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Abstract 

 

Mucosal Associated Invariant T (MAIT) cells are a subset of innate-like T cells, which are 

abundant in humans. They recognize antigens that are derived from bacterial riboflavin 

synthesis pathway metabolites, presented by highly conserved MHC-related 1 (MR1) 

molecules. Upon stimulation, MAIT cells rapidly produce several pro-inflammatory 

cytokines, such as IFN-γ, IL-17 and TNF-α, and also display direct cytotoxic capacity. 

These characteristics suggest that MAIT cells play a role in host defence against bacterial 

infections. 

 

Although the microbial reactivity of MAIT cells has been defined, the detailed 

mechanism by which MAIT cells are activated during bacterial infection in vivo are still 

not fully understood. Using MR1-tetramers to specifically characterize MAIT cell 

responses during Salmonella enterica var Typhimurium (S. Typhimurium) pulmonary 

infection, it is shown in this dissertation that the infection-induced activation of MAIT 

cells largely depends on the presence of microbial-derived antigens, whereas the 

expansion of MAIT cells in vivo requires antigens as well as co-stimulatory signals, which 

can be provided by bacteria or a Toll-like receptor (TLR) agonist. 

 

The results presented in this dissertation also demonstrate the protective role of MAIT 

cells in a murine pulmonary model with a human major pathogen, Legionella 

longbeachae. In response to infection, MAIT cells proliferate and accumulate at the 

infection site and contribute to cytokine responses. In the absence of MAIT cells, MR1-/- 

mice display an impaired and delayed bacterial clearance. MAIT cell-mediated 

protection is more apparent when CD4+ T cells are removed and can be enhanced by 

prior expansion with synthetic antigens and an adjuvant (TLR agonists). Notably, 

adoptively transferred MAIT cells can provide highly immunodeficient Rag2-/-γC-/- mice 

with full protection against lethal L. longbeachae infection and this protection is 

achieved, at least in part, by IFN-γ production. 
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In summary, this dissertation provides direct experimental evidence that MAIT cells are 

protective during bacterial infection. In addition, through exploring the requirements 

for MAIT cell activation and expansion in vivo, the studies revealed that the pre-

expanded MAIT cells in mice were potentially protective and to suggest that MAIT cells 

can be harnessed as a vaccine target to elicit a “memory”-type protection. 
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Chapter 1. Literature review and introduction    
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1.1 Introduction to the immune system 

 

The immune system protects the host from infectious pathogens and the damage they 

cause, through a combination of immune organs, cells and molecules. These elements 

co-operate closely and efficiently to produce highly adaptable immune responses, which 

are tailored to the specific infection. Functionally, the immune system is generally 

divided into three interconnected parts: physical barriers, the innate immune system 

and the adaptive immune system [1].  

 

Physical barriers are the first line of immune defence and include the skin, the epithelial 

layers of the mucosal tracts, secretory glands and the protective mucus, which is 

produced to cover the mucosal epithelia. Normally, it is difficult for microorganisms to 

penetrate intact host surfaces. Under some pathological conditions, via wound or 

vector-derived injection, pathogens can invade through the epithelium. Alternatively, 

some well-adapted pathogens encode systems that drive uptake of the organism by 

epithelial or other cells. Once through the epithelial barrier, pathogens encounter the 

innate and/or adaptive immune system. The innate and adaptive immune systems are 

comprised of cellular and humoral components, but they are different in many aspects, 

such as specificity, diversity and memory. Overall, the innate and adaptive immune 

systems are interdependent and operate jointly to defend the mammalian host against 

infection [2].  

 

1.1.1 Innate immunity 

 

The innate immune system is composed of various innate immune cell subsets, including 

natural killer cells, mast cells and phagocytes, plus the complement system. When 

invading microbes overcome physical barriers, they usually trigger innate immune 

responses through expression of pathogen-associated molecular patterns (PAMPs) [3]. 

PAMPs are broad sets of conserved macromolecules commonly expressed by groups of 

pathogens [4]. Therefore, the innate immune system is considered as a non-specific 

immune system, able to recognise pathogens of many different types, from viruses to 



 Literature review 

 
 
 

3 

large eukaryotic parasites and worms. The innate immune system detects different 

PAMPs through specific germline-coded pattern recognition receptors (PPRs) [4]. 

Multiple PPRs have been identified, such as Toll-like receptors (TLRs), NOD-like 

receptors and C-type lectin receptors [5-7]. Due to their absence from the uninfected 

host, PAMPs serve as markers for the innate immune system to discriminate host cells 

and pathogens [8].  

 

Upon infection, the innate immune system provides rapid effector responses, normally 

within minutes or hours. Phagocytes, such as macrophages, neutrophils and dendritic 

cells (DCs), engulf microbes, which may bind to PPRs on the cell membrane, in a process 

known as phagocytosis [9]. Granules or lysosomes, which are filled with antimicrobial 

proteins and toxic molecules, are then fused with the phagosomes and kill the 

microorganisms inside these vacuoles [10]. Innate immune cells also release several 

cytokines and chemokines, which recruit other immune cells to help resolve infection 

[11, 12]. Besides cellular components, the complement system, a ‘cascade’ of serum 

proteins, is also deployed. Activated complement can directly destroy invading 

pathogens or make them more susceptible to phagocytosis, via a coordinated sequence 

of signalling events [13, 14].  

 

The innate immune system is essential for triggering adaptive immune responses [15-

17]. After engulfing pathogens, antigen presenting cells, particularly DCs, migrate to 

secondary lymphoid organs and present processed microbial antigens to naïve T cells, 

which is the initial step of the adaptive immune response [18]. In addition, antigen 

presenting cells also provide co-stimulatory signals which guide efficient and tailored 

adaptive immune responses [19].  

 

1.1.2 Adaptive immunity 

 

The adaptive immune system is mediated by T and B cells. In contrast to the non-specific 

innate immune responses, a high level of antigen specificity of the adaptive immune 

responses is achieved by T and B cell receptors (TCRs and BCRs, respectively) [20, 21]. 
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Through a complex, stochastic recombination and rearrangement process of the TCR 

and BCR gene rearranging process in which variable (V), joining (J) and diversity (D) gene 

segments are randomly recombined, each T or B cell carries a receptor with a unique 

antigen specificity [22, 23]. Millions of TCRs and BCRs collectively constitute a large and 

diverse receptor ‘repertoire’ [24, 25] and enable the host to respond to a wide variety 

of antigens on every bacteria, parasite, virus and fungus, to which they will be exposed 

during their lifetime. 

 

Compared to innate immune responses, adaptive immune responses are relatively slow 

and require several days to exert their effects [2]. Initially, these immune responses are 

triggered by antigen presentation, during which T cells recognise fragmented microbial 

antigens displayed on the cell surfaces of antigen presenting cells [18]. Normally, 

antigen presentation occurs in secondary lymphoid organs, such as lymph nodes [26, 

27]. After activation, naïve T cells undergo a selected and competitive proliferative 

process known as clonal expansion and further differentiate into effector T cells [28, 29]. 

After clonal expansion, the progeny of T cells share identical antigen specificity with 

their parental cells [18]. In parallel with T cells, but through quite a different process, B 

cells are stimulated by soluble microbial antigens trapped by follicular dendritic cells, 

and also go through clonal expansion [21]. During B cell expansion, somatic 

hypermutation occurs to select for BCRs of even higher antigen affinity [30]. As they 

replicate and mature, B cells eventually develop into plasma cells, which produce large 

amounts of antibodies [31]. Secreted antibodies are the soluble form of B cell receptors 

and separated into five isotypes or classes, based on the larger or heavy chain. Each 

antibody isotype has different biological properties and the humoral immune system 

protects the host against pathogens in multiple ways, such as opsonisation and 

neutralization [32]. In some cases, helper T cells are required for completing B cell 

maturation and resultant antibody production [33].  

 

Adaptive immunity provides long lasting protection through long lived effector cells (e.g. 

plasma cells) and memory cells [34, 35]. Both T and B cells can generate memory cells 

during the primary immune response [36]. Memory cells persist for months or years and 
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drive enhanced secondary responses in the event of re-exposure to the same antigens; 

this is collectively called immunological memory [37]. Immunological memory is the 

foundation of active vaccination, which has greatly improved public health worldwide 

[38, 39].  

 

1.1.2.1 T cells 

 

T cells play a vital role in adaptive immunity. They originate in the bone marrow and 

mature in the thymus [40]. Within the thymus, T cells go through both positive and 

negative selection; processes that ensure that mature T cells are self-restricted and self-

tolerant, respectively [41]. Once mature, naive T cells leave the thymus and circulate in 

the blood and lymph between the secondary and tertiary lymphoid tissues, where they 

browse antigen presenting cells to encounter matched antigens [42, 43]. 

 

T cells are activated by antigen presenting cells and recognize their cognate antigens via 

TCRs, which are most often composed of paired variable α and β chains, or occasionally 

γ and δ chains [44]. In contrast to BCRs that interact with their cognate antigens directly, 

TCRs detect antigens presented on antigen presenting molecules [45]. The best 

understood antigen presenting molecules are the major histocompatibility complex 

(MHC) molecules. There are two main classes of MHC molecules, Class I [46] and Class II 

[47], which present antigen to CD8+ and CD4+ T cells, respectively [48, 49]. Class I 

molecules are expressed by almost all nucleated cells, whereas Class II molecules are 

found mostly on professional antigen presenting cells, such as macrophages, DCs and B 

cells (although the expression of MHC class II on endothelial and epithelial cells has been 

reported) [50].  

 

In addition to T cell receptor engagement, optimal T cell activation requires co-

stimulatory signals. These signals come from cytokines and interactions between co-

stimulatory molecules expressed on T cells and APCs [51]. Moreover, these signals not 

only enhance activation and proliferation of T cells, but also determine their 
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differentiation direction(s) [52]. Without co-stimulatory signals, T cells could become 

non-responsiveness to cognate antigens, a phenomenon known as T cell anergy [53]. 

 

Once activated, naïve T cells become effector T cells. There are three main types of 

effector T cells: cytotoxic, helper and regulatory T cells [2]. Cytotoxic CD8+ T cells are 

differentiated from naïve CD8+ T cells. They can discriminate abnormal cells, which may 

be infected with viruses or other pathogens, from healthy cells and trigger apoptosis in 

their target cells [54]. This cytotoxicity is achieved by pore-forming proteins and 

enzymes, such perforin and granzyme, as well as transmembrane protein, Fas ligand [55]. 

Cytotoxic T cells play an important role in eliminating intracellular infections [56]. In 

parallel, CD4+ T cells polarize into helper and regulatory T cells with more functional 

diversity [57, 58]. Helper T cells orchestrate both adaptive and innate immune responses. 

For example, helper T cells are involved in activation of cytotoxic T cells [59], and can 

enhance the antimicrobial activity of innate immune cells [60, 61]. On the basis of 

specialized function and pattern of cytokine secretion, helper T cells are classified as T 

Helper (Th)1, Th2, Th17 and T follicular helper (Tfh) cells. However, as more subsets are 

being defined, such as Th9 and Th22 cells, these definitions are continually being revised 

[62]. Regulatory T cells are also known as suppressor T cells, which modulate immune 

responses and are critical in preventing autoimmune diseases. Several mechanisms of 

suppression have been identified, including production of inhibitory cytokines and 

induction of immune cell apoptosis [63].  

