE. Variation in protection by BCG: implications of and for heterologous immunity. 

Lancet 1995 Nov 18;346(8986):1339-1345.  

(128) Black GF, Weir RE, Floyd S, Bliss L, Warndorff DK, Crampin AC, et al. BCG-induced 

increase in interferon-gamma response to mycobacterial antigens and efficacy of BCG vaccination 

in Malawi and the UK: two randomised controlled studies. Lancet 2002 Apr 20;359(9315):1393-

1401.  

(129) Roy A, Eisenhut M, Harris RJ, Rodrigues LC, Sridhar S, Habermann S, et al. Effect of BCG 

vaccination against Mycobacterium tuberculosis infection in children: systematic review and meta-

analysis. BMJ 2014 Aug 5;349:g4643.  

(130) Michelsen SW, Soborg B, Koch A, Carstensen L, Hoff ST, Agger EM, et al. The 

effectiveness of BCG vaccination in preventing Mycobacterium tuberculosis infection and disease 

in Greenland. Thorax 2014 Sep;69(9):851-856.  

(131) Evans TG, Schrager L, Thole J. Status of vaccine research and development of vaccines for 

tuberculosis. Vaccine 2016 Jun 3;34(26):2911-2914.  



88 
 

(132) Moliva JI, Turner J, Torrelles JB. Prospects in Mycobacterium bovis Bacille Calmette et 

Guerin (BCG) vaccine diversity and delivery: why does BCG fail to protect against tuberculosis? 

Vaccine 2015 Sep 22;33(39):5035-5041.  

(133) Briassoulis G, Karabatsou I, Gogoglou V, Tsorva A. BCG vaccination at three different age 

groups: response and effectiveness. J Immune Based Ther Vaccines 2005 Apr 1;3(1):1-8518-3-1.  

(134) Bellini I, Nastasi A, Boccalini S. Clinical and economic impact of a specific BCG vaccination 

program implemented in Prato, central Italy, involving foreign newborns on hospitalizations. Hum 

Vaccin Immunother 2016 Sep;12(9):2383-2390.  

(135) Bottai D, Brosch R. The BCG Strain Pool: Diversity Matters. Mol Ther 2016 Feb;24(2):201-

203.  

(136) Ritz N, Dutta B, Donath S, Casalaz D, Connell TG, Tebruegge M, et al. The influence of 

bacille Calmette-Guerin vaccine strain on the immune response against tuberculosis: a randomized 

trial. Am J Respir Crit Care Med 2012 Jan 15;185(2):213-222.  

(137) Henao-Tamayo M, Shanley CA, Verma D, Zilavy A, Stapleton MC, Furney SK, et al. The 

Efficacy of the BCG Vaccine against Newly Emerging Clinical Strains of Mycobacterium 

tuberculosis. PLoS One 2015 Sep 14;10(9):e0136500.  

(138) Brandt L, Feino Cunha J, Weinreich Olsen A, Chilima B, Hirsch P, Appelberg R, et al. 

Failure of the Mycobacterium bovis BCG vaccine: some species of environmental mycobacteria 

block multiplication of BCG and induction of protective immunity to tuberculosis. Infect Immun 

2002 Feb;70(2):672-678.  

(139) Demangel C, Garnier T, Rosenkrands I, Cole ST. Differential effects of prior exposure to 

environmental mycobacteria on vaccination with Mycobacterium bovis BCG or a recombinant 

BCG strain expressing RD1 antigens. Infect Immun 2005 Apr;73(4):2190-2196.  

(140) Poyntz HC, Stylianou E, Griffiths KL, Marsay L, Checkley AM, McShane H. Non-

tuberculous mycobacteria have diverse effects on BCG efficacy against Mycobacterium 

tuberculosis. Tuberculosis (Edinb) 2014 May;94(3):226-237.  

(141) Kwan CK, Ernst JD. HIV and tuberculosis: a deadly human syndemic. Clin Microbiol Rev 

2011 Apr;24(2):351-376.  

(142) Sendide K, Reiner NE, Lee JS, Bourgoin S, Talal A, Hmama Z. Cross-talk between CD14 

and complement receptor 3 promotes phagocytosis of mycobacteria: regulation by 

phosphatidylinositol 3-kinase and cytohesin-1. J Immunol 2005 Apr 1;174(7):4210-4219.  

(143) Heldwein KA, Liang MD, Andresen TK, Thomas KE, Marty AM, Cuesta N, et al. TLR2 and 

TLR4 serve distinct roles in the host immune response against Mycobacterium bovis BCG. J 

Leukoc Biol 2003 Aug;74(2):277-286.  



89 
 

(144) Rhoades E, Hsu F, Torrelles JB, Turk J, Chatterjee D, Russell DG. Identification and 

macrophage-activating activity of glycolipids released from intracellular Mycobacterium bovis 

BCG. Mol Microbiol 2003 May;48(4):875-888.  

(145) Afonso-Barroso A, Clark SO, Williams A, Rosa GT, Nobrega C, Silva-Gomes S, et al. 

Lipoarabinomannan mannose caps do not affect mycobacterial virulence or the induction of 

protective immunity in experimental animal models of infection and have minimal impact on in 

vitro inflammatory responses. Cell Microbiol 2013 Apr;15(4):660-674.  

(146) Villeneuve C, Gilleron M, Maridonneau-Parini I, Daffe M, Astarie-Dequeker C, Etienne G. 

Mycobacteria use their surface-exposed glycolipids to infect human macrophages through a 

receptor-dependent process. J Lipid Res 2005 Mar;46(3):475-483.  

(147) Armstrong JA, Hart PD. Response of cultured macrophages to Mycobacterium tuberculosis, 

with observations on fusion of lysosomes with phagosomes. J Exp Med 1971 Sep 1;134(3 Pt 

1):713-740.  

(148) Prezzemolo T, Guggino G, La Manna MP, Di Liberto D, Dieli F, Caccamo N. Functional 

Signatures of Human CD4 and CD8 T Cell Responses to Mycobacterium tuberculosis. Front 

Immunol 2014 Apr 22;5:180.  

(149) Murphy KM, Reiner SL. The lineage decisions of helper T cells. Nat Rev Immunol 2002 

Dec;2(12):933-944.  

(150) Flory CM, Hubbard RD, Collins FM. Effects of in vivo T lymphocyte subset depletion on 

mycobacterial infections in mice. J Leukoc Biol 1992 Mar;51(3):225-229.  

(151) Lazarevic V, Flynn J. CD8+ T cells in tuberculosis. Am J Respir Crit Care Med 2002 Oct 

15;166(8):1116-1121.  

(152) Flynn JL, Goldstein MM, Triebold KJ, Koller B, Bloom BR. Major histocompatibility 

complex class I-restricted T cells are required for resistance to Mycobacterium tuberculosis 

infection. Proc Natl Acad Sci U S A 1992 Dec 15;89(24):12013-12017.  

(153) Caruso AM, Serbina N, Klein E, Triebold K, Bloom BR, Flynn JL. Mice deficient in CD4 T 

cells have only transiently diminished levels of IFN-gamma, yet succumb to tuberculosis. J 

Immunol 1999 May 1;162(9):5407-5416.  

(154) Wang J, Santosuosso M, Ngai P, Zganiacz A, Xing Z. Activation of CD8 T cells by 

mycobacterial vaccination protects against pulmonary tuberculosis in the absence of CD4 T cells. J 

Immunol 2004 Oct 1;173(7):4590-4597.  

(155) Silva CL, Bonato VL, Lima VM, Faccioli LH, Leao SC. Characterization of the 

memory/activated T cells that mediate the long-lived host response against tuberculosis after 

bacillus Calmette-Guerin or DNA vaccination. Immunology 1999 Aug;97(4):573-581.  



90 
 

(156) Perdomo C, Zedler U, Kuhl AA, Lozza L, Saikali P, Sander LE, et al. Mucosal BCG 

Vaccination Induces Protective Lung-Resident Memory T Cell Populations against Tuberculosis. 

MBio 2016 Nov 22;7(6):10.1128/mBio.01686-16.  

(157) Feng CG, Britton WJ. CD4+ and CD8+ T cells mediate adoptive immunity to aerosol 

infection of Mycobacterium bovis bacillus Calmette-Guerin. J Infect Dis 2000 May;181(5):1846-

1849.  

(158) Derrick SC, Repique C, Snoy P, Yang AL, Morris S. Immunization with a DNA vaccine 

cocktail protects mice lacking CD4 cells against an aerogenic infection with Mycobacterium 

tuberculosis. Infect Immun 2004 Mar;72(3):1685-1692.  

(159) Murray RA, Mansoor N, Harbacheuski R, Soler J, Davids V, Soares A, et al. Bacillus 

Calmette Guerin vaccination of human newborns induces a specific, functional CD8+ T cell 

response. J Immunol 2006 Oct 15;177(8):5647-5651.  

(160) Ridge JP, Fuchs EJ, Matzinger P. Neonatal tolerance revisited: turning on newborn T cells 

with dendritic cells. Science 1996 Mar 22;271(5256):1723-1726.  

(161) Sarzotti M, Robbins DS, Hoffman PM. Induction of protective CTL responses in newborn 

mice by a murine retrovirus. Science 1996 Mar 22;271(5256):1726-1728.  

(162) Forsthuber T, Yip HC, Lehmann PV. Induction of TH1 and TH2 immunity in neonatal mice. 

Science 1996 Mar 22;271(5256):1728-1730.  

(163) Barrios C, Brawand P, Berney M, Brandt C, Lambert PH, Siegrist CA. Neonatal and early 

life immune responses to various forms of vaccine antigens qualitatively differ from adult 

responses: predominance of a Th2-biased pattern which persists after adult boosting. Eur J 

Immunol 1996 Jul;26(7):1489-1496.  

(164) Torow N, Marsland BJ, Hornef MW, Gollwitzer ES. Neonatal mucosal immunology. 

Mucosal Immunol 2017 Jan;10(1):5-17.  

(165) Marchant A, Goetghebuer T, Ota MO, Wolfe I, Ceesay SJ, De Groote D, et al. Newborns 

develop a Th1-type immune response to Mycobacterium bovis bacillus Calmette-Guerin 

vaccination. J Immunol 1999 Aug 15;163(4):2249-2255.  

(166) Vekemans J, Amedei A, Ota MO, D'Elios MM, Goetghebuer T, Ismaili J, et al. Neonatal 

bacillus Calmette-Guerin vaccination induces adult-like IFN-gamma production by CD4+ T 

lymphocytes. Eur J Immunol 2001 May;31(5):1531-1535.  

(167) Hussey GD, Watkins ML, Goddard EA, Gottschalk S, Hughes EJ, Iloni K, et al. Neonatal 

mycobacterial specific cytotoxic T-lymphocyte and cytokine profiles in response to distinct BCG 

vaccination strategies. Immunology 2002 Mar;105(3):314-324.  



91 
 

(168) Ota MO, Vekemans J, Schlegel-Haueter SE, Fielding K, Sanneh M, Kidd M, et al. Influence 

of Mycobacterium bovis bacillus Calmette-Guerin on antibody and cytokine responses to human 

neonatal vaccination. J Immunol 2002 Jan 15;168(2):919-925.  

(169) Soares AP, Scriba TJ, Joseph S, Harbacheuski R, Murray RA, Gelderbloem SJ, et al. Bacillus 

Calmette-Guerin vaccination of human newborns induces T cells with complex cytokine and 

phenotypic profiles. J Immunol 2008 Mar 1;180(5):3569-3577.  

(170) Lalor MK, Smith SG, Floyd S, Gorak-Stolinska P, Weir RE, Blitz R, et al. Complex cytokine 

profiles induced by BCG vaccination in UK infants. Vaccine 2010 Feb 10;28(6):1635-1641.  

(171) Lalor MK, Floyd S, Gorak-Stolinska P, Ben-Smith A, Weir RE, Smith SG, et al. BCG 

vaccination induces different cytokine profiles following infant BCG vaccination in the UK and 

Malawi. J Infect Dis 2011 Oct 1;204(7):1075-1085.  

(172) George PJ, Anuradha R, Kumar NP, Sridhar R, Banurekha VV, Nutman TB, et al. Helminth 

infections coincident with active pulmonary tuberculosis inhibit mono- and multifunctional CD4+ 

and CD8+ T cell responses in a process dependent on IL-10. PLoS Pathog 2014 Sep 

11;10(9):e1004375.  

(173) Andersen P, Doherty TM. The success and failure of BCG - implications for a novel 

tuberculosis vaccine. Nat Rev Microbiol 2005 Aug;3(8):656-662.  

(174) Khader SA, Guglani L, Rangel-Moreno J, Gopal R, Junecko BA, Fountain JJ, et al. IL-23 is 

required for long-term control of Mycobacterium tuberculosis and B cell follicle formation in the 

infected lung. J Immunol 2011 Nov 15;187(10):5402-5407.  

(175) Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et al. IL-23 and IL-

17 in the establishment of protective pulmonary CD4+ T cell responses after vaccination and during 

Mycobacterium tuberculosis challenge. Nat Immunol 2007 Apr;8(4):369-377.  

(176) Umemura M, Yahagi A, Hamada S, Begum MD, Watanabe H, Kawakami K, et al. IL-17-

mediated regulation of innate and acquired immune response against pulmonary Mycobacterium 

bovis bacille Calmette-Guerin infection. J Immunol 2007 Mar 15;178(6):3786-3796.  

(177) Okamoto Yoshida Y, Umemura M, Yahagi A, O'Brien RL, Ikuta K, Kishihara K, et al. 

Essential role of IL-17A in the formation of a mycobacterial infection-induced granuloma in the 

lung. J Immunol 2010 Apr 15;184(8):4414-4422.  

(178) Scriba TJ, Kalsdorf B, Abrahams DA, Isaacs F, Hofmeister J, Black G, et al. Distinct, 

specific IL-17- and IL-22-producing CD4+ T cell subsets contribute to the human anti-

mycobacterial immune response. J Immunol 2008 Feb 1;180(3):1962-1970.  



92 
 

(179) Redford PS, Boonstra A, Read S, Pitt J, Graham C, Stavropoulos E, et al. Enhanced 

protection to Mycobacterium tuberculosis infection in IL-10-deficient mice is accompanied by early 

and enhanced Th1 responses in the lung. Eur J Immunol 2010 Aug;40(8):2200-2210.  

(180) Murray PJ, Young RA. Increased antimycobacterial immunity in interleukin-10-deficient 

mice. Infect Immun 1999 Jun;67(6):3087-3095.  

(181) Cyktor JC, Carruthers B, Kominsky RA, Beamer GL, Stromberg P, Turner J. IL-10 inhibits 

mature fibrotic granuloma formation during Mycobacterium tuberculosis infection. J Immunol 

2013 Mar 15;190(6):2778-2790.  

(182) Gold MC, Cerri S, Smyk-Pearson S, Cansler ME, Vogt TM, Delepine J, et al. Human 

mucosal associated invariant T cells detect bacterially infected cells. PLoS Biol 2010 Jun 

29;8(6):e1000407.  

(183) Huang L, Russell DG. Protective immunity against tuberculosis: what does it look like and 

how do we find it? Curr Opin Immunol 2017 Oct;48:44-50.  

(184) Muzzi A, Seminari E, Feletti T, Scudeller L, Marone P, Tinelli C, et al. Post-exposure rate of 

tuberculosis infection among health care workers measured with tuberculin skin test conversion 

after unprotected exposure to patients with pulmonary tuberculosis: 6-year experience in an Italian 

teaching hospital. BMC Infect Dis 2014 Jun 12;14:324-2334-14-324.  

(185) Hunter RL. Tuberculosis as a three-act play: A new paradigm for the pathogenesis of 

pulmonary tuberculosis. Tuberculosis (Edinb) 2016 Mar;97:8-17.  

(186) Ernst JD. The immunological life cycle of tuberculosis. Nat Rev Immunol 2012 Jul 

13;12(8):581-591.  

(187) van Crevel R, Karyadi E, Preyers F, Leenders M, Kullberg BJ, Nelwan RH, et al. Increased 

production of interleukin 4 by CD4+ and CD8+ T cells from patients with tuberculosis is related to 

the presence of pulmonary cavities. J Infect Dis 2000 Mar;181(3):1194-1197.  

(188) Warner DF, Koch A, Mizrahi V. Diversity and disease pathogenesis in Mycobacterium 

tuberculosis. Trends Microbiol 2015 Jan;23(1):14-21.  

(189) Gideon HP, Phuah J, Myers AJ, Bryson BD, Rodgers MA, Coleman MT, et al. Variability in 

tuberculosis granuloma T cell responses exists, but a balance of pro- and anti-inflammatory 

cytokines is associated with sterilization. PLoS Pathog 2015 Jan 22;11(1):e1004603.  

(190) Marino S, Cilfone NA, Mattila JT, Linderman JJ, Flynn JL, Kirschner DE. Macrophage 

polarization drives granuloma outcome during Mycobacterium tuberculosis infection. Infect Immun 

2015 Jan;83(1):324-338.  



93 
 

(191) Ulrichs T, Kaufmann SH. New insights into the function of granulomas in human 

tuberculosis. J Pathol 2006 Jan;208(2):261-269.  

(192) Ramakrishnan L. Revisiting the role of the granuloma in tuberculosis. Nat Rev Immunol 

2012 Apr 20;12(5):352-366.  

(193) Ulrichs T, Kosmiadi GA, Jorg S, Pradl L, Titukhina M, Mishenko V, et al. Differential 

organization of the local immune response in patients with active cavitary tuberculosis or with 

nonprogressive tuberculoma. J Infect Dis 2005 Jul 1;192(1):89-97.  

(194) Russell DG, Cardona PJ, Kim MJ, Allain S, Altare F. Foamy macrophages and the 

progression of the human tuberculosis granuloma. Nat Immunol 2009 Sep;10(9):943-948.  

(195) Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu Rev Immunol 

1999;17:593-623.  

(196) Leemans JC, Florquin S, Heikens M, Pals ST, van der Neut R, Van Der Poll T. CD44 is a 

macrophage binding site for Mycobacterium tuberculosis that mediates macrophage recruitment 

and protective immunity against tuberculosis. J Clin Invest 2003 Mar;111(5):681-689.  

(197) Gonzalez-Juarrero M, Orme IM. Characterization of murine lung dendritic cells infected with 

Mycobacterium tuberculosis. Infect Immun 2001 Feb;69(2):1127-1133.  

(198) Skold M, Behar SM. Tuberculosis triggers a tissue-dependent program of differentiation and 

acquisition of effector functions by circulating monocytes. J Immunol 2008 Nov 1;181(9):6349-

6360.  

(199) Wolf AJ, Linas B, Trevejo-Nunez GJ, Kincaid E, Tamura T, Takatsu K, et al. Mycobacterium 

tuberculosis infects dendritic cells with high frequency and impairs their function in vivo. J 

Immunol 2007 Aug 15;179(4):2509-2519.  

(200) Birkness KA, Guarner J, Sable SB, Tripp RA, Kellar KL, Bartlett J, et al. An in vitro model 

of the leukocyte interactions associated with granuloma formation in Mycobacterium tuberculosis 

infection. Immunol Cell Biol 2007;85(2):160-168.  

(201) Flynn JL, Chan J. Tuberculosis: latency and reactivation. Infect Immun 2001 Jul;69(7):4195-

4201.  

(202) Kaku T, Kawamura I, Uchiyama R, Kurenuma T, Mitsuyama M. RD1 region in 

mycobacterial genome is involved in the induction of necrosis in infected RAW264 cells via 

mitochondrial membrane damage and ATP depletion. FEMS Microbiol Lett 2007 Sep;274(2):189-

195.  



94 
 

(203) Khader SA, Partida-Sanchez S, Bell G, Jelley-Gibbs DM, Swain S, Pearl JE, et al. Interleukin 

12p40 is required for dendritic cell migration and T cell priming after Mycobacterium tuberculosis 

infection. J Exp Med 2006 Jul 10;203(7):1805-1815.  

(204) Robinson RT, Khader SA, Martino CA, Fountain JJ, Teixeira-Coelho M, Pearl JE, et al. 

Mycobacterium tuberculosis infection induces il12rb1 splicing to generate a novel IL-12Rbeta1 

isoform that enhances DC migration. J Exp Med 2010 Mar 15;207(3):591-605.  

(205) Samstein M, Schreiber HA, Leiner IM, Susac B, Glickman MS, Pamer EG. Essential yet 

limited role for CCR2(+) inflammatory monocytes during Mycobacterium tuberculosis-specific T 

cell priming. Elife 2013 Nov 12;2:e01086.  

(206) Ehlers S, Schaible UE. The granuloma in tuberculosis: dynamics of a host-pathogen 

collusion. Front Immunol 2013 Jan 7;3:411.  

(207) The formation of the granuloma in tuberculosis infection. Seminars in immunology: Elsevier; 

2014.  

(208) Reece ST, Kaufmann SH. Floating between the poles of pathology and protection: can we pin 

down the granuloma in tuberculosis? Curr Opin Microbiol 2012 Feb;15(1):63-70.  

(209) Guirado E, Mbawuike U, Keiser TL, Arcos J, Azad AK, Wang SH, et al. Characterization of 

host and microbial determinants in individuals with latent tuberculosis infection using a human 

granuloma model. MBio 2015 Feb 17;6(1):e02537-14.  

(210) Chen RY, Dodd LE, Lee M, Paripati P, Hammoud DA, Mountz JM, et al. PET/CT imaging 

correlates with treatment outcome in patients with multidrug-resistant tuberculosis. Sci Transl Med 

2014 Dec 3;6(265):265ra166.  

(211) Lenaerts A, Barry CE,3rd, Dartois V. Heterogeneity in tuberculosis pathology, 

microenvironments and therapeutic responses. Immunol Rev 2015 Mar;264(1):288-307.  

(212) Bru A, Cardona PJ. Mathematical modeling of tuberculosis bacillary counts and cellular 

populations in the organs of infected mice. PLoS One 2010 Sep 23;5(9):e12985.  

(213) During A, Penel G, Hardouin P. Understanding the local actions of lipids in bone physiology. 

Prog Lipid Res 2015 Jul;59:126-146.  

(214) Russell CD, Schwarze J. The role of pro-resolution lipid mediators in infectious disease. 

Immunology 2014 Feb;141(2):166-173.  

(215) Tobin DM, Ramakrishnan L. TB: the Yin and Yang of lipid mediators. Curr Opin Pharmacol 

2013 Aug;13(4):641-645.  



95 
 

(216) Mayer-Barber KD, Sher A. Cytokine and lipid mediator networks in tuberculosis. Immunol 

Rev 2015 Mar;264(1):264-275.  

(217) Ehrt S, Rhee K, Schnappinger D. Mycobacterial genes essential for the pathogen's survival in 

the host. Immunol Rev 2015 Mar;264(1):319-326.  

(218) Yang R, Xi C, Sita DR, Sakai S, Tsuchiya K, Hara H, et al. The RD1 locus in the 

Mycobacterium tuberculosis genome contributes to the maturation and secretion of IL-1alpha from 

infected macrophages through the elevation of cytoplasmic calcium levels and calpain activation. 

Pathog Dis 2014 Feb;70(1):51-60.  

(219) Behr MA, Small PM. A historical and molecular phylogeny of BCG strains. Vaccine 1999 

Feb 26;17(7-8):915-922.  

(220) Volkman HE, Pozos TC, Zheng J, Davis JM, Rawls JF, Ramakrishnan L. Tuberculous 

granuloma induction via interaction of a bacterial secreted protein with host epithelium. Science 

2010 Jan 22;327(5964):466-469.  

(221) Elkington PT, O'Kane CM, Friedland JS. The paradox of matrix metalloproteinases in 

infectious disease. Clin Exp Immunol 2005 Oct;142(1):12-20.  

(222) Elkington PT, Ugarte-Gil CA, Friedland JS. Matrix metalloproteinases in tuberculosis. Eur 

Respir J 2011 Aug;38(2):456-464.  

(223) Nouailles G, Dorhoi A, Koch M, Zerrahn J, Weiner J,3rd, Fae KC, et al. CXCL5-secreting 

pulmonary epithelial cells drive destructive neutrophilic inflammation in tuberculosis. J Clin Invest 

2014 Mar 3;124(3):1268-1282.  

(224) Taylor JL, Hattle JM, Dreitz SA, Troudt JM, Izzo LS, Basaraba RJ, et al. Role for matrix 

metalloproteinase 9 in granuloma formation during pulmonary Mycobacterium tuberculosis 

infection. Infect Immun 2006 Nov;74(11):6135-6144.  

(225) Mostowy S, Cleto C, Sherman DR, Behr MA. The Mycobacterium tuberculosis complex 

transcriptome of attenuation. Tuberculosis (Edinb) 2004;84(3-4):197-204.  

(226) Groom JR, Luster AD. CXCR3 ligands: redundant, collaborative and antagonistic functions. 

Immunol Cell Biol 2011 Feb;89(2):207-215.  

(227) Selvaraj P, Alagarasu K, Singh B, Afsal K. CCL5 (RANTES) gene polymorphisms in 

pulmonary tuberculosis patients of south India. Int J Immunogenet 2011 Oct;38(5):397-402.  

(228) Flores-Villanueva PO, Ruiz-Morales JA, Song CH, Flores LM, Jo EK, Montano M, et al. A 

functional promoter polymorphism in monocyte chemoattractant protein-1 is associated with 

increased susceptibility to pulmonary tuberculosis. J Exp Med 2005 Dec 19;202(12):1649-1658.  



96 
 

(229) Gee K, Guzzo C, Che Mat NF, Ma W, Kumar A. The IL-12 family of cytokines in infection, 

inflammation and autoimmune disorders. Inflamm Allergy Drug Targets 2009 Mar;8(1):40-52.  

(230) Khader SA, Partida-Sanchez S, Bell G, Jelley-Gibbs DM, Swain S, Pearl JE, et al. Interleukin 

12p40 is required for dendritic cell migration and T cell priming after Mycobacterium tuberculosis 

infection. J Exp Med 2006 Jul 10;203(7):1805-1815.  

