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RESUMO 

A infeção do timo e a dominância de células T durante a infeção por Mycobacterium avium 

Em infeções por micobactérias, as células T CD4+ desempenham um papel fundamental no 

desenvolvimento de uma resposta imunitária protetora. O reconhecimento de antigénios 

micobacterianos através dos receptores de células T (TCR) inicia a resposta imunitária adaptativa, em 

parte através da secreção de interferão gamma (IFNγ). Embora esteja descrito que vários antigénios 

micobacterianos estimulam uma resposta imunitária mediada por células T CD4+, é controverso quais 

os antigénios responsáveis por uma resposta imunitária protetora. Adicionalmente, o timo, órgão onde 

se diferenciam as células T, é um alvo de infeção por micobactérias e, no caso específico de 

Mycobacterium avium, as células T recém diferenciadas são tolerantes a este patogénio. Contudo, os 

mecanismos subjacentes a esta tolerância induzida pela infeção são ainda desconhecidos. 

Esta tese foi desenvolvida para abordar duas questões distintas mas complementares, utilizando o 

modelo animal de infeção por M. avium: i) quão protetora é uma resposta imunitária mediada por um 

repertório de TCR direcionado, na sua maioria, a um único antigénio micobacteriano, o antigénio 85 

(Ag85); ii) quais os mecanismos subjacentes à tolerância induzida pela infeção do timo. 

Neste trabalho mostramos que os ratinhos P25, que expressam um TCR transgénico específico para o 

Ag85, controlam a infeção por M. avium com a mesma eficácia que os ratinhos do tipo selvagem e 

que, apesar da produção elevada de IFNγ, nenhuma imunopatologia é detectada. Estes dados sugerem 

que uma resposta imunitária direcionada ao Ag85 é suficiente para controlar a infeção. Não 

observámos alterações na celularidade do timo ou na produção de novas células T em ratinhos P25 

infetados, sugerindo que os níveis de Ag85 presentes durante a infeção são insuficientes para gerar 

tolerância numa população tão numerosa de células T específicas. Contudo, quando doses elevadas de 

Ag85 foram administradas diretamente no timo destes ratinhos, observámos uma diminuição nas 

células T recém diferenciadas (RTEs) quer no timo quer na periferia. Observámos que, quimeras de 

medula óssea reconstituídas com 1% de precursores de ratinhos P25 apresentavam um número 

reduzido de RTEs desta origem e com uma menor capacidade de proteção. Esses dados sugerem que 

as células T específicas para o Ag85 são eliminadas no timo e que células que escapam têm uma 

menor capacidade para estabelecer uma resposta imunitária protetora. 

Palavras chave: Células T| Micobactérias | Timo 
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SUMMARY 

Thymic infection and T cell immunodominance during Mycobacterium avium infection 

During infections by mycobacteria, CD4+ T cells play a vital role in the establishment of a protective 

immune response. Their recognition of mycobacterial antigens, through T cell receptors (TCR), initiates 

the adaptive immune response, through the secretion of IFNγ. While numerous mycobacterial antigens 

are known to elicit a CD4+ T cell mediated-immune response, controversy still exists on which antigens 

that elicit a protective immune response at different stages of the infection. In addition, the organ where 

T cells differentiate, the thymus, is a target for these infections and, in the case of Mycobacterium 

avium, newly differentiated T cells are rendered tolerant to the invading pathogen; the mechanisms 

underlying this infection-induced tolerance are unknown. 

This thesis was developed to address two distinct but complementary questions, using the mouse 

model of M. avium infection: i) how protective is the immune response mediated by a TCR repertoire 

mostly directed to a single antigen, the antigen 85 (Ag85); ii) which are the mechanisms underlying 

thymic infection-induced tolerance. 

We show that P25 mice, expressing a transgenic TCR specific for Ag85, control M. avium infection at 

the same level as wild type mice and that, in spite of the high production of IFNγ, no enhanced 

immunopathology is detected. This suggests that an Ag85-dominated T cell response is appropriate to 

control M. avium infection. Focusing on the thymi of M. avium infected P25 mice, we observed no 

alterations on its cellularity or T cell output, hypothesizing that the Ag85 levels within the thymus during 

infection are unable to tolerize such a large population of specific T cells. In contrast, when high doses 

of Ag85 were intrathymically administered to P25 mice a decrease in both thymic CD4 single positive 

and splenic recent thymic emigrants (RTEs) was observed. In agreement, BM chimeras receiving 1% 

P25 precursors, revealed lower numbers of P25 RTEs with lower protective ability. These data suggest 

that part of the Ag85-specific T cells are deleted within the thymus, and that the cells that escape have 

an impaired ability to mount a protective immune response against M. avium infection. 

Key words: Mycobacteria | T cells | Thymus 
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1.1. MYCOBACTERIUM AVIUM AND OTHER CLINICALLY RELEVANT 

MYCOBACTERIA 

The genus Mycobacterium encompasses a great number of species ranging from environmental 

saprophytic species to obligate intracellular pathogens. Information on the interaction between these 

bacteria and humans dates as far back as 9,000 years [1] and the co-evolution between humans and 

bacteria is likely one of the reasons for the high prevalence of mycobacterial infections in humans [2]. 

Mycobacterium leprae, Mycobacterium ulcerances, Mycobacterium avium and Mycobacterium 

tuberculosis are the four main mycobacteria known to cause disease in humans.  

One-fourth of the human population is estimated to be infected with M. tuberculosis, which is 

responsible for 10.4 million cases of tuberculosis (TB) [3, 4]. All member states of the World Health 

Organization (WHO) and the United Nations (UN), which signed the UN Sustainable Development Goals, 

committed to end the TB epidemic by 2030. However, even though worldwide TB incidence is falling at 

a rate of about 2% per year, eradication of TB by 2030 is an unrealistic goal. In 2017 (the most recent 

WHO report), TB was still one of the top 10 causes of death, and was estimated to cause 1.3 million 

deaths among Human Immunodeficiency Virus (HIV)-negative people, and 300,000 deaths among HIV-

positive people [5].  

Mycobacteria species other than M. leprae or bacteria belonging to the M. tuberculosis complex 

(which includes M. tuberculosis itself, Mycobacterium bovis, Mycobacterium bovis BCG, Mycobacterium 

africanum, among others), are referred to as non-tuberculous mycobacteria (NTM) [6]. NTM are 

widespread throughout nature [7–9], and resistance to a variety of factors like nutrient starvation, 

dryness, UV light, a wide range of temperatures and pH exposure [9–12], being frequently found in the 

soil and water. In addition, NTM are naturally resistant to many drugs [13,14] and disinfectants 

[12,15–17] rendering eradication, both from infected hosts and the environment, extremely difficult. 

Due to its minimal sensitivity to chloride treatments applied in pipe water, NTM are often found in 

hospital and household water supplies and roof-harvested rainwater [9,11,18–20]. Infection of humans 

with NTM happens by several routes being the most frequent through inhalation of aerosolized water 

droplets containing the bacterium [21]. Additionally, infection with NTM has also been described after 

invasive surgical procedures, due to inadequate decontamination of surgical material or lack of 

infection-control measures [9]. After contact through inhalation of contaminated aerosols, infection is 

expected to be established mostly in individuals with particular risk factors, as discussed ahead. 
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Infection with NTM can also occur through lesions in the skin; a route of infection very well known for 

other mycobacteria like M. ulcerans. Infection with NTM through the skin, increased in the past years, 

predominantly with Mycobacterium marinum, which may be explained by the increase of invasive 

cosmetic procedures, such as tattooing, mesotherapy or body piercing [22]. Transmission might also 

occur through the fecal-oral route. This is the case for Mycobacterium avium subsp. paratuberculosis. 

This bacterium causes Johne’s disease, a chronic, progressive infection of the intestines in non-human 

primates, ruminants and other animals. When the feces of infected animals contaminate the water or 

the food, the bacteria becomes available to infect humans. M. avium subsp. paratuberculosis has also 

been associated with Crohn's disease, a chronic disease of the gastrointestinal tract in humans [23]. 

Infections with NTM have gained increase relevance for the last few decades. Initially, NTM 

incidence was mainly associated with the increased susceptibility of patients infected with HIV. In recent 

years, however, the incidence of infection by NTM, independently of HIV infection, increased [22,24–

28]. New risk factors, such as cancer and chemotherapeutic treatment, prolonged lung disease, 

smoking, immunosuppressive treatments have contributed to this increase and contaminated heater-

cooler water units during surgery [28–32].  

The most common cause of pulmonary NTM disease is infection with bacilli from the M. 

avium complex (MAC) [33]. The MAC is formed by two clearly defined species, Mycobacterium 

intracellulare and M. avium. The last can infect several animal species, such as swine, cattle, birds, 

cats, dogs, as well as humans [34–36]. Based on genomic and phenotypic variability within the 

species, four M. avium subspecies have been described: M. avium subsp. avium and subsp. silvaticum 

infect avian species; Mycobacterium avium subsp. paratuberculosis causes disease in livestock and 

wildlife; and M. avium subsp. hominissuis is responsible for opportunistic infections in pigs and humans 

[37,38]. M. avium subsp. hominissuis causes mainly disseminated infection in humans via the 

gastrointestinal route in immunocompromised hosts and pulmonary infection in immune competent 

hosts [39].  

Studies with M. avium subsp. avium isolates from different environmental contexts revealed 

tremendous variations in the levels of virulence of the different strains. Mouse models have been widely 

used to investigate the virulence of different strains as well as the immune response to these bacteria. 

Using mouse models, the M. avium 25291 strain is highly virulent and capable of down modulating the 

host’s immune response. Highly virulent strains of M. avium are resistant to the immune response 

established by the host while a sustained increase of the bacterial load in infection with M. avium 2447 
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strain of intermediate virulence. Upon systemic infection with this strain the bacterial load increases in 

several organs for a limited period of time. The host mounts an adaptive immune response against 

these bacteria that sustains bacterial burden a few weeks after infection [40]. The M. avium 2447 

strain was used for the experiments in this thesis, and whenever otherwise stated, the use of M. avium 

throughout the text will refer to 2447 strain. 

1.2. THE IMMUNE RESPONSE AGAINST MYCOBACTERIA 

Mycobacteria are facultative intracellular bacteria. When entering the organism, mycobacteria are 

phagocytosed by antigen presenting cells (APCs). Small proteolytic fractions from the bacteria are then 

presented in the context of the major histocompatibility complex (MHC) to T cells. These peptide-MHC 

complexes (pMHC) are recognized by specific T cell receptors (TCRs) establishing a bridge between the 

innate and the acquired immune response. Bacterial phagocytosis and interaction between APCs and T 

cells unleashes a vast network between different cell types, involving different soluble factors, directed 

to controling bacterial growth. Among these, one of the most relevant mechanisms in this process is the 

secretion of interleukin (IL) 12 by APCs, that results in T cell polarization, activation and proliferation, 

and subsequent secretion of IL2 and interferon gamma (IFNγ). This last is a key cytokine in several 

mycobacterial infections, leading to further activation of bactericidal mechanisms in APCs, namely 

through the secretion of reactive oxygen species (ROS) and nitric oxide (NO). This simplistic view of the 

immune response to mycobacteria is reviewed in more detail in the following paragraphs. 

The innate immune response against mycobacteria 

The immune response to mycobacteria initiates soon after the bacteria invades the host. APCs, 

such as macrophages, dendritic cells (DCs) and neutrophils, play a major role in the early detection of 

mycobacteria and on the initiation and direction of the innate and acquired immune responses. 

Pathogen-associated molecular patterns (PAMPs) are highly conserved motifs expressed by 

microorganisms and recognized by the pattern recognition receptors (PPRs) expressed on APCs. Among 

PPRs, the toll-like receptor (TLR) family is of special interest in the innate immune response to 

mycobacteria. TLRs can be located either on the plasma membrane, where they recognize microbial 

membrane components such as lipoproteins and lipopolysaccharides [41], or intracellularly, where they 

recognize foreign nucleic acids [42]. TLR activation by mycobacterial PAMPs initiates a signaling 

cascade in macrophages and in both conventional and plasmacytoid DCs (cDCs and pDCs, 

respectively). This cascade elicits the production of cytokines, initiates potential bactericidal 
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mechanisms [43] and promotes the maturation of the phagosome [44] upon phagocytosis of the 

bacteria. 

IFNγ is one of the key stimuli of bactericidal mechanisms of APCs. Additionally, some of the most 

studied responses to infection focus on the production of ROS and NO [45], through the expression of 

inducible NO synthase (iNOS) [46]. Both IFNγ and NO production are essential for M. tuberculosis 

control [47], as made evident by the fact that mice lacking the expression of IFNγ, its receptor or iNOS 

are incapable of controlling M. tuberculosis proliferation and quickly succumb to infection [48–51]. 

Interestingly, the same is not true for M. avium infections. Mice genetically modified that are unable to 

express iNOS are able to restrict M. avium growth following stimulation by tumor necrosis factor (TNF) 

and IFNγ, which suggests that NO is not a key factor in the immune response against M. avium 

infections [52,53]. Moreover, in mice deficient in iNOS expression, IFNγ is essential to control infection 

with virulent strains of M. avium [52]. Nevertheless, while IFNγ is essential in most cases, 

overexpression of this cytokine induces extreme immunopathology in the lungs of M. tuberculosis-

infected mice [54,55], suggesting an essential role for a tight balance between pro and anti-

inflammatory cytokines. 