 

1.1.2.2 Unconventional T cells 

 

Unconventional T cells refer to a large group of T cells that are restricted to non-classical, 

non-polymorphic MHC molecules, including CD1-restricted T cells, γδ T cells and 

mucosal associated invariant T (MAIT) cells. These cells participate in the immune 

response during infections and in autoimmune diseases [64]. Unlike their conventional 

αβ-TCR-bearing counterparts, which react to highly diverse peptide antigens, 

unconventional T cells have more limited receptor repertoires and recognise non-

peptide antigens, such as small molecule microbial metabolites and lipids [64]. They 



 Literature review 

 
 
 

7 

have relatively large clonal populations, they mount immediate effector responses 

following antigen encounter, and prefer to reside in non-lymphoid tissues, such as liver, 

blood and various epithelia [65]. These innate-like features render unconventional T 

cells as a bridge between the adaptive and innate immune systems.  

 

Natural Killer T (NKT) cells are a type of CD1d-restricted T cells that recognize glycolipid 

antigens [66]. aGalCer is the first defined glycolipid antigen and has been used to 

develop reagents to identify NKT cells [67]. Based on different TCR chain usage and 

antigen specificities, NKT cell are divided into two broad types: invariant NKT (iNKT) cells 

with an invariant TCRα chain (Vα14 in mouse and Vα24 in human) and more “variant” 

NKT cells. The iNKT cells are abundant in mice, comprising ~0.5% of the αβ-TCR T cell 

population in the blood and up to 30% in the liver, but only represent a small proportion 

of T cells in humans [68, 69]. The functions of NKT cells are diverse due to their dual 

recognition of both endogenous and exogenous antigens [70]. For example, NKT cell are 

protective against a variety of microbial infections. Also, they are involved in the 

regulation of anti-tumour immunity [71]. 

 

The γδ-T cells are another population of unconventional T cells. They develop in the 

thymus and, like αβ-T cells, generate their TCRs via somatic rearrangement, but with a 

much more limited use of gene segments than αβ-T cells [64]. The γδ-T cells comprise a 

relative large proportion of T cells and display tropism to mucosal sites, especially skin 

[72]. Similar to NKT cells, multiple functions for γδ-T cells have been demonstrated [73-

75]. For instance, they can rapidly respond to infectious antigens and are considered as 

a  key member of the first line of host defence [76]. 

 

1.2 Mucosal Associated Invariant T (MAIT) cells 

 

While T cells bearing a common TCR alpha chain (7.2) were recognised by Procelli [77], 

Mucosal Associated Invariant T (MAIT) cells were more fully characterised by Tilloy et al. 

from several mammalian species including humans in 1999 [78] and have received 

increased attention since then. MAIT cells express semi-invariant T cell receptors 
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composed of an invariant TCR α chain, Vα7.2Jα33 (TRAV1-2-TRAJ33) in human and 

homologous Vα19Jα33 (TRAV1-TRAJ33) in mice, paired with one of a limited set of β 

chains [79, 80]. MAIT cells are restricted to the evolutionarily-conserved MHC-related 

protein-1 (MR1) [81]. The MR1 protein presents metabolic by-products of riboflavin 

biosynthesis to MAIT cells, suggesting that MAIT cells are involved in immune responses 

to bacterial and fungal pathogens, and commensals, carrying the riboflavin biosynthetic 

pathway (Figure 1.1) [82, 83].  

 

MAIT cells develop in the thymus through a series of MR1-dependent stages, and then 

accumulate and expand in peripheral tissues, during which B cells and commensal flora 

are required [84-86]. In humans, MAIT cells are abundant in adult peripheral blood and 

predominate in the liver, where they comprise up to 10% and 45% of total T lymphocytes, 

respectively [87, 88]. In contrast to their abundance in humans, MAIT cells are rare in 

laboratory mice and only constitute ~0.05% of the T cell population in spleen and blood, 

while they may contribute a relatively higher percentage in lungs, vagina and uterus [80, 

89]. MAIT cells are mostly CD4- and CD8- double negative or CD8+ and express high levels 

of several phenotypic makers, including NK cell receptor CD161, IL-18Rα and CD26 in 

human blood [87, 90]. The patterns of chemokine receptor expression by MAIT cells are 

associated with tissue distribution, such as CCR9, CCR6 and CXCR6 allowing MAIT cells 

to preferentially migrate to the lungs, liver and intestine [85, 87].   

 

Once activated by microbial antigens, MAIT cells rapidly acquire an effector phenotype. 

They can produce several pro-inflammatory cytokines and display direct cytotoxic 

capacity in different infectious settings (Figure 1.1) [87, 89, 91]. These capacities arm 

MAIT cells with potential antimicrobial function. In addition, it has been reported that 

MAIT cells are involved in antiviral defence and autoimmunity through an antigen-

independent manner [92-96]. 
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Figure 1. 1 Overview of MAIT cell antigen recognition and function  

 

Schematic image showing a MAIT cell recognizes microbial antigens including 5-(2-

oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) which is derived from 

riboflavin biosynthesis, presented by MR1. Once activated, MAIT cells produce pro-

inflammatory cytokines and cytolytic proteins. 

MR1

TCR
Riboflavin metabolites
e.g. 5-OP-RU

IL-17, IFN-γ, TNF,
Perforin, Granzyme B
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1.2.1 MR1 and microbial antigens  

 

MR1 molecules are required for the development and antigen recognition of MAIT cells 

[81, 97]. MR1 is highly conserved across diverse mammalian species, suggesting a strong 

selection pressure over the course of evolution [98]. The MR1 molecules across species 

share a relatively high level of sequence similarity with classical MHC Class I molecules 

and, like MHC Class I, form a heterodimer with β2-microglobulin [99]. The mr1 transcript 

is ubiquitously present in multiple tissues, but the level of MR1 cell surface expression 

is quite low [100, 101]. Recent studies described the trafficking cycle of MR1 molecules 

between the endoplasmic reticulum, plasma membrane and endosomes, and showed 

that MR1 molecules migrated to the cell surface in the presence of a binding ligand [102, 

103].  

 

Although the genetic and biochemical characteristics of MR1 molecules had been well 

studied, the nature of the MR1 ligand remained a mystery until two papers published in 

2010 demonstrated that the ligands of MR1 were derived from bacteria and yeast [104, 

105]. One of these papers reported that MR1-expressing DCs loaded with a cell-wall 

fraction from Mycobacterium tuberculosis could activate human MAIT cells [104]. The 

other study screened several microbes for MAIT cell activation and found that both 

human and mouse MAIT cells responded to a variety of microorganisms in an MR1-

dependent manner. These MAIT cell-stimulating microbes included Gram-positive 

bacteria (i.e. Staphylococcus aureus), Gram-negative bacteria (i.e. Escherichia coli and 

Klebsiella pneumoniae), Mycobacterium tuberculosis and several yeasts, but did not 

include viruses [105]. These findings indicated the prevalence of MR1 ligands among 

diverse microbes and introduced a possible explanation for why the number of MAIT 

cells in germ-free mice were much lower than that in mice held under a nonsterile 

environment [81, 86]; it was subsequently hypothesized that peripheral expansion of 

MAIT cells would require the presence of commensal microbiome [106]. 

 

Subsequently, studies defined MR1 ligands as derivatives of riboflavin metabolism [82, 

83]. In 2012, Kjer-Nielsen et al. identified the first MR1-restricted ligand, 6-formyl pterin 
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(6-FP), by showing its ability to stabilize refolded MR1-β2m complexes [82]. 6-FP is a 

photo-degradation product of folic acid. However, although 6-FP could bind to MR1, it 

failed to activate MAIT cells. Basing on a similar strategy, a subsequent study identified 

stimulatory antigens, 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and 

5-(2-oxoethylideneamino)-6-D-ribitylaminouracil (5-OE-RU), for MAIT cells. The ligands 

5-OP-RU and 5-OE-RU are generated through non-enzymatic addition reactions 

between 5-amino-6-D-ribitylaminouracil (5-A-RU), a metabolic intermediate of 

riboflavin biosynthesis, and small organic molecules, methylglyoxal and glyoxal, 

respectively [83]. Given that the riboflavin biosynthetic pathway is widely present in 

bacteria and yeasts, but not in mammals, these vitamin B metabolites provide ideal 

signatures for MAIT cells to detect microbial infection. This detecting mechanism also 

explains the non-responsiveness of MAIT cells to viruses and some bacteria that do not 

synthesize riboflavin [107].  

 

Since this important discovery, more MR1-binding ligands have been discovered or 

synthesized, including the inhibitory ligand, acetyl-6-FP (Ac-6-FP), and a water-stable 

agonist ligand, a uracil-based analogue of 5-OP-RU  [108, 109]. Notably, some drugs and 

drug-like molecules such as salicylates and diclofenac can also bind to MR1 molecules. 

They could either inhibit or activate MAIT cells in vivo or ex vivo [110]. These diverse 

ligands enable the modulation of MAIT cell responses in humans and therefore have 

potential medical applications.   

 

1.2.2 MR1-Ag tetramers  

 

MHC tetramers consist of four identical peptide-loaded MHC molecules carrying specific 

ligands that can detect T cells which are specific for a selected antigen [111, 112]. 

Tetramers can be labelled with fluorescent tags, and hence tetramer-tagged T cells can 

be identified and tracked using flow cytometry and tissue- and cell-imaging methods 

[113, 114]. Because of their high sensitivity and specificity, MHC tetramers have been 

widely used to understand T cell-mediated immune responses since the 1990s, when 

the first tetramer was generated [115]. While MHC-based tetramers were initially 
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produced to detect more classical αβ-T cells, antigen-loaded tetramers of non-classical 

MHC molecules, including CD1c, CD1b and CD1d have also been developed and been 

used to study the relevant CD1-reactive T cells [116-119]. 

 

MR1 tetramers were unavailable until the identification of MR1-restricted antigens and 

studies of MAIT cells were hampered due to the lack of these specific reagents. 

Previously, MAIT cells have been defined as CD3+, CD161hi, Vα7.2+ cells in humans and 

Vα19+ T cells in mice [88]. However, these markers are either not specific for MAIT cells 

[120, 121], and may be unreliable under some conditions. For example, MAIT cells 

decrease the expression of CD161 after antigen stimulation and this down-regulation of 

CD161 could be misinterpreted as the loss of MAIT cells in some infected patients [122, 

123]. In addition, detecting mouse MAIT cells has been more challenging due to the lack 

of Vα19-specific antibodies. Some studies have used indirect approaches, such as 

assessing the expression of Vα19-Jα33 chain transcripts in T cells, to identify MAIT cells 

[124].  

 

With the identification of suitable ligands, human and mouse MR1 tetramers have been 

developed and are available through the NIH Core tetramer facility. MR1 tetramers are 

loaded with the most potent MAIT cell antigen 5-OP-RU, and have been validated to for 

their specific staining of human and mouse MAIT cells [79, 80, 83]. In humans, the MR1 

tetramer-defined MAIT cells were highly (90-95%) accordant with Vα7.2+CD161hi cells 

[79]. As MR1 tetramers overcome the limitations of surrogate phenotypic markers, they 

will facilitate MAIT cell studies, especially in diseases or abnormal conditions. 

Additionally, mouse MR1 tetramers enable the characterization and location of MAIT 

cells in wildtype mice in which MAIT cells are quite rare. Tetramer+ MAIT cells were 

predominantly CD4-CD8- and are distributed in a variety of tissues in mice [80].  

 

1.2.3 MAIT cell activation 

 

As stated previously, MAIT cells recognize by-products of riboflavin biosynthesis 

presented by MR1. Thus, many bacteria and yeasts capable of generating riboflavin can 
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activate MAIT cells in an MR1-dependent manner. However, in the absence of microbial 

antigens, the activation of MAIT cells during viral infections or many other non-

infectious diseases was also observed [125]. Therefore, it is possible that MAIT cells can 

be activated in at least two different ways, which either involve MR1, or not. 