(231) Rutter JL, Mitchell TI, Buttice G, Meyers J, Gusella JF, Ozelius LJ, et al. A single nucleotide 

polymorphism in the matrix metalloproteinase-1 promoter creates an Ets binding site and augments 

transcription. Cancer Res 1998 Dec 1;58(23):5321-5325.  

(232) Ganachari M, Ruiz-Morales JA, Gomez de la Torre Pretell,J.C., Dinh J, Granados J, Flores-

Villanueva PO. Joint effect of MCP-1 genotype GG and MMP-1 genotype 2G/2G increases the 

likelihood of developing pulmonary tuberculosis in BCG-vaccinated individuals. PLoS One 2010 

Jan 25;5(1):e8881.  

(233) Kjellsson MC, Via LE, Goh A, Weiner D, Low KM, Kern S, et al. Pharmacokinetic 

evaluation of the penetration of antituberculosis agents in rabbit pulmonary lesions. Antimicrob 

Agents Chemother 2012 Jan;56(1):446-457.  

(234) Pienaar E, Cilfone NA, Lin PL, Dartois V, Mattila JT, Butler JR, et al. A computational tool 

integrating host immunity with antibiotic dynamics to study tuberculosis treatment. J Theor Biol 

2015 Feb 21;367:166-179.  

(235) Orme IM, Robinson RT, Cooper AM. The balance between protective and pathogenic 

immune responses in the TB-infected lung. Nat Immunol 2015 Jan;16(1):57-63.  

(236) Blischak JD, Tailleux L, Mitrano A, Barreiro LB, Gilad Y. Mycobacterial infection induces a 

specific human innate immune response. Sci Rep 2015 Nov 20;5:16882.  

(237) Pahari S, Kaur G, Aqdas M, Negi S, Chatterjee D, Bashir H, et al. Bolstering Immunity 

through Pattern Recognition Receptors: A Unique Approach to Control Tuberculosis. Front 

Immunol 2017 Aug 2;8:906.  

(238) Hossain MM, Norazmi MN. Pattern recognition receptors and cytokines in Mycobacterium 

tuberculosis infection--the double-edged sword? Biomed Res Int 2013;2013:179174.  

(239) Schurz H, Daya M, Moller M, Hoal EG, Salie M. TLR1, 2, 4, 6 and 9 Variants Associated 

with Tuberculosis Susceptibility: A Systematic Review and Meta-Analysis. PLoS One 2015 Oct 

2;10(10):e0139711.  

(240) Xue X, Qiu Y, Jiang D, Jin T, Yan M, Zhu X, et al. The association analysis of TLR2 and 

TLR4 gene with tuberculosis in the Tibetan Chinese population. Oncotarget 2017 Dec 

6;8(68):113082-113089.  



97 
 

(241) Queval CJ, Brosch R, Simeone R. The Macrophage: A Disputed Fortress in the Battle against 

Mycobacterium tuberculosis. Front Microbiol 2017 Nov 23;8:2284.  

(242) Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. Cytokines and Chemokines in 

Mycobacterium tuberculosis Infection. Microbiol Spectr 2016 

Oct;4(5):10.1128/microbiolspec.TBTB2-0018-2016.  

(243) Eum SY, Kong JH, Hong MS, Lee YJ, Kim JH, Hwang SH, et al. Neutrophils are the 

predominant infected phagocytic cells in the airways of patients with active pulmonary TB. Chest 

2010 Jan;137(1):122-128.  

(244) Scordo JM, Knoell DL, Torrelles JB. Alveolar Epithelial Cells in Mycobacterium 

tuberculosis Infection: Active Players or Innocent Bystanders? J Innate Immun 2016;8(1):3-14.  

(245) Jamaati H, Mortaz E, Pajouhi Z, Folkerts G, Movassaghi M, Moloudizargari M, et al. Nitric 

Oxide in the Pathogenesis and Treatment of Tuberculosis. Front Microbiol 2017 Oct 12;8:2008.  

(246) Weiss G, Schaible UE. Macrophage defense mechanisms against intracellular bacteria. 

Immunol Rev 2015 Mar;264(1):182-203.  

(247) Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic description of dead 

and dying eukaryotic cells. Infect Immun 2005 Apr;73(4):1907-1916.  

(248) Srinivasan L, Ahlbrand S, Briken V. Interaction of Mycobacterium tuberculosis with host cell 

death pathways. Cold Spring Harb Perspect Med 2014 Jun 26;4(8):10.1101/cshperspect.a022459.  

(249) Briken V, Miller JL. Living on the edge: inhibition of host cell apoptosis by Mycobacterium 

tuberculosis. Future Microbiol 2008 Aug;3(4):415-422.  

(250) Blomgran R, Ernst JD. Lung neutrophils facilitate activation of naive antigen-specific CD4+ 

T cells during Mycobacterium tuberculosis infection. J Immunol 2011 Jun 15;186(12):7110-7119.  

(251) Shaler CR, Horvath C, Lai R, Xing Z. Understanding delayed T-cell priming, lung 

recruitment, and airway luminal T-cell responses in host defense against pulmonary tuberculosis. 

Clin Dev Immunol 2012;2012:628293.  

(252) Yang JD, Mott D, Sutiwisesak R, Lu YJ, Raso F, Stowell B, et al. Mycobacterium 

tuberculosis-specific CD4+ and CD8+ T cells differ in their capacity to recognize infected 

macrophages. PLoS Pathog 2018 May 21;14(5):e1007060.  

(253) Urdahl KB, Shafiani S, Ernst JD. Initiation and regulation of T-cell responses in tuberculosis. 

Mucosal Immunol 2011 May;4(3):288-293.  

(254) Pennock ND, White JT, Cross EW, Cheney EE, Tamburini BA, Kedl RM. T cell responses: 

naive to memory and everything in between. Adv Physiol Educ 2013 Dec;37(4):273-283.  



98 
 

(255) Bhat P, Leggatt G, Waterhouse N, Frazer IH. Interferon-gamma derived from cytotoxic 

lymphocytes directly enhances their motility and cytotoxicity. Cell Death Dis 2017 Jun 

1;8(6):e2836.  

(256) Schindler H, Lutz MB, Rollinghoff M, Bogdan C. The production of IFN-gamma by IL-

12/IL-18-activated macrophages requires STAT4 signaling and is inhibited by IL-4. J Immunol 

2001 Mar 1;166(5):3075-3082.  

(257) Cavalcanti YV, Brelaz MC, Neves JK, Ferraz JC, Pereira VR. Role of TNF-Alpha, IFN-

Gamma, and IL-10 in the Development of Pulmonary Tuberculosis. Pulm Med 2012;2012:745483.  

(258) van Meijgaarden KE, Haks MC, Caccamo N, Dieli F, Ottenhoff TH, Joosten SA. Human 

CD8+ T-cells recognizing peptides from Mycobacterium tuberculosis (Mtb) presented by HLA-E 

have an unorthodox Th2-like, multifunctional, Mtb inhibitory phenotype and represent a novel 

human T-cell subset. PLoS Pathog 2015 Mar 24;11(3):e1004671.  

(259) Okoye AA, Picker LJ. CD4(+) T-cell depletion in HIV infection: mechanisms of 

immunological failure. Immunol Rev 2013 Jul;254(1):54-64.  

(260) Noordzij JG, Hartwig NG, Verreck FA, De Bruin-Versteeg S, De Boer T, Van Dissel JT, et 

al. Two patients with complete defects in interferon gamma receptor-dependent signaling. J Clin 

Immunol 2007 Sep;27(5):490-496.  

(261) Flynn JL, Chan J, Lin PL. Macrophages and control of granulomatous inflammation in 

tuberculosis. Mucosal Immunol 2011 May;4(3):271-278.  

(262) Srivastava S, Ernst JD, Desvignes L. Beyond macrophages: the diversity of mononuclear 

cells in tuberculosis. Immunol Rev 2014 Nov;262(1):179-192.  

(263) Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat Rev 

Immunol 2011 Oct 10;11(11):762-774.  

(264) McClean CM, Tobin DM. Macrophage form, function, and phenotype in mycobacterial 

infection: lessons from tuberculosis and other diseases. Pathog Dis 2016 

Oct;74(7):10.1093/femspd/ftw068. Epub 2016 Jul 10.  

(265) Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for 

reassessment. F1000Prime Rep 2014 Mar 3;6:13-13. eCollection 2014.  

(266) Rath M, Muller I, Kropf P, Closs EI, Munder M. Metabolism via Arginase or Nitric Oxide 

Synthase: Two Competing Arginine Pathways in Macrophages. Front Immunol 2014 Oct 27;5:532.  

(267) Lousada S, Florido M, Appelberg R. Regulation of granuloma fibrosis by nitric oxide during 

Mycobacterium avium experimental infection. Int J Exp Pathol 2006 Aug;87(4):307-315.  



99 
 

(268) Roszer T. Understanding the Mysterious M2 Macrophage through Activation Markers and 

Effector Mechanisms. Mediators Inflamm 2015;2015:816460.  

(269) Arango Duque G, Descoteaux A. Macrophage cytokines: involvement in immunity and 

infectious diseases. Front Immunol 2014 Oct 7;5:491.  

(270) El Kasmi KC, Qualls JE, Pesce JT, Smith AM, Thompson RW, Henao-Tamayo M, et al. 

Toll-like receptor-induced arginase 1 in macrophages thwarts effective immunity against 

intracellular pathogens. Nat Immunol 2008 Dec;9(12):1399-1406.  

(271) Puissegur MP, Lay G, Gilleron M, Botella L, Nigou J, Marrakchi H, et al. Mycobacterial 

lipomannan induces granuloma macrophage fusion via a TLR2-dependent, ADAM9- and beta1 

integrin-mediated pathway. J Immunol 2007 Mar 1;178(5):3161-3169.  

(272) Ryan RC, O'Sullivan MP, Keane J. Mycobacterium tuberculosis infection induces non-

apoptotic cell death of human dendritic cells. BMC Microbiol 2011 Oct 24;11:237-2180-11-237.  

(273) Mihret A. The role of dendritic cells in Mycobacterium tuberculosis infection. Virulence 

2012 Nov 15;3(7):654-659.  

(274) van der Wel NN, Sugita M, Fluitsma DM, Cao X, Schreibelt G, Brenner MB, et al. CD1 and 

major histocompatibility complex II molecules follow a different course during dendritic cell 

maturation. Mol Biol Cell 2003 Aug;14(8):3378-3388.  

(275) Mihret A, Mamo G, Tafesse M, Hailu A, Parida S. Dendritic Cells Activate and Mature after 

Infection with Mycobacterium tuberculosis. BMC Res Notes 2011 Jul 21;4:247-0500-4-247.  

(276) Cooper AM, Khader SA. The role of cytokines in the initiation, expansion, and control of 

cellular immunity to tuberculosis. Immunol Rev 2008 Dec;226:191-204.  

(277) Schreiber HA, Sandor M. The role of dendritic cells in mycobacterium-induced granulomas. 

Immunol Lett 2010 May 4;130(1-2):26-31.  

(278) Lerner TR, Borel S, Gutierrez MG. The innate immune response in human tuberculosis. Cell 

Microbiol 2015 Sep;17(9):1277-1285.  

(279) Segal AW. How neutrophils kill microbes. Annu Rev Immunol 2005;23:197-223.  

(280) Lyadova IV. Neutrophils in Tuberculosis: Heterogeneity Shapes the Way? Mediators 

Inflamm 2017;2017:8619307.  

(281) Sakai S, Mayer-Barber KD, Barber DL. Defining features of protective CD4 T cell responses 

to Mycobacterium tuberculosis. Curr Opin Immunol 2014 Aug;29:137-142.  

(282) Winslow GM, Cooper A, Reiley W, Chatterjee M, Woodland DL. Early T-cell responses in 

tuberculosis immunity. Immunol Rev 2008 Oct;225:284-299.  



100 
 

(283) Orme IM, Collins FM. Protection against Mycobacterium tuberculosis infection by adoptive 

immunotherapy. Requirement for T cell-deficient recipients. J Exp Med 1983 Jul 1;158(1):74-83.  

(284) Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. The relative importance of T cell 

subsets in immunity and immunopathology of airborne Mycobacterium tuberculosis infection in 

mice. J Exp Med 2001 Feb 5;193(3):271-280.  

(285) Saunders BM, Frank AA, Orme IM, Cooper AM. CD4 is required for the development of a 

protective granulomatous response to pulmonary tuberculosis. Cell Immunol 2002 Mar-Apr;216(1-

2):65-72.  

(286) Scanga CA, Mohan VP, Yu K, Joseph H, Tanaka K, Chan J, et al. Depletion of CD4(+) T 

cells causes reactivation of murine persistent tuberculosis despite continued expression of interferon 

gamma and nitric oxide synthase 2. J Exp Med 2000 Aug 7;192(3):347-358.  

(287) Cooper AM. T cells in mycobacterial infection and disease. Curr Opin Immunol 2009 

Aug;21(4):378-384.  

(288) Schutz C, Meintjes G, Almajid F, Wilkinson RJ, Pozniak A. Clinical management of 

tuberculosis and HIV-1 co-infection. Eur Respir J 2010 Dec;36(6):1460-1481.  

(289) Geldmacher C, Zumla A, Hoelscher M. Interaction between HIV and Mycobacterium 

tuberculosis: HIV-1-induced CD4 T-cell depletion and the development of active tuberculosis. Curr 

Opin HIV AIDS 2012 May;7(3):268-275.  

(290) Srivastava S, Ernst JD. Cutting edge: Direct recognition of infected cells by CD4 T cells is 

required for control of intracellular Mycobacterium tuberculosis in vivo. J Immunol 2013 Aug 

1;191(3):1016-1020.  

(291) Al-Attiyah RJ, Mustafa AS. Mycobacterial antigen-induced T helper type 1 (Th1) and Th2 

reactivity of peripheral blood mononuclear cells from diabetic and non-diabetic tuberculosis 

patients and Mycobacterium bovis bacilli Calmette-Guerin (BCG)-vaccinated healthy subjects. Clin 

Exp Immunol 2009 Oct;158(1):64-73.  

(292) Lin PL, Flynn JL. CD8 T cells and Mycobacterium tuberculosis infection. Semin 

Immunopathol 2015 May;37(3):239-249.  

(293) Chen K, Kolls JK. T cell-mediated host immune defenses in the lung. Annu Rev Immunol 

2013;31:605-633.  

(294) Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat Rev 

Immunol 2013 Apr;13(4):227-242.  



101 
 

(295) Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular mechanism 

and function of CD40/CD40L engagement in the immune system. Immunol Rev 2009 

May;229(1):152-172.  

(296) Gutcher I, Becher B. APC-derived cytokines and T cell polarization in autoimmune 

inflammation. J Clin Invest 2007 May;117(5):1119-1127.  

(297) Millington KA, Innes JA, Hackforth S, Hinks TS, Deeks JJ, Dosanjh DP, et al. Dynamic 

relationship between IFN-gamma and IL-2 profile of Mycobacterium tuberculosis-specific T cells 

and antigen load. J Immunol 2007 Apr 15;178(8):5217-5226.  

(298) Li L, Jiang Y, Lao S, Yang B, Yu S, Zhang Y, et al. Mycobacterium tuberculosis-Specific IL-

21+IFN-gamma+CD4+ T Cells Are Regulated by IL-12. PLoS One 2016 Jan 19;11(1):e0147356.  

(299) da Silva MV, Figueiredo AA, Machado JR, Castellano LC, Alexandre PB, Oliveira RF, et al. 

T Cell Activation and Proinflammatory Cytokine Production in Clinically Cured Tuberculosis Are 

Time-Dependent and Accompanied by Upregulation of IL-10. PLoS One 2013 Jun 18;8(6):e65492.  

(300) Killar L, MacDonald G, West J, Woods A, Bottomly K. Cloned, Ia-restricted T cells that do 

not produce interleukin 4(IL 4)/B cell stimulatory factor 1(BSF-1) fail to help antigen-specific B 

cells. J Immunol 1987 Mar 15;138(6):1674-1679.  

(301) Baliko Z, Szereday L, Szekeres-Bartho J. Th2 biased immune response in cases with active 

Mycobacterium tuberculosis infection and tuberculin anergy. FEMS Immunol Med Microbiol 1998 

Nov;22(3):199-204.  

(302) Dwivedi VP, Bhattacharya D, Chatterjee S, Prasad DV, Chattopadhyay D, Van Kaer L, et al. 

Mycobacterium tuberculosis directs T helper 2 cell differentiation by inducing interleukin-1beta 

production in dendritic cells. J Biol Chem 2012 Sep 28;287(40):33656-33663.  

(303) Casadevall A. Antibody-mediated immunity against intracellular pathogens: two-dimensional 

thinking comes full circle. Infect Immun 2003 Aug;71(8):4225-4228.  

(304) Rook GA. Th2 cytokines in susceptibility to tuberculosis. Curr Mol Med 2007 May;7(3):327-

337.  

(305) Harris J, De Haro SA, Master SS, Keane J, Roberts EA, Delgado M, et al. T helper 2 

cytokines inhibit autophagic control of intracellular Mycobacterium tuberculosis. Immunity 2007 

Sep;27(3):505-517.  

(306) Kahnert A, Seiler P, Stein M, Bandermann S, Hahnke K, Mollenkopf H, et al. Alternative 

activation deprives macrophages of a coordinated defense program to Mycobacterium tuberculosis. 

Eur J Immunol 2006 Mar;36(3):631-647.  



102 
 

(307) Moreira AL, Tsenova L, Aman MH, Bekker LG, Freeman S, Mangaliso B, et al. 

Mycobacterial antigens exacerbate disease manifestations in Mycobacterium tuberculosis-infected 

mice. Infect Immun 2002 Apr;70(4):2100-2107.  

(308) Lienhardt C, Azzurri A, Amedei A, Fielding K, Sillah J, Sow OY, et al. Active tuberculosis 

in Africa is associated with reduced Th1 and increased Th2 activity in vivo. Eur J Immunol 2002 

Jun;32(6):1605-1613.  

(309) Peck A, Mellins ED. Precarious balance: Th17 cells in host defense. Infect Immun 2010 

Jan;78(1):32-38.  

(310) Zhang JM, An J. Cytokines, inflammation, and pain. Int Anesthesiol Clin 2007 

Spring;45(2):27-37.  

(311) Happel KI, Dubin PJ, Zheng M, Ghilardi N, Lockhart C, Quinton LJ, et al. Divergent roles of 

IL-23 and IL-12 in host defense against Klebsiella pneumoniae. J Exp Med 2005 Sep 

19;202(6):761-769.  

(312) Rudner XL, Happel KI, Young EA, Shellito JE. Interleukin-23 (IL-23)-IL-17 cytokine axis in 

murine Pneumocystis carinii infection. Infect Immun 2007 Jun;75(6):3055-3061.  

(313) Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, et al. 

Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression 

of antimicrobial peptides. J Exp Med 2006 Oct 2;203(10):2271-2279.  

(314) Burl S, Adetifa UJ, Cox M, Touray E, Ota MO, Marchant A, et al. Delaying bacillus 

Calmette-Guerin vaccination from birth to 4 1/2 months of age reduces postvaccination Th1 and IL-

17 responses but leads to comparable mycobacterial responses at 9 months of age. J Immunol 2010 

Aug 15;185(4):2620-2628.  

(315) Caccamo N, Guggino G, Meraviglia S, Gelsomino G, Di Carlo P, Titone L, et al. Analysis of 

Mycobacterium tuberculosis-specific CD8 T-cells in patients with active tuberculosis and in 

individuals with latent infection. PLoS One 2009;4(5):e5528.  

(316) Ottenhoff TH. New pathways of protective and pathological host defense to mycobacteria. 

Trends Microbiol 2012 Sep;20(9):419-428.  

(317) Silva CL, Lowrie DB. Identification and characterization of murine cytotoxic T cells that kill 

Mycobacterium tuberculosis. Infect Immun 2000 Jun;68(6):3269-3274.  

(318) Stenger S, Mazzaccaro RJ, Uyemura K, Cho S, Barnes PF, Rosat JP, et al. Differential effects 

of cytolytic T cell subsets on intracellular infection. Science 1997 Jun 13;276(5319):1684-1687.  



103 
 

(319) Stenger S, Hanson DA, Teitelbaum R, Dewan P, Niazi KR, Froelich CJ, et al. An 

antimicrobial activity of cytolytic T cells mediated by granulysin. Science 1998 Oct 

2;282(5386):121-125.  

(320) Lalvani A, Brookes R, Wilkinson RJ, Malin AS, Pathan AA, Andersen P, et al. Human 

cytolytic and interferon gamma-secreting CD8+ T lymphocytes specific for Mycobacterium 

tuberculosis. Proc Natl Acad Sci U S A 1998 Jan 6;95(1):270-275.  

(321) Bruns H, Meinken C, Schauenberg P, Harter G, Kern P, Modlin RL, et al. Anti-TNF 

immunotherapy reduces CD8+ T cell-mediated antimicrobial activity against Mycobacterium 

tuberculosis in humans. J Clin Invest 2009 May;119(5):1167-1177.  

(322) Jacobsen M, Detjen AK, Mueller H, Gutschmidt A, Leitner S, Wahn U, et al. Clonal 

expansion of CD8+ effector T cells in childhood tuberculosis. J Immunol 2007 Jul 15;179(2):1331-

1339.  

(323) Golubovskaya V, Wu L. Different Subsets of T Cells, Memory, Effector Functions, and 

CAR-T Immunotherapy. Cancers (Basel) 2016 Mar 15;8(3):10.3390/cancers8030036.  

(324) Lanzavecchia A, Sallusto F. Understanding the generation and function of memory T cell 

subsets. Curr Opin Immunol 2005 Jun;17(3):326-332.  

(325) Zanetti M, Franchini G. T cell memory and protective immunity by vaccination: is more 

better? Trends Immunol 2006 Nov;27(11):511-517.  

(326) Mahnke YD, Brodie TM, Sallusto F, Roederer M, Lugli E. The who's who of T-cell 

differentiation: human memory T-cell subsets. Eur J Immunol 2013 Nov;43(11):2797-2809.  

(327) Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory T 

lymphocytes with distinct homing potentials and effector functions. Nature 1999 Oct 

14;401(6754):708-712.  

(328) Scriba TJ, Tameris M, Mansoor N, Smit E, van der Merwe L, Isaacs F, et al. Modified 

vaccinia Ankara-expressing Ag85A, a novel tuberculosis vaccine, is safe in adolescents and 

children, and induces polyfunctional CD4+ T cells. Eur J Immunol 2010 Jan;40(1):279-290.  

(329) Abel B, Tameris M, Mansoor N, Gelderbloem S, Hughes J, Abrahams D, et al. The novel 

tuberculosis vaccine, AERAS-402, induces robust and polyfunctional CD4+ and CD8+ T cells in 

adults. Am J Respir Crit Care Med 2010 Jun 15;181(12):1407-1417.  

(330) Soares AP, Scriba TJ, Joseph S, Harbacheuski R, Murray RA, Gelderbloem SJ, et al. Bacillus 

Calmette-Guerin vaccination of human newborns induces T cells with complex cytokine and 

phenotypic profiles. J Immunol 2008 Mar 1;180(5):3569-3577.  



104 
 

(331) Beveridge NE, Price DA, Casazza JP, Pathan AA, Sander CR, Asher TE, et al. Immunisation 

with BCG and recombinant MVA85A induces long-lasting, polyfunctional Mycobacterium 

tuberculosis-specific CD4+ memory T lymphocyte populations. Eur J Immunol 2007 

Nov;37(11):3089-3100.  

(332) Marin ND, Paris SC, Rojas M, Garcia LF. Functional profile of CD4+ and CD8+ T cells in 

latently infected individuals and patients with active TB. Tuberculosis (Edinb) 2013 

Mar;93(2):155-166.  

(333) Ciuffreda D, Comte D, Cavassini M, Giostra E, Buhler L, Perruchoud M, et al. 

Polyfunctional HCV-specific T-cell responses are associated with effective control of HCV 

replication. Eur J Immunol 2008 Oct;38(10):2665-2677.  

(334) Chiacchio T, Petruccioli E, Vanini V, Butera O, Cuzzi G, Petrone L, et al. Higher frequency 

of T-cell response to M. tuberculosis latency antigen Rv2628 at the site of active tuberculosis 

disease than in peripheral blood. PLoS One 2011;6(11):e27539.  

(335) El Fenniri L, Toossi Z, Aung H, El Iraki G, Bourkkadi J, Benamor J, et al. Polyfunctional 

Mycobacterium tuberculosis-specific effector memory CD4+ T cells at sites of pleural TB. 

Tuberculosis (Edinb) 2011 May;91(3):224-230.  

(336) Sargentini V, Mariotti S, Carrara S, Gagliardi MC, Teloni R, Goletti D, et al. Cytometric 

detection of antigen-specific IFN-gamma/IL-2 secreting cells in the diagnosis of tuberculosis. BMC 

Infect Dis 2009 Jun 23;9:99-2334-9-99.  

(337) Sester U, Fousse M, Dirks J, Mack U, Prasse A, Singh M, et al. Whole-blood flow-cytometric 

analysis of antigen-specific CD4 T-cell cytokine profiles distinguishes active tuberculosis from 

non-active states. PLoS One 2011 Mar 15;6(3):e17813.  

(338) Sutherland JS, Adetifa IM, Hill PC, Adegbola RA, Ota MO. Pattern and diversity of cytokine 

production differentiates between Mycobacterium tuberculosis infection and disease. Eur J 

Immunol 2009 Mar;39(3):723-729.  

(339) Young JM, Adetifa IM, Ota MO, Sutherland JS. Expanded polyfunctional T cell response to 

mycobacterial antigens in TB disease and contraction post-treatment. PLoS One 2010 Jun 

21;5(6):e11237.  

(340) Day CL, Abrahams DA, Lerumo L, Janse van Rensburg E, Stone L, O'rie T, et al. Functional 

capacity of Mycobacterium tuberculosis-specific T cell responses in humans is associated with 

mycobacterial load. J Immunol 2011 Sep 1;187(5):2222-2232.  

(341) Casey R, Blumenkrantz D, Millington K, Montamat-Sicotte D, Kon OM, Wickremasinghe 

M, et al. Enumeration of functional T-cell subsets by fluorescence-immunospot defines signatures 

of pathogen burden in tuberculosis. PLoS One 2010 Dec 14;5(12):e15619.  



