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ABSTRACT 
 
Despite recent advances in tuberculosis (TB) research, shortage of knowledge still exists 
that limits the understanding of host-pathogen interactions in human TB. Cell-mediated 
immunity has been shown to confer protection in TB, although the relative importance of 
cytolytic T cells (CTLs) expressing granule-associated effector molecules perforin and 
granulysin is debated. A typical hallmark of TB is granuloma formation, which includes 
organized collections of immune cells that form around Mycobacterium tuberculosis (Mtb)-
infected macrophages to contain Mtb infection in the tissue. This thesis aimed to increase 
insights to the immunopathogenesis involved in the progression of clinical TB, with an 
emphasis to explore antimicrobial effector cell responses at the local site of Mtb infection.  
 
A technological platform including quantitative PCR and in situ computerized image 
analysis was established to enable assessment of local immune responses in tissues 
collected from lung or lymph nodes of patients with active pulmonary TB or 
extrapulmonary TB. The results from this thesis revealed enhanced inflammation and 
granuloma formation in Mtb-infected organs from patients with active TB disease. CD68+ 
macrophages expressing the Mtb-specific antigen MPT64 were abundantly present inside 
the granulomas, which suggest that the granuloma is the main site of bacterial 
persistence. Macrophages expressed nitric oxide, while the antimicrobial peptide LL-37 was 
very low in TB lung lesions compared to distal lung parenchyma. Mtb-infected tissues and 
particularly the granulomas were enriched with CD3+ T cells, CD4+ T cells and FoxP3+ 
regulatory T cells (Treg), while the numbers of CD8+ CTLs expressing perforin and 
granulysin were very low inside the granulomatous lesions. We further observed that 
mRNA expression of important Th1/Th17 cytokines were not up-regulated in the Mtb-
infected tissues. Instead, IL-13 and TGF-β were elevated in lymph node TB, which may 
suggest a shift of the cytokine response towards a Th2 or immunoregulatory profile. We 
also detected elevated levels of the B cell stimulatory cytokine IL-21, but also IL-10 in TB 
lesions from patients with pulmonary TB. Accordingly, chronic TB was associated with an 
increased expression of CD20+ B cells and IgG-secreting cells as well as FoxP3+ Treg cells 
in the TB lung lesions. This may suggest that adverse immune responses in progressive TB 
disease involve enhanced activities of plasma B cells and Treg cells. Next, our findings of 
impaired CTL responses in human TB were applied to evaluate a novel TB vaccine 
candidate in a non-human primate model of TB. Our in situ technology was used to show 
that CD8+ T cells as well as perforin, granulysin and the survival cytokine IL-7, were 
induced locally in the lungs but also spleens of animals that were primed with the novel TB 
vaccine before Mtb challenge. Thus, immune correlates of protection discovered in human 
TB could be used as potential biomarkers to evaluate the immunogenicity of novel TB 
vaccine candidates. 
 
Taken together, our results provide evidence of an impaired CD8+ CTL response at the site 
of Mtb infection that involves deficient expression of perforin and granulysin. Instead, 
chronic TB is associated with enhanced levels of antibody-producing B cells with little 
documented protection in TB. We propose that the induction of Th2 or immunoregulatory 
cytokines and FoxP3+ Treg cells represents potential immunopathogenic processes that 
may contribute to impaired cytolytic and antimicrobial effector cell responses in human TB.   
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1 INTRODUCTION 
 
TUBERCULOSIS: AN ENDURING DANGER TO HUMAN RACE 
 
Tuberculosis (TB) is primarily a chronic lung infection that is one of the most 
potent and wide-spread human infections today, and a major cause of death from 
bacterial pathogens [1]. Historically, TB disease has killed more human beings 
than any infectious disease. In 2012, WHO estimated 1.4 million deaths from TB 
and 8.7 million new TB cases, which mostly (80%) affect vulnerable populations in 
20 high-burden countries [2]. Although TB is a serious global health problem, 
several medical advances have been made in the past 150 years to facilitate 
prevention and control of TB. The discovery of Mycobacterium tuberculosis 
(Mtb) as the etiological agent of TB was done by Robert Koch in 1882 and 
enabled the development of the diagnostic Tuberculin Skin Test (TST), which is 
extensively used in clinical practice. The Bacillus Calmette Guerin (BCG) vaccine 
was introduced in 1921 and has been administrated in over 4 billion doses world-
wide. In addition, the first anti-TB drugs were introduced to the market in 1944, 
when streptomycin was successfully used to treat TB disease [3]. In general, TB 
mortality started to decrease in most industrialized countries during the 20th 
century, probably due to a better socioeconomic status including improved 
nutrition and living conditions [4]. TB re-emerged during the 1990s both in 
developing and several industrialized countries partly due to the HIV/AIDS 
pandemic and also because of an increased emergence of drug resistant Mtb 
strains [5-7].  
 
Despite several medical advances, we need to increase and improve research on 
human TB in order to discover new diagnostic methods, more efficient vaccines 
and novel therapeutic interventions including better drugs. Pharmacological 
management of TB is extremely resource intensive, especially in developing 
countries and treatment of multidrug-resistant TB (MDR-TB) increases the costs 
several fold compared to drug-susceptible TB [8]. Therefore, additional resources 
are needed to achieve higher treatment completion rates by more intensive follow-
up programs like DOTS (Directly Observed Treatment Short-Course) etc. [9], but 
also by continued investments in research. So far, the most vital questions in 
understanding disease progression in human TB remain unanswered and we need 
to learn more about the protective host responses that are accountable for control 
of Mtb infection in order to develop effective therapy against TB.   
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2 BACKGROUND 
 
2.1 THE GENUS MYCOBACTERIUM 
 
TB infection and disease are most commonly caused by Mtb which is pathogenic in 
humans and belongs to the genus Mycobacterium of the Mycobacteriaceae family. 
Over 100 mycobacterial species have been identified, but the majority of these 
species are non-pathogenic. The disease-causing myobacteria in mammals with 
close genetic similarity are categorized in the Mtb-complex, which comprises seven 
mycobacterial species: M. tuberculosis, M. bovis, M. africanum, M. canettii,         
M. caprae, M. microti and M. pinnipedii [10]. Mycobacteria are aerobic, non-motile, 
hydrophobic, rod-shaped, facultative intracellular bacteria with a size of 2-4 µm. 
The pathogenic species typically replicate slowly with a doubling time of 12 to 24 
hours [11], resulting in lengthy cultures of clinical specimens (4-8 weeks) that 
often cause delays in TB diagnosis.  
 
The lipid-rich cell wall of Mtb is complex and consists of peptidoglycans, unique 
mycolic acids, arabinogalactan and lipoarabinomannan (LAM) as well as free lipids, 
and scattered proteins. Interestingly, the mycobacterial cell wall is about twice as 
thick compared to gram-positive and gram-negative bacteria. The very unique 
properties of the thick mycobacterial cell wall make it impermeable to many toxic 
compounds and also deliberate acid-fastness, which can be used for detection of 
mycobacteria in clinical specimen such as sputum, cell- or tissue samples [1] 
[Figure 1].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Microscopic image (x125) of acid-fast stained bacilli (red rods) in a tissue section 
from a TB lung lesion obtained from a patient with chronic pulmonary TB (provided by 
Susanna Brighenti, Karolinska Institutet). 
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2.2 INTRACELLULAR UPTAKE AND SURVIVAL OF MTB 
 
Mtb is an intracellular bacterium that primarily infects and reproduces in host 
macrophages (MQs). Mtb bacilli can bind to different cell surface receptors to 
ensure intracellular access through phagocytosis. These receptors comprise Toll-
like receptors (TLR), complement receptors (CR), mannose receptors (MR), 
scavenger receptors and DC-SIGN. TLRs play a vital role in the induction of innate 
immune responses against Mtb and primarily involve Mtb recognition by TLR2, 
TLR4, TLR9 and also TLR1 or TLR6 that form a heterodimer with TLR2 [12]. 
Accordingly, TLR engagement has been shown to trigger intracellular killing of Mtb 
in human MQs [13]. Experimental data also suggest that several receptors may be 
simultaneously involved during phagocytosis of Mtb [14]. Here, it has been 
postulated that Mtb uptake through distinct receptors directs the intracellular fate 
of the bacilli [15]. For example, engagement of mycobacterial mannose-capped 
LAM (ManLAM) with MR results in restricted phagolysosomal fusion, while TLR2 
engagement by Mtb components leads to vitamin D dependent production of 
antimicrobial peptides that may facilitate phagosomal maturation [16, 17].  
 
Phagocytosis of Mtb initiates innate inflammatory responses that can either result 
in pathogen clearance or progress to promote the induction of adaptive immune 
responses including a typical granulomatous type of inflammation associated with 
chronic infections such as TB [18]. It is well-known that Mtb can survive in 
infected MQs for extended periods of time, even in the presence of inflammation. 
Mtb have developed mechanisms to prevent the fusion between phagosomes and 
lysosomes and thus the bacilli can persist in the endosomal system of the MQ 
[Figure 2], secure from the toxic contents of the lysosomes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Microscopic image (x600) of acid-fast stained bacilli (red rods) in a culture of 
human primary blood-derived macrophages and T cells. Note the phagosomal location of 
intracellular bacilli and the smaller T cells interacting with the large macrophage (provided 
by Susanna Brighenti, Karolinska Institutet). 
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2.3 TB INFECTION IN HUMANS 
 
TB is an airborne infection and therefore the lung is the primary site of infection, 
although infection and disease can be established in any organ in the body [1]. 
Mycobacteria usually enter the host through inhalation of tiny aerosol droplets 
expelled from patients with open or active pulmonary TB [19, 20]. Once the 
bacteria are inside the alveolar space, a cascade of host immune responses starts 
the battle against the infection including the induction of a granulomatous 
inflammatory reaction. Approximately 10% of infected individuals will ever develop 
active disease, while the majority of infected cases contain the mycobacteria in a 
latent or sub-clinical state [21-23]. Thus, Mtb infection is rarely completely 
eradicated from the host, but rather persists in a latent state. The outcome of 
infection is strictly dependent on the balance between the pathogen and the host 
immune system. Immunocompromised individuals such as HIV infected patients, 
have a significantly increased risk to develop active TB compared to 
immunocompetent individuals. Other risk factors for development of active TB 
disease are poverty and overcrowding living conditions, immunosuppressive 
treatments including TNF-α inhibitors, diabetes, cancer, malnutrition, age (elderly 
and children are the most vulnerable groups), alcohol abuse and smoking [24-27]. 
The probability to develop active TB is highest during the first 1-5 years after the 
initial exposure. But there are also examples where latent infection has persisted for 
decades before active TB disease finally progresses.  
 
Human TB is a complex disease with various clinical features. As described above, 
Mtb primarily infects the lung and cause pulmonary TB, while infection of other 
organs such as lymph nodes or pleura is called extrapulmonary TB. Mtb infection 
can also disseminate throughout the body causing systemic or miliary TB, but 
this is not as common as a localized infection in the lung or other organs. Disease 
manifestations differ considerably among various age groups. Seemingly, young 
children do not show typical clinical symptoms of TB, which complicates diagnosis 
and treatment. Children are more susceptible to develop active TB disease and thus 
disseminated forms of TB are also more common in children than adults [28]. In 
contrast, clinical symptoms of active pulmonary TB are more typical in adult 
patients, including lengthy cough, weight loss, fever, malaise and night sweats. 
 
2.4 THE HUMAN IMMUNE RESPONSE IN TB 
 
2.4.1 Cross-talk between innate and adaptive immune responses 
 

2.4.1.1 Phagocytes 
Reciprocal interaction between innate and adaptive immune responses is vital to 
achieve protective immunity against most pathogens. Cell-mediated immunity 
involving the activation of phagocytes, antigen-specific T cells and the release of 
specific cytokines is crucial in host defense against Mtb infection [Figure 3]. Upon 
TB infection in the lung, initial activation of cells of the innate immune defense 
involves classically phagocytic cells such as resident alveolar MQs, pulmonary 
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dendritic cells (DCs), monocytes and neutrophils [29]. Mtb can also bind and 
interact with non-specialized phagocytic cells such as alveolar epithelial cells [30]. 
Inhaled mycobacteria are engulfed by alveolar MQs that will become activated at 
the site of infection in the lung. Activated MQs will produce reactive oxygen and 
nitrogen intermediates (ROI/RNI) as well as antimicrobial peptides (AMPs), which 
will comprise a first line of defense to limit intracellular bacterial replication and to 
execute the clearance of bacilli [31-34]. Neutrophils are also acknowledged to 
confer protection by phagocytosis and killing of Mtb bacilli [35]. Since neutrophils 
are relatively short-lived, apoptotic neutrophils containing mycobacterial material 
can be engulfed by and activate MQs and DCs [35, 36]. Importantly, it has been 
shown that human neutrophil-derived peptides contribute to growth arrest as well 
as killing of mycobacteria [37]. MQs can also attain the neutrophil-derived 
antimicrobial peptide lactoferrin and execute bacterial killing [38].  
 

2.4.1.2 Antigen presenting cells (APCs) 
MQs and DCs are professional antigen-presenting cells (APCs) that constitute a 
bridge between innate and adaptive immunity. Activated MQs can present 
antigens directly to T cells, while DCs may have a more important function in 
cross-presentation of Mtb antigens [39]. Here, DCs capture Mtb antigens and cell 
debris from apoptotic Mtb-infected MQs in the local environment and present these 
antigens to T cells via MHC-I and CD1b molecules [40]. DCs will migrate to the 
draining lymph nodes to cross-prime naïve T cells [41-43], that will become 
activated effector T (Teffector) cells. Protein antigens will be presented through 
MHC-I and MHC-II pathways to activate αβ T cells including Mtb-specific CD4+ and 
CD8+ T cells that are essential for protective immunity in TB [44]. Because of the 
lipid-rich nature of the mycobacterial cell wall, lipids and glycolipids will be 
presented through CD1 molecules to active non-classical T cell subsets such as γδ 
T cells [45] and CD1 restricted T cells [46-48] that are also known to confer 
protection against Mtb infection.  
 