The maturation of the phagosome containing the bacteria is achieved by its fusion with intracellular 

endosomes and lysosomes. From this fusion results the phagolysosome, where various mechanisms to 

degrade and eliminate microorganisms take place. The phagolysosome has an acidic environment (pH 

5.0–5.5) and contains enzymes that promote proteolytic cleavage and bacterial breakdown [56,57]. A 

specialized class of proteins, the MHC class II, expressed by APCs, binds to the peptides that result 

from proteolytic cleavage forming the pMHC complex, which is displayed at the cell’s surface. TCRs, 

expressed by T cells, directly interact with the pMHC complex [58]. Nevertheless, certain species of 

bacteria are able to circumvent some of these bactericidal mechanisms. For example, it has been 

shown that virulent strains of M. avium resist the antimicrobial mechanisms of the key macrophage 

activating cytokine, IFNγ [40]. Virulent strains of both M. avium and M. tuberculosis have been shown 

to block the formation of the phagolysosome by inhibiting the fusion of the phagosome with the 

lysosome [43,59–61] and its acidification [60–62]. Some strains of M. tuberculosis can also interfere 

with the programmed cell death mechanisms of infected APCs, shifting from a protective apoptotic to a 

necrotic pathway, aiding bacterial spread and proliferation [63–66]. 
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Neutrophils are phagocytes that have an important role in the host’s defense against extracellular 

and intracellular parasites. The role of these cells in the innate response against mycobacteria has been 

a matter of dispute for long time. Two studies have suggested that neutrophils are able to kill both 

avirulent and virulent strains of M. tuberculosis [67,68] while others have failed to confirm these results 

[69,70]. Nonetheless, neutrophils are recruited to the sites of mycobacterial infection [71] and play an 

indirect role in the host defense mechanisms during the early stages of M. tuberculosis infection, 

possibly via production of IFNγ [67,68]. In M. avium infections, mice depleted of neutrophils show an 

increased susceptibility to bacterial growth [72] and, in the initial phase of infection, neutrophils 

produce increased amounts of TNF, IL12 and IL1 [73]. 

Natural killer (NK) cells are lymphocytes of the innate immune system, involved in the early 

response against intracellular pathogens. NK cells’ killing mechanisms can be either direct, through 

specific receptors on their surface which have been shown to bind to tumor cells and to virally infected 

cells [74,75], or indirect, via the secretion of cytokines such as IFNγ. It has been shown that IL12-

stimulated NK cells have enhanced cytolytic activity against M. avium infections [76,77]. Additionally, it 

has also been suggested that NK cells isolated from healthy donors help control M. tuberculosis growth 

[78] and that depletion of NK cells in murine models leads to a slight increase of M. avium colony 

forming units (CFU) levels [79]. Altogether, these data suggest an important, though not vital, 

involvement of NK cells in the host defense against mycobacterial infections.  

TCRs are heterodimeric proteins composed of 2 chains: an α and a β chain, present on αβ T cells; 

or a γ and a δ chain, present on γδ T cells. The first are the most abundant (≈	95% in humans), and 

referred throughout this work simply as T cells. γδ T cells represent a special subset of T cells as they 

have long been considered innate-like cells, involved in the immunity against tumors and pathogens. M. 

tuberculosis antigens have been shown to elicit the activation of γδ T cells in vivo [80–82] and, during 

early infection with M. tuberculosis, mouse γδ T cells expand, reaching a peak one week after infection 

and declining after a short period of time [83]. In calves, γδ T cells mount an early response against M. 

avium infection [84]. Additionally, γδ TCRs are able to recognize mycobacterial phosphoantigens and 

drive clonal T cell expansion and adaptive immune responses [78].  

Thus, despite the many cells, cytokines and pathways involved, the innate immune system often 

fails to control bacterial proliferation and the acquired immune response comes into. 
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The acquired immune response against mycobacteria  

The adaptive immune response is crucial for the control of mycobacteria infections. T cells, in 

particular, play a major role in mediating the response against mycobacteria. T cell precursors are 

generated in the bone marrow (BM); these cells migrate to the thymus where they undergo a long 

process of differentiation and selection, giving rise to the T cells that are exported to the periphery. T 

cells coordinate responses to diverse antigens from pathogens while maintaining both immunological 

memory and tolerance to most of the self-peptides (i.e. self-tolerance) [85].  

The ability of the T cells to move from one site to another is essential for an effective immune 

response. This movement is mediated by chemokines (small proteins that have multiple roles in the 

immune response, such as controlling the migration of different cells of the immune system, 

angiogenesis, among others). The encounter between naive T cells and their cognate antigens is known 

to occur mostly in secondary lymphoid organs such as the lymph nodes (LN), which provide a confined 

space where T cells can easily scan APCs [86]. After bacterial uptake, APCs express the chemokine C-C 

motif receptor 7 (CCR7), which bind the chemokines C-C motif ligand 19 (CCL19) and 21 (CCL21) 

highly expressed within the LN, migrating to these organs [87]. Once in the LN, APCs upregulate 

surface pMHC, promoting the interaction of pMHC with their specific TCRs [88]. While naive T cells also 

reach the draining LN through the expression of CCR7, primed T cells, i.e, T cells that have been 

activated following a primary recognition of a specific pMHC, downregulate this receptor and upregulate 

the CXCR3 receptor [87]. 

The interaction between T cells’ CD28 and APC’s CD80 (B7.1) or CD86 (B7.2), as well as the 

autocrine secretion of cytokines such as IL2 by T cells and the paracrine secretion of IL12 by DCs 

[89,90] activates the intracellular TCR pathway, resulting in the expression and secretion of cytokines 

[91]. Furthermore, the interaction between TCR and pMHC, along with co-stimulatory signals, is 

essential for the activation of T cells, resulting in the phosphorylation of the TCR’s co-receptor CD3, 

recruitment of kinases to signaling complexes, Ca2+ flux, cell proliferation, and/or cytokine production 

[92]. 

It has been shown that the lack of several up or downstream components of the T cell signaling 

pathway, either by using knockout (KO) mice or T cell antibody-depleted models, seriously affects the 

survival of M. tuberculosis-infected and/or M. avium-infected mice [40,48,93,94]. Importantly, and 

further validating these results, is the observation that humans with low CD4+ T cells numbers, such as 
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individuals with Acquired Immunodeficiency Syndrome (AIDS), are more at risk for M. avium and M. 

tuberculosis infection and higher susceptibility to latent TB reactivation [95,96].  

CD4+ T cells express the CD4 glycoprotein and bind to MHC class II molecules expressed on APCs. 

Naive CD4+ T cells, in response to different cytokines, can differentiate into different subsets. Taking 

into account essentially the cytokines produced in response to an injury, CD4+ T cells can become 

polarized mainly into one of the following profiles: Th1 cells, which are characterized mainly by the 

secretion of IFNγ and TNF, and expression of the T box transcription factor (T-bet); Th2 cells, which are 

characterized mainly by the secretion IL4, IL5 and IL13, and expression of the GATA binding protein 3 

(GATA3); Th17 cells, which are characterized mainly by the secretion of IL17, and expression of the 

transcription factor retinoic acid receptor-related orphan receptor gamma (RORγt); and, regulatory T 

cells (Tregs), which are characterized by the secretion of IL10 and transforming growth factor beta 

(TGFβ), and expression of the transcription factor forkhead box P3 (Foxp3).  

Several CD4+ T cell subsets have been shown to be particularly important during mycobacterial 

infections; of these, Th1 cells have been the most studied and characterized. The role of Th1 cells is 

particularly relevant for infections with intracellular pathogens. In vivo and in vitro studies have 

demonstrated that IL12, a cytokine involved in the polarization into the Th1 phenotype, is essential for 

the immune response against M. tuberculosis and M. avium. M. tuberculosis is known to induce a 

strong IL12 response [97] and the continuous presence of IL12 is needed for maintenance of Th1 

effector function in M. tuberculosis-infected mice [98]. In mice, endogenously-produced IL12 is involved 

in generating a protective Th1 response against M. avium through the expression of IFNγ and TNF [99], 

while genetic deficiencies in the IL12 receptor in humans leads to an increased susceptibility to 

mycobacterial infections, including M. avium [100]. In mouse models, IFNγ has been shown to induce 

macrophage’s microbicidal mechanisms, to modulate T cell susceptibility to apoptosis and to alter the 

level of apoptotic signals during mycobacterial disease [101]. Following infection with M. avium, the 

early responses to the pathogen include the production of IFNγ mainly by cells other than T cells, such 

as NK cells. Subsequently, between the third and fourth weeks after infection, irrespectively of strain 

virulence, the production of IFNγ is mostly ensured by T cells [93]. Patients with mutations in the IFNγ 

receptor genes have an impaired ability to respond to infections with M. avium [102] thus, showing that 

IFNγ plays a major role in the protective immune response against mycobacteria infections [102]. This 

is also true for mouse models of infection, where IFNγKO or anti-IFNγ depleted mice show increase 

bacterial burden and decreased granuloma formation [93,103]. Despite being essential, increased 
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levels of IFNγ do not correlate with protection, as seen in IFNγ-eliciting vaccine candidates [104,105]. 

Additionally, IFNγ release assays (IGRA) are positive in patients with active TB, suggesting that even 

thought this key cytokine is being secreted, the immune response in these individuals is clearly 

insufficient to control the disease [106–108]. Furthermore, highly virulent strains of M. avium elicit an 

immune response characterized by the production of high levels of IFNγ, but resist the antimicrobial 

mechanisms of IFNγ-activated macrophages [40]. 

Cytokines produced by the Th1 subset tend to both stimulate the production of the Th1 cells and 

inhibit the production of Th2 cells, and vice-versa [109]. The balance between Th1 and Th2 cells’ 

response is critical for the control of infections and despite Th2 cells are of great relevance for the 

immune responses against parasites, like helminthes, they also have a role during mycobacterial 

infections. In fact, during the progression of TB, the balance between Th1 and Th2 responses is 

disrupted [110]. In mice infected with M. tuberculosis, the immune response is dominated by a Th1 

response, and the Th2 response emerges after several weeks, presumably down-regulating Th1 cells 

and reducing the extent of macrophage-mediated pathology [111]. Additionally, it has been shown that 

M. tuberculosis ensures survival within the host by inducing the production of IL1β, which is directly 

involved in the differentiation of Th2. Some mycobacteria, however promote Th2 hosts responses, 

therefore antagonizing the protective Th1 immune defense mechanisms [110]. Several studies have 

shown that M. avium induces both Th1 and Th2 responses according to the phase of infection. In mice 

infected with a highly virulent strain of M. avium, the first phase of infection is dominated by a Th1 

response, with the production of IFNγ peaking at 2-4 weeks following infection; later a Th2 response 

might predominate [93,112].  

Th17 is an important cell subset in the protective immunity to TB. The IL17 released by this cells 

induce the production of other pro-inflammatory cytokines and chemokines, promote local inflammation 

and recruit neutrophils to mucosal sites [113]. It has been shown that the induction of IL17, while not 

crucial, is significant during mycobacterial infection [114], since its absence does not significantly affect 

the ability to control TB in mouse models. Apart from Th17, several studies indicate that γδ T cells are 

an important early source of IL17 during mycobacterial infections [115], even though other studies 

indicated that Th17 cells are the major IL17–producing cells and participate in the protective immunity 

against M. tuberculosis [116]. However, even though showing protective features, IL17 has also shown 

to have detrimental effects in a study of repeatedly vaccinated M. tuberculosis infected mice, indicating 

an important necessity in controlling these cytokine levels [117]. The balance of Th17 and Tregs cells in 



	 10 

the peripheral blood has been suggested to be altered in patients that have active TB leading to 

pathological injury, reinforcing the importance of having a correct balance of these cells [113]. 

Tregs are a well known group of T cells, which suppress and regulate the activity of other immune 

cells. In fact, the complete absence of these cells leads to several immunopathologies normally 

associated with over-activation of the immune system and autoimmunity, a topic to be discussed later 

on in the introduction. Despite their importance in maintaining this immunological balance, Tregs 

activity in M. tuberculosis is associated with a delayed T cell arrival [118] and decreased T cell 

response at the site of infection [119], whereas the transfer of as few as 40,000 M. tuberculosis-

specific Treg cells resulted in an increase in the lung bacterial burden [118]. 

Classical CD8+ T cells recognize peptide antigens presented to their TCR by the MHC class I 

molecules. The peptides are first degraded in the proteosome, then transported to the endoplasmic 

reticulum and loaded into the MHC class I molecule. The cytotoxic activity of CD8+ T cells includes, at 

least, three distinct pathways: i) apoptosis via the Fas-FasL pathway; ii) killing via perforin and 

granulysin [120]; iii) and, like CD4+ T cells, the secretion of cytokines, mainly IL2, IFNγ and TNF [121]. 

CD8+ T cells participate in the immune response against mycobacterial infections. Mice lacking MHC 

class I and, consequently, functional CD8+ T cells, were found to be more susceptible to infection with 

virulent M. tuberculosis than wild-type (WT) mice [122]. In contrast, mice lacking MHC class I are not 

more susceptible to M. avium infection, which suggests that MHC class I-restricted T cells do not have a 

critical role in the host defense against M. avium [123]. It has been shown that the lack of perforins or 

granzymes does not influence the outcome of M. tuberculosis infection in mice, raising the possibility 

that cytokine secretion may be the primary mode of action of CD8+ T cells against M. tuberculosis 

[124]. In humans, the contribution of CD8+ T cells in the response against M. tuberculosis is more 

difficult to assess than the contribution of CD4+ T cells, however it is known that infection with M. 

tuberculosis in humans induces CD8+ T cells that recognize a wide range of M. tuberculosis antigens 

[125]. 

A specific subset of CD8+ T cells, the non-classical CD8+ T cells, include those CD8+ T cells that 

recognize antigens via the CD1 molecule, a class of transmembrane glycoproteins present on APCs 

which are capable of presenting microbial, non-peptide, lipid-containing antigens to T cells [121]. CD1 

molecules have the ability to identify and present lipid components of the M. tuberculosis cell wall to 

CD1-restricted CD8+ T cells [126]. In humans, it has been shown that CD1b-restricted T cells specific 
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for mycolic acid, a key component of the M. tuberculosis cell wall, induce memory phenotypes in M. 

tuberculosis-infected individuals [127]. 

While the role of T cells in the cellular immune response against mycobacteria has been widely 

studied, the role of the humoral response remains to be thoroughly understood. In fact, it is long known 

that natural infection induces the production of antibodies against M. tuberculosis [128] though, until 

recently, antibody responses were not considered of relevance for protection during TB [129]. 