 

The MR1-independent activation of MAIT cells is likely to be driven by cytokine elevation 

associated with various diseases [126]. Indeed, several cytokines or their combination 

were found to trigger MAIT cells, including IL-12, IL-18 and IL-23 [127]. When co-cultured 

with E. coli-infected cells or cells stimulated with TLR8 agonists, CD161+ CD8+ MAIT cells 

were activated and this activation was dependent on IL-18 and IL-12 production [128-

130]. The blockade of IL-18 and IL-12 abolished IFN-γ production by MAIT cells. Also, IL-

18 paired with other inflammatory mediators governed MAIT cell responses during 

various viral infections, such as influenza virus, hepatitis C virus (HCV) and dengue virus 

[93]. The activating effect of IL-23 on MAIT cells was demonstrated by inducing IL-17 

secretion of mouse MAIT cells without a TCR stimulus [131]. Notably, patients with loss-

of-function mutations in IL-23R displayed deficiencies in MAIT cell numbers and function, 

suggesting that IL-23 was also involved in MAIT cell development [132]. Further analyses 

suggested that cytokines not only stimulate MAIT cells, but also modulate MR1-

mediated responses. For example, the production of IL-7 secreted by synovial fibroblasts 

or hepatocytes could prime MAIT cells and led to higher cytokine production upon TCR 

stimulation [133, 134]. These results collectively demonstrated that cytokines play an 

important role in activation of MAIT cells. However, the exact mechanism of in vivo 

activation of MAIT cells is still not fully resolved.  

 

Once activated, MAIT cells produce several Th1/17 type cytokines, including IFN-γ, TNF-

α and IL-17. IFN-γ and TNF-α have been well characterized for controlling invasive 

infections [135, 136], suggesting that MAIT cells may contribute to antimicrobial 

defence. IL-17 contributes to resistance against infection by recruiting neutrophils and 

enhancing bactericidal properties of macrophages [137]. However, under some 

inflammatory conditions, the production of IL-17 might render MAIT cells pathogenic 

[131, 134]. This mixed Th1/Th17 cytokine profile varies in response to different stimuli. 
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While IL-12 and IL-18 skew MAIT cells toward a Th1 phenotype, IL-23 licenses MAIT cells 

with a Th17 phenotype [138]. Given that many in vitro observations could not be 

recapitulated in vivo [139], it will be important to examine whether these cytokines can 

modulate MAIT cell function and phenotype during infection in vivo. Furthermore, only 

human MAIT cells isolated from the small intestine, and not from the lungs or liver, 

produced IL-22 in response to E.coli stimulation, demonstrating that different micro-

environments might further programme MAIT cells and hence enhance their functional 

diversity [85].  

 

Besides cytokine production, activated MAIT cells exert cytotoxic effects on their target 

cells. It has been shown that MAIT cells efficiently lysed epithelial cells infected with 

Shigella flexneri in an MR1-dependent manner [140]. Another study reported that two 

granule proteins, granzyme B and perforin, were involved in MAIT cell-mediated 

cytotoxicity [91]. Within resting MAIT cells, the expression of granzyme B and perforin 

is quite low, but their expression was greatly upregulated in response to bacterial 

stimulation, i.e. E. coli infection, suggesting that antigen pre-exposure could license 

MAIT cells with an enhanced cytotoxic phenotype. IL-7 was also found to enhance the 

cytotoxic potential of MAIT cells [141]. This cytotoxic capacity of MAIT cells suggests 

they may play a protective role in eliminating tumours and infection by intracellular 

bacteria [91, 140, 142]. 

 

1.2.4 MAIT cells and bacterial infections 

 

With the identification of ligands from bacterial metabolic pathways, MAIT cells and 

their function have been widely studied in various human infectious diseases, and in 

murine infection models [125]. Accumulating evidence suggests that MAIT cells can 

contribute to host defence against bacterial infection.  

 

1.2.4.1 Human MAIT studies 
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As human tissues are normally hard to obtain, studies of human MAIT cells largely 

depend on the analysis of peripheral blood and interstitial fluids [104, 143-147]. By 

comparing blood from infected patients with that from healthy donors, several studies 

have demonstrated that the frequency of circulating MAIT cells was significantly 

reduced during bacterial infection, including with Helicobacter pylori [148], Vibrio 

cholerae [149], Shigella dysenteriae [140], Pseudomonas aeruginosa [150] and 

Mycobacterium tuberculosis (Mtb) [104, 143-147]. In parallel, the accumulation of MAIT 

cells in the lungs of tuberculosis patients was reported [105]. Moreover, during acute 

peritonitis, riboflavin-producing bacteria apparently induced a locally enriched MAIT cell 

population in the peritoneal cavity [151]. These collective results suggest that blood 

MAIT cells may detect antigens and then migrate to infected sites, where they can 

provide protection to the host [125]. However, H. pylori-infected patients did not show 

any significant increase in MAIT cell frequency in their gastric tissues, even with 

decreased MAIT cells in blood [148]. Infection with Orientia tsutsugamushi as well as 

several viruses, which were not able to produce ligands for MAIT cells, also reduced 

circulating MAIT cells [128, 152, 153]. In addition, patients with chronic obstructive 

pulmonary disease displayed reduced circulating MAIT cells after being treated with 

corticosteroids, in the absence of evident infections [154]. In these cases, MAIT cell loss 

may be due to cell death or dilution by other cell subsets. Therefore, it is difficult to draw 

conclusions on the repeated observation that MAIT cells in the blood are reduced by 

infection, without further evidence.  

 

Supportive evidence for protective roles of MAIT cells in human infection comes from a 

bacterial sepsis study [155]. In the study, reduced circulating MAIT cells were observed 

in patients with severe sepsis, but not in those with non-infectious critical illness. The 

depletion of MAIT cell appeared to be independent from other types of innate-like T 

cells, i.e. NKT cells and γδ T cells. Notably, these patients with persistent MAIT cell 

depletion were more likely to develop ICU-acquired infections. This clinical result 

correlated MAIT cell loss with a higher incidence of opportunistic infection, 

strengthening the hypothesis that MAIT cells have an anti-microbial role. 
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The most extensive studies of MAIT cells in an infectious disease has been conducted in 

tuberculosis (TB) patients [104, 143-147]. When co-cultured, MAIT cells could be 

stimulated by Mycobacterium-infected DCs and lung epithelial cells in an MR1-

dependent manner [104, 143].  As related above, MAIT cells decreased in the peripheral 

blood of patients with active TB [104, 145]. High MAIT cell frequency was found in 

ascites fluids from patients with tuberculous pleurisy, but not in the pleural effusions 

from patients with tuberculous peritonitis [145]. Moreover, MAIT cells in TB patients 

exhibited high expression of Programmed Death-1 and were more prone to induced 

apoptosis, suggesting that many MAIT cells may have been destined to die, due to the 

sustained stimuli during chronic TB infection [145, 146].  

 

1.2.4.2 Mouse MAIT cell studies 

 

While most human MAIT cell studies build on in vitro experiments, mouse models 

enable the investigation of MAIT cells in vivo. Specifically, the generation of MAIT cell-

deficient MR1-/- mice is of great benefit to MAIT cell functional studies [81]. In the 

absence of MAIT cells, MR1-/- mice are more susceptible to several bacterial infections 

[124, 156, 157], suggesting a protective role for MAIT cells in these infections. For 

example, during Klebsiella pneumoniae infection, MR1-/- mice displayed impaired 

control of bacteria and increased mortality [156]. Also, a reduced systemic cytokine 

response was found in MR1-/- mice, compared with wildtype mice.  

 

Mechanistic studies came from other infection models [124, 157, 158]. In a model of 

Mycobacterium bovis BCG infection, wildtype mice showed better control of bacterial 

numbers than MR1-/- mice at the early stage of infection, and lung MAIT cells secreted 

IL-17 and IFN-γ in response to infection [157]. Subsequent in vitro experiments 

demonstrated that purified MAIT cells could potently inhibit the intracellular growth of 

M. bovis BCG within infected macrophages in an IFN-γ-dependent manner [157]. 

Therefore, it was suggested that MAIT cells controlled bacterial infection by production 

of IFN-γ. In addition, MAIT cells were found to protect against infection through 

modulating the immune responses of other cells. Meierovics et al. reported that MAIT 
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cells robustly accumulated in the lungs following pulmonary Francisella tularensis 

infection [124]. Without MAIT cells, MR1-/- mice showed impaired cytokine production 

and delayed Francisella clearance. Notably, the recruitment of activated CD4+ and CD8+ 

T cells was hampered in these mutant mice. The authors further explained that MAIT 

cells could promote early differentiation of monocytes into CD11b+ DCs by secreting 

GM-CSF [158]. As CD11b+ DCs were required to trigger the adaptive immune responses 

[159], an impaired DC response led to delayed T cell responses. Therefore, MAIT cells 

promoted recruitment of other T cells in response to F. tularensis infection and indirectly 

contributed to host defence.  

 

A number of groups have studied MAIT cells in transgenic mice, in which MAIT cells are 

more abundant [105, 160, 161], as it is difficult to characterize the function of MAIT cells 

due to their relative scarcity in wildtype mice. Invariant Vα19 transgenic (Vα19i) mice 

are most commonly used as MAIT cell-enriched mice [84, 162]. These animals 

transgenically express the conserved Vα19Jα33 invariant chains, which define MAIT cells, 

most frequently paired with Vβ6 or Vβ8 chains. By comparing Vα19i mice and their 

counterparts (Va19i.MR1-/-) on a MR1 deficient background, the protective role of MAIT 

cells became more apparent, as Vα19i mice showed better protection against E. coli, M. 

abscessus and Mycobacterium bovis BCG infection than Vα19i.MR1-/- or wildtype mice 

[105, 160]. However, the presumed MAIT cells (MR1-5-OP-RU tetramer+ T cells) in Vα19i 

transgenic mice display different phenotypes from those in wildtype mice and in 

humans, in terms of transcriptional profiles and surface marker expression [80, 84]. 

Therefore, the conclusions about MAIT cells from studies using Vα19i mice need to be 

carefully validated. Recently, another MAIT cell-enriched strain, B6-MAITCAST congenic 

strain, has been constructed, in which MAIT cells shared high similarity in phenotypes 

with human MAIT cells  [161]. By utilizing these mice, MAIT cells were shown to 

accumulate at infection sites and accelerate the eradication of pathogenic E. coli during 

urinary tract infection [161].  

 

In summary, there is a large collection of evidence that suggests that MAIT cells protect 

against bacterial infections in mice. However, the MAIT cell responses during bacterial 
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infection is still poorly characterized and many questions remain to be answered. Mouse 

MR1-tetramers will facilitate the study of MAIT cells in mice and deepen our 

understanding of their protective mechanism in infectious diseases. 

 

1.2.5 MAIT cells and viral infection 

 

Viruses are not capable of synthesizing riboflavin and therefore do not directly generate 

any of the known MAIT cell activating ligands [88]. However, as mentioned before, MAIT 

cells can be activated by viruses in a cytokine-dependent manner. IL-18 appears to be 

most important for MAIT cell activation during viral infection [93]. Inflammation driven 

by mucosal viral infections might also facilitate entry of microbiome-derived bacterial 

MAIT ligands through the mucosal epithelia. Indeed, MAIT cell activation has been 

reported in virus-infected patients, including influenza virus, hepatitis C virus (HCV) and 

dengue virus [93].  