105 
 

(342) Wang X, Cao Z, Jiang J, Niu H, Dong M, Tong A, et al. Association of mycobacterial 

antigen-specific CD4(+) memory T cell subsets with outcome of pulmonary tuberculosis. J Infect 

2010 Feb;60(2):133-139.  

(343) Petruccioli E, Petrone L, Vanini V, Sampaolesi A, Gualano G, Girardi E, et al. 

IFNgamma/TNFalpha specific-cells and effector memory phenotype associate with active 

tuberculosis. J Infect 2013 Jun;66(6):475-486.  

(344) Mueller H, Detjen AK, Schuck SD, Gutschmidt A, Wahn U, Magdorf K, et al. 

Mycobacterium tuberculosis-specific CD4+, IFNgamma+, and TNFalpha+ multifunctional memory 

T cells coexpress GM-CSF. Cytokine 2008 Aug;43(2):143-148.  

(345) Sakaguchi S. The origin of FOXP3-expressing CD4+ regulatory T cells: thymus or periphery. 

J Clin Invest 2003 Nov;112(9):1310-1312.  

(346) Corthay A. How do regulatory T cells work? Scand J Immunol 2009 Oct;70(4):326-336.  

(347) Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T cells: mechanisms of differentiation and 

function. Annu Rev Immunol 2012;30:531-564.  

(348) Wing K, Sakaguchi S. Regulatory T cells exert checks and balances on self tolerance and 

autoimmunity. Nat Immunol 2010 Jan;11(1):7-13.  

(349) Chen X, Zhou B, Li M, Deng Q, Wu X, Le X, et al. CD4(+)CD25(+)FoxP3(+) regulatory T 

cells suppress Mycobacterium tuberculosis immunity in patients with active disease. Clin Immunol 

2007 Apr;123(1):50-59.  

(350) Diaz A, Santucci N, Bongiovanni B, D'Attilio L, Massoni C, Lioi S, et al. Increased 

frequency of CD4+ CD25+ FoxP3+ T regulatory cells in pulmonary tuberculosis patients 

undergoing specific treatment and its relationship with their immune-endocrine profile. J Immunol 

Res 2015;2015:985302.  

(351) de Almeida AS, Fiske CT, Sterling TR, Kalams SA. Increased frequency of regulatory T cells 

and T lymphocyte activation in persons with previously treated extrapulmonary tuberculosis. Clin 

Vaccine Immunol 2012 Jan;19(1):45-52.  

(352) Scott-Browne JP, Shafiani S, Tucker-Heard G, Ishida-Tsubota K, Fontenot JD, Rudensky 

AY, et al. Expansion and function of Foxp3-expressing T regulatory cells during tuberculosis. J 

Exp Med 2007 Sep 3;204(9):2159-2169.  

(353) Green AM, Mattila JT, Bigbee CL, Bongers KS, Lin PL, Flynn JL. CD4(+) regulatory T cells 

in a cynomolgus macaque model of Mycobacterium tuberculosis infection. J Infect Dis 2010 Aug 

15;202(4):533-541.  



106 
 

(354) Rahman S, Gudetta B, Fink J, Granath A, Ashenafi S, Aseffa A, et al. Compartmentalization 

of immune responses in human tuberculosis: few CD8+ effector T cells but elevated levels of 

FoxP3+ regulatory t cells in the granulomatous lesions. Am J Pathol 2009 Jun;174(6):2211-2224.  

(355) Shevach EM. Mechanisms of foxp3+ T regulatory cell-mediated suppression. Immunity 2009 

May;30(5):636-645.  

(356) Guyot-Revol V, Innes JA, Hackforth S, Hinks T, Lalvani A. Regulatory T cells are expanded 

in blood and disease sites in patients with tuberculosis. Am J Respir Crit Care Med 2006 Apr 

1;173(7):803-810.  

(357) Campbell DJ, Koch MA. Phenotypical and functional specialization of FOXP3+ regulatory T 

cells. Nat Rev Immunol 2011 Feb;11(2):119-130.  

(358) Montoya D, Cruz D, Teles RM, Lee DJ, Ochoa MT, Krutzik SR, et al. Divergence of 

macrophage phagocytic and antimicrobial programs in leprosy. Cell Host Microbe 2009 Oct 

22;6(4):343-353.  

(359) Verreck FA, de Boer T, Langenberg DM, Hoeve MA, Kramer M, Vaisberg E, et al. Human 

IL-23-producing type 1 macrophages promote but IL-10-producing type 2 macrophages subvert 

immunity to (myco)bacteria. Proc Natl Acad Sci U S A 2004 Mar 30;101(13):4560-4565.  

(360) Burl S, Hill PC, Jeffries DJ, Holland MJ, Fox A, Lugos MD, et al. FOXP3 gene expression in 

a tuberculosis case contact study. Clin Exp Immunol 2007 Jul;149(1):117-122.  

(361) Guirado E, Amat I, Gil O, Diaz J, Arcos V, Caceres N, et al. Passive serum therapy with 

polyclonal antibodies against Mycobacterium tuberculosis protects against post-chemotherapy 

relapse of tuberculosis infection in SCID mice. Microbes Infect 2006 Apr;8(5):1252-1259.  

(362) Ribeiro-Rodrigues R, Resende Co T, Rojas R, Toossi Z, Dietze R, Boom WH, et al. A role 

for CD4+CD25+ T cells in regulation of the immune response during human tuberculosis. Clin Exp 

Immunol 2006 Apr;144(1):25-34.  

(363) Welsh KJ, Risin SA, Actor JK, Hunter RL. Immunopathology of postprimary tuberculosis: 

increased T-regulatory cells and DEC-205-positive foamy macrophages in cavitary lesions. Clin 

Dev Immunol 2011;2011:307631.  

(364) Hougardy JM, Place S, Hildebrand M, Drowart A, Debrie AS, Locht C, et al. Regulatory T 

cells depress immune responses to protective antigens in active tuberculosis. Am J Respir Crit Care 

Med 2007 Aug 15;176(4):409-416.  

(365) Quinn KM, McHugh RS, Rich FJ, Goldsack LM, de Lisle GW, Buddle BM, et al. 

Inactivation of CD4+ CD25+ regulatory T cells during early mycobacterial infection increases 

cytokine production but does not affect pathogen load. Immunol Cell Biol 2006 Oct;84(5):467-474.  



107 
 

(366) Kursar M, Koch M, Mittrucker HW, Nouailles G, Bonhagen K, Kamradt T, et al. Cutting 

Edge: Regulatory T cells prevent efficient clearance of Mycobacterium tuberculosis. J Immunol 

2007 Mar 1;178(5):2661-2665.  

(367) Kmieciak M, Gowda M, Graham L, Godder K, Bear HD, Marincola FM, et al. Human T cells 

express CD25 and Foxp3 upon activation and exhibit effector/memory phenotypes without any 

regulatory/suppressor function. J Transl Med 2009 Oct 22;7:89-5876-7-89.  

(368) Hoffman W, Lakkis FG, Chalasani G. B Cells, Antibodies, and More. Clin J Am Soc Nephrol 

2016 Jan 7;11(1):137-154.  

(369) Lund FE, Randall TD. Effector and regulatory B cells: modulators of CD4+ T cell immunity. 

Nat Rev Immunol 2010 Apr;10(4):236-247.  

(370) Wojciechowski W, Harris DP, Sprague F, Mousseau B, Makris M, Kusser K, et al. Cytokine-

producing effector B cells regulate type 2 immunity to H. polygyrus. Immunity 2009 Mar 

20;30(3):421-433.  

(371) Harris DP, Haynes L, Sayles PC, Duso DK, Eaton SM, Lepak NM, et al. Reciprocal 

regulation of polarized cytokine production by effector B and T cells. Nat Immunol 2000 

Dec;1(6):475-482.  

(372) Mosmann T. Complexity or coherence? Cytokine secretion by B cells. Nat Immunol 2000 

Dec;1(6):465-466.  

(373) Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isenberg DA, et al. 

CD19+CD24hiCD38hi B cells maintain regulatory T cells while limiting TH1 and TH17 

differentiation. Sci Transl Med 2013 Feb 20;5(173):173ra23.  

(374) Zhang M, Zheng X, Zhang J, Zhu Y, Zhu X, Liu H, et al. CD19(+)CD1d(+)CD5(+) B cell 

frequencies are increased in patients with tuberculosis and suppress Th17 responses. Cell Immunol 

2012;274(1-2):89-97.  

(375) Vordermeier HM, Venkataprasad N, Harris DP, Ivanyi J. Increase of tuberculous infection in 

the organs of B cell-deficient mice. Clin Exp Immunol 1996 Nov;106(2):312-316.  

(376) Johnson CM, Cooper AM, Frank AA, Bonorino CB, Wysoki LJ, Orme IM. Mycobacterium 

tuberculosis aerogenic rechallenge infections in B cell-deficient mice. Tuber Lung Dis 1997;78(5-

6):257-261.  

(377) Maglione PJ, Chan J. How B cells shape the immune response against Mycobacterium 

tuberculosis. Eur J Immunol 2009 Mar;39(3):676-686.  



108 
 

(378) Tsai MC, Chakravarty S, Zhu G, Xu J, Tanaka K, Koch C, et al. Characterization of the 

tuberculous granuloma in murine and human lungs: cellular composition and relative tissue oxygen 

tension. Cell Microbiol 2006 Feb;8(2):218-232.  

(379) Ulrichs T, Kosmiadi GA, Trusov V, Jorg S, Pradl L, Titukhina M, et al. Human tuberculous 

granulomas induce peripheral lymphoid follicle-like structures to orchestrate local host defence in 

the lung. J Pathol 2004 Oct;204(2):217-228.  

(380) Gonzalez-Juarrero M, Turner OC, Turner J, Marietta P, Brooks JV, Orme IM. Temporal and 

spatial arrangement of lymphocytes within lung granulomas induced by aerosol infection with 

Mycobacterium tuberculosis. Infect Immun 2001 Mar;69(3):1722-1728.  

(381) Salerno A, Dieli F. Role of gamma delta T lymphocytes in immune response in humans and 

mice. Crit Rev Immunol 1998;18(4):327-357.  

(382) Torrado E, Robinson RT, Cooper AM. Cellular response to mycobacteria: balancing 

protection and pathology. Trends Immunol 2011 Feb;32(2):66-72.  

(383) Ladel CH, Blum C, Dreher A, Reifenberg K, Kaufmann SH. Protective role of gamma/delta 

T cells and alpha/beta T cells in tuberculosis. Eur J Immunol 1995 Oct;25(10):2877-2881.  

(384) D'Souza CD, Cooper AM, Frank AA, Mazzaccaro RJ, Bloom BR, Orme IM. An anti-

inflammatory role for gamma delta T lymphocytes in acquired immunity to Mycobacterium 

tuberculosis. J Immunol 1997 Feb 1;158(3):1217-1221.  

(385) Kirwan SE, Burshtyn DN. Regulation of natural killer cell activity. Curr Opin Immunol 2007 

Feb;19(1):46-54.  

(386) Vankayalapati R, Wizel B, Weis SE, Safi H, Lakey DL, Mandelboim O, et al. The NKp46 

receptor contributes to NK cell lysis of mononuclear phagocytes infected with an intracellular 

bacterium. J Immunol 2002 Apr 1;168(7):3451-3457.  

(387) Dhiman R, Indramohan M, Barnes PF, Nayak RC, Paidipally P, Rao LV, et al. IL-22 

produced by human NK cells inhibits growth of Mycobacterium tuberculosis by enhancing 

phagolysosomal fusion. J Immunol 2009 Nov 15;183(10):6639-6645.  

(388) Girardi E, Zajonc DM. Molecular basis of lipid antigen presentation by CD1d and recognition 

by natural killer T cells. Immunol Rev 2012 Nov;250(1):167-179.  

(389) Im JS, Kang TJ, Lee SB, Kim CH, Lee SH, Venkataswamy MM, et al. Alteration of the 

relative levels of iNKT cell subsets is associated with chronic mycobacterial infections. Clin 

Immunol 2008 May;127(2):214-224.  



109 
 

(390) Montoya CJ, Catano JC, Ramirez Z, Rugeles MT, Wilson SB, Landay AL. Invariant NKT 

cells from HIV-1 or Mycobacterium tuberculosis-infected patients express an activated phenotype. 

Clin Immunol 2008 Apr;127(1):1-6.  

(391) Snyder-Cappione JE, Nixon DF, Loo CP, Chapman JM, Meiklejohn DA, Melo FF, et al. 

Individuals with pulmonary tuberculosis have lower levels of circulating CD1d-restricted NKT 

cells. J Infect Dis 2007 May 1;195(9):1361-1364.  

(392) Kee SJ, Kwon YS, Park YW, Cho YN, Lee SJ, Kim TJ, et al. Dysfunction of natural killer T 

cells in patients with active Mycobacterium tuberculosis infection. Infect Immun 2012 

Jun;80(6):2100-2108.  

(393) Chackerian A, Alt J, Perera V, Behar SM. Activation of NKT cells protects mice from 

tuberculosis. Infect Immun 2002 Nov;70(11):6302-6309.  

(394) Apostolou I, Takahama Y, Belmant C, Kawano T, Huerre M, Marchal G, et al. Murine 

natural killer T(NKT) cells [correction of natural killer cells] contribute to the granulomatous 

reaction caused by mycobacterial cell walls. Proc Natl Acad Sci U S A 1999 Apr 27;96(9):5141-

5146.  

(395) Sugawara I, Yamada H, Mizuno S, Li CY, Nakayama T, Taniguchi M. Mycobacterial 

infection in natural killer T cell knockout mice. Tuberculosis (Edinb) 2002;82(2-3):97-104.  

(396) Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell Death Differ 

2003 Jan;10(1):45-65.  

(397) Flynn JL, Goldstein MM, Chan J, Triebold KJ, Pfeffer K, Lowenstein CJ, et al. Tumor 

necrosis factor-alpha is required in the protective immune response against Mycobacterium 

tuberculosis in mice. Immunity 1995 Jun;2(6):561-572.  

(398) Bean AG, Roach DR, Briscoe H, France MP, Korner H, Sedgwick JD, et al. Structural 

deficiencies in granuloma formation in TNF gene-targeted mice underlie the heightened 

susceptibility to aerosol Mycobacterium tuberculosis infection, which is not compensated for by 

lymphotoxin. J Immunol 1999 Mar 15;162(6):3504-3511.  

(399) Stenger S. Immunological control of tuberculosis: role of tumour necrosis factor and more. 

Ann Rheum Dis 2005 Nov;64 Suppl 4:iv24-8.  

(400) Chan J, Xing Y, Magliozzo RS, Bloom BR. Killing of virulent Mycobacterium tuberculosis 

by reactive nitrogen intermediates produced by activated murine macrophages. J Exp Med 1992 

Apr 1;175(4):1111-1122.  

(401) Lin PL, Myers A, Smith L, Bigbee C, Bigbee M, Fuhrman C, et al. Tumor necrosis factor 

neutralization results in disseminated disease in acute and latent Mycobacterium tuberculosis 



110 
 

infection with normal granuloma structure in a cynomolgus macaque model. Arthritis Rheum 2010 

Feb;62(2):340-350.  

(402) Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, Schwieterman WD, et al. 

Tuberculosis associated with infliximab, a tumor necrosis factor alpha-neutralizing agent. N Engl J 

Med 2001 Oct 11;345(15):1098-1104.  

(403) Askling J, Fored CM, Brandt L, Baecklund E, Bertilsson L, Coster L, et al. Risk and case 

characteristics of tuberculosis in rheumatoid arthritis associated with tumor necrosis factor 

antagonists in Sweden. Arthritis Rheum 2005 Jul;52(7):1986-1992.  

(404) Gomez-Reino JJ, Carmona L, Valverde VR, Mola EM, Montero MD, BIOBADASER Group. 

Treatment of rheumatoid arthritis with tumor necrosis factor inhibitors may predispose to 

significant increase in tuberculosis risk: a multicenter active-surveillance report. Arthritis Rheum 

2003 Aug;48(8):2122-2127.  

(405) Dixon WG, Hyrich KL, Watson KD, Lunt M, Galloway J, Ustianowski A, et al. Drug-

specific risk of tuberculosis in patients with rheumatoid arthritis treated with anti-TNF therapy: 

results from the British Society for Rheumatology Biologics Register (BSRBR). Ann Rheum Dis 

2010 Mar;69(3):522-528.  

(406) Hamdi H, Mariette X, Godot V, Weldingh K, Hamid AM, Prejean MV, et al. Inhibition of 

anti-tuberculosis T-lymphocyte function with tumour necrosis factor antagonists. Arthritis Res Ther 

2006;8(4):R114.  

(407) Awomoyi AA, Charurat M, Marchant A, Miller EN, Blackwell JM, McAdam KP, et al. 

Polymorphism in IL1B: IL1B-511 association with tuberculosis and decreased lipopolysaccharide-

induced IL-1beta in IFN-gamma primed ex-vivo whole blood assay. J Endotoxin Res 

2005;11(5):281-286.  

(408) Bellamy R, Ruwende C, Corrah T, McAdam KP, Whittle HC, Hill AV. Assessment of the 

interleukin 1 gene cluster and other candidate gene polymorphisms in host susceptibility to 

tuberculosis. Tuber Lung Dis 1998;79(2):83-89.  

(409) Gomez LM, Camargo JF, Castiblanco J, Ruiz-Narvaez EA, Cadena J, Anaya JM. Analysis of 

IL1B, TAP1, TAP2 and IKBL polymorphisms on susceptibility to tuberculosis. Tissue Antigens 

2006 Apr;67(4):290-296.  

(410) Taylor PC, Feldmann M. Anti-TNF biologic agents: still the therapy of choice for rheumatoid 

arthritis. Nat Rev Rheumatol 2009 Oct;5(10):578-582.  

(411) Wilkinson RJ, Patel P, Llewelyn M, Hirsch CS, Pasvol G, Snounou G, et al. Influence of 

polymorphism in the genes for the interleukin (IL)-1 receptor antagonist and IL-1beta on 

tuberculosis. J Exp Med 1999 Jun 21;189(12):1863-1874.  



111 
 

(412) Nolan A, Condos R, Huie ML, Dawson R, Dheda K, Bateman E, et al. Elevated IP-10 and 

IL-6 from bronchoalveolar lavage cells are biomarkers of non-cavitary tuberculosis. Int J Tuberc 

Lung Dis 2013 Jul;17(7):922-927.  

(413) el-Ahmady O, Mansour M, Zoeir H, Mansour O. Elevated concentrations of interleukins and 

leukotriene in response to Mycobacterium tuberculosis infection. Ann Clin Biochem 1997 Mar;34 ( 

Pt 2)(Pt 2):160-164.  

(414) Appelberg R, Castro AG, Pedrosa J, Minoprio P. Role of interleukin-6 in the induction of 

protective T cells during mycobacterial infections in mice. Immunology 1994 Jul;82(3):361-364.  

(415) Ladel CH, Blum C, Dreher A, Reifenberg K, Kopf M, Kaufmann SH. Lethal tuberculosis in 

interleukin-6-deficient mutant mice. Infect Immun 1997 Nov;65(11):4843-4849.  

(416) Saunders BM, Frank AA, Orme IM, Cooper AM. Interleukin-6 induces early gamma 

interferon production in the infected lung but is not required for generation of specific immunity to 

Mycobacterium tuberculosis infection. Infect Immun 2000 Jun;68(6):3322-3326.  

(417) Zhang M, Gately MK, Wang E, Gong J, Wolf SF, Lu S, et al. Interleukin 12 at the site of 

disease in tuberculosis. J Clin Invest 1994 Apr;93(4):1733-1739.  

(418) Altare F, Ensser A, Breiman A, Reichenbach J, Baghdadi JE, Fischer A, et al. Interleukin-12 

receptor beta1 deficiency in a patient with abdominal tuberculosis. J Infect Dis 2001 Jul 

15;184(2):231-236.  

(419) Caragol I, Raspall M, Fieschi C, Feinberg J, Larrosa MN, Hernandez M, et al. Clinical 

tuberculosis in 2 of 3 siblings with interleukin-12 receptor beta1 deficiency. Clin Infect Dis 2003 

Jul 15;37(2):302-306.  

(420) Casanova JL, Abel L. Genetic dissection of immunity to mycobacteria: the human model. 

Annu Rev Immunol 2002;20:581-620.  

(421) Dorman SE, Holland SM. Interferon-gamma and interleukin-12 pathway defects and human 

disease. Cytokine Growth Factor Rev 2000 Dec;11(4):321-333.  

(422) Ozbek N, Fieschi C, Yilmaz BT, de Beaucoudrey L, Demirhan B, Feinberg J, et al. 

Interleukin-12 receptor beta 1 chain deficiency in a child with disseminated tuberculosis. Clin 

Infect Dis 2005 Mar 15;40(6):e55-8.  

(423) Picard C, Fieschi C, Altare F, Al-Jumaah S, Al-Hajjar S, Feinberg J, et al. Inherited 

interleukin-12 deficiency: IL12B genotype and clinical phenotype of 13 patients from six kindreds. 

Am J Hum Genet 2002 Feb;70(2):336-348.  



112 
 

(424) Boggiano C, Eichelberg K, Ramachandra L, Shea J, Ramakrishnan L, Behar S, et al. "The 

Impact of Mycobacterium tuberculosis Immune Evasion on Protective Immunity: Implications for 

TB Vaccine Design" - Meeting report. Vaccine 2017 Jun 14;35(27):3433-3440.  

(425) Bustamante J, Arias AA, Vogt G, Picard C, Galicia LB, Prando C, et al. Germline CYBB 

mutations that selectively affect macrophages in kindreds with X-linked predisposition to 

tuberculous mycobacterial disease. Nat Immunol 2011 Mar;12(3):213-221.  

(426) Filipe-Santos O, Bustamante J, Chapgier A, Vogt G, de Beaucoudrey L, Feinberg J, et al. 

Inborn errors of IL-12/23- and IFN-gamma-mediated immunity: molecular, cellular, and clinical 

features. Semin Immunol 2006 Dec;18(6):347-361.  

(427) Cooper AM, Flynn JL. The protective immune response to Mycobacterium tuberculosis. Curr 

Opin Immunol 1995 Aug;7(4):512-516.  

(428) Cooper AM, Kipnis A, Turner J, Magram J, Ferrante J, Orme IM. Mice lacking bioactive IL-

12 can generate protective, antigen-specific cellular responses to mycobacterial infection only if the 

IL-12 p40 subunit is present. J Immunol 2002 Feb 1;168(3):1322-1327.  

(429) Cooper AM, D'Souza C, Frank AA, Orme IM. The course of Mycobacterium tuberculosis 

infection in the lungs of mice lacking expression of either perforin- or granzyme-mediated cytolytic 

mechanisms. Infect Immun 1997 Apr;65(4):1317-1320.  

(430) Serbina NV, Flynn JL. Early emergence of CD8(+) T cells primed for production of type 1 

cytokines in the lungs of Mycobacterium tuberculosis-infected mice. Infect Immun 1999 

Aug;67(8):3980-3988.  

(431) Luoma AM, Castro CD, Adams EJ. gammadelta T cell surveillance via CD1 molecules. 

Trends Immunol 2014 Oct 2;35(12):613-621.  

(432) Pereira CS, Macedo MF. CD1-Restricted T Cells at the Crossroad of Innate and Adaptive 

Immunity. J Immunol Res 2016;2016:2876275.  

(433) North RJ, Jung YJ. Immunity to tuberculosis. Annu Rev Immunol 2004;22:599-623.  

(434) Cooper AM, Pearl JE, Brooks JV, Ehlers S, Orme IM. Expression of the nitric oxide synthase 

2 gene is not essential for early control of Mycobacterium tuberculosis in the murine lung. Infect 

Immun 2000 Dec;68(12):6879-6882.  

(435) MacMicking J, Xie QW, Nathan C. Nitric oxide and macrophage function. Annu Rev 

Immunol 1997;15:323-350.  

(436) Scanga CA, Mohan VP, Tanaka K, Alland D, Flynn JL, Chan J. The inducible nitric oxide 

synthase locus confers protection against aerogenic challenge of both clinical and laboratory strains 

of Mycobacterium tuberculosis in mice. Infect Immun 2001 Dec;69(12):7711-7717.  



113 
 

(437) O'Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MP. The immune 

response in tuberculosis. Annu Rev Immunol 2013;31:475-527.  

(438) Nathan C, Shiloh MU. Reactive oxygen and nitrogen intermediates in the relationship 

between mammalian hosts and microbial pathogens. Proc Natl Acad Sci U S A 2000 Aug 

1;97(16):8841-8848.  

(439) Russell DG, VanderVen BC, Lee W, Abramovitch RB, Kim MJ, Homolka S, et al. 

Mycobacterium tuberculosis wears what it eats. Cell Host Microbe 2010 Jul 22;8(1):68-76.  

(440) Kimmey JM, Huynh JP, Weiss LA, Park S, Kambal A, Debnath J, et al. Unique role for 

ATG5 in neutrophil-mediated immunopathology during M. tuberculosis infection. Nature 2015 Dec 

24;528(7583):565-569.  

(441) Nandi B, Behar SM. Regulation of neutrophils by interferon-gamma limits lung inflammation 

during tuberculosis infection. J Exp Med 2011 Oct 24;208(11):2251-2262.  

(442) Tischler AD, Leistikow RL, Kirksey MA, Voskuil MI, McKinney JD. Mycobacterium 

tuberculosis requires phosphate-responsive gene regulation to resist host immunity. Infect Immun 

2013 Jan;81(1):317-328.  

(443) Wink DA, Hines HB, Cheng RY, Switzer CH, Flores-Santana W, Vitek MP, et al. Nitric 

oxide and redox mechanisms in the immune response. J Leukoc Biol 2011 Jun;89(6):873-891.  

(444) Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev 

Immunol 2010 Mar;10(3):170-181.  