Increasing evidence now exist for the protective role of antibodies against a range of intracellular 

pathogens via Fc-receptor mediated phagocytosis, mycobacterial infections in particular [6]. During 

active TB in humans, the high-affinity antibody receptor FcγR1A is up-regulated [130], as well as the 

complement C1q, which is known to form complexes with immunoglobulins [131]. Recently, higher 

titres of IgG, against the mycobacterial antigen Ag85A, have been shown to be associated with reduced 

risk of developing active TB, which suggests that antibodies may help to contain the initial infection with 

M. tuberculosis [132]. 

Vaccination against mycobacteria 

Vaccines challenge the immune system by delivering pathogen-specific antigens that will prime and 

induce the expansion of pathogen-specific T and/or B cell clones. This generates a memory response, 

which can later be recalled to mount a rapid and efficient immune response towards the pathogen. The 

only currently available vaccine for TB is the Mycobacterium bovis bacillus Calmette–Guérin (BCG) 

vaccine, a live attenuated form of M. bovis. The initial M. bovis was isolated from a cow and was 

cultured in vitro for 13 years; during this process the bacteria lost most of its virulence. The introduction 

of BCG vaccination, in the mid 20th century, was a significant factor for the decline of TB incidence and 

mortality [133]. While BCG is still one of the most widely used vaccines in the world, its efficacy differs 

highly depending on variables like age groups [134], geographic locations and other factors [135]. For 

instance, when administered in newborns, the BCG vaccine confers strong protection against TB 

meningitis among young children [136–138]; in contrast, the efficacy of the vaccine against pulmonary 

TB in adults is highly variable ranging from 0% to 70% [139–142]. Currently, the WHO recommends 

vaccination with a single dose of BCG, at birth, in countries or settings with a high incidence of TB 

and/or high leprosy burden [143]. While international data shows no evidence for additional protection 

in adults or adolescents after vaccination with BCG in infancy, several countries still recommend a two-

dose schedule in their vaccination plans [144].  
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Using IGRA, which measures IFNγ production by T cells upon stimulation with antigens specific 

from M. tuberculosis, but not present in BCG, it was possible to show that BCG vaccination was 

associated with a reduction of M. tuberculosis infection [145]. These findings are concurrent with other 

studies which suggest that BCG vaccination not only protects against TB disease but may also reduce 

the risk of infection [146]. 

NTM, such as M. avium, may contribute to the high variability in the efficacy of BCG vaccination 

among different populations. Several studies have assessed the efficacy of BCG vaccines following 

exposure to NTM; while some hint that infection with M. avium, Mycobacterium vaccae and 

Mycobacterium kansasii reduces the level of protection against M. tuberculosis challenge in mice [147] 

and guinea pig [148], other studies advocate that there is no reduction of the efficacy of BCG vaccines 

after exposure to NTM in mice [149,150]. In summary, these studies seem to show that NTM induce 

opposite effects on BCG vaccination, depending on the route of exposure and viability of NTM. 

Nonetheless, in humans, it is assumed that BCG vaccination cross-protects towards infections caused 

by bacteria from the MAC. This is evidenced by the fact that, upon vaccination cessation in Northern 

Europe and in the Czech Republic, an increased incidence of cervical lymphadenitis in children was 

observed [151–153]. 

In order to design a more effective TB vaccine and achieve the goal of TB eradication, 13 vaccines, 

ranging between whole cellular extracts, viral vectors and adjuvant peptides [154], have been 

undergoing clinical trials during the most recent years. Several mycobacterial species have been 

studied as potential candidates to produce those vaccines against TB. Studies performed in the 1980s, 

for instance, suggested the efficacy of M. vaccae in the development of a TB vaccine. Inactivated M. 

vaccae promotes a Th1 response and suppresses the Th2 response in the treatment of patients with TB 

[155] and, in murine models, immunization with M. vaccae leads to the generation of CD8+ T cells 

which kill syngeneic macrophages infected with M. tuberculosis [156]. The use of Mycobacterium 

indicus pranii as an adjunct for standard TB treatment has also been studied. M. indicus pranii shares 

antigens with M. leprae and M. tuberculosis and has been shown to confer protection against TB [157]. 

Data has also suggested that the use of M. indicus pranii as a booster for BCG vaccination, since it 

confers stronger protection in animal models of M. tuberculosis infection [158]. In addition to the 

vaccines able to protect against TB, there are at least three commercially available vaccines against M. 

avium subsp. paratuberculosis, all based on inactivated whole bacteria [159]. 
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The mycobacterial genome codes for proteins containing a vast number of epitopes that can 

theoretically be recognized during infection [160]. Several mycobacterial antigens have been shown to 

elicit a protective immune response against M. tuberculosis, such as the early secretory antigenic target 

6 kDa (ESAT-6), a mycobacterial antigen abundant in M. tuberculosis culture filtrates [161], the 

TB10.4, the culture filtrate protein 10 kDa (CFP-10) [161] and the antigen 85 (Ag85) [162]. The 

efficacy of immune responses dominated by certain pathogen-specific T cell clones in humans have 

generated controversial results [163–167]. Nevertheless, many vaccine candidates have focused on 

promoting a response dominated by subunits of Ag85, such as Ag85A and Ag85B [154]. This protein is 

a mycolyl-transferase, responsible for the binding of mycolic acids to arabinan polymers in the 

mycobacterial cell wall; it is a highly conserved protein in the Mycobacterium genus, that is secreted at 

the early phase of M. tuberculosis infection, as described bellow. It has been found to be a target for 

one of the host’s first line of defense against pathogens, the lectin pathway [168]. The lectin pathway is 

one of the three pathways of complement activation, and is initiated when PRMs, specifically mannose-

binding lectin (MBL), collectin 11 (CL-K1), and ficolins (Ficolin-1, Ficolin-2, and Ficolin-3), bind to 

PAMPs on the surface of pathogens [169]. A recent study has shown that the Ag85 complex is a target 

for the PRMs, specifically MBL and ficolins, thus initiating complement activation [170]. 

Ag85 is a major secretory protein and is considered an early-secreted antigen [171,172]. Upon M. 

tuberculosis infection, expression of Ag85 is upregulated as quickly as 4 h post-infection in in vitro 

assays [173,174]. In mouse models, Ag85 has also been shown to be upregulated quickly upon 

infection [175]. Importantly, Ag85 expression is downregulated at 20 days post-infection in mice, and 

Ag85-specific T cells recovered from these mice show little proliferation and cytokine secretion after 

they are transferred into 4-week infected mice [176]. This study suggests that, even though Ag85-

specific T cells are primed early during infection, the low antigenic expression at more advanced 

periods of infection is insufficient to further stimulate these cells. Intriguingly, the previous study 

demonstrates that ESAT-6-specific T cells are impaired in conferring protective immunity due to chronic 

exposure of the immune system to their cognate antigen and consequent T cell exhaustion [176]. Even 

though ESAT-6-specific T cells secrete high levels of IFNγ, secretion of this cytokine does not always 

correlate with protection, as previously mentioned. In fact, several attempts to boost IFNγ production 

have been tried, but this has resulted in immunopathology rather than protection [117]. Therefore, the 

definition of the optimal requirements for a protective immune response against specific mycobacterial 

antigens are essential for future studies and for attempts at developing a new and better vaccine to 

control the disease. 
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1.3. THE THYMUS AND INFECTION WITH MYCOBACTERIA 

T cell precursors are recruited from the BM and differentiate in the thymus. Even though the 

structure and disposition of thymic lobes differ among species [177], the thymus shows clear 

morphological similarities across species. Located in the thoracic cavity above the heart, the thymus is 

composed by two lobes and organized in four main areas: the subcapsular zone (SCZ), cortex, medulla 

and cortical-medullary junction (CMJ; the junction between the cortex and the medulla). Contrary to 

mice, in humans thymic lobes are further subdivided into lobules separated by connective tissue and 

with an interconnected medulla [177].  

Thymic cells can be divided into differentiating T cells, or thymocytes, and stromal cells. The 

last are composed by cortical and medullary thymic epithelial cells (cTECs and mTECs, respectively), 

thymic nurse cells (TNCs), B cells, DCs (resident, migratory and plasmacytoid), macrophages, 

fibroblasts and, in humans but not in mice, Hassall's corpuscles [177,178]. In the thymus, T cell 

precursors can differentiate into one of three possible phenotypes: αβ T cells, γδ T cells and NK T cells 

[179,180]. 

T cell differentiation and thymic output suffer changes throughout life mostly due to age-related 

involution of the thymus. In humans, thymic tissue is replaced by adipose tissue, leading to a 

decreased thymic cellularity. In the mouse, thymus weight and number of thymocytes also decreases 

significantly with age but there is no tissue replacement by adipocytes [181]. The loss of thymic tissue 

eventually leads to the loss of thymic niches essential for T cell differentiation, consequently affecting T 

cell output [182–184]. In fact, in humans, decreased thymic activity has been shown to occur as soon 

as 6 months after birth [183]. Although a decrease in thymic activity can occur at such an early live 

stage, replacement of thymic tissue by adipose tissue occurs mainly after puberty. The increase of 

circulating sexual steroids, characteristic of this life stage, is one of the major factors that has been 

associated with the decrease in thymic activity [182,183]. Several murine and human studies have 

shown that castration or sex steroid ablation can, to some extent, revert thymic function loss [185]. 

Although both thymic cellularity and activity decrease, T cell differentiation and export does not cease 

completely for all individuals, since active thymic tissue has been detected in a 78-year old female 

individual [183]. 
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T cell differentiation and central tolerance 

Migration of T cell precursors from the BM into the thymus is a tightly regulated process mainly 

mediated by chemokines [92]. At early stages of thymic colonization, thymocytes upregulate the 

expression of CCR7, which allows their migration into the thymus. The migration of thymocytes through 

the outer region of the cortex is mediated by the binding of the chemokines CCL19 and CCL21 to the 

CCR7 and of the CCL25 ligand to the CCR9. Additionally, though not present in the early stages of the 

thymic journey, the CXCR4 receptor and its ligand CCL12 have been found to be crucial during the 

remaining stages of thymic differentiation [186]. 

T cell precursors start their journey within the thymus, at the CMJ, as double negative (DN) 

thymocytes, expressing neither the CD4 nor the CD8 molecules; these cells can also be referred to as 

triple negative as they also lack the expression of CD3. As DN cells migrate away from the CMJ, 

through the cortex into the SCZ, four main subsets of DN can be identified, by analyzing the expression 

of the CD25 and CD44 markers: DN1 (CD44+CD25−), DN2 (CD44+CD25+), DN3 (CD44−CD25+) and DN4 

(CD44−CD25−) [180]. The transition from DN2 to DN3 marks an important step in differentiation, where 

precursors commit to the T cell lineage. At this point, thymocytes start to express the β chain of their 

TCR, shortly followed by the expression of the pre-Tα chain, and become committed to the TCRαβ 

lineage at the DN4 stage. Thymocytes at the DN4 stage express low levels of CD4 and CD8 and are 

immediate precursors of double positive (DP; CD4+CD8+) thymocytes. DP cells then migrate throughout 

the cortex into the medulla where they undergo their final differentiation process, by acquiring one of 

two possible single positive (SP) phenotypes, either CD4 or CD8 SP T cells (CD4+CD8- or CD4-CD8+, 

respectively; Illus. 1). High blood levels of CCL19, CCL21 and sphingosine 1-phosphate (S1P) are 

responsible for thymic T cell export at the CMJ, upon binding to the recently-expressed chemokine 

receptors CCR7 and S1P receptor 1 (S1PR1), respectively, on cells’ surface of newly differentiated T 

cells [186,187]. Interestingly, in the periphery, contact with secondary lymphoid organs has been 

shown to be essential for post-thymic T cell maturation [188]. 
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Illustration 1: Thymocyte differentiation is a tightly regulated process that involves cell migration, 

interaction and specific phenotype acquisition in order to generate mature T cells. Precursor cells from the 

bone marrow (BM) enter the thymus at the corticomedullary junction (CMJ, red dotted line) and migrate through the cortex 

(dark purple area) to the subcapsular zone (SCZ, beige area). During this phase, cells differentiate from the double negative 

(DN, CD4–CD8–) to the double positive stage (DP, CD4+CD8+). At the DN stage, cells start expressing the β chain of their T 

cell receptor (TCR). Assembly of the pre-Tα chain is complete at the DN4 stage. Due to random somatic recombination of 

these receptors, T cells undergo testing through selection processes. Positive selection, mediated mostly by cortical thymic 

epithelial cells (cTEC), ensures that only the TCRs with binding capacity to the pMHC complexes receive the adequate 

survival signals and proceed in the differentiation process. Once in the medulla (light purple area), potential autoreactive T 

cells, expressing TCRs with high affinity/avidity towards pMHC complexes expressed mostly by medullary thymic epithelial 

cells (mTEC) and dendritic cells (DCs), are triggered to die by apoptosis or are alternatively directed into the differentiation of 

regulatory T cells (Tregs). Cells with intermediate affinity/avidity towards self-pMHC complexes receive the adequate signals 

to generate conventional T cells, acquiring one of two possible single positive (SP) phenotypes, CD4SP (CD4+CD8–) or 

CD8SP (CD4–CD8+), migrating back to the CMJ and being exported to the periphery. 
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A broad and diverse TCR repertoire is a fundamental property of an effective immune system. A 

constant and a variable region compose each chain of the heterodimer that forms the TCR. In the TCR 

α chains, the variable region is constituted by the variable (V) and joining (J) gene segment; while the 

variable region of each TCR β chains is composed by a diversity (D) segment, in addition to a V and a J 

segment. The human TCR loci contains 42 Vβ, 2 Dβ, 12 Jβ, 43 Vα and 58 Jα functional gene 

segments, while the mouse TCR loci contains 35 Vβ, 2 Dβ, 12 Jβ, 71 Vα and 51 Jα functional gene 

segments [189]. During T cell differentiation, the V, D and J gene segments undergo a process of 

random somatic rearrangement called V(D)J recombination (Illus. 1). The mechanism involves the 

rearrangement of preexisting V, (D) and J gene segments, upstream of the constant region of each TCR 

chain. The two chains combined form a single, functional receptor [190]. Diversity of the TCR repertoire 

also results from the insertion of non-germline nucleotides, mainly due to the action of the polymer 

terminal deoxynucleotidyltransferase (TdT) [191], and deletion of germline nucleotides at junction sites 

(V–J, D–J, and V–D) [192]. Altogether, these processes ensure a great diversity of TCRs for the 

recognition of a broad array of antigens in the context of self-MHC molecules.  