 

The contribution of MAIT cells to anti-virus immunity was suggested by studies of 

influenza and HCV [93, 128]. In patients with acute influenza or chronic HCV infection, 

upregulation of Granzyme B expression by circulating MAIT cells was observed [91]. In 

parallel, and after activation by viruses in vitro, MAIT cells produced substantial amounts 

of Granzyme B and IFN-γ [93]. These results indicate the cytotoxic potential of MAIT cells 

in response to viral infection. Indeed, when co-cultured with HCV-infected macrophages, 

MAIT cells potently suppressed the intracellular replication of HCV [93]. However, 

whether MAIT cells can suppress viral replication, or limit the progression of viral 

infection in vivo, is still unclear. Mouse models may be useful in elucidating the roles of 

MAIT cells in viral infections, and the mechanisms involved in MAIT cell-mediated 

responses to viruses. 

 

As seen in bacteria-infected patients, the frequency of circulating MAIT cells is reduced 

during viral infection [93, 128]. In HIV patients, MAIT cells were depleted in blood at 

early stage of HIV infection and this reduction was not reversed when patients received 

effective treatments and viral loads were suppressed [153, 163-169]. Several 
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hypotheses were proposed to explain this loss of MAIT cells, including tissue 

redistribution and activation-induced apoptosis [153, 163]. A recent study noted that 

the loss of CD8+ MAIT cells in HIV-infected children was closely correlated with 

frequency variations of other immune subsets which could exert antimicrobial functions 

[164]. In addition, MAIT cells exhibited an ‘exhausted’ phenotype and impaired function 

during chronic HIV infection [153]. Therefore, although MAIT cells may not be involved 

directly in control of HIV infection, the functional and numerical defects of MAIT cells 

may impair host defence against microbes and hence render HIV patients more 

vulnerable to opportunistic infection. 

 

1.3 Salmonella enterica 

 

The Salmonellae are a group of Gram-negative, facultative intracellular pathogens, 

which can cause enteric or systemic diseases affecting humans and other animals [170]. 

There are two species within the genus Salmonella, Salmonella enterica (S. enterica) and 

Salmonella bongori. S. enterica are further divided into six subspecies, covering more 

than 2500 serotypes [171]. All medically-significant salmonellae belong to S. enterica. 

Based on clinical manifestations of human diseases, salmonellae are classified into non-

typhoidal and typhoidal serotypes [172]. People infected with non-typhoidal 

salmonellae can develop enteritis, normally associated with diarrhoea and vomiting 

[173]. In most cases, the infections are mild and restricted to the gastrointestinal tract. 

However, infection can lead to systemic complications and invasive disease in 

immunocompromised individuals [174]. In particular, due to malnutrition, or malaria 

and HIV co-infections, invasive Non-Typhoidal Salmonellae (iNTS) disease has become 

increasingly common in Africa [175]. Typhoidal Salmonella serotypes, including S. Typhi 

and S. Paratyphi A, B and C, can cause more severe forms of salmonellosis, typhoid and 

paratyphoid fever respectively [176-178]. Patients suffer from several clinical symptoms 

such as fever, headaches and abdominal pain as systemic infection progresses [176]. 

Salmonellosis is spread through the faecal-oral route, and contaminated drinking water 

and foods are the typical causes of infection [179]. Salmonellosis as a systematic and 

gastrointestinal infection is more common in developing countries, attributable to poor 
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sanitation and unsafe food [180]. In addition, although antibiotic treatments efficiently 

reduce mortality of human salmonellosis to less than 1%, Salmonellae with multiple 

drug resistant phenotypes have become more widespread, especially S. Typhi [181, 182]. 

Taken together, with the frequency of infection and rising drug resistance, Salmonella 

infection remains a major threat to global public health.  

 

In immunocompetent individuals, host defence against typhoidal Salmonella infections 

depends on the serotype. Immunity against S. enterica var Typhi (S. Typhi, the agent of 

typhoid fever) can be mounted through antibodies directed at the vi capsule and vi 

vaccination is a mainstay of typhoid infection control [180, 183]. Typhoid fever 

infections are not notably increased where HIV co-infection reduces the number of CD4+ 

T cells [184]. In contrast, the non-typhoidal serovars including S. enterica var 

Typhimurium (S. Typhimurium) become lethal infections in those who are 

immunocompromised [184]. This is because immunity to the non-typhoidal serovars like 

S. Typhimurium and S. Enteriditis involves multiple components of immune system, 

among which T cell-mediated immunity is critical and the most potent [185-188].  

 

While typhoid fever immunity has a strong antibody component, previous studies have 

demonstrated that a specific T cell response to S. Typhi-derived antigens was present in 

patients with typhoid fever, but absent in healthy controls [189-191]. This specific 

cellular response included proliferation and cytokine production, such as IFN-γ and IL-

17. Mouse studies have further confirmed the protective role of T cells in controlling 

eliminating Salmonella infections [192-194]. S. Typhi is restricted to humans and 

normally cannot infect mice [195]. Instead, mice are considerably more sensitive to S. 

Typhimurium infection and develop an invasive systemic disease, which is similar to 

human typhoid fever [195]. Therefore, murine S. Typhimurium infection model has been 

widely used in laboratory studies to define the immune response involved in invasive 

disease seen in iNTS and typhoid fever [185, 196]. Because of the extreme virulence of 

wildtype S. Typhimurium infection, where the LD50 for many inbred mouse strains (e.g. 

C57BL/6, BALB/c) is around 10 bacteria delivered intravenously, most model murine 

infections testing immune effectors have used attenuated mutants of S. Typhimurium, 
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such as BRD509 [197]. These bacteria carry mutations in the pre-chorismate 

biosynthetic pathway and induce a self-resolving infection in normal C57BL/6 mice after 

oral or intravenous infection. Notably, mice with deficiencies in CD4+ T cells, but not 

CD8+ T, NKT, γδ T or B cells, displayed highly impaired control of S. Typhimurium 

infection, demonstrating a CD4+ T cell-dominated protection in mice [192-194]. 

 

MAIT cell responses during typhoid and paratyphoid fever have been reported  [198, 

199]. In a clinical study involving human volunteers challenged with virulent S. Typhi, 

the frequency of circulating MAIT cells sharply decreased within 96 hours in participants 

who developed typhoid fever. The decline of MAIT cells was accompanied with changes 

in their activation and homing characteristics. After successful antibiotic treatment, 

MAIT cell frequencies recovered to their basal levels that existed prior to challenge [198]. 

In addition, another group observed similar kinetics of MAIT cell frequency changes in 

subjects with paratyphoid fever. They also found a clonal expansion of MAIT cells which 

were biased toward high functional avidity during infection [199]. These findings 

collectively suggest that MAIT cells may participate in the human immune response to 

Salmonella infection. 

 

1.4 Legionella spp. 

 

Legionella spp. are Gram-negative flagellated bacilli that belong to the order 

Legionellales [200]. There are more than 50 identified species of Legionella, some of 

which are pathogenic for humans [201]. Notably, L. pneumophila is responsible for most 

reported human infection cases around the world, whereas L. longbeachae is more 

common pathogen in Australia, New Zealand and Japan [202, 203]. Legionellae do not 

usually transmit from person to person. Instead, transmission mainly occurs via 

inhalation of contaminated dust or mist. Many soil and aquatic systems can serve as a 

reservoir of Legionellae [204]. Once inhaled, Legionellae can infect and replicate inside 

macrophages and cause respiratory disease in humans, called legionellosis. The clinical 

syndromes of legionellosis range from mild flu-like Pontiac fever to severe pneumonia, 

recognised as Legionnaire’s disease [205]. In most countries, appropriate diagnostic 
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assays and sufficient surveillance systems are not available for Legionella infection, 

leading to an under-diagnosis of Legionnaire’s disease [206]. In Europe and North 

America, the incidence of Legionnaire’s disease varies from 2 to 9 percent of all 

community-acquired pneumonia [207, 208]. According to a report by the US Centre for 

Disease Control and Prevention, the crude national incidence almost trebled during a 

decade from 2000 to 2009, reaching 11.5 cases per million people in 2009 [209]. In 

addition, several risk factors can greatly increase the prevalence and mortality of 

legionellosis, including age over 50 years, chronic lung diseases and immunosuppression 

therapies [201, 210, 211].  

 

Given that Legionellae are facultative intracellular pathogens, the eradication of 

Legionella infection requires a significant contribution from T cell-mediated immunity 

[194, 212, 213]. However, laboratory mice are inherently resistant to Legionellae [214, 

215]. Even in genetically ‘susceptible’ strains, such as A/J mice, bacteria are cleared 

within a few days [216]. Most in vivo-based research has focused on innate immunity 

and early inflammatory responses to Legionella infection [217, 218]. Nevertheless, T cell 

responses appear to function during the later stages of infection, and these have been 

explored in two studies [219, 220]. The studies demonstrated that mice depleted of 

either CD4+ and/or CD8+ T cells displayed impaired control of infection, and greater 

morbidity and mortality. As a subset of innate-like T cells, MAIT cells are thought to exert 

effects during the early host response to infection and there is a possibility that MAIT 

cells are involved in resistance to Legionella infection in mice. 

 

1.5 Aims of the project 

 

Utilizing recently developed MR1-5-OP-RU tetramers, this dissertation aims to 

characterise the signals driving MAIT cell responses during bacterial pulmonary infection 

and to examine any protection afforded by MAIT cells during bacterial infection. The 

specific aims of the project are to: 
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1. Explore the detailed requirement for MAIT cell activation and accumulation in a S. 

Typhimurium lung infection model (Chapter 3). 

2. Study the role of MAIT cells in the murine defence against L. longbeachae infection 

(Chapter 4). 

3. Explore whether MAIT cells can serve as vaccine targets (Chapter 4). 

4. Investigate the mechanism of MAIT cell-mediated protection against L. longbeachae 

infection (Chapter 5).  
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Chapter 2. Materials and methods    
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2.1 Bacteria 

 

2.1.1 Bacterial strains 

 

All the bacteria stains used in this project are listed in Table 2.1: 

 

Table 2. 1 Bacterial strains used in this study 

Strain Species Mutation Antibiotic 

resistance 

Broth or plate 

BRD509 [221] Salmonella 

Typhimurium  

△aroA 

△aroD 

Streptomycin Luria Bertani (LB) 

BRD509△ribDH Salmonella 

Typhimurium  

△ribDH  Streptomycin 

Kanamycin 

LB 

JR32△FlaA 

[222, 223] 

Legionella 

pneumophila 

△flaA  Streptomycin buffered charcoal 

yeast extract (BCYE) 

NSW150 [224] Legionella 

longbeachae 

 Streptomycin BCYE 

 

2.1.2 Bacterial culture 

 

2.1.2.1 S. Typhimurium  

 

S. Typhimurium strains were grown in Luria Bertani (LB) broth with appropriate 

antibiotics (50 μg/ml streptomycin for BRD509; 50 μg/ml streptomycin and 50 μg/ml 

kanamycin for BRD509△ribDH). Additional riboflavin (20 μg /ml) was also required for 

the growth of BRD509△ribDH. Then bacteria were incubated statically at 37°C for 

preparation of bacterial inocula. 

 

2.1.2.2 Legionella spp. 

 

Legionella strains were inoculated in BCYE broth with 50 μg/ml streptomycin. The 
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bacteria were cultured in a volume of 10 ml in an orbital shaker at a speed of 180 rpm 

at 37°C overnight. 

 

2.1.3 Preparation of bacterial inocula 

 

To prepare infectious inocula for mice, the relevant bacterium was re-inoculated in pre-

warmed medium (LB or BCYE) for 3-5 h incubation to reach the logarithmic phase of 

growth (OD600 0.4-0.6). Bacterial concentration was estimated by UV-spectroscopy (600 

nm) using a formula developed in the lab, by which 1 OD600 » 8X108 Colony Forming 

Unit/ml. Then bacteria were washed with PBS and diluted to the required concentration. 