2.4.1.3 T cells 
Primed T cells egress from the lymph nodes and trace mycobacterial foci in the 
lung in response to pro-inflammatory cytokines and chemokines produced by Mtb-
infected MQs. Subsequent production of a protective cytokine response primarily 
includes IFN-γ and TNF-α that will be instrumental in the organization of a 
granulomatous immune response with the aim to prevent continued bacterial 
growth at the site of infection [49]. In this process, proper activation of 
microbicidal MQs as well as IFN-γ producing T cells and cytolytic T cells producing 
cytolytic and antimicrobial effector molecules such as perforin, granulysin and 
granzymes, are essential to mediate immune protection in TB [50, 51]. 
Importantly, initiation of the adaptive immune response is delayed in human TB 
infection and thus the mycobacteria are allowed to increase significantly in 
numbers already at the early stages of infection [52]. Studies have suggested that 
priming of Mtb-specific effector T cells may be delayed because of reduced 
trafficking of DCs carrying Mtb antigens from the lung to the lymph nodes or 
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because of reduced cross-presentation of Mtb antigens to DCs as a consequence of 
inhibited apoptosis of infected MQ [53].  
 

 
Figure 3. Schematic illustration of the host immune response in human TB. Mtb bacilli 
primarily persist in the phagosomal system of infected MQ. Activated MQ try to combat the 
infection through the production of antimicrobial compounds but also through activation of 
Mtb-specific T cells. APCs such as MQs and DCs take up the bacteria and Mtb-infected cells 
and present peptide antigens through MHC-I and MHC-II to CD8+ and CD4+ T cells, 
respectively. While CD8+ T cells differentiate into CTLs, CD4+ T cells differentiate into Th1, 
Th2 or Th17 cells. Lipid antigens are presented to CD1 restricted T cells and non-peptide 
phosphate moieties to γδ T cells. A network of protective cytokines and cytolytic effector 
molecules are produced upon antigen-specific stimulation of the different T cell subsets. 
However, anti-inflammatory mediators (Th2/Treg cytokines) are also produced to 
counteract the inflammatory immune response. Fine-tuned interactions between pro- and 
anti-inflammatory responses determine the outcome of TB infection. 
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2.4.2 T cell subsets in TB  
 

2.4.2.1 CD4+ T cells 
Different subsets of T cells including CD4+, CD8+, γδ and CD1 restricted T cells, 
are required to control TB infection and prevent clinical progression of TB disease. 
CD4+ T cells or T helper (Th) cells primarily produce cytokines that support 
proper activation and differentiation of various immune cells including CD8+ 
cytolytic T cells, B cells, phagocytes and APCs [54-56]. Based on their specific 
cytokine production, CD4+ Th cells differentiate into one of the major subsets 
known as Th1, Th2 or Th17 [57]. Th cells can also become specialized to 
produce anti-inflammatory or immunoregulatory cytokines [57]. CD4+ Th1 cells 
mainly producing IFN-γ and TNF-α have been shown to contribute significantly to 
protective immune responses against Mtb both in humans and rodents [58-60]. 
Therefore, CD4+ T cell mediated control of TB infection is mainly dependent on 
CD4+ Th1 and also Th17 cells but not Th2 cells [61]. Importantly, reduction of 
peripheral CD4+ T cell numbers in HIV infected patients, results in progression of 
primary TB infection, reactivation of latent TB infection and may also complicate 
clinical manifestations in TB/HIV co-infected patients [62]. Impairment of CD4+ T 
cell function including reduced expression of MHC-II molecules increases the 
susceptibility to TB, which support a pivotal role of CD4+ T cells in TB infection 
[63]. Thus, Mtb may avoid elimination by limiting the activation of CD4+ effector T 
cells at the site of Mtb infection in the lungs [64]. Apart from their major function 
as cytokine producers, CD4+ T cells with cytolytic activities have also been 
reported in mycobacterial infections [46]. CD4+ cytolytic T cells mediate target 
cell lysis through the Fas-FasL death-receptor pathway as well as the granule 
exocytosis pathway [65]. Importantly, a cross-talk between distinct effector T cell 
subsets in the Mtb-infected lungs has been shown to be crucial to maintain control 
of TB infection [66]. Thus, a deficiency in CD4+ T cells may impair CD8+ T cell 
function and increase susceptibility to TB infection [66].  
 

2.4.2.2 CD8+ T cells 
CD8+ T cells or cytolytic T cells (CTLs) are the major effector T cell subset 
that execute killing of Mtb-infected target cells and participate in the memory 
response to Mtb [67, 68]. Importantly, activated CD8+ CTLs mainly use granule-
dependent mechanisms and not the Fas-FasL pathway to induce target cell lysis 
and intracellular killing of Mtb [69-71]. CTLs are armed with granule-associated 
cytolytic and antimicrobial effector proteins, perforin and granulysin, which 
cooperate to eliminate Mtb-infected MQ and bacteria [70, 72]. Although CD8+ T 
cells are generally considered to be less important than CD4+ T cells to induce 
protective immunity in TB, failure to induce functional MHC-I restricted T cells in 
mice with a disruption in the β2 microglobulin gene, provide evidence that CD8+ T 
cells are important in TB control [73]. It has also been shown that Mtb infection 
trigger expansion and recruitment of Mtb-specific CD8+ T cells with cytolytic 
functions to the site of infection in the lungs [74]. In human TB, screening of MHC-
I peptides from Mtb proteins resulted in recognition by specific CD8+ CTLs with 
potent antimicrobial activities [75]. Likewise, reduced numbers of perforin- and 
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granulysin-expressing effector memory CD8+ T cells in humans significantly 
enhanced the susceptibility to develop active TB, which also support an essential 
role of CD8+ T cells in the host defense against Mtb [76]. 
 

2.4.2.3 Multifunctional T cells 
Antigen-specific polyfunctional or multifunctional T cells have been suggested to 
have a superior functional capacity to provide immune protection in intracellular 
infections such as Mtb and HIV [77, 78]. Multifunctional T cells may be essential in 
generating proper cellular immunity and are characterized by the coordinated 
expression of multiple effector functions, including Th1 and Th17 cytokines, the 
chemokine MIP-1β and markers for degranulation [77, 78]. Similarly, a 
coordinated T cell expression of perforin, granulysin and the chemokine CCL5 has 
been suggested to promote host immunity in human TB [79].  
 

2.4.2.4 Regulatory T cells 
Naturally occurring regulatory T cells (Treg) regulate peripheral tolerance, 
control autoimmune diseases and restrict chronic inflammation in order to prevent 
immunopathology and subsequent tissue damage. Thus, Treg cells may exert both 
beneficial and detrimental effects [80]. Inducible Treg cells can also develop from 
conventional CD4+ T cells that are exposed to immunoregulatory cytokines or 
other deactivating signals [81]. Natural Treg cells constitutively express CD25, the 
unique transcription factor Foxp3 as well as the T cell inhibitory receptors CTLA-4 
and GITR [80]. Pathogen-specific Treg cells suppress Th1 immunity and may be 
expanded and overexpressed at the site of infection during chronic infections [80, 
82]. Here, growing evidence from both humans [83-85] and mice [86] suggests 
that Mtb can induce Treg cells with immunosuppressive functions that interfere 
with protective responses in TB. Interestingly, mycobacterial ManLAM can expand 
human Treg cells in vitro [87, 88], which suggest that mycobacteria can use these 
cells to evade cellular immunity. 
 
2.4.3 Specific cytokine responses in TB 
 

2.4.3.1 Cytokines in general 
Cytokines are small, soluble immune mediators or signaling molecules that the 
immune system uses for intercellular communication. Cytokines with a 
chemotactic function are called chemokines. Cytokines are produced and secreted 
by distinct cells in the body in response to activating stimulus and exert their 
immunomodulatory functions by binding to definite receptors [89]. Cytokine 
responses are defined as pro- or anti-inflammatory based on the nature of the 
stimulus. Based on their cytokine production, effector T cells differentiate into one 
of the subsets known as Th1, Th2, Th17 or Treg. Here, Th1 cells are involved in 
cellular immunity, Th2 cells induce humoral immune responses, Th17 cells are 
involved in mucosal immunity and autoimmune inflammation and Treg cells 
participate in the regulation of inflammatory immune responses. 
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2.4.3.2 IFN-γ 
Protective immunity in TB is characterized by a Th1-mediated immune response 
that is necessary for the induction of cellular immunity. Various pro-inflammatory 
and Th1 cytokines are produced and released upon Mtb infection including the 
classical Th1 cytokines IFN-γ and TNF-α but also IL-1α/β, IL-6, IL-12 and IL-2 [90-
95]. IFN-γ is a key cytokine that contributes to a protective immune response in 
TB [96-98]. Importantly, patients with a genetic defect in the IFN-γ receptor have 
a significantly increased susceptibility to develop active TB disease, which support 
a protective role of IFN-γ in humans [99]. Activated T cells and NK cells produce 
IFN-γ, which is critical for the activation of MQs, enhanced antigen presentation as 
well as expansion Mtb-specific T cells [12]. IFN-γ promotes classical MQ activation 
(M1) and enhances bactericidal activity of Mtb-infected MQs by the induction of 
respiratory burst including the production of RNI [100, 101]. Importantly, IFN-γ 
promotes autophagy [102], which is a physiological process that counteracts the 
phagosomal maturation block and thus inhibits intracellular growth of 
mycobacteria [103]. Besides, IFN-γ promotes activation of specific effector 
functions in both CD4+ and CD8+ T cells. It has also been shown that IFN-γ can 
induce regulatory effects of non-hematopoietic cells to reduce pathological 
inflammation and mediate protective responses in TB [104]. Because of its well-
known protective effects, IFN-γ has been widely studied as a potential biomarker 
or correlate of immune protection in TB. However, the number of IFN-γ secreting T 
cells does not always correlate with enhanced immune control [105, 106], which 
may suggest that more complex immune signatures are required to define 
protective immunity in human TB. 
 

2.4.3.3 TNF-α 
Another key cytokine known to confer protective immunity in TB is TNF-α, a 
crucial pro-inflammatory mediator produced by different cells such as mononuclear 
phagocytes, lymphocytes, neutrophils, mast cells and endothelial cells [12, 107]. 
TNF-α primarily facilitates the recruitment of immune cells to the site of Mtb 
infection and is thus central in the organization of a granulomatous response to 
limit and contain Mtb infection [108]. TNF-α controls cellular recruitment by 
altering expression of adhesion molecules, chemokines and chemokine receptors 
[109]. Besides, TNF-α acts in synergy with IFN-γ and promotes activation of Mtb-
infected MQ [49]. Absence of TNF-α results in defective granuloma formation and 
enhanced bacterial growth, that is a consequence of defective cellular recruitment 
and immune cell activation at the site of infection [108, 110-112]. Reactivation of 
latent TB is typically observed in rheumatoid arthritis patients receiving anti-TNF 
therapy, which also underline the importance of TNF-α in TB control [26, 76]. 
However, the expression of TNF has to be tightly balanced as excess production of 
this cytokine can cause severe immunopathology and increased morbidity [113]. 
 

2.4.3.4 IL-17 
A novel T cell subset is Th17 cells that secrete cytokines such as IL-17A, IL-17F, 
IL-21 and IL-22 [114]. Evidently, IL-17 (IL-17A) plays an important role in the 
regulation of chronic inflammatory diseases and autoimmune disorders [115, 
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116]. Th17 cells have also been described to be critical for host defenses against 
pathogens primarily at mucosal surfaces [57, 114] and enhance expression of 
antimicrobial peptides [117]. A key role of IL-17 in intracellular Mtb infection is to 
promote recruitment and accumulation of IFN-γ producing CD4+ T cells in the 
Mtb-infected lung [118, 119]. IL-17 has also been shown to be particularly 
important to induce chemokine production and recruitment of neutrophils that 
take part in initial granuloma formation upon mycobacterial infection [120]. 
 

2.4.3.5 IL-7 
IL-7 is a polyfunctional cytokine that can be produced by many cells including 
MQs, follicular DCs, B cells, fibroblastic reticular cells, epithelial cells, 
keratinocytes, endothelial cells and smooth muscle cells [121]. Production of IL-7 
is induced by IL-1, IFN-γ, and TNF-α and is essential for T cell survival and 
homeostasis [122, 123]. In chronic infections such as TB, persistent antigen 
exposure will promote the generation of memory T cells and the maintenance of 
these cells will be greatly influenced by both IL-7 and IL-15 [124, 125]. Addition of  
IL-7 and IL-15 as adjuvants in novel vaccination regimens have been shown to 
broaden the immune responses to less dominant antigens and improve the 
survival of antigen-specific CD8+ memory T cells [126]. 
 

2.4.3.6 Th2 cytokines 
Th2 cytokines are typically involved in antibody-mediated humoral immunity with 
limited protective effects in intracellular Mtb infection [127, 128]. In vitro studies 
with live Mtb strains and their lipid components have been shown to enhance 
production of Th2 cytokines including IL-4, IL-5, IL-10 and IL-13, which may 
suggest that virulent mycobacteria promote the differentiation of Th2 cells [129, 
130]. Here, IL-4 and IL-13 have been shown to be detrimental in the control of 
intracellular Mtb infection, as these Th2 cytokines suppresses IFN-γ production 
and IFN-γ mediated effects including MQs activation [29, 131]. IL-4 impairs 
antimicrobial activities by reducing TNF-α mediated apoptosis of infected cells, 
decreasing RNI expression and increasing iron availability to support the growth of 
intracellular Mtb [128]. Furthermore, Th2 cytokines can inhibit autophagy, which is 
known to enhance intracellular degradation of Mtb bacilli [132]. Instead, IL-4 and 
IL-13 may induce expansion of antigen-specific FoxP3+ Treg cells [133]. Th2 
cytokines also induce alternative MQ activation (M2) that involves a less 
bactericidal state of the MQ [134]. Ultimately, increased Th2 responses in the lung 
augment immunopathology by induction of pulmonary fibrosis and cavitation, 
which compromise lung function in TB patients [128, 135]. 
  

2.4.3.7 Anti-inflammatory cytokines 
The immunoregulatory cytokines IL-10 and TGF-β are produced by anti-
inflammatory MQs and Treg cells [57] and inhibit potent Th1 responses. Both of 
these cytokines are known to be involved in the pathogenesis of active TB and 
transient overexpression has been observed in TB patients [136]. Upon Mtb 
infection, TGF-β selectively induces IL-10 and these cytokines act in a synergistic 
manner to suppress IFN-γ production [137]. Mycobacterial components have also 
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been shown to induce TGF-β production in peripheral blood monocytes from TB 
patients [138]. Similar to Th2 cytokines, IL-10 and TGF-β possess antagonistic 
effects on cellular immunity by inhibition of T cell proliferation, IFN-γ and pro-
inflammatory cytokine production, reduced antigen presentation and reduced 
activation of bactericidal MQs [139]. In addition, TGF-β supports the production 
and deposition of MQ collagenases [139] and collagen matrix [140] that may alter 
tissue morphology and promote tissue fibrosis in Mtb-infected organs.    
 