The complementarity determining regions (CDRs) of the TCRs represent the most variable part of 

the receptor. TCRs’ α and β chains contain 3 CDRs each; collectively, the 6 CDR regions form loops 

which engages the pMHC [193]. The V gene segment encodes the CDR1 and CDR2; and the CDR3, the 

most variable of the CDRs, is located at the joining region of the segments and so includes amino-acids 

encoded by the V, D, and J gene segments [194]. 

The V(D)J recombination takes place at the recombination signal sequences (RSSs) adjacent to 

each V, D, and J segment, in a process mediated by the Recombination-Activating Gene (RAG) 

enzymes, RAG 1 and RAG2. These enzymes recognize and make double-strand breaks at the RSSs and 

remain associated to the DNA ends, playing an active role in the process of joining the DNA fragments, 

as well as recruiting the necessary repair proteins to facilitate the DNA joining process (Illus. 2). In mice 

where RAG expression has been deleted [195], and in people with Omenn syndrome who have 

mutations in the RAG gene [196], the V(D)J recombination is abolished or inefficient, which shows that 

RAG is indispensable for V(D)J recombination [197,198].  
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Illustration 2: Random somatic rearrangement of the various TCR gene segments is essential for generation 

of functional and diverse T cell receptors. The complementarity determining regions (CDRs) 1, 2 and 3 are formed 

from various variable (V, blue), joining (J, green), and 2 diversity (D, red, only for the β chain) segments, which are randomly 

rearranged to generate the α and β chains of the TCR. The deletion of nucleotides at the end of each segment and the 

addition of non-germline nucleotides (yellow) and splicing of the constant regions further enhances diversity. Additionally, 

random pairing of each chain that is formed also promotes diversity. 

Random TCR gene recombination leads to the generation of TCRs that can be useful, non-useful 

and potentially dangerous. Useful TCRs are the ones that recognize self-pMHC complexes with 

moderate affinity/avidity, while non-useful TCRs are unable to recognize self-pMHC complexes. 

Potentially dangerous TCRs, on the other hand, recognize self-pMHC complexes with high 

affinity/avidity and are potentially activated upon encountering cells expressing these self-pMHC 

complexes. Mechanisms of T cell selection occur within the thymus, in order to shape the T cell 

repertoire and avoid the differentiation of T cells that could not be useful as well as T cells that could 

trigger autoimmune diseases. After somatic rearrangement of the TCR segments, the TCR 

affinity/avidity for recognizing self-pMHC complexes molecules determines the fate of the differentiating 

thymocytes [199]. Within the thymic cortex, DP thymocytes are in close contact with the pMHC 
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complexes expressed by stromal cells. cTECs (and others) express a wide variety of self-peptides on 

their MHC molecules, which are generated via breakdown and processing of various intracellular 

proteins [200–203]. Thymocytes that express TCRs unable to bind these self-pMHC complex, do not 

receive survival signals from the TCR-pMHC interaction and die by neglect. A small proportion (2-5%) of 

DP thymocytes have significant binding specificity for the self-pMHC complexes; those cells receive a 

low-level TCR signal that allows them to survive [203]. This process, termed positive selection, allows 

only self-restricted T cells (i.e. cells that recognize self-pMHC) to precede differentiation (Illus. 3). 

Thymocytes with TCRs that bind with high affinity/avidity to self-pMHC complexes are potentially 

capable of inducing autoimmune diseases and, thus, undergo a process of negative selection and are 

eliminated. Within the thymus, the expression of self-peptides, specifically of tissue-restricted antigens 

(TRAs; e.g. insulin, oxytocin, salivary protein 1, among others), is important to induce negative selection 

of potential autoreactive T cells [204,205]. The autoimmune regulator (AIRE) transcription factor, 

expressed by mTECs, allows the direct expression of thousands of TRAs at the thymic environment 

[206–209]. In fact, mutations of AIRE in humans leads to the development of an autoimmune disease, 

the autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) [210,211], with 

similar features as the ones found in AIRE KO mice [103]. Even though a great diversity of genes is 

expressed within the medulla, each TRA is expressed by only 1-3% of mTECs. Despite this low 

representativity of TRAs by mTECS, DCs can pick up these peptides from mTECs and cross-present 

them to the developing thymocytes [212]. Differentiating T cells with TCRs that bind to these TRA-

loaded-MHC with high avidity are potentially autoreactive and eliminated by negative selection 

[199,206,213,214]. It has been shown that negative selection of thymocytes requires an additional 

signal besides the TCR–pMHC complex. CD28, for instance, has been shown to provide a co-

stimulatory signal necessary for TCR-mediated apoptosis [215]. Overall, negative selection is considered 

the hallmark of central tolerance, mediating the direct elimination of possible autoreactive T cells during 

their differentiation. 

T cells expressing TCRs with high avidity can be directed into Treg differentiation [216–219], an 

important component of T cell tolerance [218,220] (Illus 3). Other tolerance processes in the thymus 

include TCR editing, that provides T cells that would otherwise be excluded, another round of TCR 

rearrangement [221]; and anergy, which occurs in the absence of a co-stimulatory signal required for T 

cell activation [222] and renders the T cells unresponsive to antigens. Anergy and the differentiation of 

Tregs can also occur in the periphery and are referred as mechanisms of peripheral tolerance that 

complement central tolerance and will be discussed in the next section. Although central tolerance is a 
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robust process it is still insufficient to tolerize and entire TCR repertoire and needs to be complemented 

with mechanisms of peripheral tolerance to achieve full self-tolerance. 

 

 

Illustration 3: Selection processes within the thymus determine the fate of differentiating T cells. The random 

somatic rearrangement of genes that encode the TCR may generate receptors unable to bind to self-pMHC or that bind with 

high affinity/avidity, generating selection processes that take place within the thymus. Thymic antigen presenting cells 

(APCs), such as DCs, as well as cTECs and mTECs, present self-pMHC to T cells undergoing differentiation. The 

affinity/avidity of this interaction determines the fate of each T cell. Only interactions with intermediate affinity/avidity lead to 

positive selection and allow full T cell differentiation. If the interaction has a low or high affinity/avidity, T cells undergo death 

by neglect or negative selection, respectively. Alternatively, differentiating cells with high affinity/avidity may be directed into 

a regulatory T cell (Treg) path. 

 

Peripheral T cell tolerance 

The peripheral lymphocytic pool houses a vast repertoire of T cells expressing TCRs that are, in 

their majority, self-restricted and self-tolerant [223,224]. As potentially self-reactive T cell may escape 

the selection processes within the thymus, peripheral tolerance mechanisms exist to restrain the 

activation of potentially self-reactive T cells, thus preventing these cells from attacking the body’s own 

healthy tissues [225]. 

Tregs are the major, though not exclusive, players in peripheral tolerance [199]. Two types of 

Tregs are to be referred: Tregs that differentiate in the thymus, i.e. natural occurring Tregs (nTregs); 

and Tregs that differentiate in the periphery from conventional T cells, i.e. inducible Tregs (iTregs) 

[226]. In the thymus, TCR signals are critical, though not sufficient, for the commitment to the Treg 

lineage. The cytokines IL2 and, to a lesser degree, IL7 and IL15 are also essential for Treg 

differentiation in the thymus. At the periphery, it has been suggested that differentiation of Tregs occurs 

upon contact with non-self peptides such as the ones present in food, allergens and others [227]. 
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One of the major steps in the identification of Tregs was the observation that the CD25 marker 

was constitutively expressed on a specific population of CD4+ T cells. It was suggested that these cells 

contribut to maintaining self-tolerance by down-regulating the immune response to both self and non-

self molecules [228]. Indeed Tregs, via IL10 production, are capable of regulating and limit Th1 and 

Th2 cell activity and proliferation. Another key molecule in the activity of Tregs is the TGFβ. Several 

studies have suggested that TGFβ is crucial to drive the development of the thymic and peripheral 

Tregs and, additionally, that TGFβ plays a fundamental role in the suppressive function of Tregs [229]. 

The master regulator in Treg activity is the Forkhead box P3 (FoxP3) transcription factor. 

Though not necessary for Treg precursor survival [230], FoxP3 is critical for the development and 

function of mature Tregs [231,232]. In humans, mutations in FoxP3 lead to the immunodysregulation 

polyendocrinopathy enteropathy X-linked syndrome (IPEX), with autoimmune manifestations [233]. 

Similarly, Scurfy mice, which carry a nonsense mutation in FoxP3, present severe autoimmune 

reactions resulting in short survival rates [234]. The stromal interaction molecule 1 (STIM1) is also 

necessary for Treg’s differentiation and function, as mice lacking this molecule show increased 

mortality during chronic M. tuberculosis infection [235]. 

T cell anergy is an alternative mechanism of peripheral T cell tolerance. Anergy is an 

immunological state of unresponsiveness, where CD4+ T cells lose the ability to proliferate in response 

to their cognate antigen [236]. Classically, T cell anergy is defined as the result of the engagement of 

the TCR in the absence of co-stimulation; however, studies have suggested that other factors can lead 

to anergy, including cytokine signaling and inhibitory co-receptors [237–239]. A recent study has also 

demonstrated that, besides preventing autoimmunity, anergy induction generates precursors for 

peripheral Treg differentiation [236]. 

Peripheral deletion of self-reactive T cells also occurs, but to a lesser extent than that which 

occurs in the thymus. Lymph node stromal cells, along with APCs, express TRAs that can mediate the 

deletion of self-reactive naive T cells [240]. This can be achieved by the lack of co-stimulatory signals or 

by the substitution of co-stimulatory signals by the expression of the inhibitory factor programmed 

death-ligand 1 (PD-L1) [225]. Besides lymph node stromal cells and APCs, an extrathymic AIRE-

expressing thymic epithelial cell population has been recently described [206,241,242]. Studies have 

indicated that these cells induce tolerance in a similar way than thymic AIRE+ mTECs do, though 

exhibiting a distinct profile of the expressed TRAs [241,242]. 
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Infection of the thymus 

The thymus was once considered an immune privileged organ sheltered from both pathogens 

and immune responses, a claim tightly associated with the concept of the blood-thymus barrier, which 

was considered to be responsible for an antigen-free thymic environment [243]. Nowadays, it is known 

that this organ is both a target of infection by a variety of viruses, fungi, parasites and bacteria [244]. It 

is also known that the thymus is a site where immune responses can take place [245–248]. Two 

possible scenarios may explain how microorganisms reach the thymus and cause infection: either 

pathogens are able to enter the thymus freely migrating throughout the blood stream, or within infected 

cells as in a “Trojan Horse” model [244]. 

Infection-induced thymic atrophy and other reactions upon thymic infection 

Several microorganisms are able to infect the thymus, which reacts differently according to the 

type, virulence, severity of the infection and the pathogen’s ability to persist within the organ. A 

summary of the organisms and consequences of infection is displayed in Table 1, adapted from Nunes-

Alves et al., 2013 [244]. One of the most widely described consequences of thymic infection is the 

premature thymic atrophy [249–251]. Several virus that infect the thymus, such as HIV [252], highly 

pathogenic influenza virus (HPAIV) [253], murine leukemia virus (MLV) [254], human cytomegalovirus 

(CMV) [255] and measles virus [256] cause premature thymic atrophy. Parasites like Trypanosoma 

cruzi [251], Plasmodium berghei [257] and Toxoplasma gondii [258] lead to thymic atrophy. Bacteria 

such as Francisella tularensis [259] and Salmonella enterica [260] have also been shown to infect the 

thymus also causing infection-induced thymic atrophy. 

Mycobacteria can also infect the thymus in both humans and murine models [261]. Mouse 

infection with the intermediate virulent M. avium strain 2447 generates a chronic infection within the 

thymus [261] and such bacteria can be found in the medulla and CMJ [262]. M. tuberculosis can also 

generate a persistent chronic infection within the thymus of mice [245,246,261]. Interestingly, it has 

been shown that following M. tuberculosis, M. avium and BCG infection the bacterial load keeps 

increasing within the thymus even when it has stabilized, or even decreased in the case of BCG, in 

other organs [261]. Highly virulent strains of M. avium have been associated with thymic atrophy [263], 

while strains with intermediate virulence have been associated with chronic persistent infections with no 

organ atrophy [261]. 
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Premature thymic atrophy caused by infectious agents may reflect distinct events: decreased 

number of precursor cells that enter the thymus, decreased thymocyte proliferation, increased 

thymocyte death and/or increased exit of premature thymocytes to peripheral lymphoid tissues. DP 

thymocytes are the most affected population following thymic infection, mainly due to their sensitivity to 

increased glucocorticoid levels that tend to rise shortly after pathogen colonization of the host [264]. In 

some cases, atrophy can be prevented in mice that have undergone adrenalectomy prior to infection 

[265]. 

While some pathogens seem to cause thymic atrophy through a direct mechanism associated 

with infection of the organ, others cause premature thymic atrophy via more indirect mechanisms. For 

example, glucocorticoids have been shown to pair with TNF during F. tularensis [259] and T. cruzi 

infection [266], or with IFNγ during S. enterica infection [267], and IFNγ plus iNOS during infection with 

a highly virulent strain 25291 of M. avium [263]. In fact, several highly virulent strains of pathogens 

have been associated with thymic atrophy, suggesting that the presence of specific virulence factors 

can affect thymocyte survival [253,256,259,263,268,269]. Several molecules have already been 

identified and confirmed, since their direct administration [270–273] or pharmacological blockage 

[57,274,275] can, respectively, induce or prevent DP apoptosis. However, other thymic populations 

can be affected, depending on the invading pathogen. Infection by the MLV has been shown to affect 

DN cells [254]; HPAIV, thymic DCs [253]; HIV, stromal subsets [252,276,277] and CD4SP cells, which 

can lead to a reduction in T cell export [278]. 