(445) Rojas RE, Balaji KN, Subramanian A, Boom WH. Regulation of human CD4(+) alphabeta T-

cell-receptor-positive (TCR(+)) and gammadelta TCR(+) T-cell responses to Mycobacterium 

tuberculosis by interleukin-10 and transforming growth factor beta. Infect Immun 1999 

Dec;67(12):6461-6472.  

(446) Redford PS, Murray PJ, O'Garra A. The role of IL-10 in immune regulation during M. 

tuberculosis infection. Mucosal Immunol 2011 May;4(3):261-270.  

(447) North RJ. Mice incapable of making IL-4 or IL-10 display normal resistance to infection with 

Mycobacterium tuberculosis. Clin Exp Immunol 1998 Jul;113(1):55-58.  

(448) Moreira-Teixeira L, Redford PS, Stavropoulos E, Ghilardi N, Maynard CL, Weaver CT, et al. 

T Cell-Derived IL-10 Impairs Host Resistance to Mycobacterium tuberculosis Infection. J Immunol 

2017 Jul 15;199(2):613-623.  

(449) Roach DR, Martin E, Bean AG, Rennick DM, Briscoe H, Britton WJ. Endogenous inhibition 

of antimycobacterial immunity by IL-10 varies between mycobacterial species. Scand J Immunol 

2001 Jul-Aug;54(1-2):163-170.  



114 
 

(450) Cyktor JC, Carruthers B, Beamer GL, Turner J. Clonal expansions of CD8+ T cells with IL-

10 secreting capacity occur during chronic Mycobacterium tuberculosis infection. PLoS One 

2013;8(3):e58612.  

(451) Cilfone NA, Ford CB, Marino S, Mattila JT, Gideon HP, Flynn JL, et al. Computational 

modeling predicts IL-10 control of lesion sterilization by balancing early host immunity-mediated 

antimicrobial responses with caseation during Mycobacterium tuberculosis infection. J Immunol 

2015 Jan 15;194(2):664-677.  

(452) Ordway D, Henao-Tamayo M, Harton M, Palanisamy G, Troudt J, Shanley C, et al. The 

hypervirulent Mycobacterium tuberculosis strain HN878 induces a potent TH1 response followed 

by rapid down-regulation. J Immunol 2007 Jul 1;179(1):522-531.  

(453) Newton SM, Smith RJ, Wilkinson KA, Nicol MP, Garton NJ, Staples KJ, et al. A deletion 

defining a common Asian lineage of Mycobacterium tuberculosis associates with immune 

subversion. Proc Natl Acad Sci U S A 2006 Oct 17;103(42):15594-15598.  

(454) Barnes PF, Lu S, Abrams JS, Wang E, Yamamura M, Modlin RL. Cytokine production at the 

site of disease in human tuberculosis. Infect Immun 1993 Aug;61(8):3482-3489.  

(455) Verbon A, Juffermans N, Van Deventer SJ, Speelman P, Van Deutekom H, Van Der Poll T. 

Serum concentrations of cytokines in patients with active tuberculosis (TB) and after treatment. 

Clin Exp Immunol 1999 Jan;115(1):110-113.  

(456) Almeida AS, Lago PM, Boechat N, Huard RC, Lazzarini LC, Santos AR, et al. Tuberculosis 

is associated with a down-modulatory lung immune response that impairs Th1-type immunity. J 

Immunol 2009 Jul 1;183(1):718-731.  

(457) Gerosa F, Nisii C, Righetti S, Micciolo R, Marchesini M, Cazzadori A, et al. CD4(+) T cell 

clones producing both interferon-gamma and interleukin-10 predominate in bronchoalveolar 

lavages of active pulmonary tuberculosis patients. Clin Immunol 1999 Sep;92(3):224-234.  

(458) Gong JH, Zhang M, Modlin RL, Linsley PS, Iyer D, Lin Y, et al. Interleukin-10 

downregulates Mycobacterium tuberculosis-induced Th1 responses and CTLA-4 expression. Infect 

Immun 1996 Mar;64(3):913-918.  

(459) Toossi Z, Gogate P, Shiratsuchi H, Young T, Ellner JJ. Enhanced production of TGF-beta by 

blood monocytes from patients with active tuberculosis and presence of TGF-beta in tuberculous 

granulomatous lung lesions. J Immunol 1995 Jan 1;154(1):465-473.  

(460) Dahl KE, Shiratsuchi H, Hamilton BD, Ellner JJ, Toossi Z. Selective induction of 

transforming growth factor beta in human monocytes by lipoarabinomannan of Mycobacterium 

tuberculosis. Infect Immun 1996 Feb;64(2):399-405.  



115 
 

(461) MacDonald AS, Araujo MI, Pearce EJ. Immunology of parasitic helminth infections. Infect 

Immun 2002 Feb;70(2):427-433.  

(462) Steinke JW, Borish L. Th2 cytokines and asthma. Interleukin-4: its role in the pathogenesis of 

asthma, and targeting it for asthma treatment with interleukin-4 receptor antagonists. Respir Res 

2001;2(2):66-70.  

(463) Stone KD, Prussin C, Metcalfe DD. IgE, mast cells, basophils, and eosinophils. J Allergy 

Clin Immunol 2010 Feb;125(2 Suppl 2):S73-80.  

(464) Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood 2008 Sep 1;112(5):1557-

1569.  

(465) Howard AD, Zwilling BS. Reactivation of tuberculosis is associated with a shift from type 1 

to type 2 cytokines. Clin Exp Immunol 1999 Mar;115(3):428-434.  

(466) Sugawara I, Yamada H, Mizuno S, Iwakura Y. IL-4 is required for defense against 

mycobacterial infection. Microbiol Immunol 2000;44(12):971-979.  

(467) Gaffen SL. Recent advances in the IL-17 cytokine family. Curr Opin Immunol 2011 

Oct;23(5):613-619.  

(468) Lockhart E, Green AM, Flynn JL. IL-17 production is dominated by gammadelta T cells 

rather than CD4 T cells during Mycobacterium tuberculosis infection. J Immunol 2006 Oct 

1;177(7):4662-4669.  

(469) Umemura M, Yahagi A, Hamada S, Begum MD, Watanabe H, Kawakami K, et al. IL-17-

mediated regulation of innate and acquired immune response against pulmonary Mycobacterium 

bovis bacille Calmette-Guerin infection. J Immunol 2007 Mar 15;178(6):3786-3796.  

(470) Gopal R, Monin L, Slight S, Uche U, Blanchard E, Fallert Junecko BA, et al. Unexpected 

role for IL-17 in protective immunity against hypervirulent Mycobacterium tuberculosis HN878 

infection. PLoS Pathog 2014 May 15;10(5):e1004099.  

(471) Bacon K, Baggiolini M, Broxmeyer H, Horuk R, Lindley I, Mantovani A, et al. 

Chemokine/chemokine receptor nomenclature. J Interferon Cytokine Res 2002 Oct;22(10):1067-

1068.  

(472) Feng WX, Flores-Villanueva PO, Mokrousov I, Wu XR, Xiao J, Jiao WW, et al. CCL2-2518 

(A/G) polymorphisms and tuberculosis susceptibility: a meta-analysis. Int J Tuberc Lung Dis 2012 

Feb;16(2):150-156.  

(473) Murooka TT, Rahbar R, Platanias LC, Fish EN. CCL5-mediated T-cell chemotaxis involves 

the initiation of mRNA translation through mTOR/4E-BP1. Blood 2008 May 15;111(10):4892-

4901.  



116 
 

(474) Chensue SW, Warmington KS, Allenspach EJ, Lu B, Gerard C, Kunkel SL, et al. Differential 

expression and cross-regulatory function of RANTES during mycobacterial (type 1) and 

schistosomal (type 2) antigen-elicited granulomatous inflammation. J Immunol 1999 Jul 

1;163(1):165-173.  

(475) Vesosky B, Rottinghaus EK, Stromberg P, Turner J, Beamer G. CCL5 participates in early 

protection against Mycobacterium tuberculosis. J Leukoc Biol 2010 Jun;87(6):1153-1165.  

(476) Algood HM, Lin PL, Yankura D, Jones A, Chan J, Flynn JL. TNF influences chemokine 

expression of macrophages in vitro and that of CD11b+ cells in vivo during Mycobacterium 

tuberculosis infection. J Immunol 2004 Jun 1;172(11):6846-6857.  

(477) Friedland JS. Chemotactic cytokines and tuberculosis. Biochem Soc Trans 1994 

May;22(2):310-312.  

(478) Mendez-Samperio P, Miranda E, Vazquez A. Expression and secretion of CXCL-8 and 

CXCL-10 from Mycobacterium bovis BCG-infected human epithelial cells: role of IL-4. Mediators 

Inflamm 2006;2006(1):67451.  

(479) Muller M, Carter S, Hofer MJ, Campbell IL. Review: The chemokine receptor CXCR3 and 

its ligands CXCL9, CXCL10 and CXCL11 in neuroimmunity--a tale of conflict and conundrum. 

Neuropathol Appl Neurobiol 2010 Aug;36(5):368-387.  

(480) Zhu XW, Friedland JS. Multinucleate giant cells and the control of chemokine secretion in 

response to Mycobacterium tuberculosis. Clin Immunol 2006 Jul;120(1):10-20.  

(481) Taub DD, Lloyd AR, Conlon K, Wang JM, Ortaldo JR, Harada A, et al. Recombinant human 

interferon-inducible protein 10 is a chemoattractant for human monocytes and T lymphocytes and 

promotes T cell adhesion to endothelial cells. J Exp Med 1993 Jun 1;177(6):1809-1814.  

(482) Shleeva M, Kondratieva T, Rubakova E, Vostroknutova G, Kaprelyants A, Apt A. 

Reactivation of dormant "non-culturable" Mycobacterium tuberculosis developed in vitro after 

injection in mice: both the dormancy depth and host genetics influence the outcome. Microb Pathog 

2015 Jan;78:63-66.  

(483) Singh A, Sharma S. Chemotherapeutic efficacy of thioridazine as an adjunct drug in a murine 

model of latent tuberculosis. Tuberculosis (Edinb) 2014 Dec;94(6):695-700.  

(484) Al Shammari B, Shiomi T, Tezera L, Bielecka MK, Workman V, Sathyamoorthy T, et al. 

The Extracellular Matrix Regulates Granuloma Necrosis in Tuberculosis. J Infect Dis 2015 Aug 

1;212(3):463-473.  

(485) Fayyazi A, Eichmeyer B, Soruri A, Schweyer S, Herms J, Schwarz P, et al. Apoptosis of 

macrophages and T cells in tuberculosis associated caseous necrosis. J Pathol 2000 

Aug;191(4):417-425.  



117 
 

(486) Jenney CR, DeFife KM, Colton E, Anderson JM. Human monocyte/macrophage adhesion, 

macrophage motility, and IL-4-induced foreign body giant cell formation on silane-modified 

surfaces in vitro. Student Research Award in the Master's Degree Candidate Category, 24th Annual 

Meeting of the Society for Biomaterials, San Diego, CA, April 22-26, 1998. J Biomed Mater Res 

1998 Aug;41(2):171-184.  

(487) Rhoades ER, Frank AA, Orme IM. Progression of chronic pulmonary tuberculosis in mice 

aerogenically infected with virulent Mycobacterium tuberculosis. Tuber Lung Dis 1997;78(1):57-

66.  

(488) Roh IS, Cho S, Eum SY, Cho SN. Kinetics of IFN-gamma and TNF-alpha gene expression 

and their relationship with disease progression after infection with Mycobacterium tuberculosis in 

guinea pigs. Yonsei Med J 2013 May 1;54(3):707-714.  

(489) Somashekar BS, Amin AG, Rithner CD, Troudt J, Basaraba R, Izzo A, et al. Metabolic 

profiling of lung granuloma in Mycobacterium tuberculosis infected guinea pigs: ex vivo 1H magic 

angle spinning NMR studies. J Proteome Res 2011 Sep 2;10(9):4186-4195.  

(490) Lu JB, Chen BW, Wang GZ, Fu LL, Shen XB, Su C, et al. Recombinant tuberculosis vaccine 

AEC/BC02 induces antigen-specific cellular responses in mice and protects guinea pigs in a model 

of latent infection. J Microbiol Immunol Infect 2015 Dec;48(6):597-603.  

(491) Subbian S, Eugenin E, Kaplan G. Detection of Mycobacterium tuberculosis in latently 

infected lungs by immunohistochemistry and confocal microscopy. J Med Microbiol 2014 

Nov;63(Pt 11):1432-1435.  

(492) Subbian S, O'Brien P, Kushner NL, Yang G, Tsenova L, Peixoto B, et al. Molecular 

immunologic correlates of spontaneous latency in a rabbit model of pulmonary tuberculosis. Cell 

Commun Signal 2013 Feb 28;11(1):16-811X-11-16.  

(493) Flynn JL, Gideon HP, Mattila JT, Lin PL. Immunology studies in non-human primate models 

of tuberculosis. Immunol Rev 2015 Mar;264(1):60-73.  

(494) Fallahi-Sichani M, El-Kebir M, Marino S, Kirschner DE, Linderman JJ. Multiscale 

computational modeling reveals a critical role for TNF-alpha receptor 1 dynamics in tuberculosis 

granuloma formation. J Immunol 2011 Mar 15;186(6):3472-3483.  

(495) Ganguli S, Gammack D, Kirschner DE. A metapopulation model of granuloma formation in 

the lung during infection with Mycobacterium tuberculosis. Math Biosci Eng 2005 Jul;2(3):535-

560.  

(496) Magombedze G, Garira W, Mwenje E. Modelling the human immune response mechanisms 

to Mycobacterium tuberculosis infection in the lungs. Math Biosci Eng 2006 Oct;3(4):661-682.  



118 
 

(497) Marino S, El-Kebir M, Kirschner D. A hybrid multi-compartment model of granuloma 

formation and T cell priming in tuberculosis. J Theor Biol 2011 Jul 7;280(1):50-62.  

(498) Ray JC, Flynn JL, Kirschner DE. Synergy between individual TNF-dependent functions 

determines granuloma performance for controlling Mycobacterium tuberculosis infection. J 

Immunol 2009 Mar 15;182(6):3706-3717.  

(499) Warrender C, Forrest S, Koster F. Modeling intercellular interactions in early Mycobacterium 

infection. Bull Math Biol 2006 Nov;68(8):2233-2261.  

(500) Wigginton JE, Kirschner D. A model to predict cell-mediated immune regulatory 

mechanisms during human infection with Mycobacterium tuberculosis. J Immunol 2001 Feb 

1;166(3):1951-1967.  

(501) Houben RM, Dowdy DW, Vassall A, Cohen T, Nicol MP, Granich RM, et al. How can 

mathematical models advance tuberculosis control in high HIV prevalence settings? Int J Tuberc 

Lung Dis 2014 May;18(5):509-514.  

(502) Okuonghae D, Ikhimwin BO. Dynamics of a Mathematical Model for Tuberculosis with 

Variability in Susceptibility and Disease Progressions Due to Difference in Awareness Level. Front 

Microbiol 2016 Jan 26;6:1530.  

(503) Parasa VR, Rahman MJ, Ngyuen Hoang AT, Svensson M, Brighenti S, Lerm M. Modeling 

Mycobacterium tuberculosis early granuloma formation in experimental human lung tissue. Dis 

Model Mech 2014 Feb;7(2):281-288.  

(504) Nguyen Hoang AT, Chen P, Juarez J, Sachamitr P, Billing B, Bosnjak L, et al. Dendritic cell 

functional properties in a three-dimensional tissue model of human lung mucosa. Am J Physiol 

Lung Cell Mol Physiol 2012 Jan 15;302(2):L226-37.  

(505) Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 by necrotic cells 

triggers inflammation. Nature 2002 Jul 11;418(6894):191-195.  

(506) Postlethwaite AE, Jackson BK, Beachey EH, Kang AH. Formation of multinucleated giant 

cells from human monocyte precursors. Mediation by a soluble protein from antigen-and mitogen-

stimulated lymphocytes. J Exp Med 1982 Jan 1;155(1):168-178.  

(507) Puissegur M, Botanch C, Duteyrat J, Delsol G, Caratero C, Altare F. An in vitro dual model 

of mycobacterial granulomas to investigate the molecular interactions between mycobacteria and 

human host cells. Cell Microbiol 2004;6(5):423-433.  

(508) Puissegur M, Botanch C, Duteyrat J, Delsol G, Caratero C, Altare F. An in vitro dual model 

of mycobacterial granulomas to investigate the molecular interactions between mycobacteria and 

human host cells. Cell Microbiol 2004;6(5):423-433.  



119 
 

(509) Au FC, Webber B, Rosenberg SA. Pulmonary granulomas induced by BCG. Cancer 1978 

Jun;41(6):2209-2214.  

(510) Hudock TA, Lackner AA, Kaushal D. Microdissection approaches in tuberculosis research. J 

Med Primatol 2014 Oct;43(5):294-297.  

(511) Seimon TA, Kim MJ, Blumenthal A, Koo J, Ehrt S, Wainwright H, et al. Induction of ER 

stress in macrophages of tuberculosis granulomas. PLoS One 2010 Sep 15;5(9):e12772.  

(512) Daniel J, Deb C, Dubey VS, Sirakova TD, Abomoelak B, Morbidoni HR, et al. Induction of a 

novel class of diacylglycerol acyltransferases and triacylglycerol accumulation in Mycobacterium 

tuberculosis as it goes into a dormancy-like state in culture. J Bacteriol 2004 Aug;186(15):5017-

5030.  

(513) Daniel J, Maamar H, Deb C, Sirakova TD, Kolattukudy PE. Mycobacterium tuberculosis uses 

host triacylglycerol to accumulate lipid droplets and acquires a dormancy-like phenotype in lipid-

loaded macrophages. PLoS Pathog 2011 Jun;7(6):e1002093.  

(514) Deb C, Lee CM, Dubey VS, Daniel J, Abomoelak B, Sirakova TD, et al. A novel in vitro 

multiple-stress dormancy model for Mycobacterium tuberculosis generates a lipid-loaded, drug-

tolerant, dormant pathogen. PLoS One 2009 Jun 29;4(6):e6077.  

(515) Seitzer U, Gerdes J. Generation and characterization of multicellular heterospheroids formed 

by human peripheral blood mononuclear cells. Cells Tissues Organs 2003;174(3):110-116.  

(516) Kapoor N, Pawar S, Sirakova TD, Deb C, Warren WL, Kolattukudy PE. Human granuloma 

in vitro model, for TB dormancy and resuscitation. PLoS One 2013;8(1):e53657.  

(517) Wang H, Maeda Y, Fukutomi Y, Makino M. An in vitro model of Mycobacterium leprae 

induced granuloma formation. BMC Infect Dis 2013 Jun 20;13:279-2334-13-279.  

(518) Braian C, Svensson M, Brighenti S, Lerm M, Parasa VR. A 3D Human Lung Tissue Model 

for Functional Studies on Mycobacterium tuberculosis Infection. J Vis Exp 2015 Oct 5;(104). 

doi(104):10.3791/53084.  

 

 

 

 



120 
 

Chapter 2: Characterization of immune responses of human PBMCs infected with  

Mycobacterium tuberculosis H37Ra:  Impact of donor declared BCG vaccination history on 

immune responses and M. tuberculosis growth*  
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human PBMCs infected with Mycobacterium tuberculosis H37Ra: Impact of donor declared 

BCG vaccination history on immune responses and M. tuberculosis growth”. PLoS ONE 
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  2.1 Introduction  

           Tuberculosis (TB) infection affects approximately one in three people in the world and 

causes approximately 1.5 million deaths worldwide each year (1). The disease is caused by 

Mycobacterium tuberculosis complex (Mtb), which is comprised of several human and animal 

associated species and sub-species (2). Following infection of the lung, the Mtb bacillus is 

phagocytosed by dendritic cells (DCs) and monocyte-derived macrophages where the bacillus 

survives within these cells (3-6). The host cellular immune response to Mtb infection includes the 

recruitment of new macrophages (7-10) and T cells from the circulation to the site of infection 

within the parenchyma of the lung. These recruited immune cells interact with the pre-existing 

macrophages and DCs in the lung in support of the immune response against Mtb infection (6). 

This series of events leads to the formation of a mature granuloma, a multicellular structure 

composed of infected and uninfected macrophages, epithelioid cells, giant cells (multinucleated 

cells derived from fused macrophages), T cells and B cells to contain the bacilli and to prevent the 

spread of the Mtb infection (11-13).  

            A portion of Chapter 1 has been published that reviews a variety of in vitro approaches to 

better understand the development of a granuloma and to control the pathophysiology of Mtb (14). 

Due to the limited access to human biopsy samples of granulomas, several three-dimensional in 

vitro models have been used to study the structure and function of granulomas. In particular, the 

three-dimensional in vitro granuloma model of Mtb infection which consists of donor PBMCs in a 

collagen matrix (15) has allowed the study of host factors that drive the formation of a granuloma 

(13,16,17). Human PBMCs infected with members of the Mtb complex formed aggregates of 

bacteria and monocyte-derived macrophages as well as T cells, which may represent an early 

granuloma formation (14,15,17-21). 
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            In this study, a three-dimensional in vitro granuloma model of Mtb infection was used to 

characterize the human immune response to attenuated Mtb H37Ra. Although the use of attenuated 

strains in infection models may not mirror infection with wild-type virulent strains, use of 

attenuated strains allow us to assess the impact of potential confounders on experimental models 

using tools that are outside of a Biosafety Level 3 laboratory (22). One key confounder of infection 

model experiments is postulated to be Bacille Calmette-Guérin (BCG) vaccination history of 

PBMC donors. Some evidence suggests that a history of BCG vaccination may influence results of 

studies using in vitro granuloma models by generating protection, albeit variable, against Mtb 

infection, and would be a significant confounder of in vitro studies (23). Given the sparse literature 

in the field, this study was initiated with two aims. The first was to characterize the early host 

immune responses in human PBMCs infected with an attenuated Mtb H37Ra strain, as well as the 

growth of this strain during infection. The second aim was to determine the impact of BCG 

vaccination history of PBMC donors on the immune and bacterial responses in a three dimensional 

in vitro granuloma model of Mtb infection.   

2.2 Materials and methods 

            Materials were obtained from Fisher Scientific, Ottawa, Ontario unless stated otherwise. 

2.2.1 Ethics statement 

           This study was approved by the University of Alberta Health Research Ethics Board 

(Pro00057636) and all methods were performed in accordance with institutional guidelines and 

regulations. Informed written consent was obtained from all study participants. 

2.2.2 PBMC donor enrollment 

           A questionnaire approved by the institutional ethics board was used to assess potential 

confounders in blood donors. Potential donors were asked 1) what is their age and country of birth, 
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2) for female donors, if they were pregnant, 3) if they recalled a prior BCG vaccination or exposure 

to someone with active TB, 4) if they had previously tested positive with a tuberculin skin test 

(TST) / interferon-gamma release assay (IGRA), 5) if they had a history of latent TB infection, 6) if 

they had a recent gastrointestinal or respiratory illness, 7) if they were vaccinated with a  live or 

attenuated vaccine within the previous four weeks, and 8) if they were taking immunosuppressive 

drugs (Fig 1). In regard to donor TST history, each donor was asked about TST history on the 

donor history form. This included if the donor had any previous TST test done (“yes” or “no”). If 

the donor responded “yes” to a history of a TST, then the donor was asked if the TST test was 

positive, negative or if the donor was not sure about the TST result (Figure 2.1).  
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Figure2.1. Flow diagram of donor selection criteria 
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2.2.3 Donor inclusion criteria 

            Healthy males and non-pregnant females between the ages of 18-54 years with no history 

of latent TB infection or recent gastrointestinal or respiratory illness or recent vaccination, and 

not taking immunosuppressive drugs with or without the potential confounders listed above were 

included in this study.  

2.2.4 Donor exclusion criteria  

           Males and females under the age of 18 years, pregnant females, individuals who were 

vaccinated within the last 4 weeks with the live or attenuated vaccine, individuals with active TB 

infection, individuals with a recent gastrointestinal or respiratory illness, or individuals who were 

taking any immunosuppressive drugs were excluded from the study. Individuals over age 54 

were excluded from the study to avoid any age-related changes that may skew the results. 

2.2.5 Presence of BCG vaccination scars  

            Volunteer blood donors who declared a BCG vaccination history had both arms inspected 

for scars consistent with BCG vaccination by DK. a tuberculosis specialist for more than 25 

years. Testing of donor PBMCs with an IGRA to confirm BCG vaccination could not be done 

because all the donor cellswere used in the experiments.  

2.2.6 Isolation of PBMCs from human blood 

            Volunteer donors gave informed written consent to collect 50 ml blood to isolate and use 

their PBMCs for research purposes. Blood was collected in vacutainers containing sodium 

heparin anticoagulant by phlebotomists at the Alberta Diabetes Institute Clinical Research Unit 

of the University of Alberta. PBMCs were isolated from whole peripheral blood following our 

standard protocol using density gradient centrifugation. The blood was diluted 1:1 in sterile 

saline and layered onto Lympholyte®-H cell separation media (Cedarlane, Burlington, Ontario) 
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and centrifuged at 870 x g, for 30 min at room temperature (IEC Centrifuge Model CRU-5000, 

O’Fallon, Missouri) without brakes. The interphase between the upper phase (plasma, 

thrombocytes) and the lower phase (Lympholyte®-H) containing the PBMCs was carefully 

transferred to a fresh tube using a Pasteur pipette and washed twice with phosphate-buffered 

saline (PBS). Each wash consisted of resuspending the cells in 50 ml PBS followed by 

centrifugation at 200 x g, for 5 min at 4°C to pellet the cells and to remove the supernatant 

(Beckman Coulter Allegra X-15R centrifuge, Mississauga, Ontario). A hemocytometer was used 

to count the total number of live and dead cells and cell viability by 0.4% Trypan Blue exclusion 

dye (Sigma-Aldrich, Oakville, Ontario). For cryopreservation, the PBMCs were adjusted to a 

final concentration of 1.5-2.0 x 107 cells/ml by slowly adding appropriate volumes of ice-cold 

cryopreservation medium, which consisted of 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich) 

and 90% heat-inactivated fetal bovine serum (FBS). One ml aliquots of the cell suspension were 

transferred into 1.2 ml Nunc cryopreservation vials and stored at -80°C overnight and then in 

liquid nitrogen (-196°C).  