2.4.4 Innate and adaptive effector molecules in TB 

2.4.4.1 ROI and RNI 
Reactive oxygen and nitrogen species including both ROI and RNI are produced by 
MQs and neutrophils and effectively kill various bacteria [141]. Oxidative stress 
generated by Mtb-infected activated MQs produces a substantial amount of toxic 
oxygen and nitrogen radicals with the ability to kill the bacillus. H2O2 and O2

.- are 
two common forms of ROI that Mtb encounters inside phagocytes. However, 
several mycobacterial products including LAM may be able to scavenge ROIs; 
thereby making Mtb somewhat resistant to killing by ROIs [29]. Of greater 
importance in TB is RNI and particularly nitric oxide (NO), which is produced 
upon activation of inducible nitric oxide synthase (iNOS) using L-arginine as a 
substrate [142] [Figure 4]. Data from murine TB provide evidence that iNOS/NO 
represents an important innate effector molecule that can provide immune 
protection in TB [31]. However, the protective role of NO in human TB remains 
controversial [143], even though iNOS has been described to be expressed at the 
local site of Mtb infection in patients with active TB [144, 145].  
 

2.4.4.2 Cathelicidin, LL-37 
Antimicrobial peptides are commonly found in many living organisms including 
bacteria, fungi, plants, invertebrates and vertebrates, as frontline effector 
molecules of the innate immune defense [146]. This includes a range of human 
peptides with broad antimicrobial activity such as defensins, histatin and 
cathelicidin  [147]. Cationic human antimicrobial peptides are acknowledged as 
important players in the barrier function of mucosal and epithelial surfaces and 
display a wide range of activities against bacteria, fungi, parasites, and viruses 
[148]. Apart from their antimicrobial function, these molecules may also possess 
immunostimulatory functions. The expression of antimicrobial peptides can be 
both constitutive and regulated. Human cathelicidin, also named LL-37 or hCAP-
18, is pre-formed as a 18 kDa protein, produced by neutrophils, mast cells, 
eosinophils, MQs, DCs, keratinocytes and epithelial cells [149-152]. Cathelicidin 
peptides are retained inside granules as inactive forms, which are processed into 
active peptides after induction by various stimuli. LL-37 efficiently perturb 
membrane integrity of bacterial membranes and thus exhibit potent activity 
against microbes such as Mtb [153]. LL-37 has also been described as a 
chemotactic factor for different immune cells [148]. Interestingly, vitamin D-
mediated induction of autophagy in monocytes/MQs has been shown to be 
dependent on LL-37 [154]. Importantly, LL-37 has the ability to directly kill and 
restrict the growth of intracellular mycobacteria [37, 155]. 
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Figure 4. Schematic illustration of important anti-TB innate effector molecules expressed 
by activated MQs. LL-37 promotes autophagy and direct killing of Mtb bacilli. iNOS 
catalyzes the enzymatic conversion of the amino acid L-arginine into toxic NO. 
 
 

2.4.4.3 Granzymes 
Granule-mediated exocytosis are the main pathway involved in killing of Mtb-
infected target cells [Figure 5]. Primarily CD8+ CTLs and NK cells are armed with 
cytolytic granules effective in killing of pathogen-infected cells as well as tumor 
cells [156, 157]. CTLs express granule-associated serine proteases named 
granzymes [158, 159] and so far, five different granzymes (A, B, H, K and M)  
have been described in humans [160]. Primarily granzyme A and granzyme B are 
abundantly expressed in activated CTLs to execute target cell death [161]. Here, 
granzyme B induces apoptosis by cleavage of caspases, while granzyme A induces 
caspase-independent nuclear damage by generation of single-stranded DNA nicks, 
which facilitates apoptosis [162, 163]. 
 

2.4.4.4 Perforin 
In 1985, the membranolytic pore-forming protein perforin was originally purified 
from cytolytic granules and identified as a key effector molecule for T cell- and NK 
cell-mediated cytolysis [164]. Perforin is released via the granule-exocytosis 
pathway into the immunological synapse of the CTL and the target cell and 
generates pores in the target cell membrane in order to induce cell lysis but also 
to facilitate entry of other effector molecules including granzymes and granulysin 
[159, 162, 165]. Here, perforin has been shown to deliver granzymes to the target 
cell using two possible mechanisms: either perforin forms pores in the cell 
membrane through which granzymes are delivered, or perforin forms pores in 
endosomal membranes and delivers granzymes to the cytosol [156, 166]. Both 
CTL and NK cells from perforin-deficient mice are defective in granzyme-mediated 
cytotoxicity, which support the conclusion that perforin is required for granzyme 
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trafficking [167, 168]. Consequently, lack of perforin increases susceptibility to 
malignancies and various infections [169, 170]. Similarly, perforin plays a central 
role in CTL function and the regulation of intracellular bacterial infections like TB 
[171, 172]. Here, Mtb-infected perforin-deficient mice demonstrated reduced 
target cell killing and TB protection in vivo [173].  
 

2.4.4.5 Granulysin 
Another important component of cytolytic granules is the antimicrobial peptide 
granulysin, which is constitutively expressed in NK cells and induced in CTLs 
upon activation [174]. More recently, granulysin has been given significant 
scientific attention, as it exhibits cytolytic activity on a variety of pathogens 
including extracellular and intracellular bacteria, fungi and parasites, as well as on 
tumor cells [72, 175]. Granulysin is expressed in two forms: a 15 kDa precursor 
protein and a 9 kDa active cytolytic protein [176]. Similar to human cathelicidin, 
granulysin is a small cationic molecule that can interact with the negatively 
charged mycobacterial surface through ionic strength [72]. Granulysin disrupts 
bacterial membranes and mediates osmotic lysis of bacterial cells [177, 178]. 
Granulysin can also inhibit viral replication and trigger apoptosis of infected cells 
[179]. Here, it has been shown that granulysin can lyse human cells via the 
mitochondria pathway of apoptosis [180]. Interestingly, evidence suggests that 
elevated levels of granulysin were associated to an improved clinical prognosis of 
both M. leprae and Mtb disease [181, 182]. Recently, granulysin has also been 
identified as the first lymphocyte-derived protein acting as an alarmin, able to 
promote APCs recruitment and an antigen-specific immune response [183]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic illustration of important anti-TB effector molecules expressed by 
activated T cells. The membranolytic protein perforin facilitates target cell access of both 
granzymes and granulysin, which result in target cell apoptosis and/or microbicidal killing. 
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2.4.4.6 Antibodies 
Antibodies or immunoglobulins (Ig) are Y-shaped proteins that are produced and 
secreted by plasma B cells with the main function to eliminate extracellular 
microorganisms. Upon stimulation with specific antigen, B cells become activated 
and some differentiate into antibody-secreting plasma cells. Plasma cell 
development is promoted by CD4+ Th2 cells secreting cytokines such as IL-4 and 
IL-6 [184], but also IL-21 can stimulate antibody secretion by plasma B cells 
[185]. In mammals, there are five different isoforms including IgA (involved in 
mucosal protection), IgD (membrane-bound antigen receptor on B cells), IgM 
(involved in the early stages of humoral immunity), IgG (IgG1-4, protect against 
most invading pathogens) and IgE (involved in allergy and parasite infections). 
IgG antibodies provide the majority of protection upon infection and is the most 
abundant antibody (75% of serum Ig) distributed in blood and in tissue fluids. 
Antibody-mediated humoral immunity is usually considered as non-protective in 
TB, as intracellular Mtb bacilli mostly remain inaccessible to soluble antibodies 
[127]. In TB, glycolipid and polysaccharide antigens are released from dead 
mycobacteria that are broken down at the site of infection as a consequence of 
vigorous inflammation. These antigens are responsible for elevated humoral 
responses (IgM, IgG, IgA) that usually peak after the T cell-mediated immune 
responses have declined. In addition to Mtb infection, BCG vaccination also 
induces antibody responses that seem to be inefficient to limit intracellular 
mycobacterial replication. Although humoral immune responses probably have 
little clinical relevance to eradicate intracellular Mtb, some animal studies suggest 
that antibodies have a protective role in TB [186-189]. 
 
2.4.5 The TB granuloma: A host shield or a bug shelter? 
 

2.4.5.1 Host shield 
The specific immune cell subsets and effector molecules involved in human TB are 
unable to successfully clear the infection, but instead contribute to containment of 
the bacteria by the formation of a microenvironment called a granuloma [190]. 
The granuloma is a spherical structure that is a very distinct histopathological 
hallmark of human TB [191, 192]. It is defined as an organized collection of 
immune cells which form when the immune system attempts to wall off 
substances that it perceives as foreign but is unable to eliminate. Initial granuloma 
formation in TB is characterized by a collection of tightly clustered MQs. 
Continuous activation of MQs induces the cells to adhere closely together, 
assuming an epithelioid shape and sometimes fusing to form multinucleated giant 
cells (MGC) [15]. The function of MGCs in TB remains to be fully elucidated. The 
cellular core of infected MQs and MCGs is typically surrounded by T and B cells, 
neutrophils, eosinophils and fibroblasts [192-194] [Figure 6]. The structure and 
function of the granuloma are regulated by the complex interplay between an 
array of different cytokines (e.g. IL-12, TNF-α, IFN-γ, IL-8, IL-1, and IL-17) and 
chemokines (e.g. RANTES, MIP-1α/β, MCP-1, CXCL8-11) [191]. Instead, 
immunoregulatory cytokines such as IL-10 and TGF-β undermine granuloma 
maintenance [112, 191].  



 

15 

The granuloma is a dynamic structure with a variety of appearances such as solid, 
necrotic and caseous that can be found in active as well as latent TB [195, 196]. 
Small cellular aggregates will progress and mature into productive granulomas as 
TB disease develops [193] [Figure 6]. High immunoreactivity may lead to caseous 
necrosis in the center of the granuloma, which is a typical trait of TB granulomas 
in humans. Upon progression of TB disease, non-necrotic granulomas will advance 
to form large necrotic granulomas where extracellular bacteria persist in the 
caseous necrotic fluid [193, 197]. Rupture of necrotic granulomas will result in 
spread of mycobacteria to the airways, which are expelled from pulmonary TB 
patients as contagious aerosols. 
 

 
Figure 6. Schematic illustration of granuloma development in TB: i) A compact solid 
granuloma with infected MQs, epithelioid MQs, MGC, T and B cells enclosed by a coat of 
fibroblasts, ii) a necrotic granuloma contains a central core of necrosis with few 
extracellular bacilli, iii) a caseous granuloma comprises an extensive caseous necrotic core 
with plenty of extracellular bacteria and reduced numbers of immune cells. 
 
 
A balance of pro- and anti-inflammatory mediators is required for a productive 
granuloma to restrict bacterial growth and to simultaneously limit 
immunopathology which is unfavorable to the host [17, 198]. This balance 
probably occurs in latent infection, where infection rarely progress into active TB 
disease in immunocompetent individuals. The immune system forces the 
mycobacteria to alter their metabolic activity and to reduce their replication rate, 
which only will allow a few dormant mycobacteria to remain within the hostile 
granuloma [199]. Once the immunological balance fails as a result of impaired 
immune responses; enhanced tissue damage, necrosis and bacterial dissemination 
will ensue [200, 201]. Ultimately, the failure of granuloma containment results in 
reactivation or progression of TB disease [202]. This is clearly evident in HIV-
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infected individuals who have a significantly increased risk to develop active TB or 
to reactive latent TB infection. Granuloma formation is seemingly intact in TB/HIV 
co-infected individuals with low-moderate levels of immunodeficiency, while 
granuloma formation is nearly absent in TB/HIV co-infected patients with HIV-
associated immunosuppression and AIDS [203].   
 

2.4.5.2 Bug shelter 
Mtb virulence factors that constitute the so called region of difference, RD1, have 
been described to exhibit an essential function in granuloma development [204]. 
One of these mycobacterial virulence proteins is ESAT-6, which initiates granuloma 
formation by inducing matrix metalloproteinase-9 (MMP-9) in epithelial cells 
adjacent to Mtb-infected MQs [205]. MMP-9 enhances the recruitment of new MQ 
to the site of infection that promotes granuloma maturation as well as bacterial 
growth [204, 205]. In this way, virulent mycobacteria can induce an RD1-
dependent aggregation of macrophages into granulomas that is tightly linked to 
intercellular bacterial dissemination and increased bacterial numbers [206]. 
Therefore, it has recently been suggested that virulent mycobacteria that express 
RD1, may exploit early granuloma formation and promote spreading of bacteria to 
uninfected MQs that are recruited to the early granuloma [207]. Egress of these 
Mtb-infected MQs from the primary granuloma may seed secondary granulomas in 
the infected host and thus propagate the infection [207]. Thus, it is debated 
whether the granuloma may actually provide a nursery for the mycobacteria in the 
early stages of infection while the host protective function of the granuloma 
become more evident at later stages of the infection, after induction of adaptive 
immunity. Since most of these studies have been performed in the zebra fish 
model of TB that lack an adaptive immune response, the clinical relevance of these 
findings needs to be confirmed in more complex models of TB. 
 
 
2.5 IMMUNE EVASION MECHANISMS IN TB 
 
2.5.1 The mycobacterial cell wall as a protective shield 
Efficient clearance of Mtb mostly depends on the well-tuned interplay between 
infected MQs and other APCs and Mtb-specific T cells. But like other intracellular 
pathogens, Mtb has developed resourceful survival strategies to evade host 
immune attacks and to establish a productive infection. First of all, the unique 
characteristics of the mycobacterial cell wall inherently favor the pathogen to 
escape host killing mechanisms. The thick lipid-rich cell wall of mycobacteria 
provides protection against effective antimicrobial responses including osmotic 
lysis via complement deposition, lethal oxidations and also resistance to many 
antibiotics and killing by acidic and alkaline compounds. Thus, the Mtb cell wall will 
enhance bacterial survival inside the hostile MQ environment and promote long-
term persistence. It has been suggested that mycobacterial cell wall integrity is 
crucial for the survival inside the host, as depletion of cell wall components 
diminishes bacterial virulence [208]. Thus, the cell wall components, especially 
ManLAM, contribute to Mtb virulence and have been shown to interfere with 
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phagosomal maturation and the induction of protective cytokine responses [16, 
209-211]. Interestingly, dormant Mtb bacilli can alter bacterial metabolism but 
also cell wall composition as evidenced in latent TB infection, which enable long-
term survival within the host [212]. 
 