Definitive bacterial counts were obtained after the bacteria inoculum was verified with 

serial dilution and viable colony counts (section 2.3.2). 

 

2.2 In vitro cellular activation assay 

 

All the materials used in this assay are listed in Table 2.2: 

 

Table 2. 2 Reagents used in MR1-dependent MAIT cell activation assay 

Reagents Description 

RPMI-1640 Gibco, Life Technologies 

Fetal calf serum (FCS) HyClone, GE Healthcare Life Sciences 

RF10 RPMI-1640 containing 10% FCS and 5% SC 

SC To make 400 ml SC: 320 ml RPMI-1640 + 100 ml Non-essential 

amino acid solution + 1 g Benzylpenicillin + 1 g Streptomycin 

+ 11.9 g HEPES + 3 g L-glutamine + 35 μl β-mercaptoethanol 

Anti-human CD3 Clone UCHT1, eBioscience 

Anti-human CD69 Clone FN50, BD Pharmingen  

7-aminoactinomucin 

D (7AAD) 

Fluorescent intercalator which can bind to DNA, Sigma-

Aldrich 
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2.2.1 Cell lines  

 

Jurkat (RT3-T3.5) cell line is a mutant derivative (TCRβ deficiency) of the original Jurkat 

cells, which are of CD4+ T cells from a patient with T cell leukemia [225]. The Jurkat.MAIT 

cell line was generated by stable transduction of the cells with MAIT cell TCRs, which 

comprised a TRAV1-2-TRAJ33 α chain, paired with a TRBV6-1 β chain [79].  

 

HMy2.C1R cells are human B lymphoblast cells and express basal level of MR1 on the 

cell surface [82, 83]. C1R.MR1 cells [82] were generated by transduction of human mr1 

into HMy2.C1R cells. C1R.MR1 cells express high levels of MR1 and serve as antigen 

presenting cells in this assay. 

 

2.2.2 MR1-dependent MAIT cell activation assay 

 

Jurkat.MAIT reporter cells were co-cultured with C1R.MR1 cells in the presence of 

various stimuli to detect activation of MAIT cells [82]. A mixture containing 105 cells 

(5x104 cells of each) was suspended in RF10 media and seeded into 96 well U-bottom 

plates. After adding the stimuli (filtered bacterial culture supernatant, synthetic ligand 

or controls), cells were incubated at 37°C, 5% CO2 for 16 hours. Cell were stained with 

anti-human CD3, anti-human CD69 and 7AAD, and then analysed by flow cytometer LSR 

Fortessa II (Becton Dickinson, BD). Activation of Jurkat.MAIT cells was detected by up-

regulation of CD69 expression, using the Mean Fluorescence Intensity (MFI), which were 

calculated using Flowjo software (version 10, Flowjo LLC). To block MR1, anti-MR1 

monoclonal antibody 26.5 was added [97]. 

 

2.3 Animal experiments 

 

2.3.1 Mouse strains 

 

Mice were inbred and maintained in the Biological Research Facility, Peter Doherty 

Institute, University of Melbourne (UoM) or purchased from the Animal Resources 

Centre (Western Australia). Mice of 6-12 weeks’ age were used for experiments, and all 
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studies were approved by the University of Melbourne Animal Ethics Committee. The 

mice strains used in this project are listed in Table 2.3: 

 

Table 2. 3 Mouse strains used in this study 

Strain Genetics and characteristics Reference 

C57BL/6 Wild type mice  

C57BL/6.MR1-/-  C57BL/6.MR1-/- mice were generated from breeding 

Vα19iCα-/-MR1-/- mice [162] with wildtype C57BL/6 

mice and inter-crossing of F1 mice. These knockout 

mice lack expression of MR1 and therefore MAIT cells 

selected by MR1. 

 [226] 

GK1.5 GK1.5 transgenic mice express the anti-CD4 antibody 

GK1.5 which depletes emergent CD4 T cells. 

 [227] 

GK1.5.MR1-/- GK1.5.MR1-/- mice were generated from GK1.5 with 

C57BL/6.MR1-/- mice. These mice lack CD4 T cells and 

MAIT cells. 

 

Rag2-/-γC-/- Both the Rag2 and the common γ chain (Il2rg) genes 

of these mice are deleted. The depletions result in a 

shortage of functional receptors for IL-2, IL-4, IL-7, IL-

9 and IL-15, and a lack of NK, T and B cells. 

 [228] 

IL-17-/- IL-17-deficient mice  [229] 

PFP-/- Perforin-deficient mice  [230] 

TNF-α -/- TNF-α-deficient mice  [231] 

GM-CSF-/- GM-CSF-deficient mice  [232] 

GrA/B-/- Granzyme A and B, double knockout mice  [233] 

IFN-γ-/- IFN-γ-deficient mice  [228] 

 

2.3.2 Intranasal inoculation 

 

Mice were anaesthetized by isoflurane and administered with bacteria via the intranasal 

route. Mice were typically infected with 106 BRD509, 2x107 of BRD509△ribDH, or 2x104 



 Materials and methods 

 29 

NSW150 in 50 μL infectious inoculum. After inoculation, unused inocula were serially 

diluted to appropriate concentrations and plated on agar plates (LB agar plate for S. 

Typhimurium; BCYE plate for Legionella strains) to determine the bacterial counts. 

 

In some experiments, anaesthetized mice were intranasally administered 50 μL inocula 

containing antigens alone or in combination with adjuvants. The synthetic antigens and 

adjuvants used in mouse experiments and their doses are listed in Table 2.4. In some 

cases, multiple inoculations were performed in the experiments.  

 

Table 2. 4 Antigens and adjuvants used in mouse experiments 

 Description Dose 

CpG1688 ODNs TLR9 agonist [234], GeneWorks 20 mg 

Pam2Cys/Pam2Lys TLR2/6 agonist, provided by Jackson lab [235] 20 nmol 

Poly (I:C) TLR3 agonist [236], Invivogen 50 mg 

5-OP-RU MR1-binding ligand, activating antigen for MAIT 

cells, provided by Fairlie lab [83] 

76 pmol 

6-FP MR1-binding ligand, provided by Fairlie lab [82] 76 pmol 

 

2.3.3 Anti-MR1 antibody treatment 

 

To block presentation by MR1 molecules, mice were treated with 0.25 mg anti-MR1 

monoclonal antibody 26.5 or 8F2 [97] diluted in 200 μL PBS by intraperitoneal injection 

on the indicated time points (i.e. day -1, 1 ,3 and 5) before or after bacterial inoculation. 

Control mice received an isotype control antibody (clone 3E12) [237]. 

 

2.3.4  Harvest of tissues and organs 

 

Mice were euthanized by administration of CO2 for harvesting organs at designated time 

points. Blood samples (around 50-100 μl) were harvested directly from the heart by 

using an 18 gauge needle-syringe, mixed with 10 μl heparin and kept on ice. The solid 

organs (i.e. lungs, spleen, liver, small intestine, thymus and lymph nodes) were surgically 
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excised and kept in cold RPMI-1640. Before collecting lungs and liver, the tissues were 

perfused to remove the blood by heart perfusion via left ventricle (lungs) and hepatic 

portal vein (liver) perfusion with 10 ml cold RPMI-1640. 

 

2.3.5 Determination of bacterial counts in infected organs  

 

Solid organs, such as lungs and spleens, from infected mice were homogenised in RPMI-

1640 (5 ml for whole lungs; 2.5 ml for half lungs). The lysates were diluted in PBS and 

100 μl of diluted lysates were spread onto agar plates with appropriate antibiotics and 

supplements (Table 2.1). The plates were incubated at 37°C until colonies were visible. 

For bacteria requiring more than 24hrs incubation for colony growth, plates were 

wrapped with cling wrap to avoid losing moisture. CFU data was obtained by counting 

colonies and the data were used to estimate bacterial burdens in the infected organs. 

 

2.4 Flow cytometry 

 

Reagents, media and buffers used in Flow cytometric analysis are listed in Table 2.5: 

 

Table 2. 5 Reagents, media and buffers used Flow cytometric analysis 

Reagents, media and buffers Description, source or ingredient 

RPMI-1640 Gibco, Life Technologies 

Fetal calf serum (FCS)  HyClone, GE Healthcare Life Sciences 

Phosphate buffered saline 

(PBS)  

Media prepare unit, Peter Doherty Institute (PDI) 

Digestion buffer RPMI-1640 containing 2% FCS, 3 mg/ml collagenase 

type III and 5 μg/ml DNAse 

FACS wash buffer PBS containing 2% FCS and 0.02% NaN3 

FACS fix buffer  PBS containing 1% formaldehyde and 2% D-glucose 

TAC lysis buffer PBS containing 46 mM Tris-Cl (pH 8.1), 0.1% sodium 

azide and 1 mM CaCl2 

Red blood lysis buffer BD 
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MR1-5-OP-RU-tetramer Specifically stains MAIT cells [80], made in house. 

MR1-6FP-Tetramer Block non-specific staining for MAIT cells, prior to 

MR1-5-OP-RU-tetramer staining [80], made in house. 

7-aminoactinomucin D 

 (7AAD) 

Fluorescent intercalator which can bind to DNA, 

Sigma-Aldrich 

Phorbol Myristate Acetate 

(PMA)/Ionomycin 

Non-specific stimulus of T cells, Sigma-Aldrich 

Fixable Viability Dyes (FVD) 

eFluor 780 

Viability dye which can be used to irreversible label 

dead cells, eBioscience 

Foxp3/Transcriptional Factor 

Staining Buffer Set 

eBioscience 

Fixation/Permeabilization Kit BD Pharmingen 

Bromodeoxyuridine (BrdU) 

Flow Kit 

BD Pharmingen 

 

2.4.1 Preparation of single cell suspensions  

 

2.4.1.1 Lungs 

 

To prepare single cell suspensions, one half or one whole lung was chopped into fine 

pieces with a surgical scalpel blade and re-suspended in 0.5-1 ml digestion buffer. 

Chopped tissues were digested for 90 min at 37°C with shaking (90 rpm) in an orbital 

shaker and then filtered through 70 μm cell strainers. Cells were washed with FACS wash 

buffer and treated with TAC buffer for 5 min at 37°C to lyse red blood cells. After 

centrifugation (525 x g, 5 min, 4 °C), cell pellets were re-suspended in 5 mL FACS wash 

buffer and the cell concentration was estimated by sample turbidity (measuring OD600). 

About 1.5x106 cells were used for staining or for further analysis (1 OD600 »3x106 

cells/ml). 
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2.4.1.2 Spleen, lymph node and thymus 

 

Spleen, lymph node and thymus were gently pushed though 70 μm cell strainers (BD 

falcon) with syringe plunges and washed with FACS wash buffer. Splenocytes were 

further treated with TAC buffer according to 2.4.1.1. After centrifugation (525 x g, 5 min, 

4 °C), pellets were re-suspended in 5 mL FACS wash buffer and the cell concentration 

was estimated by measuring OD600. 

 

2.4.1.3 Liver, vagina and uterus 

 

Liver samples were gently pushed through metal mesh with syringe plungers. Vagina 

and uterus were chopped, digested and filtered using the same method for lung tissue 

preparation (2.4.1.1). After washing, lymphocytes were separated by density gradient 

centrifugation (two layer-Percoll: 33.7% and 70%) (900 x g) for 15-20 min at room 

temperature. Then lymphocytes were collected from the interface of the two layers by 

a transfer pipette and washed with FACS wash buffer. 