            When needed, the vials were removed from liquid nitrogen storage and thawed for 2 min 

in a 37°C water bath (Innova 3100 Water Bath Shaker, New Brunswick Scientific, Edison, New 

Jersey). Cells were immediately removed from the vials with a sterile pipette and diluted in 20 

ml of fresh culture medium consisting of Roswell Park Memorial Institute medium (RPMI) 

(Sigma-Aldrich) supplemented with 1% Penicillin-Streptomycin and 10% FBS. The cell 

suspension was centrifuged for 5 min at 72 x g to allow removal of the cryopreservation 

medium. The cells were resuspended in RPMI culture medium, 20 µl of DNase solution (Sigma- 

Aldrich) was added and then incubated for 30 min in a 37°C water bath. The cells were then 
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filtered through Falcon™ Cell Strainers to remove the cell debris, pelleted by centrifugation at 

200 x g for 5 min at room temperature.   

2.2.7 Characterization of donor PBMCs  

           PBMCs were prepared for flow cytometry to characterize different subsets of cell 

populations (e.g. T cells, B cells, Treg cells, macrophages, dendritic cells (DCs) and Th1, Th2 

and Th17). Cell pellets were resuspended in FACS buffer (PBS supplemented with 10% heat-

inactivated FBS). The final concentration of each cell suspension was adjusted to 1 x 106 cells/ml 

in ice-cold FACS buffer and transferred to Falcon™ round bottom polystyrene tubes.  Cells were 

washed two times, where each time cells were resuspended in cold PBS, then centrifuged at 200 

x g for 5 min and the supernatant discarded. Cell pellets were resuspended in 100 µl of Human 

BD Fc block (BD Biosciences, Mississauga, Ontario), diluted 1:50 in FACS buffer and incubated 

for 30 min on ice to avoid any non-specific binding and background fluorescence. Each panel of 

cells was stained with a cocktail of antibodies directly conjugated to fluorochromes by adding an 

appropriate concentration of antibody as per manufacturer’s recommendation and incubated for 

30 min on ice in the dark. Cells were then washed 3 times, where each time cells were 

resuspended in cold PBS, centrifuged at 525 x g for 5 min and the supernatant discarded. The 

cells were then resuspended in 400 µl of ice-cold FACS buffer and stored at 4°C in the 

refrigerator until analysis on the same day. Since multiple fluorochromes were used for each 

panel, no live or dead stain is included in the analysis compensation tubes (BD Biosciences) 

were used to distinguish each fluorochrome and to avoid any spectral overlap. Compensation 

beads were stained as described above. To confirm the viability of the cells a hemocytometer 

was used to count the total number of live and dead cells and cell viability by 0.4% Trypan Blue 

exclusion dye (Sigma-Aldrich, Oakville, Ontario). The viability of the cells were above 90%. 
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2.2.8 Flow cytometry analysis and data acquisition   

           Data was acquired by running the samples on the BD FACSCantoTM II system (BD 

Biosciences) with 10,000 events collected for each tube and analyzed with the BD FACSDivaTM 

software (BD Biosciences). First, the cells were gated using the forward scatter (FSC) and side 

scatter (SSC) to find viable single cell events. Gating excluded events with low FSC and high 

SSC. Using a bivariate histogram, four different populations of cells were analyzed: double-

positive, single positive for each antibody, and negative for both. The percent of each cell 

population queried was automatically generated by the software in each quadrant and was 

compared among the samples. No viability staining was done to asses the live and dead cells. 

2.2.9 Growth of bacterial strains used in the study 

            An aliquot of Mtb H37Ra (ATCC 25177) was obtained from the American Type Culture 

Collection (ATCC) (Cedarlane). Bacteria were fast-thawed in a 37°C water bath (Innova 3100 

Water Bath Shaker). The bacteria were centrifuged at 3000 x g for 20 min and were cultured in 

15 ml conical Pyrex tubes containing 5 ml Difco 7H9 broth Middlebrook supplemented with 

10% ADC (albumin, dextrose, sodium chloride, catalase) enrichment and 0.05% Tween 80 (BD 

Biosciences) at 37°C without agitation for 3-4 weeks. Optical density was measured at 600 nm 

on 1 ml aliquots of bacterial suspension removed from the culture every 3-4 days (Pharmacia 

Biotech Ultrospec 3000 UV/Visible Spectrophotometer, Scinteck Instruments, Manassas Park, 

Virginia) until it corresponded to the log phase (OD600 = 0.4-0.5) of bacterial growth (24). Once 

the bacteria reached log phase, they were harvested by centrifugation for 5 min at 1200 x g and 

then resuspended in an equal volume of fresh Difco Middlebrook 7H9 medium. Ten-fold serial 

dilutions of each suspension were plated onto Middlebrook 7H11 Selective Agar (BD 

Biosciences) and incubated at 37°C with 5% CO2 between 21 and 28 days. The bacterial 
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concentration (CFUs/ml) was determined by dividing the number of CFUs by the product of the 

dilution and the volume of the plated dilution. Mtb H37Ra were then centrifuged at 3000 x g for 

20 min to pellet the bacteria. The bacteria were resuspended in PBS and cryopreserved in PBS. 

            Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were obtained from the 

culture collection of the Provincial Laboratory for Public Health, Edmonton, Alberta. Bacteria 

were cultivated in Luria broth (Fisher Scientific) at 37°C with vigorous shaking (120 rpm) for 

12-18 h in a New Brunswick Scientific shaker incubator 126 (Eppendorf Canada, Mississauga, 

Ontario). Cells were harvested by centrifugation for 5 min at 525 x g and then resuspended in 

RPMI media. The concentration of the bacteria was determined by measuring the optical density 

of the suspension at 600 nm; where OD600 = 0.2 in the exponential growth phase.  

2.2.10 Infection of human PBMCs for cell aggregate formation 

           Cryovials containing frozen PBMCs from liquid nitrogen were transferred to a 37oC water 

bath. The cells were quickly thawed by holding the cryovials on the surface of the water bath 

with an occasional gentle flick. Immediately the cells were transferred into a 15 ml FalconTM 

tube, with room temperature RPMI growth medium. Cells were pelleted at 525 x g for 5 minutes. 

Cell number and viability were determined by 0.4% Trypan Blue exclusion assay. The final 

concentrations of the cells were adjusted to 10 x 106/ml at room temperature.  

           The extracellular matrix (ECM) used to infect the PBMCs was prepared as described by 

Kapoor et al. (15)]. Briefly, ECM was prepared by mixing 0.95 ml Purecol® collagen solution 

(Cedarlane) with 50 µl 10x Dulbecco’s phosphate buffered saline (DPBS) (Sigma Aldrich), 4 µl 

fibronectin (Sigma Aldrich) and 10 µl 1 N NaOH (Sigma Aldrich) per ml of matrix solution and 

kept on ice (pH 7.0). Then, 5 × 105 PBMCs at room temperature were mixed with 50 µl ECM 

per well of a 96 well plate. For Mtb-infected samples, 5 x 106 Mtb H37Ra were added to the 
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PBMCs-ECM mixture for a multiplicity of infection (MOI) of 0.1 (1:10). The MOI relative to 

the monocyte population was 10 (10:1) based on an estimate of 10% PBMCs are monocytes. Mtb 

infects monocytes, not lymphocytes (25) and infection stimulates monocyte differentiation to 

macrophages (26). Uninfected control wells were either left untreated or treated with 

Concanavalin A (ConA) (Sigma Aldrich) at 1 µg/ml to account for any T cell proliferation. For 

non-Mtb infection controls, PBMCs were infected with S. aureus or E. coli at MOI of 0.05 (1:20) 

since Gram-positive and Gram-negative bacteria should not form cell aggregates.  All infected 

and uninfected samples were incubated at 37°C for 45 min, prior to overlaying with RPMI 

medium containing 20% human serum (Cedarlane) the samples were then incubated at 37°C 

with 5% CO2 for 8 days (Forma Scientific CO2 Water Jacketed Incubator, ThermoFisher 

Scientific).  

2.2.11 Definition of a host immune cell aggregate structure  

           Host immune cell aggregates were defined as dense opaque structures that increased in 

size to 100 µm by day 8 of incubation when viewed under a light microscope at 10x 

magnification. To confirm aggregates were actual biological phenomena, the following criteria 

were required within the infection well: 1) evidence of intracellular infection with Mtb H37Ra 

are determined by transmission electron microscope (TEM) from preliminary experiments 

performed by Dr. Nasser Tahbaz and, 2) recruitment of T cells and macrophages that were 

differentiated from monocytes upon infection with bacteria into cell aggregates and confirmed by 

immunofluorescence staining (see above). TEM studies indicated that Mtb H37Ra could be 

internalized inside macrophages for up to 8 days post-infection, after which we observed 

extensively damaged and lysed host cells. Therefore, we used day 8 as the final endpoint in our 
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studies and observed the aggregation of T cells and macrophages. S. aureus and E. coli served as 

negative controls. 

2.2.12 Screening for host immune cell aggregate structures using light microscopy 

           For detection of a granuloma-like structure from days 0 to day 8 of infection, samples 

were visualized under the Zeiss Axio Scope A1 light microscope (Carl Zeiss Canada Ltd, 

Toronto). Images were acquired using a Zeiss Axiocam camera (Carl Zeiss Canada Ltd) at 100x 

magnification. 

2.2.13 Preparation of histological sections of host cell aggregates for staining 

            On day 8 of incubation, the medium was removed from the wells, and replaced with 4% 

paraformaldehyde (Sigma Aldrich) in which the samples were left overnight. ECM was carefully 

removed from the wells, samples were paraffin-embedded and sectioned at a histology core lab 

Alberta Diabetes Institute (University of Alberta). Sections of samples were deparaffinized by 

immersing the sample sections in three repetitions of xylene for 5 minutes each, followed two 

washes of 100% ethanol for 10 minutes each preparation, two washes of 95% ethanol for 10 

minutes each and three washes of 70% ethanol for 10 minutes each. The sections were then 

washed twice in double distilled water (ddH2O) for 5 minutes each. Deparaffinized sections of 

samples were microwaved in 0.1 M sodium citrate buffer for 10 min at 98°C, cooled, and 

blocked with 5% FBS in PBS for 30 min.  

            Deparaffinized sample sections were incubated with mouse anti-human CD3 antibody (T 

cell marker) conjugated to FITC and mouse anti-human CD14 antibody (macrophage marker) 

conjugated to Texas red for 1 hour at room temperature. Sections of samples were washed 3 

times with 1% FBS in PBS and incubated with 4',6-diamidino-2-phenylindole (DAPI) stain 

(Sigma Aldrich) for 10 minutes at room temperature. The sections were again washed 3 times 
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with ddH20, mounted with 50% glycerol in ddH20 (Sigma Aldrich) and viewed using Zeiss Axio 

Scope A1 fluorescent microscope. Images were acquired with a Zeiss Axiocam camera and 

Axion Vision software using the Texas red filter setting (excitation wavelength, 515-560 nm; 

emission wavelength > 590 nm). FITC filter setting (excitation wavelength, 450-500 nm; 

emission wavelength, > 528 nm), and the DAPI filter setting (excitation wavelength, 600-625 

nm; emission wavelength, > 568 nm) (Carl Zeiss). 

2.2.14 Determination of Mtb H37Ra colony forming units in infected PBMCs 

            To measure the bacterial number, on day 0, 3, 5 and 8 post Mtb H37Ra infection, culture 

supernatants were removed from triplicate wells per condition, pooled and stored at -70°C for 

later measurements of cytokines. The ECM was digested by adding 50 µl of 0.1% collagenase 

solution (Sigma-Aldrich) to each sample well followed by incubation at 37°C with 5% CO2 for 3 

h. Infected cells were then lysed in 0.1% Triton X-100 (Sigma Aldrich, Oakville, Ontario). Ten-

fold serial dilutions of lysed cells were prepared in PBS and plated on Middlebrook 7H11 

Selective Agar (BD Biosciences, Mississauga, Ontario) and incubated at 37°C with 5% CO2 for 

21-28 days. The number of CFU for each incubation day was divided by the product of the 

dilution, and the plated volume averaged and reported as CFUs/ml. 

2.2.15 Cytokine concentrations in cell culture supernatants  

           Cell culture supernatants were harvested on days 0, 3, 5 and 8 from triplicate wells per 

condition, pooled and stored at -70°C until use. Supernatants were subsequently thawed on ice 

for cytokines IL-10, IL-17, IL-4, IL-6, IFN-γ and TNF-α by enzyme-linked immunosorbant 

assay (ELISA) using commercially available kits as per the manufacturer’s recommendations 

(BioLegend, San Diego, California). To determine the precise concentrations, dilutions of the 

supernatants were tested in triplicate. The lower detection limits of the assays were 3.9 pg/ml for 
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IL-10, IL-17 and IL-4; 7.8 pg/ml for IFN-γ; and 31.25 pg/ml for TNF-α and IL-6. Absorbance 

was measured at 450 nm using an EnVision multilabel plate reader model  2104 (PerkinElmer, 

Guelph, Ontario). Cytokine concentrations in the test samples were calculated based upon 

standard curves generated with known concentrations of recombinant human cytokines. 

2.2.16 Statistical analyses  

           All experiments were performed in triplicate for each donor. Data were analyzed using 

SPSS software version 13.0 (IBM Analytics, Armonk, New York). The normal distribution of 

the data was tested by the Shapiro–Wilks test. All values were reported as mean  standard 

deviation. Statistically significant differences among the groups were determined using two-way 

ANOVA, followed by a Bonferroni post hoc test. Values were considered significantly different 

when p<0.05. 

2.3 Results  

2.3.1 Donor Histories 

            A total of 10 blood donor volunteers were recruited based on their answers to the study 

questionnaire. Five donors declared a prior BCG vaccination history, while five donors declared 

no BCG vaccination history. BCG+ donors (n=5) were from India, China, and South America 

where BCG vaccination is typically administered at the time of birth. All donors who declared a 

BCG vaccination also had an identifiable BCG scar. One BCG+ donor also had a positive TST 

history. All BCG- donors (n=5) were born in Canada where routine administration of BCG 

vaccine was stopped in the 1970’s and is currently not available. Two BCG- donors declared a 

negative TST history. Thus, only three donors declared a TST history.  

2.3.2 Mtb H37Ra infection induced the formation of large immune cell aggregates 

           Infection of PBMCs with Mtb H37Ra resulted in the formation of cellular aggregates at 

day 3 post-infection (Fig 2.2a) compared with day 0. However, these cellular aggregates were 
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initially small in size (less than 50 m in diameter) and became larger as incubation progressed 

to 5 and 8 days post-infection (Fig 2.2a). The aggregates grew more compact in appearance, 

forming sphere-like structures of approximately 100 m in diameter on average. Control PBMCs 

obtained from the same donors that were not infected with Mtb, or cultured in the presence of 

ConA, E. coli or S. aureus did not form large sphere-like cell aggregates (Fig 2.2b), indicating 

that this type of aggregate formation was specific to infection with Mtb H37Ra.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure2.2 Infection of human PBMCs with Mtb H37Ra resulted in the formation of cell 

aggregates. Microscopic examination of (a) human PBMCs infected with Mtb H37Ra at culture 

days 0, 3, 5 and 8, and (b) four control conditions after 8 days culture: uninfected PBMCs treated 

with ConA, PBMCs infected with S. aureus or E.coli, and uninfected (UI) cells. Arrows indicate 

the location of a representative cellular aggregate.  
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2.3.3 Cell aggregates were composed of T cells and macrophages 

            To identify the cellular components of any cell aggregates, immunostained samples were 

prepared using fluorescent markers for CD3 (T cell marker), CD14 (macrophage marker), and 

nuclei were stained with DAPI. T cells and macrophages were observed in both uninfected 

(Figure 2.3a) and Mtb-infected PBMCs (Figure 2.3b). However, cell aggregates of T cells and 

macrophages were only observed in the Mtb-infected PBMCs (Fig 3b). The following 

experimental conditions did not produce cell aggregates: PBMCs treated with ConA (Figure 

2.3c), PBMCs infected with E. coli (Figure 2.3d), and PBMCs infected with S. aureus (Figure 

2.3e).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure2.3. Co-localization of CD3 and CD14 in cell aggregates. Fluorescent stained samples 

of 8 day cultures in ECM with: (a) uninfected PBMCs (no bacteria control), (b) PBMCs infected 
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with Mtb H37Ra, (c) PBMCs treated with ConA (T cell stimulation control), (d) PBMCs infected 

with E. coli (Gram-negative bacteria control), (e) PBMCs infected with S. aureus (Gram-positive 

bacteria control). CD3 (T cell marker, green), CD14 (macrophage marker, red) and nucleus 

(blue). One representative data set is shown for each of the 10 PBMC donors. 

 

2.3.4 Mtb H37Ra load in infected PBMCs increased over time 

            The number of mycobacterial colony forming units (CFUs) / well were quantified at days 

0, 3, 5 and 8 post-infection. Mycobacterial growth between days 0 and 3 post-infection was not 

significantly different (p=0.965). However, at days 5 and 8, the number of CFUs/well were 

significantly increased (p=0.009) compared to day 0 post-infection (Figure 2.4). 

 

Figure2.4.Quantification of Mtb H37Ra post-infection on days 0, 3, 5 and 8. Bacterial counts 

on days 0, 3, 5 and 8 post-infection. Data were plotted as mean ± SD for 10 donors. Experiments 

were performed in triplicate per condition per donor. **p<0.01 compared to day 0 post-infection. 
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2.3.5 Changes in PBMC populations at day 8 post-Mtb infection 

            To evaluate the contribution of naive versus memory cells in response to Mtb infection, 

cell populations were characterized at day 8 post-infection. A comparison of PBMCs stimulated 

with ConA to unstimulated PBMCs (controls) was performed to validate that immune response 

could be measured in PBMCs following collagenase digestion of ECM. As expected, significant 

differences were observed in the percentage of total Th cells (Table 2.1) and the percentage of 

total Tc cells (Table 2.2) in infected versus uninfected cells. The percentages of activated naïve 

Th cells CD3+CD4+CD45RA+CCR7+CD38+HLADR+ and activated effector memory Th cells 

CD3+CD4+CD45RA-CCR7-CD38+HLADR+ were significantly higher (p=0.032) in infected cells 

(18.2±0.3) compared to uninfected cells (1.2±3.3) (Table 2.1). For Tc cells, the percentage of 

activated central memory cells CD3+CD8+CD45RA-CCR7+CD38+HLADR+ was significantly  

increased (p=0.042) in infected (15.3±1.2) versus uninfected cells (3.3±0.4) (Table2. 2).  
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Table2.1. CD4+ T cell populations in PBMCs at 8 days post-infection with Mtb H37Ra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Th Cell Populations 

(Total, Subsets) 

 

Th Cell Phenotype 

 

 

        

     Percentage of Th Cells 

      Mean % of cells ± SD 

Uninfected 

          (n=10) 

  Infected 

   (n=10) 

Total Th cells a CD3+CD4+   28.7±4.2    44.2±2.4* 

Naïve  CD3+CD4+CD45RA+CCR7+ 16.4±2.3 11.5±1.4 

Activated CD3+CD4+CD45RA+CCR7+CD38+HLA DR+ 1.2±3.3 18.2±0.3* 

Central Memory CD3+CD4+CD45RA-CCR7+  6.9±3.2 4.5±0.3 

Activated CD3+CD4+CD45RA-CCR7+CD38+HLA DR+ 2.7±0.4 1.5±0.5 

Effector  CD3+CD4+CD45RA+CCR7-  11.2±0.3   16.2±4.7 

Activated CD3+CD4+CD45RA+CCR7-CD38+HLA DR+  13.6±2.2   14.2±1.7 

Effector Memory CD3+CD4+CD45RA-CCR7-   32.4±3.2 56.0±5.2 

Activated CD3+CD4+CD45RA-CCR7-CD38+HLA DR+    3.6±2.2   14.2±1.7* 

a Percent of total gated lymphocyte population, Uninfected PBMCs, Mtb-infected PBMCs  
* p <0.05, Infected compared to Uninfected  
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Table2.2. CD8+ T cell populations in PBMCs at 8 days post-infection with Mtb H37Ra 

 

The percentage of CD3+CD4+CXCR3+CCR6- Th1 cells (43.5±3.1) was significantly 

greater (p=0.024) in infected versus uninfected (22.8±2.8) cells. The percentage of 

CD3+CD4+CD25+ activated T cells was significantly greater (p=0.026) in the infected (7.2±1.5) 

compared to the uninfected (3.6±2.1) cells, but no significant difference was observed in the 

percentage of CD3+CD4+CD25+CD127lowCCR4+ T reg cells in infected (6.2±1.5) and 

uninfected (5.9±1.2) groups. Generally, CD4+CD25high T cells which coexpress FoxP3 are 

recognized as Tregs; however, FoxP3 is an intracellular marker. Studies of Treg were difficult 

due to the lack of a suitable cell surface marker apart from CD25. Liu et al. reported that the 

downregulation of the α-chain of the interleukin-7 receptor (CD127) on the majority of the 

Tc Cell Populations 

(Total, Subsets) 

 

Tc Cell Phenotype 

 

 

       

 Percentage of Tc Cells 

Mean % of cells ± SD 

Uninfected 

          (n=10) 

  Infected 

   (n=10) 

Total Tc cells a CD3+CD8+    9.7+7.0     25.8+3.5* 

Naïve  CD3+CD8+CD45RA+CCR7+     3.5+0.5    5.6+1.2 

Activated CD3+CD8+CD45RA+CCR7+CD38+HLA DR+   19.6+1.9 23.7+2.6  

Central Memory CD3+CD8+CD45RA-CCR7+  13.1+2.4 10.7+1.5 

Activated CD3+CD8+CD45RA-CCR7+CD38+HLA DR+ .23.3±0.4 15.3±1.2* 

Effector  CD3+CD8+CD45RA+CCR7-    6.5±1.6 17.6±3.5 

Activated CD3+CD8+CD45RA+CCR7-CD38+HLA DR+    3.6±0.5    6.4±1.0 

Effector Memory CD3+CD8+CD45RA-CCR7- 12.9±1.2 15.6±3.2 

Activated CD3+CD8+CD45RA-CCR7-CD38+HLA DR+  1.8±0.6       1.1±0.2  

aPercentage of total gated lymphocyte population, Uninfected PBMCs, Mtb-infected PBMCs  
* p <0.05, Infected compared to Uninfected. 
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FoxP3 positive CD4+ T cells that distinguishes Tregs from CD25 activated T cells. Since CD127 

is a cell surface marker, the CD4+CD25highCD127low phenotype allows for reliable 

identification of human Tregs (27). 

2.3.6 Mtb H37Ra infection increased transient production of cytokines on day 3  

            The concentrations of cytokines in cell culture supernatants were measured on days 0, 3, 

5 and 8 post-infection. The mean concentrations of Th1 cytokine IFN-γ was found to be 

significantly higher at day 3 (1659±553 pg/ml, p=0.007) and day 5 (434±182 pg/ml, p=0.009) 

post-infection compared to the respective uninfected group at day 3 (246±48 pg/ml) and day 5  

(180±66 pg/ml) (Figure 2.5a). The mean concentrations of other Th1 cytokines were 

significantly increased only at day 3 in the infected group for TNF-α (1457±637 pg/ml, p=0.008) 

(Figure 2.5b) and IL-6 (1254±626 pg/ml, p=0.009) (Figure 2.5c) compared to the mean values 

observed for the respective uninfected group for TNF-α (246±48 pg/ml) and IL-6 (210±96 

pg/ml).  

           IL-10 is referred to as a Th2 cytokine in this study but IL-10 is a pleiotropic cytokine 

characterized by its anti-inflammatory activities. The mean production level of Th2 cytokine IL-

10 was also significantly higher (p=0.008) in the infected group on day 3 (1612±555 pg/ml) 

compared to the uninfected group (28±19 pg/ml) (Figure 2.5d). In contrast, the concentration of 

IL-4 did not vary between infected and uninfected groups (Figure 2.5e). The production of T 

cell-derived pro-inflammatory cytokine, IL-17 was significantly higher (p=0.007) in infected 

cells on day 3 (1170±333 pg/ml) compared to uninfected cells (216±77 pg/ml), and although 

infected cell levels fell over time, they remained significantly elevated throughout day eight of 

infection (Figure 2.5f).  
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Figure2.5 Cytokine levels in cell culture supernatants of PBMCs ± Mtb H37Ra infection on days 0, 3, 5 and 8. Cytokine 

concentrations in cell culture supernatants were determined by ELISA for PBMCs infected with Mtb H37Ra, (open bars) uninfected 

PBMCs (hash bars). Data were plotted as mean ± SD and represent 10 samples per group. Experiments were performed in triplicate 

per condition per donor. **p<0.01 infected compared to uninfected cells.  
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2.3.7 Immune responses to Mtb H37Ra of PBMCs from BCG vaccinated and BCG 

unvaccinated donors differ 

            The impact of previous BCG vaccination on immune responses and bacterial growth was 

assessed by stratifying the 10 samples according to BCG vaccination history. Mycobacterial 

counts were observed to be significantly lower (p<0.01) in the BCG+ group on days 5 and 8 

post-infection compared to the BCG- group, but no significant differences (p=0.058) were found 

in bacterial growth between the two groups on days 0 and 3 post-infection (Figure 2.6).  
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Figure2.6.  Quantification of Mtb H37Ra post-infection in PBMCs from BCG+ and BCG- 

donors on days 0, 3, 5 and 8. Bacterial counts in PBMCs from BCG+ (solid bars) and BCG- 

(open bars) donors at days 0, 3, 5 and 8 post-infection with Mtb H37Ra. Data were plotted as 

mean ± SD of 5 samples per group. Experiments were performed in triplicate per condition per 

donor. **p<0.01, PBMCs from BCG+ donors compared to PBMCs from BCG- donors. 