2.5.2 Block of phagosomal maturation 
Another well-known evasion strategy used by pathogenic mycobacteria is to block 
phagosomal maturation in Mtb-infected MQs. Mycobacteria manipulate 
phagolysosome biogenesis by blocking accumulation of phosphatidylinositol 3-
phosphate on the phagosomal membrane [213], and also prevent lysosomal 
acidification [48, 214]. This will provide the opportunity for mycobacteria to 
survive and grow inside the phagosomes at a fairly high pH (5.5). Furthermore, it 
was recently demonstrated that virulent Mtb expressing the type VII secretion 
system, Esx-1, can translocate from the phagosome and replicate inside the MQ 
cytoplasm, causing significant cell death within a week [215]. Interestingly, Esx-1 
may also be involved in the impairment of autophagy, which promotes intracellular 
survival and spread of mycobacteria. 
 
2.5.3 Manipulation of immune cells 
Upon TB infection, classically activated M1 MQs become highly bactericidal and 
produce antimicrobial effector molecules such as NO and LL-37. However, 
mycobacterial virulence factors may interfere with M1 polarization and instead 
promote polarization of alternatively activated M2 MQs that produce anti-
inflammatory cytokines which are immunomodulatory and maintain a poorly 
microbicidal state of the MQ [216]. Mtb can also avoid or reduce immune 
recognition by effector T cells through inhibition of the antigen presenting 
molecules MHC-II [217] or CD1 [48] expressed on the surface of APCs. 
Interestingly, Mtb express antigens that can induce inflammatory as well as anti-
inflammatory responses [218]. Excess production of anti-inflammatory mediators 
early in the infection may promote mycobacterial growth and survival.  
 
 
2.6 BIOMARKERS IN HUMAN TB 
 
2.6.1 Biomarkers to monitor human diseases 
A biomarker is defined as a biological marker that is an indicator of a biological 
state, such as a pathogenic process or correlate of protection in a particular 
disease. It is attractive to discover biomarkers that could be used in the diagnosis 
of malignancies, chronic inflammatory or infectious diseases. At best, such 
biomarkers could also be used to predict disease outcome. Our understanding of 
what constitutes protective immunity against TB remains incomplete. We know 
that most TB infected individuals contain the mycobacteria without development of 
active disease, but we do not know what specific factors are responsible and 
essential for this containment. Thus, many research groups have an interest to 
identify specific host factors or correlates of immune protection that are involved 
in the control of TB infection and that could be used as biomarkers to diagnose, 
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predict disease outcome, and monitor vaccine-induced immune responses or the 
efficacy of anti-TB treatment. Thus, appropriate biomarkers in TB could potentially 
be used in a number of areas including both basic and applied activities.  
 
2.6.2 Potential biomarkers of immune protection in TB 
Evidence from both experimental and clinical studies confirms a critical role of both 
CD4+ T cells and IFN-γ production in the immune defense against TB [58, 219]. 
Thus, assessment of IFN-γ production by CD4+ T cells has been extensively used 
in TB diagnosis and also to evaluate vaccine-induced immune responses. However, 
it is evident that IFN-γ production does not always correlate to protective 
immunity [220]. Here, increased IFN-γ but decreased granulysin levels have been 
observed in plasma samples from newly diagnosed and relapsed TB patients 
[221], which suggest that assessment of IFN-γ only may not provide an accurate 
reflection on the clinical progression of TB disease. Other Th1 cytokines including 
TNF-α and IL-2 [110, 222], and also CD8+ T cells [73, 76, 223], that are involved 
in TB protection can also be measured following transient stimulation of whole 
blood or peripheral blood lymphocytes using Mtb antigens such as Ag85B and 
TB10.4 [224-227]. Evaluation of novel TB vaccines in experimental animal studies 
have shown that mycobacteria-specific multifunctional T cells co-expressing IFN-γ, 
TNF-α, and IL-2 at the site of infection were associated to immune protection in TB 
[228, 229]. Similarly, CD8+ T cells expressing perforin and granulysin have been 
shown to correlate with immune protection following BCG vaccination of cattle 
[230]. In addition, plasma granulysin levels were demonstrated to correlate with 
clinical recovery in patients with active pulmonary TB [231]. These findings have 
resulted in an increased interest to evaluate effector responses by different T cell 
subsets in clinical trials. However, other studies have failed to show that T cell 
frequencies and cytokine expression correlate with protective immune responses 
in BCG vaccinated new born [232]. Conclusively, the battle to find novel and 
specific biomarkers in human TB continues. Possibly, a combination of multiple 
markers would enhance the probability to establish relevant biomarkers of 
immune protection in TB. 
 
2.6.3 Potential biomarkers of active TB disease 
During the end of the last century, scientists started to reconsider the beneficial 
role of serum therapy to ameliorate TB disease [233, 234]. Several studies 
suggest that antibodies have a protective role in TB, while other studies report 
that antibodies fail to improve control of TB disease [235-237]. It has been 
demonstrated that production of Mtb-specific IgG was significantly elevated in 
serum from patients with active TB disease [238-240]. Additionally, we recently 
described that circulating IgG-secreting plasmablasts were significantly higher in 
patients with active TB compared with latent TB cases and non-TB controls [241], 
which suggest that Mtb-specific peripheral plasmablasts could be successfully used 
as a host-specific biomarker to improve diagnosis of active TB [241, 242]. 
Interestingly, IgG-secreting plasmablasts were particularly high among TB/HIV co-
infected patients and correlated to progression of clinical TB disease [241]. These 
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findings implicate that antibodies or antibody-secreting cells could be useful 
biomarkers for active TB and/or as biomarkers of disease progression [241]. 
 
 
2.7 DIAGNOSIS OF TB 
 
2.7.1 Conventional diagnosis 
Diagnosis of TB is complex and usually based on several methods including 
medical history of the patient, clinical examination (cough, fever, weight loss etc.), 
chest X-ray findings, sputum-smear microscopy, culture of clinical specimen 
(golden standard), histopathological examination of biopsies or cell samples, Mtb-
specific PCR, tuberculin skin test (TST) and IFN-γ release assays (Quantiferon or 
T-SPOT.TB) [1]. Most of these methods have important limitations and are often 
slow, expensive and require advanced equipment or invasive procedures. In 
addition, none of the methods can clearly separate active TB disease from latent 
TB infection.  
 
2.7.2 Bacteriological diagnosis 
Sputum-smear microscopy (detection of acid-fast stained bacilli in sputum 
samples) is the most widely used and cost-effective diagnostic method. However, 
about 50% of culture-confirmed pulmonary TB patients are sputum smear-
negative and thus microscopy is insufficient to provide an accurate diagnosis 
[243], even less in areas with a high HIV incidence. Moreover, the sputum test 
cannot distinguish Mtb from other non-tuberculous mycobacteria. Culture of Mtb 
from clinical specimen is considered as the golden standard to confirm a TB 
diagnosis, but it is time-consuming as it takes 4-8 weeks to receive the results. 
The automatable mycobacterial growth indicator tubes (MGIT) are presently the 
preferred culture system in high-throughput settings as it shortens the culture 
time with around 10% increased sensitivity compared to the conventional solid 
and agar based culture methods [1]. Furthermore, genotype based (PCR) methods 
are novel advancements for rapid and more specific results in TB diagnosis [244]. 
However, detection of Mtb using culture methods or the genotype-based assays 
provides high specificity but variable sensitivity. These methods are also reliant on 
high bacterial loads in clinical samples, which complicate the diagnosis of sputum-
negative patients or patients who cannot provide sputum samples including 
children. 
 
2.7.3 Immunodiagnosis 
So far, immunodiagnosis is considered a promising alternative or complement to 
the bacteriological methods described above. The immunological tests detect 
mediators released by specific host immune cells. The TST is the oldest 
immunodiagnostic test based on measurement of the delayed type 
hypersensitivity (DTH) reaction (induration) in the forearm after intradermal 
injection of the heat-killed mycobacterial extract, purified protein derivative (PPD). 
Usually a strong (>10 mm) skin reaction is indicative of active TB, however, the 
TST cannot separate an ongoing active infection from latent TB infection or 
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previous BCG vaccination. Neither can it discriminate Mtb from other 
environmental mycobacteria. More recently, whole blood tests that are based on 
rapid detection of Mtb-specific IFN-γ producing memory T cells are commercially 
available [245, 246]. These tests, the ELISA based Quantiferon TB gold and 
ELISPOT based T-SPOT.TB, have an advantage in that the assay kits contain a 
cocktail of Mtb-specific antigens that increases the sensitivity of these assays 
significantly [247]. However, since these tests cannot discriminate between active 
and latent TB, their use in routine clinical practice in high-endemic countries is 
difficult. 
 
2.7.4 Mtb antigens in TB diagnosis 
Specific Mtb-antigens are of great interest in TB research since these proteins can 
be considered as potential diagnostic biomarkers, vaccine candidates and/or 
targets for drug development. In addition to cell wall components of Mtb such as 
LAM or PIM, secreted antigens contribute to pathogenicity [248]. Notably, the 
virulence proteins of the type VII secretion system, ESAT-6 and CFP-10, are 
strongly immunogenic and induce T cell-mediated IFN-γ production upon 
recognition [248-250]. Therefore, these antigens are suitable targets to be 
evaluated in TB diagnosis and as vaccine candidates [251]. In addition, three 
more immunogenic secretory antigens 38 (Ag85A), 30 (Ag85B) and cytosolic α-
crystallin (16 kDa) are currently being assessed for use in TB diagnosis [239, 
252]. The mycobacterial cytosolic antigen, 65 kDa heat shock protein (HSP65), 
has been recognized as a major antigen of Mtb with clinical relevance and is 
considered to be applicable for use in a novel subunit vaccine against 
mycobacteria [253]. Furthermore, MPT64 (earlier MPB64) is a 26 kDa Mtb 
complex-specific antigen secreted by actively replicating bacteria and encoded in 
the RD2 genomic region [254, 255]. It was first detected in M. bovis and Mtb 
culture filtrates, but not in attenuated BCG [256]. MPT64 contributes to Mtb 
virulence by inhibition of apoptosis of infected cells [257] and induces potent 
immunogenic responses [258, 259]. Several studies have reported that MPT64 has 
a major diagnostic potential both in human and bovine TB [260-262]. 
 
 
2.8 PROPHYLACTIC THERAPY 
 
2.8.1 The BCG vaccine 
The only existing vaccine against TB, Bacillus Calmette-Guerin (BCG), is made 
from a live attenuated M. bovis strain. BCG is the most extensively used vaccine 
with more than 4 billion doses administered worldwide [263, 264]. In 1908, Albert 
Calmette and Camille Guerin at the Institute of Pasteur, initiated the challenge to 
attain the attenuated strain from a virulent M. bovis strain to be used for the 
development of the first TB vaccine [265, 266]. They cultured the mycobacteria in 
ox-bile containing media with glycerol supplement and continued sub-culturing for 
230 passages [265]. An attenuated bacillus incapable to form advanced TB in 
several animal models was established, and the first successful human BCG 
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vaccination took place 13 years later [267]. The vaccine was first administered 
orally to an infant of a mother who died from pulmonary TB [3]. In the care of his 
grandmother who also had pulmonary TB, the child stayed alive and never 
developed TB [3]. Since then, BCG has been part of the expanded program on 
immunization (EPI) for at least 40 years and is considered to be a relatively safe 
vaccine. However, recently it has become apparent that individuals with genetic 
defects or HIV-infected children are extremely vulnerable to the development of 
overwhelming BCG disease [268, 269]. This finding poses a high risk of BCG 
vaccination in HIV-burdened populations in TB endemic countries.  
 
2.8.2 Reasons behind BCG failure 
BCG is a most debated vaccine as it provides varying protection against TB 
(average 35-65%), which also varies extensively comparing different populations 
and geographic locations in the world [270-272]. Although BCG confers protection 
against severe forms of TB in children such as meningitis and disseminated TB,  
the estimated protection ranges from 0-80% in adult pulmonary TB including 
time-dependent waning of vaccine efficacy [273, 274]. Generally, BCG-induced 
immunity decreases after about 10 years and a second boost with the vaccine has 
no effect on the protective efficacy [1]. Several factors are likely to influence the 
inconsistency in BCG-induced protection, for instance strain disparity among 
different BCG preparations, genetic and nutritional disparities in populations, 
environmental effects like sunlight contact, temperature variations upon 
preservation as well as immunological cross-reactivity between BCG and 
environmental mycobacterial strains [267, 275, 276]. Interestingly, BCG is a 
potent inducer of CD4+ T cell responses but fails to generate strong MHC-I 
restricted CD8+ T cell responses. This is probably because BCG is unable to 
translocate from the phagosome into the cytosol of the MQ to enhance antigen 
processing via the MHC-I pathway [215, 277]. In addition, BCG immunity is short-
lived. Other reasons may involve helminth infections that could contribute to a 
decline in BCG efficacy and/or increase the probability of TB among young adults 
[278]. Parasitic infections shift the immune response towards a Th2 or anti-
inflammatory response, which may impede Th1-dependent immune protection 
[279, 280]. In this regard, attempts have been made to treat helminth infections 
in TB patients to prevent inappropriate Th2 responses that may reduce the cure 
rates of their TB disease [281].  
 
2.8.3 New TB vaccine candidates 
Almost a century after the discovery of the BCG vaccine, no new TB vaccine has 
been successfully developed. There is an obvious challenge to develop vaccines 
against intracellular pathogens like Mtb and HIV, since these infections depend on 
cellular immunity [282]. Most successful vaccines available today are based on the 
induction of a powerful antibody response, while T cell-based vaccines are much 
more difficult to develop. Even so, the complicated mission to create a novel TB 
vaccine with the ability to induce potent T cell responses is currently ongoing 
[283-287]. Most of the novel concepts are prophylactic vaccines, however, 
therapeutic vaccines are also developed as adjunct therapy to Mtb-infected 
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individuals [284]. Two basic approaches have been exploited in order to generate 
new TB vaccines candidates [283, 288]. The first set of TB vaccine candidates is 
intended to replace BCG either by enhancement of BCG using a recombinant BCG 
(rBCG) or by a genetically attenuated Mtb. Different rBCG variants can be 
generated by improvement of BCG involving 1.) insertion of a pore forming toxin 
such as listeriolysin, to enable phagosomal escape, 2.) introduction of potent 
immunogenic Mtb-specific antigens that are normally missing in BCG, such as 
ESAT6 and CFP10 (RD1 encoded antigens), 3.) over-expression of existing BCG 
antigens such as the Ag85 complex [283]. The second set of TB vaccine 
candidates involves subunit booster vaccines that are able to potentiate the 
immune response obtained by a prior BCG vaccination. Subunit vaccines have 
been tested either as a single antigen (e.g. HBHA) or a combination of antigens 
(e.g. Ag85B-TB10.4) [228, 289]. 
 