Besides thymic atrophy, infection of the thymus may result in alterations of the thymic structure 

and microenvironment and decreased T cell differentiation or even premature T cell export. Parasites 

such as P. berghei [279] and T. cruzi [280] for instance, have been shown to alter the extracellular 

matrix of the thymus increasing deposits of fibronectin and laminin. MLV [281], cytomegalovirus (CMV) 

[255] and HIV [252] have been shown to infect TECs and lead to their degeneration. Also, measles 

virus [282], mouse hepatitis virus (MHV) [283] and type-B coxsackie virus [284] have been shown to 

induce death or alter TEC function in vitro. While type-B coxsackie virus is known to increase, among 

others, IL6 production [284], P. berghei and T. cruzi have been shown to increase the level of 

chemokines like CCL4 and CXCL12, thus affecting normal T cell differentiation. In fact, these alterations 

lead to faster thymocyte migration, incomplete TCR selection and export of immature T cells to the 

periphery. As a consequence, after T. cruzi or P. berghei infection, both DN and DP cells can be 

detected in the periphery [279,285]. 
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Table 1: Pathogens which target the thymus and respective consequences of infection (adapted from Nunes-

Alves et al, [244]). 

 Pathogen Consequences of infection Refs 

Virus 

HIV Atrophy 
[252,276,
278] 

Simian immunodeficiency 
virus (SIV) 

Atrophy (strain dependent) [269] 

Influenza virus 
Atrophy (strain dependent); immune response 
in the thymus 

[248] 

Lymphocytic choriomeningitis 
virus (LCMV) 

Atrophy; immune response in the thymus; 
pathogen-specific immune tolerance 

[247,286,
287] 

Murine leukemia virus (MLV) Atrophy; pathogen-specific immune tolerance [254,281] 

Mouse hepatitis virus Atrophy [283] 
Human cytomegalovirus (CMV) Atrophy [255] 
Measles virus Atrophy (strain dependent); TEC apoptosis [256,282] 
Coxsackievirus Modulation of TEC function [284] 
Epstein–Barr virus (EBV) N/A [288] 

Junin virus N/A [289] 

Poliovirus N/A [289] 

Bacteria 

Mycobacterium avium 
Atrophy (strain dependent); immune response 
in the thymus; pathogen-specific immune 
tolerance 

[245,261–
263] 

Mycobacterium tuberculosis Immune response in the thymus 
[245,246,
261] 

Francisella tularensis Atrophy (strain dependent) [290] 

Salmonella enterica Atrophy [291] 

Fungi 
Paracoccidioides brasiliensis Atrophy [292] 
Cryptococcus neoformans Alterations in thymic architecture [289] 

Parasites 

Trypanosoma cruzi 
Atrophy (strain dependent); release of 
DP/DN/autoreactive T cells; alterations in 
extracellular matrix 

[266,280] 

Plasmodium berghei 
Atrophy (strain dependent); release of DP/DN 
cells; alterations in extracellular matrix 

[257,279] 

Toxoplasma gondii Atrophy [258] 

DN, double negative; DP, double positive; N/A, not applicable; TEC, thymic epithelial cell 
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Immune response within the thymus 

Similarly to what happens in other tissues, such as the spleen and the lung, pathogen-specific 

T cells have been found in the thymus following infection. CD8+ and CD4+ T cells that recognize 

mycobacterial antigens are elicited following M. tuberculosis and M. avium infection, both in humans 

and in animal models [293,294]. The initiation of the pathogen-specific T cell response in the thymus is 

coincident with the stabilization of the bacterial load; while in the primary infected organs, such as the 

lung and spleen, the expression of IFNγ peaks at early time points after infection, in the thymus the 

expression of IFNγ is delayed. Importantly, it was found that the number of mycobacterial-specific T 

cells is lower in the thymus than that found in the lung or spleen, and that no granuloma-like lesions 

were found in the thymus, which suggests that thymic response to mycobacterial infections is distinct to 

that observed in the spleen or the lung. Possibly, the need to avoid a massive pro-inflammatory state, 

which would disrupt the normal functioning of the thymus, might explain this attenuated thymic 

response [245]. 

Our laboratory has shown that mycobacterial-specific T cells found in the thymus are mature, 

recirculating T cells, primed in the periphery, which home back to the thymus. Migration of these T cells 

is mediated by a chemokine gradient, specifically, CXCR3+ mycobacterial-specific T cells (i.e. CD4+ T 

cells that bind Ag85-loaded tetramers and CD8+ T cells that bind TB10.4-loaded tetramers) are enriched 

in the infected thymus, which bind to the chemokines CXCL9 and CXCL10, whose expression is 

increased in infected thymi [245]. Importantly, even though newly-generated T cells isolated from 

infected thymi provide limited protection against M. avium infection, it has been shown that 

recirculating T cells efficiently confer protection [245]. Thus, antigen-specific T cells that circulate back 

to the thymus are of special importance in the clearance of pathogenic microorganisms within this 

organ [295]. 

Infection-induced T cell tolerance 

Since the thymus is the site for T cell differentiation and this process is highly dependent on the 

available peptides presented to T cells, the presence of antigens from invading microorganisms is 

expected to lead to alterations on the repertoire of the generated T cells. The observation of infected 

APCs within the thymus, especially during persistent chronic infections, further strengthens this 

hypothesis. Neonatal MLV infection [291], murine neonatal retroviral infections [296] and congenitally 

acquired LCMV [297] have been suggested to induce T cell tolerance to these pathogens. Interestingly, 
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in this last example, thymic infection leads to a defect in LCMV-specific T cell immunity, which can be 

regained by transferring CD8+ T cells from primed donors, leading to the elimination of the virus from 

the thymus [298]. This observation suggests that a continuous presence of viral antigens is necessary 

to induce tolerance. Additionally, hepatitis B virus (HBV) has been shown to induce central tolerance in 

infants [299]. Although not yet studied thoroughly, it is hypothesized that since HBV infects TECs, 

tolerance is achieved by the presentation of viral antigens to T cells undergoing differentiation 

[283,291].  

Studies performed in our laboratory showed that M. avium-induced T cell tolerance occurs as a 

consequence of M. avium thymic infection [262]. Following infection with the intermediate virulent M. 

avium strain 2447, despite the presence of mycobacteria-infected cells within the thymus, no thymic 

atrophy, or major alterations in the proportion of the main thymocyte populations and export of T cells 

are observed. Importantly the infected thymus is able to generate new T cells, which maintain the ability 

to colonize the periphery. However, the newly generated T cells present an impaired response towards 

M. avium antigens when compared with T cells arising from non-infected thymi. This suggests that a 

pathogen-specific T cell tolerance mechanism is induced after thymic infection [262]. The inability to 

mount an effective immune response is specific to M. avium as cells are able to respond to ovalbumin 

upon immunization.  

Although infection-induced T cell tolerance upon thymic infection with M. avium has been 

clearly shown, the mechanism(s) underlying this process is (are) far from being understood and it is 

one of the main focuses of this thesis. 
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1.4. AIMS OF THE THESIS 

 With the high worldwide prevalence of M. tuberculosis, as well as the demystification that NTM 

are only relevant in immunocompromised individuals, infections with mycobacteria still represents a 

valid and otherwise extremely important topic of study nowadays. 

 The role of CD4+ T cells in the immune response against these pathogens is by far one of the 

most cemented facts in this field of study. Nevertheless, it is still unclear what constitutes a protective 

response against mycobacteria. Unveiling these issues would be of extreme importance especially for 

the development of a new vaccine, allowing the substitution of the outdated current BCG vaccination. 

 The observation that mycobacteria infect the thymus, the organ responsible for T cell 

differentiation, and generate, in the case of M. avium, a pathogen-specific T cell tolerance, further 

arguments the need to continue the study around these bacteria. Understanding how these pathogens 

trick the immune system would also help in developing more adequate treatments. 

 Taking this into account, the current objectives of this thesis were to: 

1. Elucidate the role of an antigen-specific TCR repertoire in the immune activation and bacterial 

control in mouse models of M. avium infection. 

2. Understand the mechanisms involved in infection-induced T cell tolerance after colonization of 

the thymus by M. avium. 
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ABSTRACT 

During mouse systemic infections by Mycobacterium avium, bacteria colonize the thymus, the 

central organ for T cell differentiation, rendering new T cells tolerant to the invading pathogen. 

Tolerance is pathogen-specific, since a diminished T cell response is visible towards mycobacterial 

peptides, such as antigen 85 (Ag85), but not towards non-related antigens such as ovalbumin (OVA). 

The mechanism(s) responsible for this tolerance is (are) still unknown. To tackle this issue, we used 

P25 TCR-transgenic mice, whose vast T cell majority expresses an Ag85-specific TCR. Upon M. avium 

infection, no major alterations were observed in the thymus of P25 mice. Additionally, when recent 

thymic emigrants (RTEs) from infected or non-infected P25 mice were sorted and transferred into 

infected TCRαKO mice, no differences on the protective ability was observed, as opposed to WT 

infected mice whose RTE confer weaker protection than the ones from uninfected mice. At this point, it 

was hypothesized that very little Ag85 was being presented in proportion to the vast amount of 

thymocytes harboring TCRs specific for Ag85. In fact, direct administration of large amounts of Ag85 

into the thymi of P25 mice decreases the number of circulating CD4+ RTEs, in comparison to P25 mice 

receiving an irrelevant peptide (OVA). By using bone-marrow (BM) chimeras, we created different 

scenarios where lineage depleted BM cells from P25 mice composed 50, 10 or 1% of the total 

repertoire and were transferred into 3-day infected RagKO mice. A decrease in the number of RTEs was 

only observed in infected BM chimeras with 1% of P25 precursors. In addition, when these RTEs were 

re-transferred into infected TCRαKO mice, a decreased protection was observed. Altogether, these 

observations indicate that infection of the thymus by M. avium leads not only to a reduction in the 

export of mycobacteria specific T cells, suggestive of intrathymic clonal deletion, but also that T cells 

that escape this process have impaired ability to confer protection against M. avium infection. However, 

these observations take place in a process highly dependent on the ratio of cognate antigen towards 

specific thymocytes. 
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INTRODUCTION 

Recognition of the vast array of available antigens during infection has been a major 

evolutionary step developed by the immune system, facilitating pathogen clearance. Expression of the 

somatically diversified receptors, on both B and T cells, is one of the most relevant features of the 

adaptive immune system. T cell receptors (TCRs), expressed on T cells, play a major role in this 

recognition. 

T cells differentiate within the thymus from precursor cells continuously seeded from the bone 

marrow (BM). T cell differentiation can be followed through expression patterns of several markers 

such as CD4 and CD8; the most undifferentiated thymocytes are double negative (DN; CD4-CD8-), 

progressing into an intermediate double positive (DP; CD4+CD8+) stage, before maturing into one of two 

single positive (SP) phenotypes, CD4SP (CD4+CD8-) or CD8SP (CD4-CD8+) [1]. The αβT cells are the 

most representative T cell subset, and express the TCR heterodimer composed by an α and a β chain. 

During the DN stage thymocytes start expressing the βTCR chain; at the late DN stage, the βTCR chain 

associates to the pre-αTCR chain, which later will give rise to the expression of the full αβTCR on the T 

cell’s surface. In order to achieve the diversity required to recognize different peptide-MHC (pMHC) 

complexes, each TCR chain loci must undergo somatic rearrangement [2]. This process also allows the 

assembly of TCR gene segments that recognize self-peptides in the context of p-MHC molecules. 

Tolerance mechanisms are in place to minimize the differentiation of T cells that would be activated 

upon encountering self-pMHC (central tolerance in the thymus) and to limit their potential harmful 

actions in the periphery (peripheral tolerance). Within the thymus, high affinity/avidity interactions of 

the TCR with self-pMHC leads to clonal deletion of those T cells or to the generation to regulatory T 

cells (Tregs). By this way, T cells exported to the periphery express an extremely diverse repertoire of 

TCRs which is, for the vast majority, self-restricted and self-tolerant [3–5]. Potentially auto-reactive T 

cells that are able to escape to the periphery, are mostly controlled by peripheral tolerance 

mechanisms, dependent on the action of Tregs and other mechanisms [6]. 

Tregs play a major role in peripheral tolerance regulating and limiting the activity of other 

immune cells. They express the forkhead box P3 (Foxp3) transcription factor, which has been directly 

associated with Treg’s suppressive activity [7]. Tregs cells secrete anti-inflammatory cytokines such as 

interleukin (IL) 10 and transforming growth factor beta (TGFβ) [8], thus influencing conventional T cells 

indirectly, by affecting antigen presentation, or directly inhibiting secondary signals associated with the 
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TCR signaling [9]. Tregs can also induce T cell anergy, an immunological state of hyporesponsiveness, 

generally occurring following antigen presentation [10]. 

Thymic structure and microenvironment are key factors for T cell differentiation; disruption of 

its homeostasis may lead to altered T cell differentiation. In fact, infections of the thymus by 

Trypanosoma cruzi or by Plasmodium berghei are responsible for alterations in the thymic extracellular 

matrix and release of DN and DP thymocytes to the periphery [11,12]. Our group has observed in 

mouse models of systemic chronic Mycobacterium avium infection that the thymus becomes colonized 

with this bacteria [13], giving rise to newly generated T cells unresponsive to M. avium peptides, but 

not ovalbumin (OVA), upon immunization [14]. These T cells present an impaired ability in conferring 

protection against a subsequent M. avium infection. These results show that upon infection the thymus 

generates a T cell repertoire tolerant specifically to M. avium [14]. 