  

            There was a difference however in the percentage of activated T cells between PBMCs 

infected with Mtb H37Ra from BCG+ and BCG- donors at day 8 post-infection. The percentage 

of activated naïve Th cells CD3+CD4+CD45RA+CCR7+CD38+HLADR+ (3.3±1.2) and activated 
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effector memory Th cells CD3+CD4+CD45RA-CCR7-CD38+HLADR+ (2.8±1.1) in infected 

PBMCs from the BCG+ donors were significantly lower (p=0.032) compared to the respective 

BCG- donors (15.1±2.2 and 13.0±1.6) (Fig 7). In contrast, the percentage of activated central 

memory Tc CD3+CD8+CD45RA-CCR7+CD38+HLADR+ cells was higher (p=0.045) in infected 

PBMCs from the BCG+ donors (7.4±1.4) compared to the BCG- donors (2.4±1.3)  (Figure 2.7).  
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Figure2.7.  Expression of cell markers on PBMCs from BCG+ and BCG- donors.  Activated 

CD3+CD4+ and CD3+CD8+ T cell populations of PBMCs from BCG+ donors (solid bars) and 

BCG- donors (open bars) infected with Mtb H37Ra were determined by flow cytometry at day 8 

post-infection: activated naïve CD3+CD4+ T cells CD3+CD4+CD45RA+CCR7+CD38+HLADR+), 

activated effector CD3+CD4+ T cells (CD3+CD4+CD45RA-CCR7-CD38+HLADR+) and activated 

central memory CD3+CD8+ T cells (CD3+CD8+CD45RA-CCR7+CD38+HLADR+). Data were 

plotted as mean±SD and represent 5 samples per donor group, experiments were performed in 

triplicate per condition per donor. *p<0.05, PBMCs from BCG+ donors compared to PBMCs 

from BCG- donors. 
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           The concentrations of cytokines detected in the cell culture supernatants also varied 

depending upon whether PBMCs were from BCG+ or BCG- donors. On day 3 following 

infection, the concentrations of Th1 cytokines were lower in cell culture supernatants from the 

BCG+ donors compared to the BCG- donors (1225±409 vs 2095±216 pg/ml) for IFNγ (p=0.042) 

(Fig 2.8a), TNF-α (1169±352 vs 2165±226 pg/ml, p=0.035) (Figure 2.8b), and IL-6 (718±148 vs 

1790±377 pg/ml, p=0.029) (Fig 2.8c). The concentration of the Th2 cytokine IL-10 was 

significantly lower (1462±265 vs 1761±753 pg/ml, p=0.031) in cell culture supernatants from the 

BCG+ group compared to the BCG- group on day 3 post-infection (Figure 2.8d). At all-time 

points measured following infection, the concentrations of IL-4 (Figure 2.8e) and IL-17 (Figure 

2.8f) in cell culture supernatants were not significantly different between BCG+ and BCG- 

groups. 
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Figure2.8. Decreased Th1 and Th2 cytokine production by Mtb H37Ra infected PBMCs from BCG vaccinated versus BCG 

unvaccinated donors. Cytokine concentrations in cell culture supernatants were determined by ELISA at days 0, 3, 5 and 8 for 

uninfected PBMCs (UI) and PBMCs infected with Mtb H37Ra (I) stratified by BCG vaccination status.  Data were plotted as mean ± 

SD and represent 5 samples per donor group. Experiments were performed in triplicate per condition per donor. *p<0.05, compared to 

BCG+ donors compared to BCG- donor. 
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2.4 Discussion 

            In this study, Mtb growth was the one infection outcome that was most consistently 

confounded by PBMC donor BCG vaccination status at multiple time points over the 8 days 

infection period. Cytokine expression may be another infection outcome to assess for 

perturbation by PBMC donor BCG vaccination status; however, in the present experiments, 

cytokine expression was generally more transient. In this study, a significant increase in the 

concentration of all three inflammatory cytokines (TNF-α, IFN-γ, IL-6) was observed in the 

supernatants of PBMCs infected with Mtb H37Ra compared to uninfected PBMCs at 3 days 

post-infection. These increases agree with previous studies where infections of human 

macrophages with both Mtb H37Rv and Mtb H37Ra led to TNF-α expression (28). In addition, 

TNF-α, IFN-γ, and IL-10 have all been shown to be induced in Mtb H37Ra infections of PBMCs 

from tuberculin-positive donors (29). Furthermore, IFN-γ production following infection of Mtb 

H37Rv was previously described by similar models involving either antigen stimulation or 

infection of PBMCs (15,16,23,30-32). However, differences in immune responses and 

mycobacterial growth rates have also been described between models involving infection with 

Mtb H37Rv and Mtb H37Ra. For example, H37Ra bacteriostasis and survival in murine 

macrophages has been previously associated with Th1 cytokine production. In contrast, Mtb 

H37Rv growth within murine macrophages was shown to be associated with the expression of 

Th2 cytokines (33). Therefore, cytokine expression following Mtb infection may be affected by 

the eukaryotic cell line as well as the Mtb strain used.  

           In the present study, the concentration of the Th2 cytokine IL-10 was higher in 

supernatants of 3-day infected versus uninfected PBMCs. Increases in Th2 cytokine (e.g. IL-10) 

concentration following infection may be a result of immune cells attempting to reduce the 
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potentially damaging effects of the Th1 cytokine-mediated inflammatory reactions without 

impairing the clearance of Mtb infection (34). IL-10 may be produced by a variety of cells 

identified in the PBMCs utilized in the present study including Th2 (e.g B cells), Treg cells (e.g 

CD4+CD25+ Tregs) (35,36) Th1 (e.g CD8+ T cells) Th9, Th17 and CD8+ T cells (37-40). The 

role of Tr1 cells was not discussed in this study due to the resource limitations. The role of Tr1 is 

discussed briefly in chapter 4.   Other in vitro models have shown expression of both Th1 and 

Th2 cytokines following challenge with Mtb H37Ra. For example, CD4+ T cells isolated from 

bronchoalveolar lavages of TB patients stimulated with heat-killed Mtb strain H37Ra produced 

both IFN-γ and IL-10 (41).  

           The concentration of IL-17 was significantly increased in the culture supernatants of 

infected versus uninfected PBMCs. Previous studies reported an increase in IL-17 production by 

T cells isolated from healthy tuberculin test-negative donors in response to Mtb antigens 

(32,42,43). It is known that IL-17 can be produced by Th17 cells, γδ T cells, and NKT cells 

(44,45). IL-17 most likely promotes the development of mature granulomas, since Mtb-infected 

IL-17-knockout mice failed to develop mature granulomas (46). However, Il-17 may not have a 

direct impact on mycobacterial load because in an IL-17 deficient mouse model, BCG infection, 

did not impact bacterial load (47).  

           In the present study, both the percentages of CD4+ and CD8+ T cells were significantly 

higher at day 8 in Mtb-infected versus uninfected PBMCs. An increase in both activated naïve 

CD4+ T cells and activated effector memory CD8+ T cells was observed compared to uninfected 

PBMCs. These patterns of proliferation require further investigation and may be related to the 

time frame used in with these experiments. Cell proliferation patterns may vary when longer 

time frames are assessed after infection. For example, in a clinical study, Mtb infection was 
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associated with CD4 T cell lymphocytopenia without a change in CD8 T cell population (48). A 

decrease in CD4+ T cells was also demonstrated in an in vitro granuloma model using a 

virulent Mtb H37Rv strain (15).  

           In a previous study, bacteriostasis and survival of Mtb H37Ra within murine macrophages 

were associated with induction of Th1 cytokines (33).  Similarly, an association of higher Th1 

cytokine concentrations was observed with higher Mtb H37Ra CFUs and lower Th1 cytokine 

concentrations with lower Mtb H37Ra CFUs. However, these cytokines and mycobacterial 

responses were affected by PBMC donor BCG vaccination history but no differences in the cell 

aggregate formation was observed between BCG+ versus BCG- donor PBMCs. In the present 

study, lower concentrations of Th1 cytokines (IFN-γ, TNF-α, IL-6) on day 3 post-infection) and 

lower concentrations of one Th2 cytokine (IL-10) were observed in infections of BCG+ donor 

PBMCs compared to BCG- donor PBMCs (Fig 9). Similar trends may be seen in the literature 

with different models of infection. Cattle that were first vaccinated with BCG and then infected 

with M. bovis had a lower level of IFN-γ, TNF-α, and IL-2 than unvaccinated cattle (49).  

However, in our study, these changes in Th1 and Th2 cytokines are transient and may not be as 

effective markers for the assessment of confounding factors as the more stable trends in growth 

seen with Mtb CFUs.  

           T cell subset populations characterized at day 8 post-infection with Mtb H37Ra were 

associated with a decrease in the percentage of activated naïve and activated effector memory T 

helper cells in infected PBMCs from BCG+ versus BCG- donors. However, much of what is 

currently known about T cell subset populations is limited to studies in mouse models (50-52). 

While these studies have shown potentially important roles in the host response to Mtb infection, 

evidence of their protective roles remains unclear. We speculate that the higher levels of 



 

149 
 

activated naïve T helper cells in the PBMCs from BCG- donors may reflect an immune response 

to a primary Mtb exposure with significant levels of bacterial replication (53). It is possible that 

the increase in activated effector memory T cells (within day 8) in BCG- vs BCG+ PBMCs 

represents a shift from naïve T helper cells in an unvaccinated population (54). In contrast, an 

increase in the percentage of activated central memory cytotoxic T cells was observed in PBMCs 

from BCG+ donors infected with Mtb H37Ra compared to BCG-donors at day 8 post-infection. 

Central memory T cells are thought to provide long-term protection to mycobacterial infection 

and also generate effector memory and effector cells (55).  A previous experiment by Li et al. 

identified the proliferation of both functional effector and central memory T cells following BCG 

infection of PBMCs from BCG- donors (56). Further, it has been demonstrated that BCG 

vaccinated cattle that were challenged by M. bovis produced expanded effector and central 

memory T cell populations (49). A recent review identified both central and effector memory T 

cell populations as being key targets of activation in Mtb vaccine studies (57).  In CD4KO mice, 

it has been demonstrated that protective effector or memory CD8+ T cells can be maintained by 

BCG vaccination without continuous boosting of the vaccine (58).   

           The series of experiments presented in this study have some limitations. Host immune 

responses in human PBMCs were assessed against attenuated Mtb H37Ra strain. Since the 

1940s, both strains of Mtb H37Ra and Mtb H37Rv have been widely used for studying the 

pathogenesis of Mtb (59). Previous work has indicated that the choice of strains (e.g. virulent 

H37Rv vs attenuated H37Ra) can affect the cytokine responses and the growth or survival of 

mycobacteria in murine macrophage models of infection. In particular, bacteriostasis/survival 

(instead of death) of Mtb H37Ra was associated with induction of Th1 cytokines, while the 

growth of Mtb H37Rv was associated with the induction of Th2 cytokines (33). Although the use 
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of attenuated strains in infection models may not mirror infection with wild-type virulent strains, 

use of attenuated strains allowed assessment of the impact of potential confounders on 

experimental models using tools that are outside of a Biosafety Level 3 laboratory (22). Finally, 

no viability staining was done for flow cytometry analysis but to confirm the viability of the cells 

0.4% Trypan Blue exclusion dye (Sigma-Aldrich, Oakville, Ontario) was used. The viability of 

the cells were above 90%. This may slightly bias the results. 

           BCG vaccination history was hypothesized to be a potential confounding variable in 

studies of the early host immune response to Mtb infection. In this study, BCG vaccination status 

was established by donor recall, which may be considered controversial but is commonly used in 

vaccine effectiveness studies for other pathogens (60). Misclassification of BCG vaccination 

status was further reduced by TB-expert physician evaluation of a declared immunization scar 

and a review of the BCG vaccination strategies in the country of birth in donors declaring a prior 

BCG vaccination. All of the BCG+ donors were immigrants from countries where BCG 

vaccination is commonly administered at the time of birth and this contributed to the limited 

number of BCG+ participants we were able to recruit for this study (61). In contrast, donors who 

declared no BCG vaccination history, all came from Canada where BCG is not routinely used.  

Although BCG vaccination does not always result in a scar and scars can wane with time, all 

BCG+ donors in our study exhibited an identifiable scar (62-64). It is important to note that this 

study focused on host responses early after infection using an attenuated strain of Mtb.  Mtb 

H37Ra was used in these experiments as it can initiate early host immune responses and can be 

used in research laboratory settings with limited access to enhanced biosafety facilities. This 

study did not address possible variations in responses due to infections with wild-type strains of 

Mtb or an infection that occurs over a longer time period.  
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            In conclusion, the findings in this study identified a potential confounding effect of prior 

BCG vaccination history on cytokine profiles and mycobacterial loads in infection models using 

human donor PBMCs. In particular, mycobacterial loads were clearly impacted by PBMC donor 

history of BCG vaccination very early following infection (Figure 2.9). In addition, the results 

revealed an impact of BCG vaccination history on T cell populations following PBMC infection 

with Mtb H37Ra, with higher levels of central memory T cells from BCG+ donors compared to 

BCG- donors. Central memory T cells have been identified to play a key role in the response to 

Mtb infections in mice previously vaccinated with a recombinant BCG strain (65). However, 

more work is required to determine the role of these T cells in controlling Mtb infection in a 

human PBMC model of Mtb infection. In particular, the present study demonstrates that use of 

the attenuated strain, Mtb H37Ra, allows for the assessment of potential confounding factors to 

infection models and can still act as a valuable tool to investigate and characterize key elements 

of the early human host response to Mtb infection in a less stringent biosafety environment prior 

to initiation of experiments with the more pathogenic wild-type strains in Biosafety Level 3 

laboratories.  
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Figure2.9 Outcomes of Mtb H37Ra growth and cytokine expression in infections of PBMCs 

from BCG+ compared to BCG- donors.  Infections of PBMCs from BCG+ donors were 

associated with lower Mtb H37Ra CFUs, lower concentrations of Th1 and Th2 cytokines, but 

higher proportions of activated central memory CD8+ T cells compared to infections of BCG- 

donor PBMCs. Closed square brackets ([]) indicate concentration. IL-10 was not addressed in 

this figure because no significant difference was observed between BCCG+ and BCG- groups. 
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Chapter 3: Evaluation of the effect of T regulatory cell depletion and donor BCG 

vaccination on Mycobacterium tuberculosis (Mtb) H37Ra infection using an in vitro model of 

human PBMC-Mtb infection 
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3.1 Introduction  

            Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb), remains a major global 

health problem. It is estimated that 8.9–10.4 million incident cases and approximately 2 million 

deaths from TB were reported for the year 2015 (1). However, of those infected with Mtb, only 

5-10% will develop the active disease over their lifetime and approximately 90% of the infected 

individuals will develop asymptomatic infection also known as latent infection (2-4).  

           Mtb are inhaled as droplets and infect the lung macrophages (2). The bacilli then undergo 

robust replication before the initiation of the adaptive immune responses (2). The expansion of 

effector T cells takes place in the lymph nodes (LN), where they are primed and then traffic back 

to the lungs to recognize the Mtb antigens presented by the macrophages and/or dendritic cells 

(DCs) (3). The adaptive immune response to Mtb develops much slower than in other infections 

such as Salmonella enterica (5), Listeria monocytogenes (6), Francisella tularensis (7), 

Influenza virus (8), or Leishmania major (9,10). In humans, the development of an adaptive 

immune response to Mtb occurs around five to six weeks after infection as indicated by 

tuberculin skin test conversion (11). In mice, a minimum of 12 days after aerosol infection is 

required for the initial arrival of Mtb-specific CD4+ T cells in the lungs (12,13). The mechanisms 

that account for the delay in adaptive immune responses in Mtb infection remains poorly 

understood.  

            The current vaccine against Mtb is the live attenuated M. bovis Bacillus Calmette-Guérin 

(BCG) strain. Variability in the effectiveness of this BCG vaccine has been reported and may be 

a product of both the variability in BCG sub-strains (e.g. BCG Japanese, BCG Danish and Glax 

and BCG Connaught, Pasteur, and Tice) as well as human genetic factors (14,15). Other reports 

suggest that the limited efficiency of BCG vaccination may be due to the modulation of the Mtb-
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specific immune responses by Treg cells (16-18). For example, Treg cells modulate the immune 

responses and promote enhanced Mtb growth by delaying the priming, expansion, and 

mobilization of both CD4+ and CD8+ effector T cells (19). Treg cells also counteract the action 

of Th17 cells, thus inhibiting the early recruitment of IFN-γ-producing CD4+ T cells to the site of 

infection (20). 

           Treg cells are a subset of CD4+ T lymphocytes, comprising ∼1 to 5% of all circulating 

CD4+ T cells (19,21). The important function of these cells is to prevent autoimmunity by 

maintaining self-tolerance and suppression of immune responses after eliminating invading 

organisms that have been cleared from the infection site (22,23). Treg cells were initially 

identified by their expression of CD4+ CD25+ cell surface markers but later studies further 

identified expression of the intracellular markers forkhead/winged helix transcription factor 3 

(FoxP3) and low expression of IL-7 receptor α-chain (CD127) in humans (24-26).  

           Distinct effects of Treg cells have been demonstrated in response to different pathogens 

and in different stages of infection. Increases in adaptive immune responses have been reported 

with Treg cell depletion in chronic uncleared human infections, such as Helicobacter pylori (27), 

human immunodeficiency virus (HIV) (28,29), hepatitis C virus and (HCV) (30). In mice, 

infection models, such as Leishmania major (31), Herpes Simplex Virus-1 (32), and Candida 

albicans (33), depletion of Treg cells resulted in enhanced CD4 effector T cell function and rapid 

clearance of pathogen. In humans, the role of Treg cells in response to TB infection remains 

unclear (34-36). In this study, Treg cells are hypothesized to play a role in controlling early Mtb 

infections. Given the sparse literature in the field, this study was initiated with two aims. The 

first was to determine the impact of Treg cell depletion on immune cell populations from human 

PBMCs prior to infection with an attenuated Mtb H37Ra strain, as well as the growth of this 
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strain in an in vitro granuloma model of early human Mtb infection. The second aim was to 

determine the impact of BCG vaccination history of PBMC donors on the immune and bacterial 

responses in an in vitro granuloma model of early human Mtb infection depleted of Treg cells. 

3.2 Materials and methods 

            Materials were obtained from Fisher Scientific, Ottawa, Ontario unless stated otherwise. 

3.2.1 Ethics Statement 

           The study was approved by the ethics committee of the University of Alberta Health 

Research Ethics Board (Pro00057636). A questionnaire approved by the institutional ethics 

board was used to assess for the study participants.  

3.2.2 Participant recruitment and selection 

           The inclusion criteria for study enrollment were healthy males and females between the 

ages of 18-54 years without the potential confounders such as: exposure to someone with active 

TB, had previously tested positive with a tuberculin skin test (TST)/interferon-gamma release 

assay (IGRA), recalled a history of latent TB infection, or had a recent gastrointestinal or 

respiratory illness, or were vaccinated with live or attenuated vaccine within the previous four 

weeks. Males and females under the age of 18 years, individuals who were vaccinated within the 

last 4 weeks with the live or attenuated vaccine, had a current known active infection or were 

taking any immunosuppressive drugs, and pregnant women were excluded from the study. Both 

arms of volunteer blood donors were inspected for scars consistent with BCG vaccination by 

DK, who has been a tuberculosis specialist for more than 25 years.  

3.2.3 Blood collection and PBMCs isolation  

           Blood was drawn by a phlebotomist at the Alberta Diabetes Institute Clinical Research 

Unit of the University of Alberta. PBMCs were isolated from peripheral blood following our 



 

163 
 

standard protocol using density gradient centrifugation. Briefly, blood was diluted with an equal 

volume of saline and layered on Lympholyte® cell separation media (Cedarlane, Burlington, 

Ontario). Sample gradients were centrifuged at 870 x g, for 30 min at room temperature in a 

swinging-bucket rotor without the brake applied (IEC Centrifuge Model CRU-5000, O’Fallon, 

Missouri). The PBMCs interface was carefully removed by pipetting and washing twice in 50 

mL phosphate-buffered saline (PBS) by centrifugation at 200 x g, for 5 min at 4°C (Beckman 

Coulter Allegra X-15R centrifuge, Mississauga, Ontario; used for all subsequent 

centrifugations). Following PBMCs isolation, Treg cells were depleted. 

3.2.4 Depletion of CD4+CD25+CD127low Treg cells  

 PBMCs were subjected to the Treg cell depletion using a human CD4+CD25+CD127low 

regulatory T cell kit (Stemcell, Vancouver) according to the manufacturer's instructions. Briefly, 

PBMCs isolated following Lympholyte® gradient separation were stratified into two groups 

(PBMCs-Tregs and PBMCs+Tregs). The PBMCs-Tregs and PBMCs+Tregs were each 

transferred into a polystyrene round-bottom tube. To deplete Treg cell from PBMCs (PBMCs-

Tregs), CD25+ positive selection component A was added to the cells (10 μL per 107 cells), 

mixed and incubated at room temperature for 5 min. Following, incubation CD25+ positive 

selection component B was added to the cells (10 μL per 107 cells), mixed and incubated at 

room temperature for 5 min. Following incubation, magnetic EasySep™ Releasable 

RapidSpheres™ (10 μL per 107 cells) (Stemcell, Vancouver) were added to the cells and 

vigorously pipetted up and down for more than 5 times, incubated at room temperature for 5 

min. Next, the CD4+ T cell enrichment cocktail (10 μL per 107 cells) was added to the sample, 

mixed and incubated at room temperature for 5 min. Following incubation, cells were 

resuspended in 2.5 mL of media (PBS containing 2% FBS and 1 mM EDTA) and the tube is 
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exposed to a magnetic field (EasySep™, Stemcell, Vancouver) without lid and incubated at 

room temperature for 10 min. Following incubation, the magnet along with the tube was 

inverted in one continues motion and the supernatant is collected into a new tube. The tube was 

then removed from the magnet and the cells that were bound by magnetic particles were 

resuspended in 2.5 mL of media, mixed gently 5 times by pipetting up and down and the tube 

was re-exposed to the magnetic field (EasySep™) without lid for 5 min at room temperature. 

The magnet along with the tube was inverted in one continues motion and the supernatant was 

discarded.  The same procedure was repeated 5 times. The tube was then removed from the 

magnet and the cells that were bound by magnetic particles were resuspended in 2.5 mL of 

media and mixed gently by pipetting up and down for 5 times. Release buffer (20 μL per 107 

cells) was added to the sample and vigorously mixed by pipetting, CD127high depletion 

cocktail (10 μL per 107 cells) was then added to the sample mixed and incubated at room 

temperature for 5 min. Then, Dextran RapidSpheres™ (2 μL per 107 cells) were added to the 

sample and incubated at room temperature for 5 min. After incubation, 2.5 mL of media is 

added to the sample mixed gently by pipetting up and down 3 times and the tube was then 

exposed to a magnetic field without lid for 5 min at room temperature. The magnet along with 

the tube was inverted in one continues motion and the supernatant was discarded. The tube was 

then removed from the magnet and the cells that were bound by magnetic particles were re-

suspended in 2.5 mL of media, mixed gently 5 times by pipetting up and down and the cells 

were transferred into a Falcon™ round bottom polystyrene tube and placed on ice. The same 

wash procedure was repeated 5 times. After the final wash, the total number of live cells and 

cell viability were determined by counting the cells using Trypan Blue Exclusion dye (Sigma-

Aldrich, Oakville, Ontario Aldrich. For PBMCs+Tregs, the cells were passed through the 



 

165 
 

column the same way as described above, except in this case the cells were not labeled with 

antibodies. 

3.2.5 Growth of Mtb H37Ra 

            The bacterial strains Mtb H37Ra (ATCC 25177) was obtained from the American Type 

Culture Collection (ATCC) (Cedarlane). Bacteria were thawed rapidly in a 37°C water bath 

(Innova 3100 Water Bath Shaker, New Brunswick Scientific, Edison, New Jersey) and 

centrifuged at 3000 x g for 20 min at room temperature. Bacteria were cultured to log phase in 

15 mL conical Pyrex tubes containing 5 mL Difco Middlebrook 7H9 broth supplemented with 

10% albumin, dextrose, sodium chloride, catalase (ADC) enrichment and 0.05% Tween 80 (BD 

Biosciences, Mississauga, Ontario) at 37°C without CO2 for 3-4 weeks. Every 5 days, optical 

density (OD600) was measured on 1 mL of bacterial suspension (Pharmacia Biotech Ultrospec 

3000 UV/Visible Spectrophotometer, Scinteck Instruments, Manassas Park, Virginia) until it 

corresponded to the log phase (OD600 = 0.4-0.5). Bacteria were harvested during the log phase 

by centrifugation for 5 min at 1200 x g and then re-suspended in an equal volume of fresh Difco 

Middlebrook 7H9 media. The bacterial concentration (CFUs/mL) was determined by dividing 

the number of CFUs by the product of the dilution and the volume of the plated dilution. Mtb 

H37Ra was then centrifuged at 3000 x g for 20 min to pellet the bacteria. Mtb H37Ra cells were 

resuspended in PBS and cryopreserved in PBS.  

3.2.6 Identification of Treg cells by Flow Cytometry 

           To assess the efficiency of Treg cell depletion, PBMCs isolated from the Treg cell 

depletion column were stained with a cocktail of antibodies (BD Biosciences, Mississauga, 

Ontario) CD3-FITC, CD4-BV510, CD25-eFluor, and CD127-PE by adding the appropriate 

volume of the antibody as per the manufacturer’s protocol. Samples were incubated for 30 min in 
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the dark on ice. Following incubation, cells were washed 3 times by centrifugation at 525 x g for 

5 min and resuspended in 400 µL of ice-cold fluorescence-activated cell sorting (FACS) buffer 

(PBS supplemented with 2% heat-inactivated FBS) and stored at 4°C in the refrigerator until 

analysis on the same day. Compensation tubes (BD Biosciences, Mississauga, Ontario) were 

used to distinguish each fluorochrome. Data was acquired by running the samples on the BD 

FACSCantoTM II (BD Biosciences, Mississauga, Ontario) with 10,000 events collected for each 

tube. The data were analyzed using the BD FACSDivaTM software (BD Biosciences, 

Mississauga, Ontario). 