2.8.4 Novel vaccination strategies 
An improved vaccine should be superior in respect of safety, immunogenicity, 
maintenance of long-term memory and protection against highly virulent clinical 
stains as well as drug resistant strains. Vaccine-induced immune responses are 
commonly assessed in animal models like mice, rabbits and non-human primates, 
but several vaccine candidates are also being studied in clinical trials [220, 225, 
290]. The preferred model vaccines should trigger potent immunogenic responses 
after one vaccination but in practice this aim is unrealistic, particularly with 
vaccines constructed to induce protective T cell responses. Important steps in the 
process to discover a potent TB vaccine are to find appropriate Mtb-specific 
antigens as vaccine targets, a powerful adjuvant configuration, the optimal route 
of administration, and also the number and timing of vaccinations to be given 
[291]. Among the categories of potential TB vaccine strategies, prime-boost 
vaccination is considered the best option as observed in experimental animal 
models [292-295]. Moreover, considering the vast number of BCG doses that have 
been administered worldwide, it would be an advantage if the BCG response could 
be augmented. Out of a combination of multiple prime-boost vaccinations, 
administration of rBCG and boosting with protein antigens is well appreciated, as 
this heterologous combination induces expansion of Mtb-specific memory T cells 
with reactivity against some common epitopes shared by the prime and booster 
antigens [296]. Current TB vaccine candidates are mostly designed to express 
early expressed Mtb-antigens to protect against infection. However, such vaccines 
cannot protect against persistent latent TB infection or reactivation of latent TB, 
which is a crucial requisite to reduce further spread of TB disease. To overcome 
these problems, multistage TB vaccines that express both early and late Mtb-
antigens have been constructed that evidently confer protection against latency 
and reactivation in animal models of TB [297, 298]. 
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2.9 ANTI-TB THERAPY 
 
2.9.1 Chemotherapy 
Drug treatment is vital for TB control and clinical cure. Without effective drug 
treatment, WHO has estimated the mortality among TB patients to be around 
66%. Anti-TB drugs rapidly reduce bacterial loads in the lung and thus break the 
chain of transmission when the drug regimen is followed properly. The global 
situation of TB changed drastically after the introduction of the first anti-
mycobacterial agents. In 1944, the first TB patient was successfully treated with 
streptomycin and in the coming decade, three drugs, streptomycin, para-
aminosalicylic acid and isoniazid, became available on the market. This was a 
significant breakthrough, since these drugs substantially improved the prognosis 
for patients with active TB disease, especially when taken in combination for a 
sufficient length of time. Today, the cornerstone for treatment of chronic TB 
disease is multidrug therapy for at least 6 months. Recommended first-line anti-TB 
drugs includes rifampicin, isoniazid, pyrazinamide and ethambutol for 2 months, 
followed by rifampicin and isoniazid for 4 months [299]. This extended multidrug 
therapy prevents the emergence of drug resistance, but simultaneously creates 
problems with compliance among the TB patients. Once the patients begin to 
improve within a few weeks of drug treatment, medication is often interrupted, 
which increases the risk to develop drug resistant TB. Recently, increasing 
numbers of MDR-TB, but also extensively drug-resistant (XDR) and totally drug-
resistant cases threaten TB control worldwide [300, 301]. To defeat the problem 
with antibiotic resistance, WHO has installed a program, called DOTS (Directly 
Observed Treatment Short-Course). DOTS enable the patients to receive their TB 
drugs daily, under supervision at a hospital or local health care center.  
 
2.9.2 Immunotherapy 
Before effective chemotherapy was available, TB patients were isolated in 
sanatoria and were often placed out on the porch in the fresh air. Good food, rest 
and sunlight were the only ways to clinical recovery among these patients. 
Probably, the sunlight promoted conversion of vitamin D in the skin of the TB 
patients, which has recently been shown to enhance autophagy [154] and the 
expression of human cathelicidin in Mtb-infected MQs [13]. Consistent with this 
assumption, vitamin D deficiency have been shown to increase the susceptibility to 
develop active TB [13, 34, 302]. Clinical trials to further test the beneficial effects 
of vitamin D, either as adjunctive immunotherapy to patients with active TB [303, 
304] or as prophylactic treatment to risk populations with latent TB are required. 
Similarly, studies including nutritional supplementation with arginine-rich peanuts 
to TB patients have been performed to explore the possibility that arginine would 
promote the conversion of NO in Mtb-infected MQs [305]. Hence, several attempts 
are being made to treat TB by enhancement of important cytolytic and 
antimicrobial effector molecules that would assist intracellular killing of Mtb bacilli. 
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2.10 EXPERIMENTAL ANIMAL MODELS OF TB 
 
2.10.1 Pros and cons 
Although there are several established experimental animal models to study TB 
disease, no animal model can entirely imitate human disease [306]. This is 
particularly true for TB, which involves several complex diagnoses such as latent 
infection and active disease; active pulmonary TB, extrapulmonary TB, miliary TB 
and also TB/HIV co-infection. These different conditions are very hard to 
reproduce and study in experimental models. Human TB disease is also influenced 
by Mtb strain virulence, host genetics and host immunity, as well as challenging 
environmental factors. Since the period of Robert Koch, TB research has been 
conducted in animal models including primarily mice, rabbits, guinea pigs, zebra 
fish and non-human primates. Although mice are not a natural host for Mtb, this is 
the most extensively used experimental animal model for TB, probably because it 
has several technical advantages. A genetically homogenous population can be 
studied, antibodies and other specific research reagents are commercially available 
and it is possible to study the development of TB infection in many animals during 
a defined period of time. Mostly, standard laboratory strains are used for animal 
infections such as H37Rv or Mtb Erdman, or avirulent strains such as the BCG 
vaccine strain or H37Ra. However, high numbers of bacteria are usually required 
to establish active TB infection and these are sometimes injected intravenously, 
instead of the natural aerosol route. Importantly, the TB disease that develops in 
mice are very different compared to human TB as mice do not typically develop 
chronic TB and a DTH reaction [306]. Neither do mice form organized granulomas 
upon Mtb infection, but only cell aggregates without the presence of epithelioid 
cells or MGC are formed. Mice also differ in antimicrobial host defenses. It has 
been shown that iNOS/NO is crucial for TB control in mice, although the relevance 
of NO to control human TB is debated. In addition, mice lack a homologue of the 
antimicrobial effector molecule granulysin, which has been shown to be central for 
immune protection in human TB. Even though it is sometimes necessary to 
perform well controlled experiments to study TB in mice, these studies will have to 
be compared and properly evaluated to research on TB infection and disease 
performed in humans. Other animal models may develop a TB disease with closer 
resemblance to human TB, but experiments are often more difficult to conduct due 
to higher costs and lack of commercial reagents.  
 
2.10.2 Non-human primate model of TB 
The non-human primate (NHP) model are considered the most appropriate animal 
alternative to study human TB [307]. NHPs are genetically comparable to humans, 
since they share analogous physiological and immunological systems with humans 
[308]. Both Cynomolgus and Rhesus macaques can develop primary TB and latent 
TB upon mycobacterial infection [308]. Furthermore, the complete spectrum of 
granuloma types can be detected and studied in Mtb-infected NHPs [309, 310]. 
The NHP model can also be used to study co-infection with Mtb and simian 
immunodeficiency virus (SIV) [311]. Since most human reagents are cross-
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reactive with NHPs, these can mostly be used to investigate TB in NHPs. However, 
the overall costs and difficulties of handling, limit the use of the NHP model and 
therefore NHPs are mostly used in applied research to test novel vaccines or drug 
candidates. In addition, concerns from animal rights activists, and the general 
perception that monkeys were intricately vulnerable to TB have limited the use of 
this model. Spread of TB disease can become problematic in primate colonies, and 
containing the outbreaks of natural infection within a population can also be 
expensive. 
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3 AIMS OF THE THESIS 
 
This thesis aimed to explore the immunopathogenic mechanisms involved in the 
development of clinical TB disease with a focus to investigate the cytolytic and 
antimicrobial effector pathways at the local site of infection in human TB. 
 
The specific aims of the studies were:  
 
 Study I: To investigate the expression of cytolytic and antimicrobial 

effector molecules, granzyme A, perforin and granulysin, at the site of 
infection in human pulmonary TB.  
 

 Study II: To study potential alterations in the expression of cytokines and 
antimicrobial effector molecules in human lymph node TB and to determine 
whether Treg cells could play a role in disease progression. 

 
 Study III: To evaluate the immunogenicity of a new TB vaccine candidate 

in the lung and secondary lymphoid organs obtained from a non-human 
primate (NHP) model of TB. 
 

 Study IV: To explore adverse immune responses including the functional 
expression of T and B cell subsets and antimicrobial effector molecules at 
the site of infection in human pulmonary TB.  
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4 EXPERIMENTAL SET-UP 
 
4.1 STUDIES OF MTB AT THE LOCAL SITE OF INFECTION 
 
Despite decades of research on TB, studies of host-pathogen interactions in 
humans have lagged behind. Local TB pathogenesis in humans remains elusive in 
many aspects including the expression and distribution of different immune cells 
and inflammatory mediators. Studies on human TB are almost exclusively 
performed using cells from the peripheral blood from TB infected individuals, since 
it is the most easily accessible clinical sample. However, TB infection is mainly an 
organ-specific disease, which means that the Mtb-specific immune responses are 
focused at the local site of infection such as the lung or lymph nodes [53]. Thus, in 
vitro analysis of cells obtained from the peripheral circulation may not necessarily 
provide a proper reflection of the immune responses occurring in the Mtb infected 
tissue [312-315]. Accordingly, several studies collectively provide evidence of 
significant differences in T cell responses at the site of Mtb infection as compared 
to peripheral blood, which stress the need to study TB pathogenesis at the local 
site of infection [91, 316-318].  
 
Immune cells continuously pass through blood and rapidly migrate to the local site 
of infection [319]. Under normal conditions, only 2% of all lymphocytes are 
present in the circulation, while the remainder reside in lymphoid organs as well as 
in non-lymphoid tissue such as the lung and bone marrow [320]. Importantly, the 
Mtb-specific host immune response is strongly characterized by granuloma 
formation involving various immune cell subsets that cannot be imaged using cells 
from peripheral blood samples. In this respect, appropriate animal models of TB 
such as the NHP model, may provide an advantage since it is possible to study 
immune responses at the local site of Mtb infection. 
 
As listed in Table 1, there are several important advantages to study local 
immune responses and host-pathogen interactions locally, in the Mtb infected 
tissue [53]. Obviously, both practical and technical factors limit the possibilities to 
study human TB at the site of infection. Collection of human tissues or biopsy 
materials from infected organs such as lung, lymph nodes and pleura, certainly 
requires invasive procedures including surgery and biopsy sampling. It may be 
difficult to obtain and analyze data from small quantities of tissue and thus fine-
needle aspirations or small punch biopsies may not provide enough material to 
perform more extensive immunological or molecular analyses. The only option is 
to obtain larger biopsy materials as part of the routine practice such as surgery of 
Mtb infected patients. Another problem follows, as it is crucial to obtain similar 
clinical materials from uninfected individuals or from patients with other diseases 
than TB. This is necessary for the overall analysis and the interpretation of the 
scientific data, but nevertheless, it is very difficult to receive control samples from 
appropriate study cohorts. 
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Table 1. Differences in local and systemic immune responses 

Local site of infection: Systemic circulation: 

 Cells kept in a physiological 

milieu in the presence of 

stromal cells and soluble 

factors 

 Lack of three-dimensional 

tissue-organ structure 

 Close cellular interactions, 

paracrine signalling, 

granuloma formation, 

necrosis and caseation in the 

tissue 

 No granuloma formation or 

other organized cellular 

interactions 

 Presence of Mtb bacilli and 

infected cells 

 Lack of Mtb bacilli and infected 

cells (except for miliary TB)  

 Compartmentalization of 

different immune cell subsets 

 Migration of naive immune 

cells to local sites 

 Morphological modifications 

of immune cells including 

epithelioid and giant cells 

 No epithelioid or giant cell 

formation 

 

 Tissue macrophages with 

high bactericidal activity or 

regulatory function 

 Undifferentiated monocytes 

with low bactericidal activity 

 High frequencies of in vivo 

activated Mtb-specific T cells 

that express different effector 

functions 

 Low frequencies of Mtb-

specific T cells that require  

in vitro restimulation with 

antigen to become activated 

 Snap shot of a specific 

temporal window of TB 

disease 

 Easily accessible clinical 

samples, possible to perform 

longitudinal analysis 

            Adapted from S. Brighenti, Journal of Infectious Diseases, May 15, 2012 
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4.2 METHODOLOGY 
 
4.2.1 Project outline 
This thesis is based on advanced analysis of tissues obtained from patients or 
experimental animals infected with Mtb. For this purpose, tissue biopsies have 
been collected from the lung or lymph nodes from patients with active pulmonary 
or extrapulmonary TB. In addition, lung, spleen and lymph nodes have been 
collected from Mtb-infected NHPs. All biopsies have been cryopreserved and stored 
at -85°C in order to prevent destruction and loss of sensitive epitopes, which is 
common upon conventional formalin fixation used for histopathological analyses. A 
key technology has involved assessment of protein expression and distribution in 
Mtb infected tissue biopsies using microscopy and in situ computerized image 
analysis. Another key method has involved quantification of mRNA expression in 
the tissues. 
 
In summary, the following techniques have been used to study specific immune 
responses at the local site of Mtb infection:  
  
 Immunohistochemistry and in situ computerized image analysis: Study I-IV 

 
 Immunofluorescence and confocal microscopy: Study I-III 

 
 Quantitative real-time PCR (qPCR): Study I, II and IV 

 
 Enzyme Linked Immunosorbent Assay (ELISA): Study IV 

 
 Flow cytometry: Study III 

 
All work with Mtb-infected cryopreserved tissue samples have been performed at a 
biosafety level 3 (BSL-3) laboratory at the Swedish Institute for Communicable 
Disease Control; Smittskyddsinstitutet (SMI). After chemical inactivation of Mtb, 
the samples could be transferred to a BSL-2 laboratory for continued analysis.  
 