We aimed here to investigate the mechanism(s) underlying the generation of M. avium-tolerant 

T cells. By using P25 mice, TCR transgenic mice where ≈85% of the peripheral T cells express a TCR 

specific for the mycobacterial antigen 85 (Ag85) [15,16]. We generated BM chimeras with different 

proportions of wild-type (WT) and P25 BM cells, observing that the proportion of Ag85 to antigen-

specific T cells plays a major role in infection-induced tolerance. 
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MATERIAL AND METHODS 

Mice 

Breeding couples of CD45.1 mice (B6.SJL-PtprcaPepcb/BoyJ) [17] and TCRαKO mice (B6.129S2-

Tcratm1Mom/J) [18] were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and RagKO 

[B6(Cg)-RAG2tm1.1Cgn/J] [19] couples from Instituto Gulbenkien da Ciência (Oeiras, Portugal). Breeding 

pairs of P25 [C57BL/6-Tg(H2-Kb-Tcra,-Tcrb)P25Ktk/J] [15] and RAG-GFP (NG-BAC)7 mice were kindly 

provided by Dr. Anne O’Garra (The Francis Crick Institute, London, UK) and by Dr. António Bandeira 

(Pasteur Institute, Paris, France), respectively. P25/RAG-GFP mice were generated by crossing P25 

and RAG-GFP mice; progeny’s phenotype was confirmed in the blood by flow cytometry. All animals 

were bred at the local animal facility and housed in a biosafety level 2 facility under conventional 

conditions with irradiated food and sterile tap water ad libitum, bedding and environmental enrichment. 

Mice were 8 to 12 weeks old at the start of the experiments, which were performed in accordance with 

the EU Directive 2010/63/EU and the Portuguese legislation Decree-law 113/2013, approved by the 

local Animal Ethics Committee and all personnel involved in the procedures were approved as 

competent for animal experimentation by the national competent authority for animal protection 

(Direção Geral de Alimentação e Veterinária, DGAV). All experiments were performed using age- and 

sex-matched mice. 

Experimental infection and bacterial quantification 

Intermediate virulent M. avium strain 2447 (provided by Dr. Françoise Portaels, Institute of Tropical 

Medicine, Antwerp, Belgium) infection was performed intravenously (i.v.) through the lateral tail vein, 

delivering 106 colony forming units (CFU) per mouse, in a 200 µL volume of sterile saline with 0.05% 

Tween80. At selected time-points post-infection, mice were euthanized by carbon dioxide inhalation; 

organs were aseptically removed and individually homogenized in sterile water with 0.05% Tween80. 

Ten-fold serial dilutions of organ homogenates were plated onto OADC-supplemented Middlebrook 

7H10 agar plates (Becton Dickinson, NJ, USA), and incubated at 37 ºC for 7 days before bacterial load 

determination. 

Intrathymic administration 

P25/RAG-GFP mice were anesthetized by an intraperitoneal (i.p.) injection of a 100 µl mixture of 

ketamine (75 mg/kg) and medetomidina (1 mg/kg). Five µg of M. avium Ag85 (aa240-254; 
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FQDAYNGAGGHNAVF) or OVA (aa323-339; ISQAVHAAHAEINEAGR; both from Metabion, Germany), in 

10 µL final volume of PBS, were injected in each thymic lobe using a 30G syringe based on anatomical 

cues and following previously published guidelines [21]. Anaesthesia was reverted by an intramuscular 

injection of 50 µl of atipamezol (1 mg/kg). 

Single-cell suspension preparation and staining for flow cytometry 

Thymus and spleen single-cell suspensions were prepared by gentle disruption of the organs between 

two notched slide glasses. Spleen erythrocytes were lysed using ACK lysing solution (155 mM NH4Cl, 

10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.2). After washing, cells were resuspended in supplemented 

RPMI 1640 (10% heat-inactivated fetal bovine serum, 10 mM HEPES, 1 mM sodium pyruvate, 2 mM L-

glutamine, 50 mg/mL streptomycin and 50 U/mL penicillin, all from Merck, NJ, USA) and enumerated 

using a hemocytometer and 4% trypan blue. Cell surface staining was performed using specific 

antibody combinations for mouse CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD24 (M1/69), CD25 

(PC61), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD73 (TY/11.8), FR4 (eBio12A5), and Vβ11 

(KT11; all purchased from BioLegend, CA, USA). Staining was performed on ice for 20 min using FACS 

buffer (PBS with 0.3% BSA, 0.01% sodium azide and 2 mM Na2EDTA). Foxp3 (FJK-16s, eBioscience) 

intracellular staining was performed after fixation and permeabilization using the Foxp3 staining set 

(eBioscience) according to the manufacturers’ instructions. Cells were acquired on a 12-color LSRII 

flow cytometer using FACSDiva software (Becton Dickinson, Franklin Lakes, NJ); data analysis was 

performed using FlowJo software (Tree Star, Ashland, OR). 

Adoptive transfer and bone marrow chimeras 

Single-cell suspensions of a pool of spleens from non-infected or 20 weeks post-infection (wpi) 

P25/RAG-GFP were prepared, as described previously. Prior to cell sorting, CD4+ T cells were enriched 

using the CD4+ T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and an autoMACS 

Pro Separator (Miltenyi Biotec). After enrichment, cells were counted, stained with antibodies for CD3, 

CD4, CD8, and Vβ11, and 7AAD for exclusion of dead cells, and splenic 7AAD-GFP+CD3+CD4+CD8-

Vβ11+ cells were sorted using a FACSAria cell sorter (Becton Dickinson). A total of 4×105 cells were 

transferred i.v. into each TCRαKO mouse. 

Bone marrow cells from CD45.1 and P25 (CD45.2+) mice were aseptically flushed from femurs using a 

25 G needle and syringe, loaded with ice-cold supplemented RPMI. Erythrocytes were lysed with the 
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ACK lysing solution and cells counted. BM’s mature hematopoietic cells were depleted using the 

Lineage Depletion Kit (Miltenyi Biotec) and an autoMACS Pro Separator. A total of 1.2 to 1.4×106 

precursor BM cells, from a mixture of CD45.1 and P25 cells (at ratios of 50/50%, 90/10% or 99/1%), 

were transferred i.v. into each RagKO mouse. To improve BM cells engraftment, receptor mice received 

an i.p. administration of 0,6 mg of busulfan (Sigma-Aldrich, Germany) 24 h before BM transfer. 

Statistical analysis 

Prism software (GraphPad v.6) was used for all the statistical analysis. Shapiro-Wilk normality test was 

applied to assess the normal distribution of the data. As all the data followed a normal distribution, 

parametric tests were performed: Student t-test to compare two groups; one-way analysis of variance 

(ANOVA) test, followed by Bonferroni post-hoc tests, to compare three or more groups; two-way ANOVA 

repeated measures, followed by	 Sidak’s multiple comparisons test, to evaluate a variable measured 

repeatedly throughout time of infection in each of mouse; and two-way ANOVA, followed by Bonferroni 

post-hoc tests, to address the strain and time of infection contribution on the evaluated variables. 

Differences were considered statistically significant for a p-value < 0.05 and represented as * for 0.05 

> p > 0.005, ** for 0.005 ≥ p > 0.001 and *** for p ≤ 0.001. On the depicted graphs, bars or symbols 

represent the average of the group and the error bars the standard error of the mean. 
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RESULTS 

Intrathymic administration of Ag85 leads to a decreased export of P25 transgenic CD4+ T 

cells 

Analyzing exclusively T cells specific for a particular antigen in WT animals is challenging due 

to the extremely low frequency among the tremendously diverse TCR repertoire [22]. To circumvent 

this difficulty we used a mouse model enriched for mycobacterial Ag85-specific T cells, the P25 mice 

[15]. These mice were used in a RAG sufficient background, where transgenic T cells harboring the 

Vα5+Vβ11+ TCR constitute ≈85% of all CD4+ T cells; the remaining ≈15% express a diverse TCR 

repertoire [15,16]. Due to the lack of available antibodies directed to the mouse Vα5 chain, and 

because the proportion of non-transgenic Vβ11+ CD4+ T cells is very scarce in P25 mice [16], 

throughout this work we have identified the P25 transgenic T cells as CD3+CD4+Vβ11+. 

To investigate to what extent thymic differentiation of P25 transgenic T cells is altered by the 

presence of the cognate peptide Ag85 (aa240-254), intrathymic administration of this peptide was 

performed; control mice received the same amount of OVA (aa323-339), a mycobacteria unrelated 

peptide. To evaluate thymic export in the blood, P25 mice were crossed with RAG-GFP mice, which 

express the green fluorescent protein (GFP) under the control of the RAG2 promotor [20], to generate 

P25/RAG-GFP mice. Even though RAG expression is downregulated upon TCR rearrangement, T cells 

maintain a detectable GFP protein for 2-3 weeks after being exported to the periphery, enabling the 

identification of recent thymic emigrants (RTEs). This approach was used to measure thymic export 

[20]. Upon intrathymic Ag85 administration, a lower number of CD4+ RTEs is observed but no 

significant alterations are seen in the total number of blood CD4+ T cells (Fig 1A and 1B). Additionally, 

mice receiving Ag85 present a lower number of CD4+Vβ11+ RTEs compared to mice that received OVA 

(Fig 1C). Importantly, Ag85 administration does not induce alterations on the numbers of: CD4+ non-

RTEs (Fig S1A); CD4+Vβ11- RTEs (Fig S1B); total CD8+ T cells (Fig S1D); or CD8+ RTEs (Fig S1D), 

indicating that Ag85 in the thymus affects, specifically, P25 transgenic CD4+ T cells undergoing 

differentiation. 
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Figure 1: Intrathymic Ag85 administration reduces P25 transgenic CD4+ T cells export. P25/RAG-GFP mice 

received an intrathymic administration of 10 µg of Ag85 (white) or OVA (black) peptide. Mice were sacrificed 5 days post-

intrathymic injection and their blood analyzed. A) Total number of blood CD4+ T cells. B) Total number of blood recent 

thymic emigrants (RTEs) measured as GFP+. C) Total number of blood CD4+Vβ11+ RTEs. Each bar represents the 

mean+SEM of 4-7 mice per group. Groups were compared using a Student t-test. One out of two independent experiments 

is represented. 

 

Percentages of the main thymic populations are preserved in P25 mice upon infection 

with Mycobacterium avium 

Intrathymic administration of Ag85 is a useful approach for a proof of concept, but does not 

mimic an in vivo infection, where Ag85 availability is expected to be lower and, potentially, presented 

differently to differentiating T cells. Taking this into account, we next analyzed T cell differentiation in 

the thymus of P25 mice upon infection. Results show that throughout the first 20 weeks of infection, 

P25/RAG-GFP mice do not present significant differences regarding the number of blood CD4+Vβ11+ 

RTEs, when compared with non-infected mice (Fig 2A). Additionally, no differences are observed 

regarding total thymocyte numbers (Fig 2B) or percentages of the four main thymic populations, 

according to the expression of CD3, CD4 and CD8 (Fig 2C-G).  



	 78 

 

Figure 2: Upon Mycobacterium avium infection, thymic export of transgenic T cells is maintained in P25 

mice. A) Enumeration of CD4+Vβ11+ recent thymic emigrants (RTEs) in the blood of non-infected (NInf, white) and infected 

(Inf, red) P25/RAG-GFP mice. The combination of two independent experiments is depicted; each symbol represents the 

mean±SEM of 10-12 mice per group. Groups were compared using a two-way ANOVA repeated measures, followed by 

Sidak’s multiple comparisons test. B) Enumeration of total thymocyte numbers in non-infected and infected P25 mice. C) 

Representative CD4 vs. CD8 dot plots of thymocytes from non-infected (left) and 16-weeks infected (wpi, right) P25 mice. 

Percentage of the main thymic subpopulations: D) double negative (DN, CD3-CD4-CD8-); E) double positive (DP, 

CD3lowCD4+CD8+); F) CD4 single positive (CD4SP, CD3+CD4+CD8-) and; G) CD8 single positive (CD8SP, CD3+CD4-CD8+). B-G) 

The combination of six independent experiments is depicted; each bar represents the mean+SEM of 13-27 mice per group. 

Non-infected and infected mice, at each time-point, were compared independently using Student t-tests.  
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Interestingly, M. avium infection leads to a slight decrease in the percentage of thymic Tregs 

among Vβ11+ CD4SP thymocytes at 20 wpi; an observation not seen in Vβ11- CD4SP thymocytes (Fig 

3A). These same alterations are observed for peripheral CD4+ T cells in the spleen (Fig 3B) although a 

slight but non-significant increase is observed in splenic Vβ11- CD4+ T cells.  