 

2.4.1.4 Blood 

 

Heparinised blood samples were transferred into a FACS tube and washed with FACS 

wash buffer. After antibody staining, red blood cells were lysed by red blood cell lysis 

buffer for 5 min at room temperature. After centrifugation, pellets were re-suspended 

in FACS wash buffer before analysis by flow cytometry.  

 

2.4.2 Staining  

 

All the antibodies and reagents used in flow cytometric analysis are listed in Table 2.6: 

 

Table 2. 6 Antibodies used in flow cytometric analysis 

Antibody specificity Fluorescence Clone Manufacturer 

CD16/32 None 2.4G2 [238] Purified in house 
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CD45.2 FITC 104 BD Pharmingen 

CD19 PerCP-Cy5.5 1D3 BD Pharmingen 

TCRβ APC or PE H57-597 BD Pharmingen 

CD4 APC-Cy7 GK1.5 BD Pharmingen 

CD8 PE 53-6.7 BD Pharmingen 

CD69 APC or PE FN50 BD Pharmingen 

PLZF PE Mags.21F7 eBioscience 

RORγt APC B2D eBioscience 

T-bet PE-Cy7 4B10 eBioscience 

IFN-γ PE-Cy7 XMG1.2 BD Pharmingen 

IL-17 PE TC11-18H10 BD Pharmingen 

TNF-α PE or AF700 MP6-XT22 BD Pharmingen 

GM-CSF PE MP1-22E9 BD Pharmingen 

 

2.4.2.1 Surface staining 

 

Approximately 1.5x106 cells were filtered and transferred into 5 ml polystyrene FACS 

tubes for flow cytometric staining and further analysis. Cells were incubated with MR1-

6-FP tetramer and anti-CD16/32 antibody for 15 min at room temperature to block non-

specific staining. Then, cells were stained with additional 40 μL staining cocktail, which 

contained MR1-5-OP-RU tetramer, 7AAD and appropriate antibody panels for 30 min at 

room temperature. Samples were kept in dark during the staining process and mixed 

every 10 min by vortex. After staining, cells were washed twice with FACS wash buffer 

and re-suspended in 150-200 μl FACS fix buffer. To quantitate cells in each sample, 3x104 

blank calibration beads were added before flow cytometric analysis.  

 

2.4.2.2 Gating strategy for MAIT cells 

 

Flow cytometric analysis of stained samples was performed using a BD LSR Fortessa II. 

FACS files were analysed by FlowJo software (version 10, Flowjo LLC). Single cells were 

first gated based on forward scatter (FSC-A) and side scatter (SSC-A). Live lymphocytes 
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were characterised as CD45+ 7AAD- populations. MAIT cells were further defined as 

TCRβ+MR1-5OP-RU tetramer+ cells. The sequential gating strategy is shown in Figure 2.1: 

 

 

Figure 2. 1 Gating strategy for flow cytometry analysing MAIT cells 

 

2.4.2.3 Intracellular staining 

 

For transcriptional factor (i.e. intranuclear) staining, cells were stained with Fixable 

Viability Dyes (FVD) e780 which was diluted in cold PBS, for 40 min on ice before surface 

staining to separate dead cells. After surface staining, cells were fixed/permeabilized 

and stained for nuclear transcriptional factors using Foxp3/Transcriptional Factor 

Staining Buffer Set. All the staining steps followed the manufacturers’ instructions. 

 

For intracellular cytokine staining, cells were treated with Golgi plug (within 

Fixation/Permeabilization Kit) during all processing steps. Before surface staining, cells 

were incubated at 37 °C, 5% CO2 for 3-4 h to enrich cytokine production. Positive control 

samples were stimulated with PMA and Ionomycin with working concentration 20 ng/ml 

and 1 µg/ml, respectively. FVD and surface staining was performed as previously 

described. Then, cells were stained for intracellular cytokines using 
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Fixation/Permeabilization Kit. All the staining steps followed the manufacturers’ 

instructions. 

 

2.4.2.4 BrdU incorporation staining  

 

Mice were administrated with 2 mg BrdU by intraperitoneal injection at different time 

points after infection. Two hours after BrdU administration, mice were killed for 

collecting organs. After FVD and surface staining, cells were processed and stained by 

using BrdU Flow Kits, to detect BrdU incorporation. All the staining steps followed the 

manufacturers’ instructions.  

 

2.5 Survival experiments 

 

2.5.1 Adoptive transfer of MAIT cells 

 

MAIT cells were sorted from the lungs of BRD509 infected mice. Mice were infected with 

106 BRD509 intranasally and on day 7 post infection, the mice were killed and the lungs 

removed. A single cell suspension was made (section 2.4.1.1) and stained with MR1-5-

OP-RU tetramer (section 2.4.2.1). The MAIT cells were sorted on a BD FACS Aria III cell 

sorter with similar gating strategy to that shown in Figure 2.1 (Supplementary Figure 2). 

Around 105 MAIT cells were suspended in 200 μL RPMI-1640 and adoptively transferred 

into a recipient Rag2-/-γC-/- mouse via tail vein injection. To remove any contaminating 

non-MAIT ab-T cells, each mouse was intraperitoneally injected with 0.1 mg of anti-CD4 

(clone GK1.5) and 0.1 mg anti-CD8 (clone 53-6.72) antibodies on day 2 and 5 post 

adoptive transfer. Then, mice rested for 2-3 weeks to allow homeostasis of MAIT cells. 

The experimental procedure is shown in Figure 2.2: 
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Figure 2. 2 Experimental procedures post MAIT adoptive transfer.  

 

2.5.2 Measuring survival rate 

 

After intranasal infection with different doses of L. longbeachae, mice were weighed 

daily and rated for visual signs of morbidity including inactivity, laboured breathing and 

huddling behaviour. Mice were euthanized when their weight dropped below 80% of 

their initial (i.e. on infection) weight value (humane end point), or they were assessed 

to be suffered from moderate to severe morbidity.  

 

2.6 Statistical analysis  

 

All statistical tests were performed using the Prism GraphPad software (Version 7, 

GraphPad software, Inc). Comparisons between groups were performed using Student’s 

t-test, unless otherwise stated.
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Chapter 3. Activation of MAIT cells in vivo depends on 

microbial riboflavin synthesis and co-stimulatory signals
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3.1 Introduction  

 

Previous studies have demonstrated that MAIT cells are restricted by MR1 and respond 

to bacterial infection [101, 104, 140]. The microbial reactivity of MAIT cells was further 

confirmed by the identification of MR1 ligands, which were derived from microbial 

riboflavin biosynthesis [88], a process absent from mammalian cells. In the presence of 

MR1-expressing antigen presenting cells, riboflavin metabolites, 5-OP-RU or 5-OE-RU, 

induced strong activation of a reporter T cell lines which were transduced with MAIT 

TCRs [82]. However, given the diversity of the MAIT TCR repertoire in humans and mice 

[79, 80], the capacity of these metabolites to activate MAIT cells in vivo needs to be 

validated. In addition to TCR stimulation, the other in vivo requirements for MAIT cell 

activation during infection have yet to be resolved.  

 

In the past, lack of highly specific reagents to detect MAIT cells hampered the study of 

these cells in mice; one option that was used was to employ MAIT cell-enriched Vα19i 

transgenic mice [105]. However, these transgenic MAIT cells may not reflect the nature 

of naturally-developed MAIT cells, reducing their value as representing MAIT proxies 

[80]. More recently, mouse MR1 tetramers loaded with synthetic 5-OP-RU (hereafter 

MR1-tetramers) were developed to stain MAIT cells in laboratory mice, allowing the 

detailed characterization of wildtype MAIT cells in vivo [80, 83]. 

 

The lungs are a large mucosal organ in air-breathing animals and are susceptible to 

various pathogens [239]. Under laboratory conditions, pulmonary infection of mice with 

bacteria can be efficiently achieved through intranasal administration. S. Typhimurium 

is a model pathogen which has been shown to activate MAIT cells in vitro. Even though 

S. enterica is not a natural lung pathogen, and is normally transmitted by the faecal/oral 

route [179], it is still can serve as a Gram negative cause of pulmonary infection [240]. 

S. enterica infection in the respiratory tract has been used to characterize host 

responses [241-243]. Here, respiratory challenge was used to induce a response from 

pulmonary MAIT cells.  
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In this chapter, the activation requirements of MAIT cells were explored in a S. 

Typhimurium pulmonary infection model, using MR1-tetramers to identify MAIT cells by 

flow cytometry. Results revealed that MAIT cells were activated by infection and 

accumulated in the lungs of mice in response to S. Typhimurium infection, in an antigen-

dependent manner. Notably, significant expansion of MAIT cells in vivo required 

antigens as well as co-stimulatory signals. 

 

3.2 Results 

 

3.2.1 MAIT cells accumulate in the lungs of mice in response to S. Typhimurium 

infection. 

 

MR1-tetramers have been shown to detect MAIT cells in two laboratory mouse strains, 

C57BL/6 and BALB/c [80]. To confirm the specificity of MR1-tetramers, staining with 

tetramers was performed on cells isolated from various tissues of C57BL/6 and 

C57BL/6.MR1-/- mice (Figure 3.1 A). As expected, MAIT cells (defined as TCRβ+MR1-

tetramer+ cells) were detected in C57BL/6 mice as a distinct population, but were not 

observed in MAIT cell-deficient C57BL/6.MR1-/- mice (Figure 3.1 A&B). In addition, a 

relatively high proportions of MAIT cells were found in mucosal tissues, such as the lungs 

and reproductive tract, where MAIT cells formed approximately 1% and 3% of total αβ 

T cells (TCRβ+), respectively. Of note, and despite the high relative proportion, the 

absolute numbers of MAIT cells, as well as T cells, are extremely low in the reproductive 

tract. Other tissues also possessed MAIT cells but with lower proportions, ranging from 

0.01% to 0.3% of total αβ T cells.  

 

To examine the behaviour of lung MAIT cells after bacterial infection, mice were 

inoculated with the S. Typhimurium, using the attenuated vaccine strain BRD509 [197], 

by the intranasal route. After inoculation, MAIT cells began to accumulate in the lungs 

at day 3 and the number of MAIT cells peaked at day 7 post-infection. The MAIT cell 

population contracted slowly along with clearance of the infection (Figure 3.1 C and 3.6). 

The observed expansion of MAIT cells was absent in C57BL/6.MR1-/- mice (Figure 3.1 D) 

and was dependent on the dose of bacterial inoculum (Figure 3.1 E). Notably, with an 
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inoculation of 106 bacteria, MAIT cells comprised up to 50% of all infiltrating αβ T cells 

at day 7 post-infection.  
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Figure 3.1 MAIT cells accumulate in the lungs of mice in response to S. Typhimurium infection. 

(A) Representative FACS plots and (B) scatter plots showing the percentage of MAIT cells among αβ T cells 

in spleen, thymus, blood, mesenteric lymph nodes (LNs), lungs, liver, uterus and vagina of C57BL/6 and 

C57BL/6 MR1-/-  mice (n=4-5; performed twice with similar results; mean±SEM plus individual values). 

MAIT cells are defined as TCRβ+MR1-tetramer+ cells.  

 

(C) Absolute number of MAIT and non-MAIT ab-T cells in lungs of C57BL/6 mice over the course of 

infection. Mice were intranasally infected with 106 BRD509 and their lungs were examined for MAIT cells 

on indicated time points (n=5; performed twice with similar results; mean±SEM). 

 

(D) Representative FACS plots showing the percentage of MAIT cells among αβ T cells in lungs of 

uninfected or infected C57BL/6 and C57BL/6.MR1-/- mice. Mice were intranasally infected with 106 

BRD509 for 7 days. 