A brief methodological description of the patients and key technologies is provided 
below. A more detailed description of the ‘Materials and methods’ can be found in 
each of the papers included in this thesis. 
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4.2.2 Patients and tissue samples 
Tissue biopsies used in this thesis were obtained from the following study 
subjects: 
 
 Lung biopsies from TB lesions obtained from Russian adult patients (n=19) 

with chronic incurable pulmonary TB.  
Controls: Lung biopsies from distal parenchyma obtained as part of the 
resected Mtb-infected lung (internal control, n=19) as well as lung biopsies 
obtained from uninfected patients with pulmonary malignancies (n=10). 

 
 Lymph node biopsies obtained from Ethiopian children (n=10) with a local 

persistent lymph node TB (lymphadenitis). 
Controls: Lymph node biopsies obtained from age-matched children with a 
reactive non-specific lymphadenitis (n=10) as well as tonsil biopsies from 
age-matched children with a non-infectious tonsil hyperplasia (n=10). 
   

 Lung, spleen and lymph node biopsies obtained from NHPs (n=6) that were 
given a prime-boost vaccination with a novel rBCG/rAd35 vaccine before 
challenge with virulent Mtb. 
Controls: Lung, spleen and lymph node biopsies obtained from BCG 
vaccinated and Mtb challenged NHPs (n=6) as well as corresponding tissue 
biopsies from unvaccinated and Mtb challenged NHPs (n=6). 

 
A schematic illustration of the biopsies obtained is shown in Figure 7. All tissue 
biopsies were immediately frozen in liquid nitrogen after excision and preserved in 
OCT-compound at -85°C for future experiments.  
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7. Biopsies were taken from lung and lymphoid tissue of Mtb-infected humans and 
NHPs. Study I and IV: Lung biopsies from TB lesion and unaffected distal lung parenchyma 
(internal control) from patients with cavitary and non-cavitary forms of TB. Study II: 
Lymph nodes from children with a local TB lymphadenitis. Study III: Lung biopsies from TB 
lesion and unaffected distal lung parenchyma, spleen and lymph nodes from rhesus 
macaques infected with Mtb by the aerosol route.  
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4.2.3 Cryosectioning of Mtb-infected tissue samples  
Since Mtb is resistant to cold, freezing and desiccation [321], work with frozen 
biopsies from Mtb-infected patients or NHPs, is not without risk. To be able to 
perform this work, our group has established a facility suitable for cryosectioning 
of Mtb-infected materials in the BSL-3 laboratory at SMI. In this facility, the 
cryostat is covered by a custom-made ventilation hood [Figure 8]. This special 
construction allows safe and efficient processing of Mtb-infected frozen tissue 
samples. Ultrathin sections of 8 microns each are cut from the tissue biopsies and 
mounted on microscope slides before fixation and inactivation in 4% 
formaldehyde. 

 
   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Cryostat covered with a custom-made air filter (HEPA) in the BSL-3 laboratory at 
SMI to allow safe sectioning of Mtb-infected tissue samples. 
 
 
4.2.4 In situ computerized image analysis 
Immune responses including cytolytic and antimicrobial effector pathways in TB 
were investigated using immunohistochemistry and in situ computerized image 
analysis. This technology provides an excellent platform to explore local immune 
responses in clinical tissue samples. This is a semi-quantitative method to study 
protein expression in cryopreserved tissue. In addition, immunostainings enable 
visualization of tissue morphology, distribution of cells and effector molecules, and 
specific cell-cell interactions as well as the anatomical location of mycobacteria. 
Functional expression and distribution of various proteins including cell surface, 
cytoplasmic and nuclear as well as granule-associated and secreted proteins can 
be assessed in the complex environment of real tissue. High-resolution images can 
be taken at different magnifications using a digital camera that is connected to the 
microscope (Leica Microsystems). Furthermore, protein expression can by 
quantified at the single cell level using a highly sensitive computerized image 
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analysis programme (Leica Qwin). The Leica Qwin software can differentiate an 
extensive range of colors (up to 16.7 million) and thus support detailed 
assessment of different proteins. It is also possible to choose different macros or 
applications of the software, such as tissue-excluder or tissue-includer analysis. 
These functions can be used to exclusively analyze certain areas of the tissue, 
such as a TB granuloma. The image analysis procedure is illustrated in Figure 9.  
Co-expression of surface-expressed and/or intracellular proteins can also be 
detected using multicolor labeling and confocal microscopy. Quantification of 
immunofluorescent stainings is usually manual. In summary, this methodolgy can 
be widely used to study the expression of many different proteins in human as 
well as in animal tissues. In situ image analysis is a well-established technology in 
our laboratory and has been used to study immune responses in TB, HIV and 
Streptococcus infection [322-325]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. In situ computerized image analysis is used to quantify protein expression in 
tissue. i) A representative blank image of immunostaining of CD3+ T cells in a lymph node 
granuloma. Positive staining is detected as brown color (diaminobenzidine) while negative 
staining is detected as blue color (hematoxylin). ii) The blank image is used to set the 
threshold for the intensity of the positive staining (yellow label). iii) Next, the blank image 
is used to set the threshold for the intensity of the total cellular area (green label), which is 
the positive (brown) + negative (blue) staining in the tissue. iv) After the thresholds are 
set, the digital software is able to determine the percent positive area of the total cell area 
as well as the total mean intensity of the staining. 
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4.2.5 Quantitative mRNA analysis 
A convenient method has also been developed to quantify mRNA expression in 
frozen tissue biopsies using qPCR. mRNA analysis has been used as a 
complementary method to protein analysis and/or as a sensitive method to 
measure the relative change of markers that are expressed at low levels in the 
tissue. mRNA could also be used as a rapid and efficient method to screen the 
expression of multiple markers of interest, before protein analysis of selected 
markers. Typically, two thin sections of 50 microns each are cut in the cryostat 
and immediately transferred into an eppendorf tube. mRNA is extracted from the 
frozen tissue sections using a phenol-based compound (TRI Reagent), which also 
inactivates the mycobacteria in the sample. qPCR analysis provides the possibility 
to study the relative expression of many different markers in rare clinical samples. 
A very small amount of clinical material is required and once the mRNA has been 
converted to cDNA, the sample could be stored at -20°C for long periods of time. 
 
4.3 STATISTICS 
 
If the sample size >10 and the data passed a normality test, a parametric analysis 
was used to determine the statistical significance. Data were presented as mean ± 
standard error (SE) or median and range. If the sample size was ≤10, a non-
parametric analysis was used to determine the statistical significance. Data were 
presented as median ± interquartile range (IQR). 
When two groups were compared, one of the following tests was used:  
 unpaired or paired t-test (parametric analyses) 
 Mann-Whitney test or Wilcoxon Rank-Sum test (non-parametric analyses)  

When more than two groups were compared, one of the following tests was used:  
 ANOVA (parametric analysis) 
 Kruskal-Wallis test and Dunn´s post-test or Friedman test (non-parametric 

analyses) 
Spearman´s correlation test was used for the correlation analyses. The statistical 
analyses were performed in GraphPad Prism. 
 
4.4 ETHICAL CONSIDERATIONS 
 
Study I and IV: Lung biopsies from Russian TB patients and Swedish control 
malignancy patients were obtained after ethical approval from both Sweden (EPN 
dnr: 238/02) and Russia. Patients were recruited into the study after informed 
consent. Study II: Lymph nodes from Ethiopian patients and tonsils from 
Swedish uninfected controls were obtained after ethical approval from both 
Sweden (EPN dnr: 365/00 and 2007/141-32) and Ethiopia. Patients were 
recruited into the study after parent’s or guardian’s approval and informed 
written consent. Study III: Lung, spleen and lymph nodes from Mtb-infected 
rhesus macaques were obtained after ethical approval from both Sweden (EPN 
dnr: N141/06) and the Netherlands. Housing and care for the animals were 
according to the general guidelines of the Swedish Animal Welfare Agency. 
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5 RESULTS AND DISCUSSION 
 
5.1 TISSUE INFLAMMATION AND GRANULOMA FORMATION AT THE 

LOCAL SITE OF MTB INFECTION  

 
5.1.1 Cellular dynamics 
Mtb infection initiates a granulomatous inflammation, which is a critical 
component of the host immune defense when Mtb-infected MQs fail to eradicate 
intracellular bacilli [49]. As expected, Mtb-infected tissues from lung, lymph 
nodes and spleen were characterized by enhanced local inflammation including 
granuloma formation to wall off and contain the infection (Paper I-IV). 
Microscopic analysis of Mtb-infected lung tissues revealed that the gross TB 
lesions contained heterogeneous inflammation ranging from large necrotic 
granulomas to cellular infiltrates with high cellularity (Paper I, III and IV) 
[Figure 10]. Accordingly, mean cellularity of the Mtb-infected tissue including the 
presence of lymphoid aggregates (LA) was increased in the TB lesions as 
compared to distal lung parenchyma and uninfected control lung (Paper I). 
Quantitative image analysis was used to determine that the pulmonary infiltrates 
consisted of CD3+ T cells (both CD4+ and CD8+ T cells) and also CD20+ B cells 
(Paper I, III and IV). In contrast, cells of myeloid origin including 
monocytes/MQs and neutrophils were reduced in the TB lung lesions from 
patients with chronic pulmonary TB (Paper I and IV). Importantly, 
granulomatous inflammation was absent in tissue samples from the distal lung 
parenchyma of the Mtb-infected lung, which instead showed a similar spacious 
non-inflammatory morphology compared to uninfected control lung (Paper I 
and IV).  
 
In Mtb-infected lymph nodes, we found confluent granulomas that contained 
CD68+ MQs expressing the Mtb-antigen MPT64, which suggested that the 
granuloma is the main site of bacterial persistence (Paper II) [Figure 10]. In 
contrast to TB lung lesions, the cellularity in the Mtb-infected lymph nodes was 
reduced and particularly involved lower levels of CD8+ T cells and CD20+ B cells 
compared to non-specific bacterial lymphadenitis (Paper II). Thus, 
granulomatous inflammation may involve enhanced cellular infiltration in the 
lung but disrupt normal lymphoid structure and result in reduced cell numbers in 
lymph node TB (Papers I and II). Both Mtb-infected lungs and lymph nodes 
had an increased deposition of collagen type I (Paper II and III), which 
suggests that fibrosis and scar tissue formation is enhanced in TB lesions with an 
active granulomatous inflammation. Consequently, even though both MQs and T 
cells are important to induce inflammation and immune protection in TB, 
uncontrolled activation of these cells results in necrosis and loss of normal tissue 
architecture which also can lead to cavity formation in pulmonary TB.  
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Figure 10. Tissue morphology and granuloma formation in TB lung lesions and lymph 
node TB. The left images show granulomatous inflammation in a TB lung lesion; note the 
peripheral expression of CD3 around the necrotic granulomas. Lymphoid aggregates (LA) 
are located in close proximity to granulomatous lesions. The right images show confluent 
granulomas in a TB lymph node that are abundant in CD68 staining as well as positive 
staining for the Mtb-specific antigen MPT64. Brown staining indicates positive cells (DAB); 
blue staining indicates negative cells (hematoxylin). 
 
 
5.1.2 Detection of Mtb-specific antigens 
Since it is difficult to detect acid-fast bacilli in clinical specimen, Mtb-complex 
specific antigens including M.bovis BCG as well as the Mtb-specific MPT64 protein 
were used to locate the bacilli in Mtb-infected tissues (Paper II, III and IV). It 
has previously been determined that cross-reactive M. bovis BCG as well as MPT64 
antibodies can be successfully used to detect Mtb-specific proteins in infected lung 
and lymph nodes [197, 326]. Here, we were also able to quantify the expression 
of mycobacterial antigens in the tissue to study the abundance as well as the 
distribution of the bacteria at the local site of infection. In pulmonary TB, we 
identified a significantly increased expression of MPT64 (Paper III) as well as the 
M. bovis BCG antigen (Paper IV) in the TB lung lesions compared to the control 
groups. Similarly, we found that CD68+ MQs expressing M. bovis BCG or MPT64 
accumulated in the granulomas of Mtb-infected lymph nodes (Paper II), while no 
expression of Mtb antigens was observed in the control groups. Two-color 
immunofluorescence labeling further confirmed co-expression of the MPT64 
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antigen in CD68+ MQs (Paper II). Accordingly, expression of MPT64 has been 
shown to be confined to MGC and modified MQs within the granulomatous lesions 
of Mtb-infected human lymph nodes [255]. It has also been proposed that 
immunocytochemical detection of MPT64 could be used to improve diagnosis of 
primarily extrapulmonary TB [326, 327]. 
 
 
5.2 IMPAIRED CYTOLYTIC AND ANTIMICROBIAL EFFECTOR CELL 

RESPONSES AT THE LOCAL SITE OF MTB INFECTION  

 
5.2.1 Innate effector molecules: NO and LL-37 
The role of NO in controlling mouse TB is well established [31, 101] whereas its 
role in human TB remains unclear [32, 328]. We were able to detect in situ 
expression of iNOS in both lung and lymph nodes from patients with active TB 
(Papers I, II and IV). Importantly, NO expression in both TB lung lesions and 
the distal sites were substantially higher compared to the uninfected control lung 
(Paper I). In addition, we detected particularly high expression of both iNOS and 
the NO-metabolite nitrotyrosine inside lymph node granulomas (Paper II), which 
may suggest that MQs are activated to produce NO in vivo at the site of Mtb-
infection. Expression of catalytically active iNOS has previously been demonstrated 
in human alveolar MQs from pulmonary TB patients [329]. In addition, MQs and 
MGC expressing iNOS as well as nitrotyrosine were detected in TB granulomas 
from human lung [330], lymph node and pleura biopsies [144]. In contrast, it has 
been found difficult to induce NO production in human MQs in vitro. This may be a 
result from lack of essential co-factors in in vitro cultures [331], or perhaps human 
blood-derived MQs only produce very low levels of NO upon inflammatory stimuli 
in vitro [332]. However, killing of mycobacteria in human alveolar MQs was shown 
to be markedly reduced in the presence of a potent NO-inhibitor, which would 
support a major role for NO in control of intracellular mycobacterial growth [333]. 
Interestingly, clinical evidence proposed that levels of exhaled NO are lower in 
pulmonary TB patients compared to exposed household TB contacts [334]. 
Another study also showed that NO levels were lower in peripheral blood 
monocytes from patients with chronic MDR-TB compared to patients with a newly 
diagnosed pulmonary TB [335]. Interestingly, the expression of iNOS was similar 
in TB lung lesions and distal lung parenchyma, despite a significant reduction of 
CD68+ MQs in the lesions (Paper I and IV). The explanation for this may be that 
there is a relatively higher expression of iNOS per cell in the remaining CD68+ 
MQs in the TB lesions compared to distal sites. Alternatively, iNOS could be 
expressed by other cells that MQs, including DCs [336] or pulmonary epithelial 
cells [337] that have been shown to be able to express NO. 
 