 

 

Figure 3: Thymic infection does not increase the percentage of regulatory T cells. A) Percentage of thymic and 

B) splenic regulatory T cells (Tregs, CD25+Foxp3+) among Vβ11+ (left) and Vβ11- (right) CD4SP thymocytes, in non-infected 

(NInf, white) and infected (Inf, red) P25 mice. The combination of two independent experiments is represented; each bar 

represents the mean+SEM of 10-12 mice per group. Non-infected and infected mice, at each time-point, were compared 

independently using Student t-tests. wpi, weeks post-infection. 
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Thymic colonization with Mycobacterium avium leads to infection-induced tolerance in 

wild type but not in P25 mice 

To investigate if infection-induced tolerance occurs in P25 mice, as previously shown for WT 

animals [14], splenic P25 transgenic CD4+ RTEs (i.e. GFP+CD4+CD3+CD8-Vβ11+ cells) were sorted from 

non-infected and 20 wpi P25/RAG-GFP mice, and transferred into one day infected TCRαKO hosts. As 

a control the same experimental layout was preformed by transferring CD4+ RTEs from WT RAG-GFP 

mice (GFP+CD4+CD3+CD8-; referred to as WT/RAG-GFP; Fig 4A). Regarding mice receiving WT RTEs 

from infected vs. non-infected mice, no differences are observed on the number of spleen CD4+ T cells 

(Fig. 4B); in agreement with previous results [14], mice receiving T cells from infected donors present 

higher bacterial burden within the spleen (Fig 4C). When using this same approach with RTEs from 

P25 mice, we observe also similar splenic CD4+ T cell numbers (Fig 4D) but no differences on the 

protection levels conferred by T cells from non-infected or infected P25 donors (Fig 4E-F). These results 

indicate that thymic infection alters T cell selection/differentiation in mice with a diverse TCR 

repertoire, but not in P25 mice. 
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Figure 4: Recent thymic emigrants from infected WT, but not from P25 mice, confer less protection to 

infection than the ones from non-infected mice. A) Recent thymic emigrants (RTEs; GFP+) CD4+ T cells were sorted 

from the spleen of non-infected (NInf, orange) or from 20 week-infected (Inf, red) WT/RAG-GFP or P25/RAG-GFP (Vβ11+) 

donor mice. Cells were transferred into one day infected (1dpi) TCRαKO mice. As control, non-transferred TCRαKO mice 

were used (Non-trans; white). B) Enumeration of CD4+ T cells, and C) colony forming units (CFUs) quantification in the 

spleen of receptor mice, 6 weeks after T cell transfer from WT/RAG-GFP donors. Groups were compared using a one-way 

ANOVA followed by Bonferroni post-hoc test. A single experiment is represented. Each bar represents the mean+SEM of 2-4 

mice per group. D) Enumeration of CD4+ T cells and CFUs in the spleen (E) and liver (F) of receptor mice, 6 weeks after T 

cell transfer from P25/RAG-GFP donors. Groups were compared using a one-way ANOVA followed by Bonferroni post-hoc 

test. The combination of three independent experiments is represented; each bar represents the mean+SEM of 4-12 mice 

per group. G) Bacterial load quantification in the thymus of WT (blue) and P25 (red) mice. Groups were compared using a 

two-way ANOVA followed by Sidak’s multiple comparisons test. The combination of two independent experiments is 

represented; each symbol represents the mean±SEM of 5-14 mice per group.  
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Infection-induced tolerance is dependent on the ratio of cognate antigen to specific T 

cells 

Thymic bacterial burden progresses similarly between P25 and WT mice up to 8 wpi; however 

P25 mice have significantly lower thymic bacterial burden between 12 and 16 wpi (Fig 4G). This 

observation, together with the fact that the proportion of thymic Ag85-specific CD4+ T cells is much 

higher in P25 than in WT mice [16], led us to hypothesize that the lack of infection-induced tolerance in 

P25 mice could be due to an high proportion of specific T cells per cognate antigen. To investigate this 

hypothesis we created chimeras that received a mixture of WT/P25 lineage depleted BM cells of either 

90/10% or 99/1% (Fig 5A). The BM mixtures were transferred into 12 wpi or 3 dpi RagKO receptors, 

allowing their differentiation within thymi with high or low bacterial load, respectively. Six weeks after 

transfer, a lower bacterial load in thymi of 3 dpi mice as compared to 12 wpi for both BM ratios is 

observed, as expected (Fig 5B, C). Regarding thymic export, results show no differences on the 

frequency of Vβ11+ cells among CD4+ RTEs in chimeras receiving a 90/10% mixture of BM (Fig 5D). 

Interestingly, the 99/1% mixture that differentiated within highly infected thymi (i.e. 12 wpi chimeras) 

present lower percentages of Vβ11+ cells among CD4+ RTEs when compared with the same mixture 

that differentiated within thymi with a lower bacterial burden (i.e. 3 wpi chimeras; Fig 5E). 
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Figure 5: Decrease export of transgenic P25 CD4+ T cells is observed only in chimeras receiving the 99/1% 

ratio of BM cell precursors. A) 3 day post-infection (dpi; white) or 12 week post-infection (wpi; black) busulfan-treated 

RagKO mice received either a 90/10% or a 99/1% bone marrow (BM) cell precursors mixture from WT/RAG-GFP (CD45.1+) 

and P25/RAG-GFP (CD45.2+), respectively. 6 weeks after BM transfer, thymus and spleen were collected for bacterial load 

quantification and FACS analysis. Colony forming units (CFUs) quantification of the chimeric mice receiving the 90/10% (B) 

or the 99/1% (C) BM cell precursors mixture. Percentages of Vβ11+ cells among CD4+ recent thymic emigrants (RTEs; GFP+) 

of 90/10% (D) or 99/1% (E) BM chimeras. Each bar represents the mean+SEM of 4-6 (B, D) or 5-9 (C, E) mice per group. 

One out of three independent experiments is represented. Groups were compared using a one-way ANOVA followed by 

Bonferroni post-hoc test.  
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To evaluate the protective ability of T cells differentiated within a low vs. highly infected thymi 

using the 99/1% BM chimeras, without the confounding factor of extremely different bacterial loads in 

the periphery, peripheral CD4+ T cells from these chimeras were purified (by negative selection of CD4+ 

T cells using magnetic beads) and transferred into 1 dpi TCRαKO mice (Fig 6A). Results show similar 

Vβ11+ CD4+ T cell reconstitution between both transferred groups (Fig 6B). TCRαKO mice receiving 

CD4+ T cells from 3 dpi chimeras have significantly higher percentage of IL2-producing cells among the 

Vβ11+CD4+ T cell population, than their 12 wpi peers (Fig 6C); of notice, a trend is also visible for IFNγ-

producing cells (p = 0.0581). Regarding protection towards infection, TCRαKO mice receiving CD4+ T 

cells from 3 dpi chimeras have significantly lower bacterial loads in the spleen (Fig. 6D) and liver (Fig 

6E) than their 12 wpi peers. Altogether these results indicate that thymic export of transgenic P25 T 

cells is decreased after differentiation within a highly infected thymus and that these exported T cells 

have also lower ability in conferring protection. 
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Figure 6: Mycobacteria-specific T cell enriched bone marrow chimeras present lower cytokine production 

and protection capacity. A) 3 day post-infection (dpi; white) and 12 week post-infection (wpi; black) busulfan-treated 

RagKO mice received a 99/1% bone marrow (BM) mixture from WT (CD45.1+) and P25 (CD45.2+), respectively. 6 weeks 

after BM transfer, spleen CD4+ T cells were purified, by magnetic separation, and transferred into 1dpi TCRαKO mice, 

euthanized 6 weeks later. Non-transferred TCRαKO mice (beige) were used as controls. B) Enumeration of Vβ11+ CD4+ T 

cells. C) Percentage of cytokine-producing cells among CD4+ T cells of P25 origin (Vβ11+CD45.2+). Spleen (D) and liver (E) 

bacterial burden. Groups were compared using a Student t-test (C) or using a one-way ANOVA followed by Bonferroni post-

hoc test (B, D, E). Each bar represents the mean+SEM of 5-9 mice per group. One out of three independent experiments is 

represented. CFUs, colony forming units.  
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DISCUSSION 

In the thymus, presentation of peptides plays a crucial role in determining if each T cell fully 

differentiates or is directed towards negative selection [4]. We have previously observed that T cells 

whose differentiation occurred within M. avium-infected thymi have a tolerant phenotype towards these 

bacteria [14]. We show here that the ratio between antigen-specific T cells and their cognate antigen 

plays an essential role in infection-induced tolerance. When 10% of the differentiating T cells within a M. 

avium-infected thymi express the Ag85-specifc TCR, there are no signs of infection-induced tolerance, 

while tolerance is visible when specific T cells compose 1% of the repertoire. 

A reduction on Ag85-specific T cell export occurs when Ag85 is directly administered within the 

thymus, or during in vivo infection when the proportion of Ag85-specific T cells is low (99/1% BM 

chimeras). Although we do not observe a direct depletion of antigen-specific T cells within the thymus, 

we do see a decrease on the number of Ag85-specific T cells exported to the blood. Interestingly, these 

results are supported by work developed by Reiley et al. [23]. In this study, mice at different time-points 

of infection with M. tuberculosis receive BM from ESAT-6-specific TCR transgenic mice, and T cell 

reconstitution was followed. Mice receiving BM precursors at 30dpi were efficient in generating ESAT-6-

specific T cells as soon as 49 days post-transfer (i.e. 79 dpi); interestingly, in mice receiving BM at 90 

dpi, no specific T cells were detected at up to 63 days post-transfer (i.e. 153 dpi), though they began to 

accumulate at 84 days post-transfer (i.e. 174 dpi). Whereas the authors attribute these differences to 

inefficient T cell priming and/or naive T cell expansion, one can also suggest that the bacterial burden 

within the thymus plays a significant role. While 30-day M. tuberculosis infected mice present 103 CFUs 

in the thymus, 90-day infected mice present a significantly higher bacterial loads (104-105 CFUs) 

[13,23,24]. Therefore, we suggest that lower bacterial burden is insufficient to generate infection-

induced central tolerance, most likely due to the scarce antigenic availability proportionally to the widely 

abundance of antigen-specific T cells. 

In the 99/1% BM chimeras, 12wpi recipients present lower thymic export of Vβ11+ CD4+ T cells 

in comparison to 3dpi recipients. Interestingly, when peripheral CD4+ T cells from these chimeras are 

transferred into 1dpi TCRαKO, similar reconstitution levels of Vβ11+ CD4+ T cells are achieved 

independently of the BM receptors being 3dpi or 12wpi. This observation indicates that, even though 

Ag85-specific T cells are less enriched within the TCR repertoire of 12wpi chimeras, upon being 

transferred into a new host, these are still able to expand, reaching similar numbers as in their 3dpi 
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peers. Notwithstanding, T cells that differentiate within 12wpi thymi have limited protection ability, 

which may indicate a functional impairment of these T cells or an increased number and/or increased 

suppressive function of antigen-specific Tregs. In fact, Tregs’ suppressive activity has been suggested 

to be important in some infections [25], such as by Neospora caninum where it was shown that Tregs’ 

suppressive capacity was increased upon infection [26]. Future experiments should explore the 

suppressive capacity of Tregs from 3dpi vs. 12wpi chimeras.  

Altogether, these observations indicate that infection of the thymus by M. avium can induce 

tolerance to Ag85-specific T cells, however only in specific conditions. While the presence of the 

cognate antigen within the thymus is essential, the ratio of this antigen to antigen-specific T cell 

undergoing differentiation is critical.  
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SUPPLEMENTARY FIGURE 

 

 
Supplementary Figure 1: Intrathymic Ag85 administration does not alter the export of CD4+ non-RTEs, CD4+ 

Vβ11- RTEs, CD8+ T cells and CD8+ RTEs. P25/RAG-GFP mice received an intrathymic administration of 10µg of Ag85 

(white) or OVA (black). A) CD4+ non-recent thymic emigrants (RTEs) measured as GFP-; B) CD4+ Vβ11+ RTEs; C) Total and D) 

CD8+ RTEs were enumerated in the blood. Groups were compared using a Student t-test. Each bar represents the mean 

+SEM of 4-7 mice per group. One from two independent experiments is represented. 
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CHAPTER 3: GENERAL DISCUSSION
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The data here presented addresses two distinct topics of the relationship between pathogen-

specific T cells and infection by M. avium. The ability to focus this work on mycobacteria-specific T cells 

was promoted by the usage of the P25 TCR transgenic mouse model, which is enriched with CD4+ T 

cells that recognize the mycobacterial peptide Ag85, in the context of MHC II molecules. In the first 

chapter of the results, the immune response generated by the dominant TCR repertoire in P25 mice 

against infection by M. avium was analyzed. In the second chapter of the results, the mechanism of 

infection-induced central tolerance was addressed. Together, the results give important insights on how 

these particular T cells participate in the immune response against mycobacteria and how thymic 

infection alters the differentiation of pathogen-specific T cells. 

3.1. T cell exhaustion during chronic infection varies with the antigen and the pathogen 

Ag85 is one of the several mycobacterial antigens known to elicit an immune response upon 

mycobacteria infection. Present in three distinct variants (Ag85A, B and C), Ag85 has a significant role 

on the pathogenesis of mycobacterial infections and is highly conserved across the Mycobacterium 

genus. In the course of M. tuberculosis infection, Ag85 is an early secreted antigen, as its expression 

peaks around 20 days post-infection and gradually declines thereafter [1,2]. In the case of M. avium 

infection, we show here that Ag85 is continuously expressed in infected mice. 

Several patterns have been described for antigen expression in mycobacteria [1–4], although 

this is still a subject of debate. If these gene expression patterns can be attributed to normal bacterial 

growth or to immune related pressures, it is still unknown. For example, upon viral infections, the 

immune responses that are promoted by the presence of immunodominant antigens show a 

remarkable pathogen clearance. In the context of M. tuberculosis infection, ESAT-6-specific T cells have 

been shown to become exhausted [2], though little is known for other TCR clones that recognize 

persistently expressed antigens during chronic infections with mycobacteria. Interestingly, Trunz et al. 

[138] and Comas et al. [308] have demonstrated that bacteria can avoid CD4+ T cell responses 

directed to Ag85 by reducing expression of the antigen. 

Some authors suggest that persistent antigen stimulation during chronic infection lead to T cell 

exhaustion [2,7]. In mice infected with M. tuberculosis, chronic antigenic stimulation of ESAT-6-specific 

CD4+ T cells has been shown to result in T cell exhaustion, restricting the capability of T cells to mount 

an immune response to APCs displaying ESAT-6 in the context of MHC molecules. Exhausted T cells, 

both CD8+ and CD4+, are characterized by the progressive failure of cellular activity and increased 
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expression of inhibitory receptors, such as CD73 and FR4 [7], decreased IL2 production and increased 

production of anti-inflammatory cytokines, like IL10 (reviewed in [8]). 

Taking these results in consideration one could expect that, as Ag85 is continuously expressed 

during M. avium infection, the Ag85 specific T cells would acquire an exhausted phenotype. Even 

though we did not evaluate this directly, the secretion of IFNγ and, more importantly, the control of the 

bacterial burden suggest otherwise. This might be due to the continuous seeding of newly-differentiated 

antigen-specific T cells from the thymus to peripheral organs, taking into account that these new T cells 

have not yet been chronically stimulated, as suggested by Moguche et al. [2]. Data from our group has 

previously shown that newly differentiated T cells, which differentiated within an infected thymus, are 

tolerant to the invading pathogen [9]. Results presented in this thesis demonstrate that this effect 

depends on the proportion of antigen-specific T cells and availability of the antigen. In fact during M. 

avium of P25 mice, we did not observed signs of infection-induced tolerance; an issue that will be 

discussed in more detail further ahead. Nevertheless, taking this observation into account, the fact that 

newly differentiated Ag85-specific CD4+ T cells are not tolerized by M. avium infection in P25 mice, 

further strengthens the hypothesis of the lack of exhaustion of these T cells 

Moguche et al. [2] and Reiley et al. [3] have shown that ESAT-6-specific CD4+ T cells presented 

signs of function impairment at late stages of M. tuberculosis infection, attributing this phenotype to 

chronic exposure to their cognate antigen. However, Moguche et al. evaluated such effects by 

transferring mature CD4+ T cells, while Reiley et al. performed T cell-depleted bone marrow infusions. 