 

(E) Percentage of MAIT cells among αβ T cells in lungs of uninfected or infected C57BL/6 mice. Mice were 

intranasally infected with different dose of BRD509 for 7 days (n=3; performed twice with similar results; 

mean±SEM plus individual values). 
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3.2.2 In vivo accumulation of MAIT cells during infection requires MR1 and exogenous 

antigen derived from riboflavin biosynthesis. 

 

To evaluate the role of MR1 in accumulation of MAIT cells in vivo, mice were treated 

with multiple doses of anti-MR1 antibodies (Clone 26.5 or 8F2.F) during the early stage 

of infection. Compared with the isotype control group, there was a significant (P<0.001, 

Student’s t-test) reduction in the MAIT cell accumulation in murine lungs at day 7 

following S. Typhimurium infection, with antibody-mediated MR1 blocking (Figure 3.2 

A). Thus, the blockade of MR1 resulted in reduced MAIT cell responses, highlighting the 

indispensability of MR1 in MAIT cell accumulation during bacterial infection. 

 

There are several key enzymes involved in riboflavin biosynthesis [244], including RibD 

(diaminohydroxyphosphoribosylaminopyrimidine deaminase and 5-amino-6-(5-

phosphoribosylamino)uracil reductase) and RibH (6,7-dimethyl-8-ribityllumazine 

synthase) (Figure 3.2 B). Following the deletion of ribD and ribH, it was anticipated that 

the mutant S. Typhimurium (i.e. BRD509△ribDH) would not generate the 5-OP-RU MAIT 

antigen precursor, 5-A-RU (Figure 3.2 B). Indeed, consistent with previous studies [83], 

bacterial supernatant from this mutant, BRD509△ribDH, failed to stimulate Jurkat.MAIT 

cells in an MR1-dependent MAIT cell activation assay (Figure 3.2 C). Moreover, when 

BRD509△ribDH was complemented with a plasmid carrying ribD and ribH 

(BRD509△ribDH+ribDH), the ability of BRD509△ribDH to activate Jurkat.MAIT cells was 

restored to wildtype BRD509 bacteria levels (Figure 3.2 C).  

 

To confirm that the accumulation of MAIT cells during infection required exogenous 

antigens, mice were infected with BRD509△ribDH, the antigen-deficient mutant. 

However, due to its deficiency in riboflavin production, BRD509△ribDH did not grow as 

rapidly as wildtype counterparts in vivo (Figure 3.2 D). With a same dose of inoculum 

(106 colony forming unit, CFUs), the bacterial load of BRD509△ribDH in lungs was 10-

fold less than that of wildtype BRD509 at day 7 post infection. Therefore, to compensate 

for this reduced growth rate, mice were inoculated with a 10-fold higher dose of 

BRD509△ribDH to initiate infection, which resulted in similar bacterial loads at day 7 

(Figure 3.2 D). As expected, MAIT cells did not accumulate in the lungs of mice upon 
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infection with BRD509△ribDH (Figure 3.2 E&F), suggesting that antigens derived from 

microbial riboflavin biosynthesis are required for MAIT cell accumulation following 

bacterial infection. In parallel with the data generated in vitro (Figure 3.2 C), when mice 

were co-administrated with synthetic antigen 5-OP-RU, delivered by intranasal 

administration or intravenous injection, BRD509△ribDH induced MAIT cell accumulation 

in vivo at levels equivalent to BRD509 (Figure 3.2 F&G). In contrast, no MAIT cell 

accumulation was observed in mice co-administrated with BRD509△ribDH and the non-

activating MR1-ligand 6-FP, suggesting specificity of MAIT cell recognition by the 5-OP-

RU ligand.  
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Figure 3. 2 In vivo accumulation of MAIT cells during infection requires MR1 and exogenous antigen 

derived from riboflavin biosynthesis.  

(A) Percentage of MAIT cells among total αβ T cells in lungs of C57BL/6 mice which were uninfected or 

intranasally infected with 106 BRD509 for 7 days. To block MR1, mice were treated with anti-MR1 

antibodies (clone 26.5, 0.25 mg per dose) at day 0, 2, 4 and 6 post infection (n=5-6; pooled data from two 

independent experiments; mean ± SEM plus individual values; t test: ***, P<0.001). 

 

(B) Schematic figure showing microbial riboflavin biosynthesis. Enzymes Rib A, D, H and E are involved. 

Antigen precursor, 5-A-RU, is generated by RibH. 5-OP-RU can be generated through non-enzymatic 

reaction between 5-A-RU with small molecules. 

 

(C) In vitro activation. Jurkat.MAIT cells and C1R.MR1 cells were co-incubated for 6 h with 20 μL bacterial 

supernatant of BRD509 or BRD509△ribDH or BRD509△ribDH+ribDH, or media control. Activation of 

Jurkat.MAIT cells was measured by CD69 upregulation on gated cells (n=2; performed twice with similar 

results; mean ± SEM plus individual values). 

 

(D) Bacterial burdens recovered from lungs following infection. C57BL/6 and C57BL/6.MR1-/- mice were 

intranasally infected with BRD509 (106 CFU) or BRD509△ribDH (106 or 107 CFU). (n=5; performed twice 

with similar results; mean ± SEM) 

 

(E) Representative FACS plots and (F, G) percentage of MAIT cells of αβ T cells in the lungs of C57BL/6 

mice which were intranasally infected with 106 BRD509, or 107 BRD509△ribDH in combination with 5-OP-

RU or control MR1 ligand, 6-FP. Synthetic antigens (76 pmol per dose each mouse) were administered 

three times, on day 0, 2 and 4 post infection, via (F) intranasal or (G) intravenous route. (n=2-3; performed 

twice with similar results; mean ± SEM plus individual values; t test: **, P<0.01) 
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3.2.3 Co-stimulatory signals are required in vivo for MAIT cell expansion but not for 

CD69 up-regulation. 

 

Studies described in section 3.2.2, above, suggested that 5-OP-RU alone was unable to 

drive the accumulation and/or proliferation of MAIT cells in vivo (Figure 3.2 G). This 

inability of synthetic antigens alone to induce MAIT cells suggested a requirement for 

co-stimulatory signals, such as those provided by bacterial PAMPs, during infection. 

Innate immune cells detect the presence of pathogens via pattern recognition receptors, 

which include an important family, called the Toll-like receptors (TLRs) [245]. To address 

whether co-stimulatory signals could be delivered through TLRs, mice were co-

administrated with 5-OP-RU and different TLR agonists, including dipalmitoyl-S-glyceryl 

cysteine (Pam2Cys), CpG oligonucleotides or polyinosinic: polycytidylic acid (poly I:C). 

Pam2Cys is a synthetic mimic of macrophage-activating lipopetide-2 which can 

stimulate innate immune cells through heterodimeric TLR2 and TLR6 [246]. CpG 

oligonucleotides induce immune responses through TLR9 [247]. Poly I:C is a structural 

analogue of double-stranded RNA and is recognized by TLR3 [248]. According to the 

results, co-administration of 5-OP-RU with each of the individual TLR agonists led to an 

approximate 20-fold enrichment of MAIT cells in the lungs on day 7 (Figure 3.3 A). In 

contrast, TLR agonists alone or combined with the non-stimulatory control MR1 ligand, 

6-FP, drove much less accumulation of MAIT cells (c.2-3 fold). These results suggest that 

TLR agonists can provide 5-OP-RU with sufficient help to evoke a significant expansion 

of MAIT cells in vivo in the absence of any infection. 

 

CD69 is a well-known T cell-activation marker, which is rapidly expressed on the surface 

once T cells are activated [249]. Consistently, and from day 1 to day 3 post S. 

Typhimurium infection, a significant increase of CD69 expression on lung MAIT cells was 

observed, in a time-dependent manner (Figure 3.3 B), indicating that up-regulation of 

CD69 may be a proxy readout of MAIT cell activation. To further address whether a co-

stimulus was required for MAIT cell activation in vivo, the expression of CD69 on MAIT 

cells from mice inoculated with different combination of Pam2Cys and synthetic antigen 

was measured. Notably, MAIT antigen alone (i.e. 5-OP-RU), or antigen combined with 

Pam2Cys induced upregulation of CD69 on MAIT cells as early as 2 hours post 
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inoculation (Figure 3.3 C). This up-regulation was largely inhibited by anti-MR1 

treatment. These findings suggested that TCR recognition of the MAIT antigen is not only 

essential but possibly sufficient to induce MAIT cell activation (detected by CD69 

upregulation) in vivo. In contrast, it appeared that detectable MAIT cell accumulation in 

the lungs needed more stimuli than those required for activation. Given that free 

antigen was unstable and degraded quickly [109], the failure of antigen to drive the 

accumulation of MAIT cells might result from the lability of the antigen. To investigate 

this possibility, mice were inoculated repeatedly (6x) with 5-OP-RU over a 7-day period 

(Figure 3.3 D). However, sustained 5-OP-RU exposure was still insufficient to drive 

accumulation of MAIT cells in vivo (Figure 3.3 E). Taken together, these data suggest that 

co-stimulatory signals delivered through TLRs were required for MAIT cell accumulation, 

but were redundant for activation. 
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Figure 3.3 MAIT cells expand and up-regulate CD69 in response to administration of TLR agonist with 

synthetic antigen.  

(A) Percentage of MAIT cells among αβ-T cells in lungs of mice intranasally administered with TLR agonist 

(Pam2Cys, 20 nmol per mouse; CpG, 20 mg per mouse; Poly I:C 50 mg per mouse) in combination with 

synthetic ligands 5-OP-RU or control MR1 ligand, 6-FP. Synthetic ligands (76 pmol per dose for each) were 

administrated three times, on day 0, 2 and 4 post administration of TLR agonists, via intranasal route. 

Lungs were harvested at day 7 (n=6; pooled data from two independent experiments; mean ± SEM plus 

individual values).  

 

(B) CD69 expression of MAIT and non-MAIT ab-T cells in lungs of mice following 106 BRD509 infection 

(n=3; performed twice with similar results; mean ± SEM plus individual values). 

 

(C) CD69 expression of MAIT and non-MAIT ab-T cells in lungs of mice intranasally administrated with 

Pam2Cys (20 nmol per mouse) in combination with 5-OP-RU (76 pmol per mouse) or control MR1 ligand, 

6-FP (76 pmol per mouse). To block MR1, mice were treated with anti-MR1 antibody (clone 26.5, 0.25 mg 

per mouse) 1 day prior administration. Lungs were harvested at 2 hours post administration (n=2-3; 

repeated twice with similar results; mean ± SEM plus individual values). 

 

(D) Schematic figure showing experiment procedure: mice were intranasally administrated with synthetic 

MR1 ligands and/or Pam2Cys on indicated time points. Lungs were harvested on day 7. 

 

(E) Percentage of MAIT cells among αβ T cells in lungs described in (D) (n=1-4; repeated with similar results; 

mean ± SEM plus individual values). 
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3.2.4 Expanded MAIT cells redistribute to other sites during the course of infection. 

 

Pulmonary infection of mice with S. Typhimurium caused a large expansion of MAIT cells 

in the lungs; a 200-fold increase in absolute numbers was measured at day 7 (Figure 3.1 

C). To address whether this expansion is due to recruitment from other sites, the spleen 

and mediastinal draining lymph nodes (dLNs) along with lungs were harvested at 

different time points after infection for examining the possible loss of MAIT cells. At 

early phases of infection (day 0 to day 10), when MAIT cells accumulated rapidly in the 

lungs, no significant loss of MAIT cells was observed in the spleen or dLNs (Figure 3.4 A). 