It is well-established that the antimicrobial peptide LL-37 is important in killing of 
intracellular Mtb in human MQs [13, 34, 338], both by direct bacterial killing and 
via the induction of autophagy [154]. Thus, we studied functional expression of 
LL-37 in human Mtb-infected lung (Paper IV). While there was no change in the 
mRNA levels of LL-37 in the TB lesions compared to distal lung parenchyma, in 



 

37 

situ image analysis demonstrated significantly reduced expression of LL-37 
secreting cells in the TB lesion site (Paper IV). Reduced numbers of CD68+ and 
MAC387+ cells in the TB lesions compared to the distal sites could explain lower 
levels of LL-37. Low LL-37 expression could also be the result from 
posttranscriptional modifications that fail to up-regulate LL-37 peptides in Mtb-
infected MQs or other cells such as monocytes, neutrophils or epithelial cells. 
Hence, despite the presence of iNOS in activated macrophages in the Mtb-infected 
lung tissue, these cells may not be able to induce proper expression of 
antimicrobial functions including LL-37. Interestingly, LL-37 protein levels were 
lower in TB lesions from patients with sputum-positive TB compared to patients 
with sputum-negative TB, which may suggest that reduced levels of LL-37 are 
associated to progressive TB disease (Paper IV). It has previously been reported 
that LL-37 expression is absent from pulmonary TB granulomas as well as lung 
tissue from uninfected individuals, while LL-37 is strongly elevated in inflammatory 
infiltrates from patients with acute pneumonia [339]. LL-37 is an early effector 
molecule and may not be expressed at high levels in more advanced stages of TB 
disease. However, LL-37 is evidently expressed by inflammatory cells in chronic TB 
lesions, although the expression is significantly higher in the distal sites of the 
Mtb-infected lung (Paper IV). Probably, both NO and LL-37 are most important 
early upon establishment of Mtb infection, while TB disease will progress if these 
innate effector responses fail to eradicate or limit intracellular growth of Mtb. 
 
5.2.2 CTL effector molecules: perforin, granulysin and granzyme A 
Both CD4+ Th1 cells [60] and CD8+ CTLs [79, 340] play a vital role in the 
regulation of host-Mtb interactions. In 1998, Steffen Stenger and co-workers were 
able to demonstrate that the CTL-expressed antimicrobial peptide granulysin, 
could kill Mtb bacilli by osmotic lysis [72]. Stenger also showed that granulysin 
was dependent on the pore-forming protein perforin in order to enter Mtb-infected 
cells and kill intracellular Mtb [72]. This work defined a novel mechanism by which 
a coordinated expression of perforin and granulysin in the granules of CTLs could 
contribute to immune protection against intracellular Mtb infection in humans. 
Thus, the aim with Paper I and II of this thesis was to explore if the progression of 
active TB in Mtb-infected patients was associated to a reduced antimicrobial 
activity of CTLs at the site of infection. First, we were able to show that despite an 
increased inflammation and infiltration of both CD4+ and CD8+ T cells in the TB 
lesions from patients with chronic pulmonary TB, mRNA as well as protein levels 
of perforin and granulysin remained low in the TB lesions (Paper I) [Figure 11]. 
Thus, despite an increased infiltration of CD3+ T cells in the TB lesion site, the 
relative expression of granule-associated effector molecules in CD3+ T cells was 
lower in the TB lesions compared to the unaffected lung parenchyma and control 
lung (Paper I).  
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Figure 11. Decreased mRNA (left graph) and protein (right graph) expression of perforin 
and granulysin in TB lung lesions compared to distal lung parenchyma and control lung 
despite elevated levels of CD3+, CD4+ and CD8+ T cells in the TB lesion site.   
 
 
Secondly, in patients with lymph node TB, the levels of CD8+ T cells and perforin 
were up-regulated compared to the uninfected control, while the expression of 
granulysin remained low (Paper II). Interestingly, CD8+ T cells as well as 
perforin and granulysin expression were particularly low inside TB granulomas in 
both lung and lymph nodes (Papers I and II). Instead, we found elevated 
levels of granzyme A in the TB lung lesions and TB lymph nodes compared to the 
control groups (Paper I and II), which may suggest a selective down-regulation 
of perforin and granulysin in Mtb-infected granulomatous tissues. Accordingly, 
co-expression of granzyme A in CD8+ T cells was relatively high in the TB lesions 
while the proportion of CD8+ T cells expressing perforin and granulysin was 
substantially lower (Paper I and II) [Figure 12]. Co-expression of granule-
associated effector molecules was mainly confined to the CD8+ T cell subset, 
although 15-30% of granzyme A-expressing cells were CD8-negative (Paper I 
and II). This is in line with the notion that CD8+ T cells have a primary function 
in CTL-mediated killing while CD4+ T cells may be more involved in cytokine 
production. Increased levels of granzyme A but low perforin in granulomatous TB 
lesions may prevent access of granzyme A into the target cell and instead 
contribute to extracellular tissue destruction [341]. A similar impairment of 
perforin in the presence of enhanced granzyme A levels at the site of infection has 
also been observed in the progression of HIV infection [342, 343]. 
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Figure 12. Co-expression of granzyme A, perforin and granulysin in CD8+ T cells 
present in a TB lung lesion. Single-positive cells are red (CD8) or green (granular 
markers), whereas double-positive cells are yellow (arrows). 

 
 
The importance of perforin in CTL-mediated killing of mycobacteria has been 
illustrated both in mice [71, 167, 173, 344] and humans [345-347]. In contrast, 
there is no murine homologue to granulysin and thus evidence to support a role 
for granulysin in CTL-mediated killing of Mtb mainly involves in vitro studies of 
human cells [177, 348, 349]. Interestingly, it has been found that a poor lifestyle 
significantly decreases the numbers of perforin, granulysin, and granzymes A/B-
expressing cells in blood lymphocytes [350], which could contribute to an 
imbalanced immune response in TB. Clinical studies have previously suggested 
that CTLs using perforin- and granulysin-mediated killing of intracellular Mtb could 
contribute to a protective host response in TB patients [351, 352]. Recently, 
important clinical evidence was also provided that perforin- and granulysin-
expressing CD8+CD45RA+CCR7– effector memory T cells (TEMRA), were 
selectively depleted from rheumatoid arthritis patients treated with anti-TNF 
therapy, which caused reactivation of latent TB and progression of active TB 
disease [76]. Moreover, it has been shown that multifunctional CD8+ T cells 
expressing perforin and granulysin as well as CCL5, may be important to attract 
Mtb-infected MQs and kill intracellular Mtb bacilli [79]. Expression of CCL5 is also 
important for optimal T cell priming and control of Mtb infection [353]. 
Importantly, no other studies apart from the papers included in this thesis work, 
have been performed to explore the relevance of CD8+ T cells expressing perforin 
and granulysin at the local site of Mtb-infection. However, it has been discovered 
that T cell release of perforin and granulysin in skin lesions from patients infected 
with the Mtb-relative, M. leprae, contributes to host protection in humans [181]. 
 
5.2.3 B cell effector molecules: antibodies 
Cell-mediated mechanisms involving innate immunity and T cells are of crucial 
importance for the control of intracellular Mtb infection. By contrast, the role of B 
cells during intracellular bacterial infection is controversial. We were interested to 
understand if impaired antimicrobial effector functions could be associated to an 
enhanced humoral immune response in patients with active TB. In pulmonary TB, 
we could detect clearly enhanced levels of CD20 and total IgG at both the mRNA 
and protein levels in the TB lesions compared to the distal lung parenchyma 
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(Paper IV) [Figure 13]. CD20+ B cells were typically organized in lymphoid 
aggregates that were scattered in the granulomatous tissue but not in the distal 
sites (Paper IV). In addition, IgG-secreting cells were also spotted in the 
lymphoid aggregates in the TB lesions. The presence of lymphoid aggregates in 
close proximity to TB granulomas have been described both in mice [354, 355] 
and human [197, 356] pulmonary tissue, which may suggests that such secondary 
lymphoid structures play a role in the control of local host-pathogen interactions. 
Both CD20+ B cells and IgG-secreting cells were higher in TB lesions from patients 
with sputum-positive TB compared to patients with sputum-negative TB (Paper 
IV), which may suggest that enhanced antibody-responses may be a consequence 
of exacerbated TB disease, especially in sputum-positive patients with extensive 
TB disease including cavitary TB [357]. Mycobacteria-specific IgG titers were also 
elevated in serum samples from pulmonary TB patients compared to uninfected 
healthy controls (Paper IV) [Figure 13]. Likewise, high levels of total and Mtb-
specific serum antibodies have previously been shown in patients with advanced 
TB disease [358, 359] and several studies propose that Mtb-specific antibody 
responses may be used as potential diagnostic biomarkers of active TB disease 
[241, 360-362]. These findings indicate that humoral immunity may be the 
consequence of impaired cellular immunity at the local site of infection that 
contributes to an adverse immune response in chronic TB infection. 
 

 

 
 
B cells are also professional antigen-presenting cells that may support the 
activation of local T cell responses in Mtb-infected tissues [189]. Hence, B cell 
responses may play a role in early protection and the induction of adaptive 
immunity in TB [237, 363], while enhanced antibody-responses in the chronic 
phase of TB infection may instead be associated to disease progression. 
Interestingly, it has recently become evident that regulatory B cells (Breg) from 
peripheral blood of healthy individuals can suppress Th1-mediated immune 
responses and also promote the expansion of functionally suppressive FoxP3+ 
Treg cells in an IL-10 dependent manner [364, 365]. One study also reports that 
elevated levels of a functionally suppressive B cell subset have been found in 
peripheral blood of TB patients [366]. It could be very interesting to explore the 

Figure 13. mRNA expression of 
both CD20 and total IgG was 
significantly up-regulated in TB 
lung lesions compared to distal 
lung parenchyma. BCG-specific 
IgG titers were also elevated in 
serum samples from both 
sputum-positive and sputum-
negative TB patients compared 
to uninfected controls.  



 

41 

potential link between certain subsets of Breg cells and FoxP3+ Treg cells at the 
site of infection in human TB.  
 
 
5.3 IDENTIFICTAION OF IMMUNOPATHOGENIC PROCESSES AT THE 

LOCAL SITE OF MTB INFECTION  

 
5.3.1 Altered cytokine responses 
Next, we explored the potential immunopathogenic processes that may be 
involved in the impairment of antimicrobial effector cell responses. Since cytokines 
are key mediators that initiate and regulate immune responses during TB [49, 
367], we assessed the expression of both inflammatory and anti-inflammatory 
cytokines in the Mtb-infected tissues to investigate if an altered cytokine profile 
could explain low levels of perforin and granulysin in CD8+ CTLs. Quantitative 
mRNA analysis revealed that the central Th1 cytokines IFN-γ and TNF-α as well as 
the Th17 cytokine IL-17, were not up-regulated in either TB lung lesions or Mtb-
infected lymph nodes from patients with active TB (Paper II and IV). Instead, 
mRNA expression of the Th2 cytokine IL-13 and also the immunoregulatory 
cytokine TGF-β were significantly elevated in Mtb-infected lymph nodes compared 
to the controls (Paper II). In situ protein analysis confirmed that TGF-β was 
elevated in the Mtb-infected lymph nodes and involved a particularly high TGF-β 
expression inside the TB granulomas (Paper II). In patients with active 
pulmonary TB, we found an up-regulation of primarily the B cell stimulatory 
cytokine IL-21 but also IL-10 in the TB lesions compared to distal lung 
parenchyma (Paper IV). Interestingly, increased IL-21 mRNA levels correlated 
with mRNA expression of both CD20 and total IgG in the TB lung lesions (Paper 
IV). Accordingly, it has recently been demonstrated that IL-21 is mandatory for 
B cell activation, plasma cell differentiation and Ig-production [368]. In addition, 
in vivo development of functional IL-10-producing Breg cells have been shown to 
be dependent on the production of IL-21 [369]. 
 
Our results suggest that important Th1 and Th17 cytokines are not properly 
induced at the site of infection in patients with active TB, while there may be a 
shift towards a Th2 or immunoregulatory cytokine profile in Mtb-infected tissues 
[Figure 14]. An unbalanced cytokine response may contribute to an uncoordinated 
effector T cell response that reduces granule-mediated killing of Mtb-infected 
cells. 
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Figure 14. The cytokine balance may be skewed towards a Th2/Treg response in active TB 
disease. 
 
Growing evidence suggests that a Th1/Th2 balance is crucial to control progression 
of active TB disease [91, 318, 370, 371]. Mtb-specific Th1 (IL-12, IFN-γ, TNF-α) 
and Th17 (IL-17) cells activate antimicrobial effector functions in infected MQs as 
well as in Mtb-specific CTLs to promote bacterial killing and containment of TB 
infection through granuloma formation [49, 372]. Instead, development of a Th2 
(IL-4, IL-13) or anti-inflammatory (IL-10, TGF-β) cytokine response efficiently 
antagonizes protective cytokine responses, which could result in loss of TB control 
[128, 373]. Th2 cytokines have been shown to induce alternative MQ activation 
that involves a less bactericidal state of the MQ [134]. Th2 cytokines can also 
inhibit Th1-induced autophagy and thus reduce the intracellular degradation of Mtb 
bacteria [132]. Contrary, Th2 responses promote antibody-mediated immunity 
that fails to confer resistance in intracellular Mtb infection [371, 374-376]. 
Likewise, the T cell derived cytokine IL-21 is an important promoter of humoral 
immunity including the differentiation of human B cells into antibody-secreting 
cells [377]. In fact, IL-21 has been shown to be considerably more effective to 
stimulate plasma B cell development compared to both IL-4 and IL-10 [378]. The 
role of IL-21 in human TB is currently unknown but may involve enhanced plasma 
B cell responses in TB patients with progressive disease. Although IL-21 
modulates a broad range of both myeloid and lymphoid immune cells, B cells are 
known to express the highest levels of the IL-21 receptor thus making B cells 
highly responsive to IL-21 [379].  
 