3.2.7 Infection of Human PBMCs  

           PBMCs were removed from the liquid nitrogen and thawed for 2 min in a 37°C water bath 

(Innova 3100 Water Bath Shaker). The cryovials were inverted twice to resuspend the cells, and 

cells were gently aspirated using a 2 mL pipette and transferred into a 15 mL Falcon tube 

containing Roswell Park Memorial Institute culture medium (RPMI, Sigma-Aldrich, Oakville, 

Ontario) supplemented with 1% Penicillin-Streptomycin and 10% FBS. To recover the 

remaining cells, the cryovials were rinsed by adding 1 mL of growth medium. To remove 

DMSO, the cell suspension was centrifuged for 5 min at 72 x g at 4°C. The cells were re-

suspended in the growth medium with 20 µL volume of DNase solution (Sigma-Aldrich, 

Oakville, Ontario Aldrich) and incubated for 30 min at 37°C in a water bath (Innova 3100 Water 

Bath Shaker). The cells were then filtered through Falcon™ Cell Strainers to remove the cell 

debris. The cells were pelleted by centrifugation at 200 x g for 5 min at room temperature. The 

viability was determined by 0.4% Trypan Blue Exclusion dye (Sigma-Aldrich, Oakville, 

Ontario). The final concentrations of the cells were adjusted to 1 x 107/mL. To infect the cells, an 

extracellular matrix (ECM) was prepared as described by Kapoor et al. (37). Briefly, 1 mL of 
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ECM was prepared by mixing 0.95 mL Purecol® collagen solution (Cedarlane) with 50 µL 

10×DPBS (Sigma-Aldrich, Oakville, Ontario Aldrich), 4 µL fibronectin (Sigma-Aldrich, 

Oakville, Ontario Aldrich) and 10 µL 1 N NaOH (Sigma-Aldrich, Oakville, Ontario Aldrich) and 

kept on ice (pH 7.0).  PBMCs were mixed with ECM at a concentration of 5 × 105 PBMCs 

cells/50 µL/well at room temperature. PBMCs-ECM mixture samples were either infected with 5 

x 106 Mtb H37Ra for an MOI of 0.1 (1:10) or left untreated. The MOI for infection is based on 

an estimate of 5% PBMCs are macrophages MOI relative to the macrophage population is 10 

(10:1). Infected and uninfected samples were incubated at 37°C for 45 min, followed by an 

overlay with RPMI containing 20% human serum and incubated at 37°C for 8 days in a Forma 

Scientific CO2 Water Jacketed Incubator (ThermoFisher Scientific, Mississauga, Ontario).  

3.2.8 Screening for host immune cell aggregate structures using light microscopy 

           To detect the formation of cell aggregate structures, samples were visualized under the 

Zeiss Axio Scope A1 light microscope (Carl Zeiss Canada Ltd, Toronto). Images were acquired 

at 10X magnification using a Zeiss Axiocam camera (Carl Zeiss Canada Ltd).  

 3.2.9 Determination of Mtb H37Ra colony forming units in infected wells  

           Bacterial numbers were quantified on day 0, 3, 5 and 8 post-Mtb H37Ra infection. 

Briefly, culture supernatants were aspirated from each well, ECM was digested with collagenase 

(Sigma-Aldrich, Oakville, Ontario Aldrich) and cells were lysed in 0.1% Triton X-100 (Sigma-

Aldrich, Oakville, Ontario Aldrich). Serial dilutions (ten-fold) of lysed samples were plated on 

Middlebrook 7H11 Selective Agar (BD Biosciences, Mississauga, Ontario) and incubated at 

37°C for 3 to 4 weeks. Bacteria were counted and the number of CFUs was multiplied by the 

dilution factor, averaged and reported as CFUs/mL. 
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3.2.10 Enzyme-Linked Immunosorbent Assay (ELISA)  

            Culture supernatants harvested on days 0, 3, 5 and 8 from triplicate wells per condition 

were stored at -70°C until use. Samples were then thawed on ice, cytokines IL-10, IL-17A, IL-4, 

IL-6, IFN-γ, TNF-α (BioLegend, San Diego, California), and TNF-β (R & D Systems, 

Minneapolis, Minnesota) were analyzed by ELISA using commercially available kits as per the 

manufacturer’s instructions. Cytokine concentrations in the test samples were determined by 

diluting the test sample and tested in duplicate. The assays lower detection limits for IL-10, IL-

17A and IL-4 were 3.9 pg/mL and for cytokines IFN-γ, TNF-α and IL-6 were 7.8 pg/mL, 31.25 

pg/mL for TGF-β. Absorbance was measured at 450 nm using an EnVision multilabel  plate 

reader model 2104 (PerkinElmer, Guelph, Ontario). Cytokine concentrations in the test samples 

were calculated based upon standard curves generated with known amounts of recombinant 

human cytokine. The standard deviation was calculated from the means and was not normalized. 

3.2.11 Characterization of donor PBMCs  

           In order to characterize different subsets of cell populations (e.g. T cells, B cells, Treg 

cells, macrophages, dendritic cells (DCs) and Th1, Th2, and Th17) PBMCs were prepared for 

flow cytometry. Following thawing of PBMCs, 1 x 106 cells/mL were transferred to Falcon™ 

round bottom polystyrene tubes and re-suspended in ice-cold FACS buffer. Cells were washed 

twice in cold PBS and then centrifuged at 200 x g for 5 min and the supernatant was discarded. 

For characterization of cells post-infection, culture supernatants were aspirated from each well 

and ECM was digested with collagenase (Sigma-Aldrich, Oakville, Ontario Aldrich), cells were 

centrifuged at 200 x g for 5 min and the supernatant was discarded. 

            The cells were pelleted for 5 min at 1100 x g  and resuspended in 100 µL of human BD 

Fc block (BD Biosciences, Mississauga, Ontario) (diluted 1:50 in FACS buffer) and incubated 
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for 30 min on ice to avoid any non-specific binding and background fluorescence. Each panel of 

cells was stained with a cocktail of monoclonal antibodies directly conjugated to fluorochromes 

(BD Biosciences, Mississauga, Ontario) by adding the appropriate volume of the antibody as per 

manufacturer’s protocol (Supplemental Table 3). Cells were incubated for 30 min in the dark on 

ice. Following incubation, cells were washed 3 times by centrifugation at 525 x g for 5 min and 

re-suspended in 400 µL of ice-cold FACS buffer and stored at 4°C in the refrigerator until 

analysis on the same day. Compensation tubes (BD Biosciences, Mississauga, Ontario) were 

used to distinguish each fluorochrome and to avoid any spectral overlap.  

3.2.12 Flow cytometry analysis and data acquisition   

           Data were acquired by running the samples on the BD FACSCantoTM II (BD 

Biosciences, Mississauga, Ontario) with 10,000 events collected for each tube. The data were 

analyzed using the BD FACSDivaTM software (BD Biosciences, Mississauga, Ontario). First, 

the cells were gated using the forward scatter (FSC) and side scatter (SSC) to find viable single 

cell events. Gating excluded events with low FSC and high SSC. Using a bivariate histogram, 

four different populations of cells are analyzed: double-positive, single positive for each 

antibody, and negative for both. The percent of each cell population queried was automatically 

generated by the software in each quadrant and was compared among the samples.  

3.2.13 Statistics  

           All experiments were performed in triplicate for each donor. Data were analyzed using 

SPSS software version 13.0 (IBM Analytics, Armonk, New York). The normal distribution of 

the data was tested by the Shapiro–Wilks test. All values were reported as a mean ± standard 

deviation. Statistically significant differences among the groups were determined using two way 
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ANOVA, followed by a Bonferroni post hoc test. Values were considered significantly different 

when p<0.05. 

3.3 Results   

3.3.1 Selective Treg cell depletion from PBMCs 

           To differentiate the contribution of Treg cells from the immune responses by PBMCs to 

Mtb H37Ra infection, Treg cells were depleted from human donor PBMCs. Flow cytometry 

analysis confirmed that CD4+CD25+CD127low Treg cells were specifically depleted from 

PBMCs (PBMCs-Tregs, 0%, Figure 3.1a) when compared to PBMCs that were not depleted of 

Treg cells (PBMCs+Tregs, 28.8%±3.1 of CD4+CD25+ cells, Figure 3.1b). Generally, 

CD4+CD25high T cells which coexpress FoxP3 are recognized as Tregs; however, FoxP3 is an 

intracellular marker. Studies of Treg were difficult due to the lack of a suitable cell surface 

marker apart from CD25. Liu et al. reported that the downregulation of the α-chain of the 

interleukin-7 receptor (CD127) on the majority of the FoxP3 positive CD4+ T cells that 

distinguishes Tregs from CD25 activated T cells. Since CD127 is a cell surface marker, the 

CD4+CD25highCD127low phenotype allows for reliable identification of human Tregs (38). 
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Figure3.1 Characterization of the Treg cell population of PBMCs with or without depletion. Lymphocytes were defined using 

flow cytometry based on their forward and side scatter. (a) T cells were first identified as CD3+CD4+T cells gated within this 

lymphocyte population, then further identified as CD3+CD4+CD25+ and later identified based on CD127+ population. Treg cells were 

depleted from PBMCs (PBMCs-Tregs) by magnetic separation. (b) Treg cell undepleted PBMCs (PBMCs+Tregs). One representative 

data set is shown per group. PBMCs from 10 donors were analyzed per group.The Tregs make up 28.88% of CD3+CD4+andCD25+ 

cells. 
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 In addition, flow cytometry analysis also confirmed that there were no other differences 

observed between the immune cell populations before and after Treg cell depletion 

(n=10/group). The populations of cells in both groups were; CD3+CD4+ (35.2%±4.2 vs 

35.1%±3.5), CD3+CD8+T cells (18.9%±5.1 vs 15.8%±4.6), CD3+CD4+CD25+ (2.1%±0.8 vs 

1.9%±3.8), Th1 cells (CD3+CD4+CXCR3+CCR6-, 24.4%±5.3 vs 28.3±3.7), Th2 cells 

(CD3+CD4+CXCR3-CCR6-, 71.7%±2.6 vs 70.4%±4.1), B cells (CD3+CD19+, 7.2%±5.6 vs 

6.6%±6.2) (Figure 3.2a), monocytes (CD3-CD19-CD14+, 15.8%±3.1 vs 14.5%±6.3), DCs (CD3-

CD19-CD14-CD20-HLADR+CD11C+, 2.5%±3.4 vs 1.5±2.9), and natural killer (NK) cells (CD3-

CD19-CD14-CD20-CD56+CD16+, 14.3%±2.9 vs 13.1±5.2) (Figure 3.2b). No statistically 

significant differences were observed in these cell populations before or after Treg cell depletion 

(p>0.05). 

 

 

 

 

 

 

 

 

 

 

 

 



 

173 
 

 

Figure3.2a: Human immune cell populations unaffected by Treg cell depletion. Lymphocytes were identified based on their 

forward and side scatter. Treg cells were depleted by magnetic separation. Cell populations evaluated were T cells, CD3
+
CD4

+
CD25

+
, 

Th1 and Th2 cells, and B cells. One representative data set is shown. PBMCs from 10 donors were analyzed per group. T cells, 

CD3+CD4+CD25+, Th1 and Th2, B cells are described horizontally.  
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Figure3.2b: Human immune cell populations before and after Treg cell depletion. Cell populations assessed included monocytes, 

dendritic cells (DCs) and natural killer (NK) cells, identified based on their forward and side scatter. One representative data set 

presented. PBMCs from 10 donors analyzed per group. DCs are a rare population and should be theoretically described using dot 

plots. However, reanalysis of data using dot plot was not possible due to software upgrade. Monocytes, DCs and NK cells are 

described vertically. 

Treg cell undepleted PBMCs 
Treg cell depleted PBMCs 
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3.3.2 Impaired cell aggregation in Mtb-infected Treg cell-depleted PBMCs 

 The impact of Treg cells depletion on the formation of cell aggregates was assessed by 

stratifying PBMCs from 10 donor samples into two groups: PBMCs-Tregs and PBMCs+Tregs 

prior to infection with Mtb H37Ra. Infection of the PBMCs-Tregs with Mtb H37Ra resulted in 

small cellular aggregates that appeared by day 5 and increased in number by day 8 post-infection 

without a marked difference in size. The PBMCs-Tregs aggregates reached a diameter of less 

than 50 µm by day 8 (Figure 3.3a). In contrast, larger aggregates were observed in 

PBMCs+Tregs by day 3 post-infection with Mtb H37Ra, which became even larger by day 5 and 

reached diameters of up to 100 m by day 8 (Figure 3.3b). Donor-matched control PBMCS-

Tregs (Figure 3a) or PBMCs+Tregs (Figure 3.3b) without Mtb H37Ra infection did not form cell 

aggregates when incubated with concanavalin A (ConA). These results indicate that the 

formation of large cellular aggregates (up to 100 m) was specific to infection with Mtb H37Ra 

and that Treg cells were required for the formation of the large sphere-like cell aggregates.  
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Figure3.3: Impaired formation of cellular aggregates following Mtb H37Ra infection in Treg cell-depleted PBMCs. Microscopic 

examination of Mtb H37Ra infected PBMCs. (a) PBMCs with Treg cell depletion (PBMCs-Tregs) and (b) PBMCs without Treg cell 

depletion (PBMCs+Tregs). Cells were examined at days 0, 3, 5 and 8 post-infection and included two control wells: one treated with 

ConA, and one uninfected (UI) PBMCs. One representative experiment is shown from experiments using PBMCs from 10 donors. 

Experiments were performed three times in triplicate per condition per donor. Images were obtained at 10X magnification (size bar = 

50 μm). 
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3.3.3 Increased counts of Mtb H37Ra colony forming units (CFUs) in Treg cell depleted 

          PBMCs   

  Mycobacterial growth (load) was quantified and expressed as CFUs/well at days 0, 3, 5 

and 8 post-infection. Infection of PBMCs-Tregs with Mtb (n=10), resulted in an early increase in 

CFUs/well by day 3 (16,401±8,391) compared to day 0 (388±281, p=0.007) post-infection 

(Figure 3.4a). This increase in Mtb load continued at day 5 (49,458±9,808, p<0.001) and at day 8 

(67,360±7814, p<0.001) post-infection. In contrast, PBMCs+Tregs (n=10) infected with Mtb did 

not increase in CFUs/well until day 5 (32,538±7,499, p<0.001) post-infection, but continued to 

increase at day 8 (51,246±8,853) compared to day 0 (1,055±2,124, p<0.001) post-infection 

(Figure 3.4b). Mtb loads were significantly higher in PBMCs-Tregs compared to PBMCs+Tregs 

at day 3 (16,401±8391 vs 1,111±2,200, p<0.001), day 5 (49,458±9,809 vs 32,538±7,499, 

p<0.001) and day 8 (67,360±7,814 vs 51,246±8,853, p<0.001) post-infection (Figure 3.4c). 

These results demonstrate that Treg cells were required to control early Mtb replication and were 

required for the formation of large size cell aggregates.  
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Figure3.4. Quantification of Mtb H37Ra in PBMCs with and without Treg cell depletion at 0-8 

days post-infection. (a) Treg cell-depleted PBMCs infected with Mtb H37Ra, (b) Treg cell 

undepleted PBMCs infected with Mtb H37Ra (c) PBMCS-Tregs (Tregs depleted PBMCs) 

PBMCS+Tregs (Tregs undepleted PBMCs) infected with Mtb H37Ra. Data are plotted as mean ± SD 

and represent 10 samples per group (1 sample per donor, 10 donors per group). Experiments were 

performed in triplicate per condition and per donor. **p<0.01, compared to day 0 post-infection  

***p<0.001, compared to day 0 post-infection. 
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3.3.4 Th1 and Th2 cytokine expression following Mtb H37Ra infection is affected by the 

presence or absence of Treg cells 

            The concentrations of cytokines in cell culture supernatants were measured on days 0, 3, 

5 and 8 post-infection (Figure 6) and quantified based on the standard curve and the total 

cytokine concentrations were not normalized to cell number or protein concentration. The mean 

level of Th1 cytokine IFN-γ was significantly decreased in PBMCs-Tregs (n=10) compared to 

PBMCs+Tregs (n=10) by more than 7-fold at day 3 (1,710±489 vs 12,349±2784 pg/mL, 

p<0.001) and more than 11-fold at day 5 (451±95 vs 5,233±1,199 pg/mL, p=0.036) post-

infection compared to PBMCs+Tregs respectively (Figure 3.5a). In addition, the mean 

concentrations of other Th1 cytokines were significantly lower only at day 3 post-infection in 

PBMCs-Tregs compared to PBMCs+Tregs, such as TNF-α, by more than 3-fold (362±150 vs 

1,369±286 pg/mL, p<0.001) (Figure 3.5b) and IL-6 by more than 22-fold (379±157 vs 

8,540±3,141 pg/mL, p<0.001) (Figure 3.5c). In contrast, the mean production of Th2 cytokines 

were significantly increased in PBMCs-Tregs at day 3 post-infection compared to PBMCs+Tregs 

by more than 2-fold for IL-10, (4,355±1,001 vs 1,796±479 pg/mL, p=0.007) (Figure 3.5d) and 

more than 9-fold for IL-4 (4,955±1,329 vs 506±170 pg/mL p=0.006) (Figure 3.5e). The T cell-

derived pro-inflammatory cytokine, IL-17 was significantly lower in PBMCs-Tregs compared to 

PBMCs+Tregs by more than 2-fold on day 3 (295±104 vs 670±187 pg/mL, p=0.032) and more 

than 7-fold on day 5 (55±103 vs 401±101pg/mL, p=0.041) post-infection (Figure 3.5f).  
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Figure3.5. Altered cytokine response to Mtb infection in Treg cell-depleted PBMCs. Cytokine concentrations in cell culture 

supernatants were determined by ELISA for PBMCs without Treg cells infected with Mtb H37Ra, (hash bars) and PBMCs with Treg 

cells (open bars). Data were plotted as mean ±SD and represent 10 samples per group. Experiments were performed in triplicate per 

condition per donor. *p<0.05, compared to day 0 PBMCs-Tregs  **p<0.01, compared to day 0 PBMCs-Tregs  ***p<0.001, compared 

to day 0 PBMCs-Tregs. 
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3.3.5 Infection of Treg cell-depleted PBMCs with Mtb H37Ra increased effector T cell  

populations at day 8 post-infection 

 Changes in the populations of PBMCs following collagenase digestion of matrices were 

observed at 8 days post-infection. Significant increases were observed in PBMCs-Tregs 

compared to PBMCs+Tregs in the percentages of CD4+ (helper T cells; Th) by 2-fold (65.9±7.4 

vs 32.7±4.8, p<0.007, Table 3.1) and CD8+ (cytotoxic T cells; Tc) by 1.5-fold (35.9±6.3 vs 

23.7±2.8, p<0.004, Table 3.2). Effector cells were approximately 2.5-fold higher in infections of 

PBMCs-Tregs compared to PBMCs+Tregs for both Th cells (CD3+CD4+CD45RA+CCR7-; 

29.8±3.8 vs 11.6±2.5, p<0.004, Table 3.1) and Tc (CD3+CD8+CD45RA+CCR7-; 29.8±3.2 vs 

12.6±4.3, p<0.006, Table 3.2). We found no significant differences in the percentage of B cells 

and memory B cell population; Treg cells; Th1, Th2, and Th17; NK cells; DCs and monocytes 

between infected PBMCs with Treg cells and without Treg cells. 
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Table3.1 CD4+ T cell populations at 8 days post-infection with Mtb H37Ra  

 

 

Th Cell Populations 

(Total, Subsets) 

 

 

 

Th Cell Phenotype 

 

 

       Percentage of Th Cells 

      Mean % of cells ± SD 

          -Treg 

        (n=10) 

  +Tregs 

   (n=10) 

Total Th cells a CD3+CD4+  65.9±7.4     32.7±4.8* 

Naïve  CD3+CD4+CD45RA+CCR7+ 14.4±6.3   18.3±5.6 

Activated CD3+CD4+CD45RA+CCR7+CD38+HLA DR+   8.5+2.4     11.8±4.1 

Central Memory CD3+CD4+CD45RA-CCR7+ 7.2±2.5     10.5±3.8 

Activated CD3+CD4+CD45RA-CCR7+CD38+HLA D 3.2±1.5 3.8±1.1 

Effector  CD3+CD4+CD45RA+CCR7-    29.8±3.8*   11.6±2.5 

Activated CD3+CD4+CD45RA+CCR7-CD38+HLA DR+ 10.5±1.8   14.3±2.6 

Effector Memory CD3+CD4+CD45RA-CCR7- 43.8±5.1   49.5±4.3 

Activated CD3+CD4+CD45RA-CCR7-CD38+HLA DR+ 17.5+1.3   13.6±3.8 

a Percent of total gated lymphocyte population, * p <0.05, -Tregs compared to +Tregs 
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Table3.2 CD8+ T cell populations at 8 days post-infection with Mtb H37Ra  

 

 

 

 

 

 

 

 

 

 

 

 

 

Tc Cell Populations 

(Total, Subsets) 

 

 

 

Tc Cell Phenotype 

 

 

       Percentage of Tc Cells 

      Mean % of cells ± SD 

          -Tregs 

          (n=10) 

  +Tregs 

   (n=10) 

Total Tc cells a CD3+CD8+  35.9+6.3     23.7+2.8* 

Naïve  CD3+CD8+CD45RA+CCR7+   5.4+1.3       7.8+2.3 

Activated CD3+CD8+CD45RA+CCR7+CD38+HLA DR+   22.3+2.4   28.3+4.1  

Central Memory CD3+CD8+CD45RA-CCR7+   14.2+3.6 13.8+2.2 

Activated CD3+CD8+CD45RA-CCR7+CD38+HLA DR+ .2 4.3±1.8  15.3±1.2 

Effector  CD3+CD8+CD45RA+CCR7- 29.8±3.2*    12.6±4.3 

Activated CD3+CD8+CD45RA+CCR7-CD38+HLA DR+  5.2±1.1     8.2±2.3 

Effector Memory CD3+CD8+CD45RA-CCR7-  16.3±3.1   18.9±4.2 

Activated CD3+CD8+CD45RA-CCR7-CD38+HLA DR+   2.3±1.1       3.4±0.6  

a Percent of total gated lymphocyte population, * p <0.05, -Tregs compared to +Tregs 
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3.3.6 Impact of Treg cell depletion on Mtb H37Ra infection of PBMCs from BCG 

vaccinated and BCG unvaccinated donors  

 The impact of previous BCG vaccination and Treg cells depletion on immune responses 

and bacterial growth was assessed for 10 donor samples according to BCG vaccination history. 

BCG+ donors (n=5) were from India and China, where BCG vaccination is typically 

administered at the time of birth. All donors who declared a BCG vaccination history also had an 

identifiable BCG scar upon examination by an experienced TB physician. All BCG- donors 

(n=5) were born in Canada where routine administration of BCG vaccine was stopped in the 

1970’s and is currently not available. PBMCs from 10 donors were stratified into four groups: 

+BCG-Tregs (n=5), +BCG+Tregs (n=5), -BCG-Tregs (n=5), and -BCG+Tregs (n=5). At day 0 

of infection, no significant differences were observed in the bacterial load (CFUs/well) among 

the groups (data not shown). Bacterial loads were significantly increased in +BCG-Tregs 

compared to +BCG+Tregs on day 3 (14,807±7202 vs 2,193±2,822, p<0.001), day 5 

(48,186±9,307 vs 35,657±5,806, p<0.001), and day 8 (71,059±7,434 vs 52,801±11,172, p=0.006) 

post-infection. In addition, bacterial loads were also significantly higher in the -BCG-Tregs 

compared to -BCG+Tregs on day 3 (17,994±10,010 vs 29±8, p<0.001), day 5 (50,731±11,217 vs 

29,419±8,276, p<0.001), and day 8 (63,661±6,922 vs 49,691±6,746, p=0.006) post-infection 

(Figure 3.6). In contrast, there were no significant differences observed in CFUs between 

+BCG+Tregs vs -BCG+Tregs, or +BCG-Tregs vs -BCG-Tregs groups.   
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Figure3.6. Quantification of Mtb H37Ra post-infection in PBMCs from BCG+ and BCG- 

donors on days 3, 5 and 8. Bacterial counts at days 3, 5 and 8 post-infection. Data are plotted as 

mean ± SD and represent n=5 per group, experiments were performed in triplicate per condition 

per donor. **P<0.01   ***P<0.001 

  

 The differences in the percentages of T cells, Th1, Th2 and Th17 cells, B cells, DCs, 

monocytes and NK cells between PBMCs+Tregs and PBMCs-Tregs from BCG- donors and 

BCG+ donors post- infection were not significantly different.  

            The levels of cytokines varied between Mtb-infected PBMCs-Tregs and PBMCs+Tregs 

regardless of the BCG donor history. On day 3 following infection, the IFN-γ concentrations in  

the cell culture supernatants were lower in +BCG-Tregs (1,852±735 pg/mL) compared to 

+BCG+Tregs (12,813±2,875 pg/mL, p<0.001). Similarly, the levels of IFN-γ were significantly 

lower in the -BCG-Tregs (1,568±232 pg/mL) compared to -BCG+Tregs (11,885±3,315 pg/mL, 

p<0.001) (Figure 8a). At day 5 post-infection, the concentration of IFN-γ was also lower in the 

cell culture supernatants of +BCG-Tregs (429±88 pg/mL) compared to +BCG+Tregs (5,239± 

1,599 pg/mL, p=0.006) and in -BCG-Tregs (473±80 pg/mL) compared to -BCG+Tregs 

(5,228±1,244 pg/mL, p=0.006) (Figure 3.7a).  
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 The levels of TNF-α were significantly lower at day 3 post-infection in +BCG-Tregs 

compared to +BCG+Tregs (439±176 vs 1,369±310 pg/mL, p<0.001) and in the -BCG-Tregs 

(285±70 pg/mL) compared to -BCG+Tregs (1,368±330 pg/mL, p<0.001) (Figure 3.7b). 

Similarly, the concentrations of IL-6 were lower in +BCG-Tregs compared to +BCG+Tregs 

(319±161 vs 9,048±5,047 pg/mL, p<0.001); and in -BCG-Tregs (439±176 pg/mL) compared to -

BCG+Tregs (11,232±2,065 pg/mL, p<0.001) at day 3 post-infection (Figure 3.7c). 