In the last case, T cells still need to undergo differentiation within the thymus before being exported to 

the periphery and coming in contact with their cognate antigen. Therefore, induction of tolerance, as in 

M. avium infections [9], should be considered. Furthermore, it is critical to understand how long it is 

necessary for T cells to be chronically influenced by ESAT-6, after export from the thymus. While 

Moguche et al. evaluated ESAT-6-specific CD4+ T cells throughout infection, Reiley et al. focus on later 

alterations, interpreting the lower number of these T cells as a consequence of the chronically infected 

environment impairing T cell activation, rather than their differentiation within an infected thymi. Taking 

these observations into account, we strongly suggest that T cell tolerance may be induced after 

infection of the thymus by M. tuberculosis. 

One subject that remains to be explored is on how important Ag85-specific T cells are 

throughout M. avium infection. It would be interesting to know if antigen-specific T cell activation also 
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occurs during M. avium infection at later stages of the infection. Such can be studied by evaluating the 

expression of exhaustion markers or by using CFSE proliferation assays of stimulated T cells. 

Additionally, one should keep in mind that P25 mice have ≈15% of non-transgenic T cells; it would be 

important to evaluate these cells’ role at more advanced periods of infection. P25 mice on a RagKO 

background could help answer these two questions; in these mice, the complete lack of the TCR 

rearrangement process would abolish the non-transgenic T cell population. It would be of relevance to 

investigate to what extent the absence of T cells, expressing other TCRs, would play a role in protection 

at later stages of infection. 

3.2. Continuous production of IFNγ by Ag85-specific T cells and lack of immunopathology 

during M. avium infection 

Systemic Ag85 administration to M. tuberculosis-infected mice promotes ex vivo IFNγ 

expression, as demonstrated by Bold et al. [10] and Kariyone et al. [11]. However, IFNγ levels do not 

correlate directly with protection to infection [12,13]. Even though IFNγ is absolutely necessary to 

control mycobacterial growth, as mice lacking this cytokine present uncontrolled bacterial growth [14], 

reports show that it is insufficient to, by it self, decrease the bacterial burden [12,15–17]. We show 

that M. avium infection of P25 mice leads to the production of high levels of IFNγ, preferentially 

produced by transgenic CD4+ T cells. The increased expression of this pro-inflammatory cytokine might 

pose the question of whether an immunopathological response would take place in P25 mice after M. 

avium infection. Appelberg et al. for instance, have shown that upon infection with M. avium, 

granuloma necrosis is associated with an exacerbation of the immune response in mice [18,19]. 

Additionally, Cruz et al. have shown that repeated BCG vaccination after M. tuberculosis infection leads 

to a pathological role of IL17 and an increased inflammatory index in the lung of these mice [20]. 

Surprisingly, despite the continuous expression of Ag85 and peripheral seeding of otherwise competent 

newly differentiated Ag85-specific T cells, we have observed no signs of increased immunopathology, 

as observed by others [18,19]. Thus, it would be worth studying whether the lack of immunopathology 

is, to some extent, associated with the control of the bacterial burden. If this is due to increased 

expression of anti-inflammatory cytokines, to control the elevated levels of IFNγ, or by the action of 

relevant regulatory T cells; either mechanism should be able to regulate overactivation of the immune 

system. Further experiments should be performed to solve this question. Nevertheless, the absence of 

visible immunopathology does not exclude the existence of enhanced cellular death within the infected 

tissues. Damage or danger associated molecular patterns (DAMPs) should be considered in this 
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context; DAMPs are released upon cell death and generally lead to further activation of the immune 

system [21]. Curiously, prostaglandin E2 (PGE2), besides the protective effects in apoptosis, has been 

recognized as a DAMP that negatively regulates immune responses [22], suppressing genes associated 

with inflammation. Further studies are needed to understand whether this is an immune-imposed 

mechanism and if it plays a role during mycobacterial infections. 

Reports have shown that at the onset of the adaptive immune response in mouse models of M. 

tuberculosis infection, Ag85 is down-regulated and bacterial proliferation is slightly reduced [1]. These 

data may suggest that a reduction in antigen expression may be a bacterial defense mechanism and 

that the up-regulation of other antigens may serve as decoys to redirect the focus of the immune 

system to other antigens that do not stimulate a protective immune response. If this is the case, 

vaccines that focus on a larger panel of antigens should, theoretically, be more successful. As Moguche 

et al. pointed out, it is crucial to take into account the limitations of the different TCR-specific T cells 

available along the course of M. tuberculosis infection. Since Ag85 confers limited protection in M. 

tuberculosis infection, a vaccine based solely on this antigen would confer only transient protection and 

might have little capacity to contain M. tuberculosis growth after infection has been established [2]. 

During M. avium infection, on the other hand, Ag85 seems to promote an immune response 

throughout the whole course of infection and, notably, does not seem to elicit immunopathological 

responses. Taking this into account, an Ag85-based vaccine towards M. avium may be worth pursuing 

on further studies, since an increased prevalence of this infection has been observed in the last 

decades and is no longer exclusive to patients infected with HIV [23–32]. 

3.3. Protection against M. avium conferred by a repertoire limited almost exclusively to a 

single TCR 

The control of M. avium infection by P25 mice is quite impressive, specially taking into account 

the limited diversity of their TCR repertoire. Further research is needed to understand the existence of a 

natural protective population within P25 mice. Besides the preferential activation of transgenic CD4+ T 

cells during infection, it would be interesting to know if these mice have a natural existing population 

that aid in the bacterial control. The survival of M. tuberculosis-infected mice, depleted of both CD4+ 

and CD8+ T cells, is shorter than those only depleted of CD4+ T cells [33]; this might indicate an 

important role for CD4+ T cell help in the activation of CD8+ T cells. In this case, the activation of CD4+ T 

cells from infected P25 mice could be better helper of CD8+ T cell immunity against mycobacteria. 
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3.4. Deletion of mycobacteria-specific T cells within the thymus requires a high 

availability of cognate antigen  

The study of mycobacterial infections tends to focus on peripheral lymphoid organs; however, 

primary lymphoid organs, such as the thymus, are also targeted by these pathogens. Our team has 

shown that the thymus is a target for mycobacterial infections [34] and that T cells that differentiated in 

infected thymi are tolerant to the invading pathogen [9]. Here, we show that in P25 mice, the thymus 

reveals no obvious alterations in T cell differentiation upon systemic infection with M. avium. A potential 

explanation for this is the lower bacterial load within the thymus of M. avium-infected P25 mice when 

compared with the bacterial load from TCRαKO mice (the model used by Nobrega et al. [9]). Since the 

bacterial burden within the thymi of 16 week M. avium-infected P25 mice is 100 times lower in 

comparison to infected TCRαKO mice, the Ag85 expressed is, most likely, insufficient to generate 

tolerance in face of such a large number of Ag85-specific T cells existing within P25 mice. In addition 

the proportion of T cells expressing a TCR that recognizes Ag85 is also very different; in P25 mice, 

≈95-98% of CD4SP thymocytes express an Ag85 recognizing TCR (as assessed by tetramer stain), 

while in mice with a vast TCR repertoire, one estimates that only ≈0.1-1% of the newly differentiated 

CD4+ T cells express this TCR [35]. 

Interestingly, upon intrathymic Ag85 administration, or upon infection of a 99/1% BM chimera 

mouse model, we observed a decrease in the number of exported CD4+ T cells. Additionally, decreased 

frequencies of DP and CD4SP thymocytes upon intrathymic Ag85 administration were also observed. 

These results suggest that the ratio of Ag85 peptide per Ag85-specific CD4+ T cells plays an essential 

role in infection-induced tolerance. The lower bacterial load in P25 thymi, in comparison to the burden 

achieved in TCRαKO mice, is clearly insufficient to give rise to the proper amount of Ag85 necessary to 

tolerize such a large amount of antigen-specific T cells in P25 mice. This is supported by our 

intrathymic injection experiments, where large amounts of Ag85 are delivered directly into the thymi of 

P25 mice, leading to a decreased number of Ag85-specific CD4+ T cells exported to the peripheral 

blood. The use of 99/1% BM chimera mouse models provide further evidence that the ratio between 

antigen and antigen-specific CD4+ T cells is essential to achieve tolerance. Since the natural expression 

levels of Ag85 reached during infection are insufficient to generate tolerance in P25 mice, decreasing 

the frequency of Ag85-specific T cells would help overcome this limitation. Interestingly, even though 

the RagKO mice used to generate these BM chimeras have an overall higher bacterial burden that P25 

mice (data not shown), due to the absence of B and T cells, this is still insufficient in generating 
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tolerance since chimeras with either 50% (data not shown) or 10% of P25 BM precursors show no such 

phenotype. These results further indicate the importance of the ratio of antigen-specific T cell per 

cognate antigen, since tolerance is only observed in BM chimeras where P25 BM precursors compose 

1% of the total population. Altogether, we propose that, in the thymus, M. avium can induce tolerance 

to Ag85-specific T cells but only when certain conditions are met, suggesting that the ratio of Ag85 to 

Ag85-specific CD4+ T cell undergoing differentiation is critical (Illus 1).  

 

 

Illustration 1: Tolerance in P25 mice is dependent on the availability of Ag85 peptide per Ag85-specific 

CD4+ T cell. T cell differentiation in the thymus of P25 mice reveals no obvious alterations upon systemic infection with M. 

avium. Upon administration of large amounts of Ag85 into the thymus of these mice, a decrease in T cell export is 

observed. Using BM chimeras, where P25 T cells compose 1% of the total TCR repertoire, a decrease in T cell export, 

cytokine production and in protection levels is detected. Interestingly, these alterations are not observed in chimeras where 

P25 T cells compose 50% or 10% of the total TCR repertoire. Ag85, antigen 85; BM, bone-marrow; TCR, T cell receptor. 
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3.5. The mechanisms responsible for infection-induced thymic T cell tolerance 

Although the thymic bacterial burden and the ratio of antigen-specific T cells clearly plays a 

vital role in achieving antigen-specific tolerance, the exact mechanism through how this is achieved is 

still unknown. Thus, more research on the mechanisms of tolerance imposed to Ag85-specific T cells 

needs to be undertaken.  

An important issue for future research is the question of whether all mycobacterial-specific T 

cells undergo tolerance after thymic infection. The use of retrogenic mice could be of great value to 

these studies. Contrary to TCR transgenic mice, which are enriched with a single TCR clone (when in a 

RagKO background), retrogenic mice can be enriched for an oligoclonal population of pathogen-specific 

T cells [36,37]. The usage of these mice could help us not only understand which might be the 

mechanisms involved in the pathogen-specific T cell tolerance previously observed, but also if different 

TCRs, with or without the same antigen specificity, undergo the same scrutiny or avoid tolerance 

altogether. 

CD5, a transmembrane protein expressed on the surface of T cells, is an important mediator 

of apoptosis. In particular, it has been found that CD5 plays a crucial role in the fate of developing 

thymocytes, as it acts as a negative regulator of TCR-mediated signaling and is highly expressed on 

autoreactive T cells [38]. A study has found that CD5 expression correlates with the TCR-pMHC 

affinity/avidity [39]. Ag85-specific CD4+ T cells from P25 mice bind strongly with Ag85-MHC complexes 

therefore having higher CD5 expression [39]. We have evaluated the expression of CD5 in thymi of P25 

infected mice, though no differences were observed (data not shown). This might be simply due to the 

inability of detecting these CD5hiCD4+ T cells within P25 infected mice, since as mentioned before, the 

amount of Ag85 and the vast number of Ag85-specific CD4+ T cells would be limiting the appearance of 

this particular phenotype. Therefore, it is worth repeating our analysis within the thymus of the BM 

chimeric model where these P25 cells compose only 1% of the total population.  

The usage of Nur77-GFP mice also allows to distinguish T cells that bind with high 

affinity/avidity to their cognate peptide within the thymus [40]. Crossing P25 mice with Nur77-GFP 

would allow understanding whether Ag85-specific T cells do bind with high affinity/avidity to the Ag85-

MHC complex during thymic infection. If so, this could suggest that this interaction would lead to the 

death of the transgenic T cells, or central tolerance, as it also occurs for the majority of the potential 

auto-reactive T cells. Another approach would be to use conditional BimKO mice. Since Bim is a key 
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pro-apoptotic molecule involved in cell death of self-reactive thymocytes, KO mice have higher thymic 

cellularity and increased signs of autoimmunity [41,42]. Crossing conditional BimKO mice with P25 

should allow us to evaluate the role of negative selection of Ag85-specific T cells. If these CD4+ T cells 

are negatively selected during infection in the absence of Bim, protection assays should render lower 

levels of IFNγ and increased bacterial burden. Additionally, since Tregs also play a vital role in 

tolerance, the increase in the frequency of these cells should also be monitored. Lineage depleted BM 

cells from Foxp3GFP mice, either with a WT or P25 background, could be transfered to our BM 

chimeras allowing the quantification of Tregs during our tested conditions, while cell sorting of these 

cells would allow the evaluation of their in vitro suppressive capacity. 

The mechanism through how tolerance is achieved during mycobacterial infections remains to 

be clarified. Nevertheless, its influence on IFNγ secretion and control of the bacterial burden is 

unquestionable. Furthermore, the tight balance between available antigen and the frequency of its 

antigen-specific T cell counterparts clearly shows how delicate it is to tip the scale towards lack of 

bacterial control. However, one can still wonder: could this information be useful to reintroduce 

tolerance in situations where it has been lost? Only the future will tell, however one thing is certain, 

tricking a system that has already been tricked may prove to be very difficult. 
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4.1. ETHICAL APPROVAL FOR ANIMAL EXPERIMENTATION 
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