Evidence have been provided that excess local production of IL-10 and TGF-β 
that occurs already at an early stage of Mtb infection may also suppress Th1 and 
CTL-mediated immunity and hamper control of TB infection [139, 380-385]. Thus, 
an early and enhanced Th1 response in Mtb-infected IL-10 deficient mice is 
associated to enhanced protection [386]. Interestingly, mycobacterial products 
including LAM, have been shown to induce TGF-β expression in human monocytes, 
which may promote bacterial survival [387]. Thus, inhibition of TGF-β in murine 
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TB was shown to increase the expression antimicrobial NO which effectively 
enhanced bacterial killing of Mtb in the lungs [388]. Although most evidence 
supports a role of IL-10 and TGF-β in TB disease progression, these cytokines also 
have a function to dampen chronic inflammation and detrimental 
immunopathology that may develop upon active TB infection [315, 389]. 
 
5.3.2 Induction of regulatory T cell responses 
Recent studies provide evidence that a subset of Treg expressing the transcription 
factor Foxp3, plays a critical role to control the balance of the immune response to 
Mtb [390]. Thus, we studied the presence of FoxP3+ Treg cells in Mtb-infected 
tissues and if these cells were associated to suppression of antimicrobial effector T 
cell responses at the local site of infection. Our observations from lymph node TB 
revealed significantly elevated mRNA and protein levels of FoxP3 in Mtb-infected 
tissue compared to both non-specific TB lymphadenitis and the uninfected control 
(Paper II). Corresponding analysis of Mtb-infected tissue from patients with 
pulmonary TB showed that Foxp3+ Treg cells were also up-regulated in the TB 
lesions as compared to distal lung parenchyma (Paper IV). Importantly, our in 
situ findings suggest that lymph node granulomas contained increased numbers of 
CD4+FoxP3+ Treg cells compared to areas outside the granulomas (Paper II). 
Confocal microscopy revealed that co-expression of the Treg cell markers, CTLA-4 
and GITR, were also particularly high inside the granulomas (Paper II), which 
support the conclusion that functional Treg cells are accumulated at the site of 
bacterial persistence.  
 
Early induction of Treg cells delays local effector T cell responses in the lung, 
either by inhibition of DC function or by direct suppression of T cell effector 
functions [86, 391]. Similarly, premature induction of FoxP3+ Treg cells as well as 
TGF-β and IL-10 producing cells in SIV infection have been shown limit important 
SIV-specific CTL responses [392]. Importantly, Mtb may induce the expansion of 
Treg cells and use Treg cell-mediated immunosuppression to sustain bacterial 
replication at the site of infection [390]. Previously, increased levels of 
CD4+CD25+FoxP3+ Treg cells have been shown to suppress Th1 mediated 
immunity in patients with active TB [84, 85, 393-395]. Highly virulent Mtb Beijing 
strains also suppress Th1 cytokines responses that are replaced by FoxP3, IL-10 
and TGF-β expression in Mtb-infected lungs [396]. Recently, it has been 
demonstrated that Mtb can promote the generation of Treg cells through the PD1-
PDL1 pathway [397, 398]. Treg cells could mediate suppressive functions either by 
direct cell-cell contact or by the production of immunoregulatory cytokines such as 
IL-10 and TGF-β [399]. A better understanding of the mechanisms by which Treg 
cells counteract protective immune responses in TB could support the design of 
new therapeutic approaches aimed at inducing highly efficient T cell responses in 
the absence of simultaneous generation of Treg cells [400, 401]. 
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5.4 INSIDE AND OUTSIDE THE TB GRANULOMA 
 
While granulomas are formed by the cells of the immune system to aid Mtb 
containment, the specific host and bacterial factors that regulate granuloma 
development and function are still poorly defined. Our initial findings suggested 
that granulomas in gross TB lung lesions were abundant in both CD3+ and CD4+ T 
cells, while only few CD8+ T cells were dispersed in the periphery of the 
granuloma, despite an overall increased number of CD8+ T cells in the TB lesions 
(Paper I). In addition, both perforin and granulysin were scarce inside the 
granulomas, while granzyme A levels were expressed at similar levels inside and 
outside the granulomas (Paper I). In lymph node TB, we were able to use image 
exclusion analysis to study specific expression of different proteins in the 
granulomas compared to the total Mtb-infected tissue (Paper II) [Figure 15]. 
These results suggest that CD68+ MQs expressing NO and Mtb-antigens were 
collected inside the granuloma at the site of bacterial persistence. Interestingly, 
high local concentrations of NO inside the TB granuloma may have negative effects 
on T cell responses [402]. Impaired CTL responses including low numbers of CD8+ 
T cells and CD56+ NK cells as well as low levels of perforin and granulysin in 
granulomas were inversely correlated with an increased proportion of both FoxP3+ 
Treg cells and TGF-β producing cells inside the granulomas. Here, TGF-β may be 
produced by Treg cells as well as Mtb-infected MQs inside the granuloma. A higher 
abundance of activated CD8+ T cells around the granuloma may indicate defective 
trafficking of effector T cells into the lesions. Perhaps a deficient chemokine 
response prevents the recruitment of CD8+ T cells into the granulomas. Here, 
Mtb-infected MQs and CD4+ T cells may fail to provide proper chemokine 
responses to attract functional CTLs to the site of Mtb infection [403, 404].  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 15. In situ image analysis of protein expression inside lymph node granulomas 
compared to total lymph node tissue. Expression of CD68+, iNOS, nitrotyrosine, M. bovis 
BCG as well as the Mtb-specific antigen MPT64 was significantly increased in the 
granuloma, which suggests that Mtb-infected MQ expressing NO are accumulated inside 
the granuloma. Low expression of CD8+ CTLs and CD56+ NK cells as well as low perforin 
and granulysin inside the granuloma correlated with enhanced expression of FoxP3, CTLA-
4, GITR and TGF-β, suggesting active immunosuppression at the site of Mtb infection. 
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Whereas Mtb-infected MQs cluster together to form the core of the TB granuloma, 
a number of studies have shown that the predominating lymphocyte subset in the 
center of the granuloma is memory CD4+ T cells. Lower numbers of CD8+ T cells 
are mostly found in the peripheral rim surrounding the TB granuloma [197, 405, 
406], while elevated levels of FoxP3+ Treg cells have previously been observed 
inside granulomas in both murine and NHP TB [407, 408]. The functional 
importance of this lymphocyte arrangement is currently unclear. It is possible that 
IFN-γ producing CD4+ T cells promote MQ activation and microbicidal effector 
functions inside the granuloma [90, 409]. However, as a substantial proportion of 
the CD4+ T cells may be Treg cells and not T effector cells, a shift in the 
Teffector/Treg ratio may promote active immunosuppression at the local site of 
infection. Accordingly, both Mtb-specific IFN-γ producing T cells as well as FoxP3+ 
Treg cells were previously found to be accumulated at the disease sites [84, 85]. 
Migration of Treg cells but also Th2 cells to sites of bacterial replication could be 
important to control local inflammation, but may simultaneously inhibit essential 
Th1 responses. Such compartmentalization of local immune responses may also 
result in impaired antimicrobial effector T cell responses and thus reduce contact-
dependent killing of Mtb-infected cells inside the granuloma [410] [Figure 16].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Compartmentalization of immune responses in human TB. Mtb-infected CD68+ 
MQs accumulate in the granulomas together with CD4+ T cells and FoxP3+ Treg cells. 
CD8+ CTLs expressing perforin and granulysin are very low inside the granulomas but 
mostly confined to areas outside the granulomas. CD20+ B cells are organized in lymphoid 
aggregates in close proximity to the granulomatous lesions. 
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The TB granuloma is a dynamic structure and thus the function of the granuloma 
may vary depending on the cellular composition in the granulomatous 
microenvironment [53, 194]. The balance of local immune responses in the 
granuloma will finally dictate bacterial control and pathology. Accordingly, 
classically activated MQs (M1) produce NO and control Mtb replication, while 
alternatively activated MQs (M2) produce IL-10 and TGF-β and are poorly 
microbicidal [411]. A predominance of M2 MQs in the granulomas may promote 
local expansion of Treg cells and impair the host ability to control Mtb infection. 
Thus, a shift in M1/M2, Th1/Th2 or Teffector/Treg cell ratio could promote 
immunosuppressive pathways and bacterial persistence in the TB lesions. 
 
 
5.5 EVALUATION OF CTL INDUCTION IN RESPONSE TO A NOVEL TB 

VACCINE 
 
Based on the knowledge and expertise we had generated through our studies on 
CTL responses in human TB, we had the opportunity to test if CD8+ CTLs and the 
granule-associated effector molecules perforin and granulysin, could be used as 
potential immune correlates to evaluate the protective efficacy of a novel TB 
vaccine, rBCG/rAd35 (Paper III). The rBCG/rAd35 vaccine, provided by the 
Aeras Global TB Vaccine Foundation, was designed to specifically enhance MHC-I-
restricted CD8+ CTL responses. The novel vaccine was evaluated in a NHP model 
of TB and involved heterologous prime/boost immunization with the rBCG/rAd35 
vaccine compared with parent BCG and an unvaccinated control group. The 
immunogenicity of the rBCG/rAd35 was evaluated in tissue biopsies from lung, 
spleen and lymph nodes after challenge with virulent Mtb. In situ image analysis 
revealed that Mtb-antigen load (MPT64) and the level of fibrosis was significantly 
reduced in the TB lung lesion and spleen tissue from rBCG/rAd35 primed animals 
compared to BCG/rAd35 and the unvaccinated control group. Importantly, 
increased numbers of CD3+ and CD8α/β+ T cells as well as increased expression 
of perforin, granulysin and the protective cytokine IL-7 was observed in the TB 
lung lesions and spleen tissues from the rBCG/rAd35 group. Consistent with our 
findings, it was previously shown that Mtb-peptide stimulation of peripheral blood 
from rBCG/rAd35 vaccinated NHPs increased CD8α/α+ T cell proliferation and IFN-
γ production [412]. T cell homeostatic cytokines including IL-7 and IL-15 can 
enhance survival of Mtb infected mice [413], possibly by enhancing CD8+ CTL 
activity including up-regulation of serine esterases and perforin [414]. We also 
found that reduced Mtb-antigen levels was inversely correlated with enhanced 
CD3+ T cell numbers while perforin and granulysin expression correlated with the 
expression of CD8+ T cells [Figure 17]. Moreover, survival of Mtb-infected 
animals was associated with reduced MPT64 antigen expression and elevated 
CD8+ CTL responses in TB lung lesions. Together these data suggest that a TB 
vaccine construct that promotes the generation of functionally active CTLs, could 
reduce bacterial antigen load and destructive inflammation and instead enhance 
the survival of vaccinated and Mtb-infected animals.   
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Figure 17. Inverse correlation between Mtb-specific antigen MPT64 and CD3+ T cells but 
positive correlation between CD8+ T cells and perforin and granulysin expression in the 
TB lung lesions from Mtb-infected animals. Data from animals in the rBCG/rAd35-
vaccinated group are encircled in the graphs. In addition, data from two animals in the 
rBCG/rAd35-vaccinated group that also presented multifunctional T cell responses in 
peripheral blood [412] are given in red (ID 4278) and blue (ID0012) symbols.  
 
 
Vaccine development requires reliable correlates of immune protection to evaluate 
vaccine-induced immunogenicity in humans and experimental animals. Currently, 
there are no sufficiently validated immune correlates of protection in human TB, 
although experimental animal models of TB suggest that IFN-γ secreting CD4+ 
and CD8+ T cells as well as multifunctional T cells may be used as immune 
correlates [73, 98, 229, 415]. However, the presence of CD4+ T cells and IFN-γ 
does not always correlate with immune protection and enhanced vaccine-induced 
immunity [220, 416]. Among the TB vaccine candidates that are currently being 
evaluated, most studies focus on the induction of cytokine responses to elicit 
protective immunity [298, 417-419]. However, it has also been suggested that 
granule-associated effector molecules including perforin and granulysin could be 
used as biomarkers of protective immunity following M. bovis vaccination of cattle 
[230]. Perhaps more complex combinations of immune mediators are required to 
better predict vaccine-induced protective responses in TB.  
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6 CONCLUDING REMARKS 
 

This thesis provides novel insights into the cytolytic and antimicrobial effector 
functions and the immunopathogenic events that occur at the site of infection 
in human TB. We generated a technological platform to study local immune 
responses in tissue samples obtained from patients with active TB using qPCR 
and in situ computerized image analysis. Our main findings showed that: 
 
 Inflammation in the Mtb-infected lung involved infiltration of CD3+, 

CD4+ and CD8+ T cells while tissue remodeling including granuloma 
formation and reduced cellularity was evident in lymph node TB. 

 TB granulomas were enriched with CD68+ MQ expressing the Mtb-
specific antigen MPT64 and also iNOS/NO, while the antimicrobial 
peptide LL-37 was expressed at low levels in the TB lung lesions. 

 Impaired expression of the cytolytic and antimicrobial effector molecules 
perforin and granulysin, but not granzyme A, was evident in the Mtb-
infected tissues and particularly inside the granulomas.  

 Induction of FoxP3+ Treg cells and a shift in the cytokine balance from a 
Th1/Th17 towards a Th2/Treg immunoregulatory profile was found in the 
Mtb-infected tissue.  

 Adverse immune responses in chronic TB were found to be associated 
with enhanced levels of CD20+ B cells and antibody-secreting cells in 
lymphoid aggregates detected in the TB lung lesions.    

 Immune correlates of protection discovered in active human TB disease 
could be used as potential biomarkers to evaluate the immunogenicity of 
a novel TB vaccine candidate in a NHP model of TB. 
  

In summary, key players of innate and adaptive immune responses in human 
TB involves antimicrobial effector pathways that we define as: (1.) activation 
of MQs and control of Mtb growth, mainly through the production of NO and the 
antimicrobial peptide LL-37, (2.) activation of CD8+ CTLs that trigger target 
cell and bacterial killing by the coordinated secretion of cytolytic and 
antimicrobial effector molecules, perforin and granulysin. These effector 
functions are regulated by a complex network of cells and immune mediators 
including Treg cells and immunosuppressive cytokines. Induction of 
suppressive immunoregulatory pathways could disturb the balance of 
protective host immunity and result in progression of TB disease and also fuel 
adverse immune responses including enhanced humoral immunity. 
 
It will be helpful to continue to explore our clinical findings with in vitro 
experiments to investigate the functional link between impaired antimicrobial 
effector cell responses and immunopathogenic processes including Treg cells or 
improper cytokine profiles. The findings from this thesis may have clinical 
implications for novel diagnosis, as biomarkers of vaccine-induced immune 
responses or to monitor treatment efficacy. 
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