 In contrast, the concentrations of Th2 cytokines such as IL-10 at day 3 post-infection were 

significantly higher in +BCG-Tregs (4,654±1,197 pg/mL) compared to +BCG+Tregs 

(2,019±626 pg/mL, p<0.001) and in -BCG-Tregs (4,056±937 pg/mL) compared to -BCG+Tregs 

(1,573±268 pg/mL, p<0.001) (Figure 3.7d). Similarly, the levels of IL-4 at day 3 post-infection 

were higher in the +BCG-Tregs (5,736±698 pg/mL) compared to +BCG+Tregs (514±126 

pg/mL); and in -BCG-Tregs (4,175±1,060 pg/mL) compared to -BCG+Tregs (499±213 pg/mL, 

p<0.001) (Figure 3.7e). The concentrations of T cell derived pro-inflammatory cytokine, IL-17 

were significantly lower on day 3 in +BCG-Tregs (269±117 pg/mL) compared to +BCG+Tregs 

(802±151 pg/mL, p=0.028) and in -BCG-Tregs (320±90 pg/mL) compared to -BCG+Tregs 

(539±117 pg/mL, p=0.038). IL-17 concentrations were also significantly lower on day 5 

following infection in +BCG-Tregs (96±9 pg/mL) compared to +BCG+Tregs (442±96 pg/mL, 

p=0.039) and in -BCG-Tregs (15±4 pg/mL) compared to -BCG+Tregs (361±123 pg/mL, 

p=0.032) (Figure 3.7f). There were no differences in cytokine expression patterns between 

infection of PBMCs-Tregs and PBMCs+Tregs at day 8 post-infection (data not shown). In this 

series of experiments, BCG vaccination history did not affect the cytokine expression patterns of 

PBMCs infected with Mtb H37Ra with or without Treg cells (Figure 3.7 a-f). 

 



 

188 
 

 

Figure 3.7 Mtb infection of PBMCs-Tregs produces a shift to a Th2 cytokine response. Cytokine levels in cell culture 

supernatants were determined by ELISA at days 0, 3, 5 and 8. Data are plotted as mean ± SD and represent 5 samples per group, 

experiments were performed in triplicate per condition per donor. *P<0.05  ***P<0.001 
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3.4 Discussion 

In the present study, the effect of Treg cells depletion from PBMCs was examined in an 

early model of Mtb infection. Treg cells were depleted from donor PBMCs using a column 

selective against CD4+CD127lowCD25+ markers. Control PBMCs were passed through the 

columns without antibodies to cell surface markers. In general, previous studies have 

demonstrated that Treg cells suppress responses to self-antigens to prevent autoimmunity, and 

regulate immune responses to infections (39). Since the exact role of Treg cells during early 

human Mtb infection and following formation of granulomas is still unknown, an in vitro model 

of infection was used because it allowed the ability to control the conditions in an early infection 

of PBMCs by Mtb.  

Mtb H37Ra was used to infect PBMCs in this study since the previous work Chapter 2 

showed that Mtb H37Ra can be used as a model to understand the impact of the host or 

environmental factors such as BCG vaccination status and time from infection. The impact of 

Treg cells on early infections of PBMCs with Mtb H37Ra are summarized in Figure 3.9. 

Depletion of Treg cells from human PBMCs is associated with impaired immune cell 

aggregation during the 8 days of PBMCs infection with Mtb H37Ra. Variability in the size of 

cell aggregates was associated with the presence or absence of Treg cells. The cell aggregates in 

PBMCs+Tregs infected with Mtb H37Ra became denser in appearance and increased in size by 

day 8 of infection. However, in the PBMCs-Tregs, an increase in the size of immune cell 

aggregates was not observed. This observation was in agreement with previous findings by 

Quinn et al. where a CD4+CD25+ depleted murine model of Mtb infection displayed smaller 

granuloma structures compared to those infected mice that were not depleted of CD4+CD25+ T 

cells (40). 
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Increases in Mtb loads, measured as CFUs/mL, following Mtb infection were also 

associated with the depletion of Treg cells (summarized in Figure 3.8). At each time point over 

the 8 days post-infection, the burden of Mtb was higher in the PBMCs-Tregs infections than in 

PBMCs+Tregs. The prior literature is variable, with some studies showing similar, neutral or 

contradictory results (40-43). Depletion of Treg cells may have no effect on mycobacterial load 

in some Mtb infection models. For example, in an early primary mouse model of infection, 

depletion of Treg cells by treatment with anti-CD25 mAb did not have an impact on the 

mycobacterial load in the lungs (40). In another mouse model of infection, the adoptive transfer 

of CD4+CD25+ Treg cells into mice lacking T and B cells (Rag1-/- mice) did not control Mtb 

loads compared to wild-type C57BL/6 mice (41). Other studies contradict the present study and 

suggest that Treg cells are associated with poor control of mycobacterial loads and that depletion 

of Treg cells is associated with improved ability to control mycobacterial loads. PBMCs pre-

primed with protein purified derivative for 6 days and co-cultured with infected monocyte-

derived macrophages were able to reduce mycobacterial load, but co-addition of Treg cells 

increased the growth of Mtb (43). Infection of a chimera C57BL/6 mouse model (reconstituted 

with bone-marrow cells from Thy1.1 FoxP3+/+ and Thy1.2 FoxP3+/+ mice) with Mtb H37Rv was 

able to better control Mtb load when FoxP3+ T cells were depleted by anti-Thy-1.1 mAb 

treatment (42). Differences in experimental conditions, timings of infection, mycobacterial 

strains used, or the nature of the host cell/organisms could explain these different observations 

between these studies. In the present study, an increase in the bacterial load after Treg cell 

depletion suggests that CD4+CD25+CD127low cells do not suppress immune responses that 

control Mtb. Nevertheless, the importance of the Treg cell response during tuberculosis remains 

an important question that needs to be addressed. 
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           In the present study, an increased production of the Th1 cytokines (e.g. IFN-γ, TNF-α, 

and IL-6) and Th17 (e.g. IL-17) cytokine following infection of PBMCs was more likely to be 

associated with PBMCs+Tregs than PBMCs-Tregs. However, the increased production of Th2 

cytokines (e.g. IL-10 and IL-4) following infection at day 3, was more likely to be associated 

with infection of PBMCs-Tregs than PBMC+Tregs. These findings agree with studies reporting 

an increased production of IFN-γ (40,41), TNF-α (40,43), and IL-6 (40,42) in mouse models 

where Treg cells were not depleted. However, in the present experiments, cytokine expression 

was generally more transient, which suggests that early suppression of Mtb growth is associated 

with the presence of Treg cells. In contrast, other work reported an association between Mtb 

progression and Treg cell population expansion, indicating that the expansion of Treg cells may 

be focused on different phases of infection (44) and may involve antigen-specific Treg cell 

responses (45). The present experiments did not assess the specificity of Treg cell populations to 

Mtb antigens. The role of Tr1 cells was not discussed in this study due to the resource 

limitations. The role of Tr1 is discussed briefly in chapter 4.         

            The present study did not show an impact of previous BCG vaccination on Mtb growth or 

cytokine responses in the presence or absence of Treg cells. At first glance, this finding appears 

to contradict the results from the Chapter 2 study where the growth of Mtb was affected by 

PBMC donor BCG vaccination. However, one of the possible reason would be variability 

between the results may be due to the differences in the manipulation of PBMCs between the 

studies. Other confounding reasons could be that the column used to deplete CD25+ may have 

removed the activated T cells, some of which may be the memory T cells or the influence of 

BCG vaccination strain on the immune responses between the studies. In the Chapter 2 study, 

PBMCs were immediately cryopreserved following Lympholyte® gradient separation. In this 
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study, PBMCs were manipulated following Lympholyte® gradient separation prior to 

cryopreservation of PBMCs. PBMCs were antibody-labeled (CD4+CD127lowCD25+) for Treg 

cell depletion or unlabeled (Treg cells undepleted PBMCs). Both labeled and unlabeled cells 

were applied to a column exposed to a magnetic field. Magnetically labeled cells were retained, 

whereas unlabeled cells passed through the column were collected and cryopreserved. The 

complete process took an additional 5-6 hrs at a variety of temperatures and conditions as well as 

exposure to different mechanical stresses (e.g. columns, centrifugation, resuspension/pipetting). 

Therefore, it is clear that the PBMCs with Treg cells in this series of experiments would not be 

equivalent to PBMCs that were immediately frozen after processing.     

           The series of experiments presented in this study have some limitations. Although BCG 

vaccination history was established by donor recall, misclassification of BCG vaccination status 

was reduced by evaluation of a declared immunization scar and review of the BCG vaccination 

strategies in the country of birth in donors declaring a prior BCG vaccination. Note that this 

study focuses on host responses early after infection using an attenuated strain of Mtb and does 

not address possible variations in responses to infections with wild-type strains of Mtb. The 

study is focused on an early time, which may influence the role that Treg cells play in these 

experiments and did not address any impact of Mtb-specific Treg cells during this early infection 

(45).   

           In conclusion, this study showed that depletion of Treg cells in an early in vitro PBMC 

model of Mtb H37Ra infection was associated with an increased growth of Mtb. It also identified 

a decrease in Th1 responses (IFN-γ, TNF-α, and IL-6) and an increase of Th2 cytokines in the 

absence of Treg cells. BCG vaccination history was not a confounding factor in these series of 
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experiments. However, more work is required to determine the impact of these Treg cells in 

controlling Mtb infection in PBMC infection models.  

 

 

 

 

Figure3.8 Mtb H37Ra growth and cytokine expression in PBMCs±Tregs.  Infections of 

PBMCs without Treg cells were associated with higher Mtb H37Ra CFUs, lower concentrations 

of Th1 cytokines, higher concentrations of Th2 cytokines; but higher proportions of total Th and 

Tc cells, and effector Th and Tc cells than infections of PBMCs with Treg cells. Closed square 

brackets ([]) indicate concentration. 
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Chapter 4: Discussion and Future Directions  
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4.1 Discussion 

In TB patients, Mtb bacilli survive within the TB granuloma (1). Most Mtb-infected 

individuals are able to control the mycobacteria within this granuloma during their lifetime 

without showing any clinical symptoms. In contrast, immunocompromised individuals are more 

likely to develop active disease accompanied by granuloma breakdown (2). The classically 

observed granuloma (present during the adaptive immune response) may represent a balance 

between host immune response and survival as well as growth of Mtb. A better understanding of 

early immune responses leading to the creation of TB granulomas would help us to identify new 

therapeutic targets that could limit long-term Mtb survival or enhance the immune response 

against Mtb. When using in vivo animal models of mycobacterial granulomas, several weeks of 

infection with bacilli are necessary for the granulomas to be large enough to enable their 

localization in the animal tissues (3-5). These time limitations prevent the analysis of the very 

early stages of the granulomatous reaction. Studying the earliest stages of the granuloma 

formation may aid in our understanding of key molecular effectors involved in the mycobacterial 

expansion and dissemination. Pioneering work by different researches has demonstrated in vitro 

models as an excellent model to understand various aspects of host-pathogen interactions in Mtb 

pathogenesis (7-13).  
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In the in vitro model presented in this thesis, I observed the infection of human PBMCs 

with Mtb H37Ra and the creation of early host cell aggregates composed of macrophages and T 

lymphocytes within 8 days of infection. The time frame of this study is consistent with another 

study, which observed the formation of human immune cell aggregates in vitro following 

infection with the virulent strain Mtb H37Rv (10). The early immune cell aggregates formed at 

day 8 of infection contain both macrophages and T cells, which are also found in granulomas 

formed in humans (14). This study also confirms that cells are continuously being recruited to 

the infection site as evaluated by the increase in the size of cell aggregates (Chapter 2, Figure 

2.2). Together, both these studies demonstrate that although there are some differences between 

the attenuated strain of Mtb H37Ra and Mtb H37Rv, these two strains prompt the formation of 

early immune cell aggregates. 

            Host responses against Mtb infection mainly involve cell-mediated immunity (15). Cell-

mediated immune responses include activation of phagocytosis, mycobacterial antigen 

presentation and antigen-specific cytotoxic and helper T cell responses (15). These responses 

stimulate host immune cells to secrete a variety of cytokines (e.g. IFN-γ, IL-12, and TNF-α) that 

induce migration and the close interaction of immune cells, leading to granuloma formation (16). 

In this study, cell-mediated responses were assessed on day 8 post-infection. The data from 

Chapter 2 Table 2.1 and Table 2.2 suggest that infection of human PBMCs with Mtb H37Ra 

induces two separate CD4+ T cell populations; the first expresses an activated naïve phenotype. 

These naïve CD4+ T cells are activated after interaction with antigen and differentiate into 

specific subtypes depending mainly on the cytokine secretion (17). For example, IL-12 and IFN-

γ are key cytokines that initiate the downstream signaling cascade to activate Th1 cells (18,19). 

The second CD4+ population expresses an activated effector memory T cell phenotype (17). 
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These effector memory T cells are a non-activated phenotype, but can very rapidly, and 

efficiently, expand into an effector population upon exposure to the challenge infection (17). An 

increase in CD8+ memory T cells that express CCR7 was also observed, this phenotype of cells 

produced high amounts of IL-2 but low levels of other effector cytokines (e.g. IL-4, IL-5, and 

IFN-γ) (17).  

            A wide range of cytokines contributes to the immunological balance in Mtb infection. A 

Th1 response dominated by TNF-α and IFN-γ is the principal mediator of protective immunity in 

TB, while the Th2 cytokine IL-4 has the opposite effect (17). As described in Chapter 2 Figure 

2.5, cytokine expression in this study occurred transiently with significant increases in pro-

inflammatory cytokines (e.g. TNF-α, IFN-γ, IL-6) as well as the anti-inflammatory cytokine IL-

10 at day 3 of post-infection. Studies have shown that granulomas that had a higher proportion of 

T cells producing IL-10 in combination with T cells producing pro-inflammatory cytokines IL-2, 

TNF or IL-17 were associated with sterilization of mycobacteria (20,21). Further, our data 

provide evidence for the co-existence of both pro- and anti-inflammatory cytokine responses in 

infection models during the creation of cell aggregates. This supports the idea that a balance of 

pro and anti-inflammatory cytokine responses  may contribute to the ability of granulomas to kill 

Mtb and limit pathology. 

            In this study, IL-10 is referred as a Th2 cytokine but IL-10 is a pleiotropic cytokine 

characterized by its anti-inflammatory activities. IL-10 when bound to its receptor is produced by 

different cell including T cells, Bcells, and NK cells, DCs, macrophages, mast cells, neutrophils, 

and eosinophils. IL-10 activates the STAT3-mediated signaling which results in the inhibition of 

different target genes (22). IL-10 acts primarily on APCs and inhibit the upregulation of MHC 

class II and costimulatory molecules and the release of proinflammatory cytokines and 
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chemokines, there by limiting the antigen-presenting function. IL-10 can also directly inhibit T-

cell function and cytokine production and proliferation (22). Recently, it has been been 

demonstrated that IL-10 is also involved in the suppressive function of a subset of adaptive 

regulatory T cells, CD4+ T regulatory type 1 (TR1) cells. TR1 cells secrete high levels of IL-10 

and are known to play a key role in maintaining immune tolerance. However, due to limitation 

PBMCs I did not asses the role of TR1 cells in the production of IL-10 (22). 

           The in vitro early infection models presented here assessed the formation of cell 

aggregation following infection of PBMCs. This thesis distinguished between PBMCs isolated 

from BCG vaccinated donors and those from BCG unvaccinated donors over 8 days of infection. 

No differences in time relative to the formation of aggregates or the size of cell aggregates were 

observed in the infections of PBMCs between the BCG vaccinated and non-BCG vaccinated 

individuals. Although Mtb survival in a non-replicating form within granulomas is often 

described as a stationary balance between the host and pathogen (23), evidence points to a more 

dynamic host-pathogen balance. For this thesis, I predicted a decreased Mtb H37Ra load in 

PBMCs infections from BCG vaccinated individuals. As per Chapter 2, Figure 2.4, there was a 

decrease in Mtb CFU counts following the infection of the PBMCs from BCG vaccinated donors 

when compared to non-vaccinated donors. Therefore, in vitro infection models can be impacted 

by PBMC donor BCG vaccination history.   

           I then sought to determine the role of Tregs in affecting the outcome of infection in an 

early in vitro model of human PBMCs (Chapter 3). The literature focusing on in vitro infection 

models of human cells was sparse on this topic. However, the original thought based on the 

literature was that Tregs play an immunosuppressive role in Mtb infection. Therefore, this study 

was initiated with the hypothesis that the depletion of Treg cells from donor PBMCs, followed 
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by Mtb infection, would lead to the creation of smaller cell aggregates and decreased Mtb H37Ra 

loads.  

           As speculated, data from Chapter 3 Figure 3.3 supports the hypothesis that depletion of 

Tregs is associated with an impaired (smaller) immune cell aggregate formation. These results 

are in agreement with previously published data where a CD4+CD25+ depleted murine model of 

Mtb infection displayed smaller granuloma structures compared to those infected mice that were 

not depleted of CD4+CD25+ T cells (23). A previously published murine Mtb aerosol infection 

model demonstrated that Tregs delayed priming of CD4+ and CD8+ T cells in the lymph nodes 

(27). 

  In my study, percentages of CD4+ and CD8+ T cells increased in infections of PBMCs-

Tregs compared to PBMCs+Tregs (Chapter 3 Table 3.1 and 3.2). Prior to this study, it was 

thought that Tregs in a granuloma (25) prevent the clearance of Mtb (24), suggesting that Tregs 

contribute to the delayed onset of adaptive immune responses. Surprisingly, the number of Mtb 

CFU counts (Chapter 3 Figure 3.5), was higher in the infected of PBMCs that were depleted of 

Tregs. This is the first such report and contrasts with previously published data, from animal 

experiments, which indicated that the depletion of CD25+ cells early after Mtb infection was 

associated with the decreased bacterial load (23-26). This discrepancy may be due to a variety of 

factors. Other work has reported an association between Mtb progression and Treg cell 

population expansion, indicating that the expansion of Treg cells may be focused on different 

phases of infection (35) and may involve antigen-specific Treg cell responses (35). The 

experiments in this thesis did not assess the specificity of Treg cell populations to Mtb antigens.  

Prior animal studies used CD25 as a marker of CD4+ Tregs and anti-CD25 antibodies to deplete 

the Treg population PBMCs, this approach may not completely eliminate Tregs. CD25 is 
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upregulated in effector T cells, and furthermore, CD25 is not expressed in all Treg cells. CD8+ 

Tregs are generally less studied compared to CD4+ Tregs. In a previous study it has been 

demonstrated that CD8+ Tregs suppressive activity among live BCG-stimulated PBMCs of in 

vitro PPD-responsive donors. This study also demonstrated that CD8+ Treg cells isolated from 

live BCG-stimulated PBMCs enriched for expression of LAG-3 and CCL4, co-expressed CD25 

and Foxp3, and inhibited Th1 cell proliferation (36). In this study we did not demonstrate the 

role of CD8+ Tregs on the secretion of CCL4, which may have reduced the Ca2+ influx early 

after TCR triggering. It could have been possible in my study that CD8+ Tregs may be showing a 

memory recall response following infection and BCG activated CD8+ Tregs could have inhibited 

Th1 responses, via CCL4 and via CD39 (36) Clearly, further research is needed to understand 

the impact of Tregs in early human Mtb infection and understand their impact on early vs. 

chronic infection.  

4.2 Conclusion 

 Due to the limited access to human biopsy samples of granulomas, in vitro early infection 

models have been used to study factors that impact the structure and function of developing 

granulomas. In this study, I identified a potential confounding effect of prior BCG vaccination 

history on cytokine profiles and mycobacterial loads in infection models using human donor 

PBMCs. In particular, Mtb CFU counts were influenced by PBMC donor BCG vaccine history 

very early following infection.  In addition, this study characterized the key elements of the early 

human immune response to Mtb infection and the impact of BCG vaccination history on T cell 

populations following PBMC infection with Mtb H37Ra. In particular, T cells with memory 

properties are higher in BCG vaccinated donor compared to BCG unvaccinated donors.  Given 

the longevity of memory T cells, clearly this subset plays a decisive role in TB vaccines. 
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Although we still do not fully understand, what govern the development of Memory T cells, but 

these cells seems to control the mycobacterial load. In this study, I identified that Tregs play an 

important role in early host immune responses and Mtb growth. Collectively, the results 

presented here are novel because this is the first report that demonstrated that Tregs are 

important in controlling early Mtb infection and a delicate balance exists between Tregs and non-

Tregs, and any changes to this equilibrium can alter the outcome of infection.  
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4.3 Future Directions  

The BCG vaccine has been used since 1921 to prevent tuberculosis (TB) (37). The 

protective efficacy of BCG varies depends on the geographical location the BCG vaccine has 

been given and little is known about the variable protection against pulmonary TB (37). The 

genomic sequences of different strains of BCG vaccination compared with Mtb as a common 

reference is the deletion of RD1 that is present in M. bovis. The different strains of BCG vaccine 

such as, BCG-Moreau and BCG-Japan, have two copies of the insertion region (IS) 6110. BCG-

Denmark, BCG-Tice and BCG-Glaxo, have only one copy of IS6110 and have lost RD2 in 

addition (37). Although, it is known that BCG vaccine strains induce different levels of 

protective immunity, currently, it is unknown the immune responses that are generated by these 

different strains of BCG vaccine to Mtb infection. The observations from chapter 2 suggest that 

host prior BCG vaccination may be one of the confounding factor in controlling early Mtb 

infection, and in chapter 3 this BCG vaccine effect was not observed. In order to understand if 

the BCG varies depends on the geographical location the next step would be is to recruit donors 

who had prior BCG vaccination from different geographical locations and asses the bacterial 

load and immune responses such as cytokines and  immune cells populations in an early Mtb 

infection in vitro. Confirmation of host BCG vaccination with IGRA would strengthen the 

results. 

The BCG vaccine remains important for the development of new TB vaccines, and as 

identified by many studies the benefits to administer BCG vaccination as a booster vaccine, it 

would be critical to evaluate the immune factors that affect how BCG works and the impact on 

new genetically modified BCG vaccines or other live mycobacterial vaccines. 
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Appendix A 

 

 

Antibody panels for PBMC immunophenotyping 
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Appendix B 

 

 

Characterization of T cell subpopulations.Lymphocytes were defined based on their forward and side scatter (a). T cells were 

defined as CD3+ CD4+T cells P1-gated within this lymphocyte gate (b), CD3+ CD8+ T cells P2-gated within this lymphocyte 

gate (c), naïve T helper cells P3 CCR7+CD45RA+ (d) naïve cytotoxic T cells P4 CCR7+CD45RA+ (f), central memory 

CCR7+CD45RA-  (P5 in d and P6 in f), effector CCR7-CD45RA+ ( P7 in d and P8 in f), effector memory CCR7-CD45RA- (P9 

in d and P10 in f), activated population CD38+HLA-DR+ in the gated palpation (P11in d and P12 in f).  
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Appendix C 

 

 

 

 

Characterization of B cell populations.Lymphocytes were defined based on their forward and side scatter (a) B cells were 

defined as CD3-CD19+ P1 gated within this lymphocyte gate (b), memory B cells CD3-CD19+CD27+IgD+ (P2 in c). 
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Appendix D 

 

 

 

Characterization of T regulatory cell population.Lymphocytes were defined based on their forward and side scatter (a) T 

cells were defined as CD3+ CD4+T cells P1gated within this lymphocyte gate (b) T regs were defined as 

CD3+CD4+CD25+CD127+CCR4+(P2 in c). 
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Appendix E 

 

Characterization of Th1,Th2 and Th17 cell populations. Lymphocytes were defined based on their forward and side scatter 

(a) T cells were defined as CD3+ CD4+T cells P1gated within this lymphocyte gate (b) Th1 CD3+CD4+CXCR3+CCR6- (P2 in 

c), Th2 CD3+CD4+CXCR3-CCR6+ (P3 in c). 
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Appendix F 

 

 

Charecterization of Monocytes, DCs and NK cells. Lymphocytes were defined based on their forward and side scatter (a) 

Non B cells CD3-CD19- gated within this lymphocyte (P1 in b), monocytes CD3-CD19- CD14+ (P3 in c), DCs and NKs CD3-

CD19- CD14-CD20- (P3in c), DCs CD3-CD19- CD14-CD20-HLA-DR+CD11c+ (P3in d), NK cells CD3-CD19- CD14-CD20-

CD56+CD216+ (P4 in e). 
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Appendix G 

 

 

 

 

Transmission electron micrographs of internalization of Mtb H37Ra by macrophages. Intracellular infection is evident in 

the macrophage cell aggregates:  (a) infection of macrophages by Mtb H37Ra at MOI 10:05, bacteria indicated by arrow. (b) 

infection of macrophages by Mtb  H37Ra at MOI 1:0.1, bacteria indicated by arrow. Scale bar = 1 µm. (c) infection of 

macrophages by Mtb  H37Ra at MOI 1:1 bacteria indicated by arrow.  
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Appendix H 

 

 

 

Transmission electron micrographs show that intracellular infection is more evident in early infection (a) infection of 

macrophages by Mtb H37Ra on day 3 of infection, bacteria indicated by the arrow. (b) infection of macrophages by Mtbs  

H37Ra on day 5 of infection, bacteria indicated by arrow. (c) infection of macrophages by M. tuberculosis   H37Ra on day 9 of 

infection, bacteria indicated by the arrow and a double arrow indicated lysis of the cell.   
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Appendix I 

 

Co-localization of M. tuberculosis H37Ra to granuloma-like structures by Auramine-Rhodamine fluorescent staining.  

(a) cell aggregates from BCG-unvaccinated donors (BCG-), (b) cell aggregates from BCG vaccinated (BCG+), (c) control 

(bacteria alone), (d) control ConA (PBMCs stimulated with ConA), (e) control (cells infected with S.aureus), (f) control (cells 

infected with E.coli). Mtb stained auramine (yellow) and rhodamine (red) stained actin. 