In contrast, the percentage of MAIT cells among αβ T cells in the spleen and draining 

LNs remained stable during the course of infection and even increased slightly at week 

7 (Figure 3.4 A&B). Together with the contraction of lung MAIT cells at a late phase 

(Figure 3.1 C), this may suggest that MAIT cells will repopulate to other sites or organs 

when pulmonary infection is resolved. 
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Figure 3. 4 Expanded MAIT cells repopulate to other sites during the course of infection.  

(A) Kinetic of MAIT cell percentage in the lungs, mediastinal draining LNs and spleen over the course of 

infection with BRD509 (106 CFU) pulmonary infection (n=4-5; performed twice with similar results; mean 

± SEM plus individual values).  

 

(B) Percentage of MAIT cells among αβ T cells in the lungs, mediastinal draining LNs and spleen from 

C57BL/6 mice which were uninfected or intranasally infected with 106 BRD509 for 7 weeks (n=2-5; 

performed twice with similar results; mean ± SEM plus individual values).  
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3.2.5 MAIT cells produce pro-inflammatory cytokines in response to Salmonella 

infection but contribute little to clearance of S. Typhimurium in normal mice. 

        

To assess the function of MAIT cells, their cytokine producing capacity was examined. 

Intracellular cytokine analysis revealed the expression of IL-17, IFN-γ and TNF-α in MAIT 

cells from infected mice (Figure 3.5 A&B), which was consistent with the cytokine 

pattern seen in activated MAIT cells in other studies [124, 140, 250]. However, the 

proportion of IFN-γ- or TNF-α-producing MAIT cells was significantly less than those of 

non-MAIT αβ T cells at day 7 post infection (Figure 3.5 B&C). Notably, IL-17 production 

by MAIT cells was strikingly high, as more than 20% of MAIT cells from infected mice 

produced IL-17 directly ex vivo, i.e. without further stimulation (Figure 3.5 A&B). These 

results indicated that MAIT cells could contribute to the murine cytokine response 

during experimental bacterial infection.  

 

Nevertheless, despite substantial expansion and cytokine production of MAIT cells, no 

significant difference or delay in bacteria clearance was observed in wildtype C57BL/6 

and MAIT cell-deficient C57BL/6 mice (Figure 3.6). CFU data recoverable from lung 

homogenates showed that both mouse strains eliminated attenuated (BRD509) S. 

Typhimurium infection within 10 weeks of infection. 
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Figure 3.5 MAIT cells produce pro-inflammatory cytokines in response to S. Typhimurium infection.  

During the course of S. Typhimurium (106 CFU) infection (uninfected, 7 or 120 DPI), αβ T cells were 

harvested from the lungs of C57BL/6 mice and examined for their cytokine production. 

 

(A) Representative FACS plots showing intracellular staining for IL-17A, IFN-γ and TNF-α produced by αβ 

T cells, either directly ex vivo or following stimulation with PMA/ionomycin for 4 h.  

 

(B) and (C) Percentage of cytokine producing (B) MAIT and (C) non-MAIT ab-T cells in lungs (n=1-3; 

performed twice with similar results; mean ± SEM plus individual values).  
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Figure 3.6 C57BL/6 and C57BL/6.MR1-/- mice eliminate S. Typhimurium infection within 10 weeks.  

Bacterial loads recovered from the lungs of C57BL/6 and C57BL/6.MR1-/- mice over the course of S. 

Typhimurium (106 CFU) intranasal infection (n=5 per time point per group; performed twice with similar 

results; mean ± SEM). 
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3.3 Discussion 

 

The results generated in this Chapter help establish a S. Typhimurium pulmonary 

infection model. This model, which is obviously unnatural in terms of the route of 

administration, allows assessment of the MAIT response to Salmonella spp. infection.  

Intranasal models of S. enterica are not novel – previous studies examined the responses 

of mice to intranasal infection with S. Typhimurium or S. enterica subs. enterica var Typhi 

[241, 251, 252]. 

 

In this model, there was clear evidence that MAIT cells were both activated, and 

accumulated rapidly in the lungs of mice, in response to pulmonary infection with 

attenuated S. Typhimurium. These enriched MAIT cells produced several cytokines in 

response to infection, but the cells appeared to be redundant in resolving the infection, 

since the time to bacterial clearance was similar in C57BL/6 mice and C57BL/6.MR1-/- 

mice. However, the accumulation of MAIT cells in this model provides an opportunity 

for exploring factors that can drive MAIT cell expansion in vivo. 

 

S. Typhimurium has been shown to activate MAIT cells in vitro [82, 83]. In the intranasal 

infection model, the bacterium stimulated MAIT cells in vivo demonstrated by CD69-

upregulation (Figure 3.3 B) and increased numbers of MAIT cells (Figure 3.1 C). The 

activation and accumulation of MAIT cells during infection was largely abolished by 

blockage of MR1, or disruption of the Salmonella riboflavin biosynthesis pathway (Figure 

3.2), highlighting the requirement for MR1-presented exogenous microbial antigens in 

the MAIT response to infection. However, this requirement is apparently unnecessary 

for other types of innate like T cells. For example, activation and IFN-γ secretion of NKT 

cells in response S. Typhimurium infection required their recognition of CD1d-presented 

self antigens instead of microbial antigens [253, 254]. Similarly, the recognition of stress-

induced endogenous ligands by γδ T cell receptors during Listeria 

monocytogenes infection was reported [255].  In addition, previous studies showed that 

the ‘innate cytokine’, IL-12, rather than microbial antigens, overwhelmingly drove the 

activation of NKT cells following in vitro stimulation or in vivo infection, as measured by 

CD69 upregulation and IFN-γ production [256]. Consistent with this observation of NKT 
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cells and IL-12, during human viral infection, MAIT cells were activated by IL-12 and IL-

18 in an MR1-independent manner [93, 128]. However, when mice were inoculated with 

a TLR agonist, only a slightly upregulation of CD69 on MAIT cells was observed in the 

absence of microbial antigens (Figure 3.3 C), suggesting that exogenous microbial 

antigens may dominate the activation of MAIT cells in this model.   

 

Mouse MAIT cells characteristically express a semi-invariant T cell receptor, consisting 

of an Vα19-J33 chain paired with a range of TCRβ chains [80]. For human MAIT cells, the 

TCRα chains are also heterogeneous, as most MAIT cells express TRAV1-2-TRAVJ33, but 

some employ TRAV1-2-TRAJ12 or TRAV1-2-TRAJ20 [79]. Similarly, the TCR repertoire of 

NKT and γδ T cells are diverse, leading to comparable diversity in their recognition of 

antigens [257, 258]. The heterogeneity of MAIT TCRs may suggest the existence of other 

possible family of antigens, which are not derived from riboflavin biosynthesis. Indeed, 

genetically mutated S. Typhimurium (BRD509△ribDH), which failed to generate the 

antigen precursor, 5-A-RU, still induced a weak activation of Jurkat.MAIT cells in vitro as 

measure by CD69 upregulation (Figure 3.2 C), suggesting that there might exist 

alternative antigens in the supernatant of bacteria mutant for riboflavin synthesis. 

Moreover, infection of BRD509△ribDH led to a 2-3-fold increase of MAIT cells in the 

lungs in vivo (Figure 3.2 F&G). However, it is unclear whether this increase is due to 

alternative antigens or non-specific stimulus provided by bacteria, as TLR agonists can 

exert ansimilar effect on MAIT cells in absence of antigens. Taken together, the 

abrogation of MAIT cell activation and accumulation highlights the requirement for an 

intact riboflavin pathway for the increased expansion of MAIT cells, and suggests that, 

at least for S. Typhimurium, natural antigens capable of stimulating MAIT cells are 

dominantly or exclusively generated from the riboflavin biosynthesis pathway. 

 

Synthetic 5-OP-RU antigen alone failed to increase MAIT cell numbers  in murine lungs 

unless combined with a co-stimulus provided by bacteria, or a TLR agonist (Figure 3.3 A). 

TLR signals are known to play an important role in triggering innate immunity and lead 

to the substantial release of various-pro-inflammatory cytokines, such as IL-12 [5, 259]. 

Given the high expression of associated cytokine receptors on MAIT cells, such as IL-7R, 

IL-12R and IL-18R [80, 161], it is reasonable to speculate that TLR-induced cytokines are 
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able to amplify MAIT TCR signals, synergistically, leading to MAIT cell accumulation. This 

hypothesis is supported by previous studies that demonstrated that IL-7 enhanced TCR-

mediated activation of human MAIT cells, and led to higher production of Th1 cytokines 

and IL-17A  [133, 134]. MAITs cells, if they are truly ‘innate’, would be unusual in having 

co-stimulation requirements; it has been demonstrated that TLR ligands directly 

stimulate γδ T cells to induce IL-17 production [260]. The lung infection model 

established here could be adapted to further address the mechanism of MAIT cell 

accumulation in vivo.  

 

Intracellular cytokine analysis using flow cytometry detected Th1/Th17 type cytokine 

profiles of MAIT cells upon activation (Figure 3.5), confirming their contribution to the 

cytokine response. The roles of IFN-γ, TNF-α and IL-17A in defence against bacterial 

infections, especially Salmonella infection, have been well defined by many studies [261-

264]. However, MAIT cells did not accelerate the clearance of S. Typhimurium during 

infection (Figure 3.6). This result is consistent with previous studies demonstrating that 

the CD4+ T cell response is dominant in the clearance of S. Typhimurium infection [192, 

193]. Nevertheless, S. Typhimurium is not a natural lung pathogen and therefore the 

results should not be over-interpreted. It is still possible that MAIT cells play protective 

roles in other bacterial pulmonary infections. 

 

Notably, expanded MAIT cells were long lived, as infected mice had higher numbers of 

MAIT cells in the lungs than uninfected mice, even though the bacteria had already been 

cleared to undetectable levels (at around 7 weeks post infection). Also, the 

redistribution of MAIT cells to other sites was observed after the infection was 

eliminated (Figure 3.4). These characteristics render MAIT cells as a potential vaccine 

target.  

 

In summary, the data presented in this chapter provide an insight into the detailed 

mechanism of MAIT cells activation and accumulation in vivo and contribute to our 

understating of MAIT cell biology, using a novel infection model. 
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Chapter 4. Legionella protection and vaccination 

mediated by MAIT cells 
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4.1 Introduction 

 

MAIT cells are relatively abundant in lung tissues of humans and laboratory mice [80, 

265], suggesting that they may contribute to host defence in the respiratory tract. 

Indeed, a decrease in frequency of peripheral blood MAIT cells has been observed in 

patients with active tuberculosis [104, 105]. In a study of human influenza, the MAIT 

cells was correlated with outcome of influenza virus infection, as the number of 

circulating MAIT cells was significantly higher in those patients who were recovering 

from infection compared with patients who succumbed to influenza [128]. In mouse 

studies, a protective role of MAIT cells has been demonstrated in a pulmonary F. 

tularensis Live vaccine strain (LVS) infection model, as MAIT cell deficient MR1-/- mice 

revealed defects in controlling growth of bacteria in vivo [124, 158].  

 

Results presented in Chapter 3 revealed that, in C57BL/6 mice, MAIT cells increased in 

number in the lungs of mice in response to pulmonary S. Typhimurium infection. While 

S. Typhimurium is a systemic pathogen in experimentally-infected mice, it is often 

introduced via the gastrointestinal tract [266, 267]. In the context of animal models, S. 

Typhimurium is not generally regarded as a natural lung pathogen and therefore, 

infection processes in the lungs resulting from intranasal inoculation may not accurately 

represent the function of MAIT cells in controlling and clearing bacterial infections. 

Given that riboflavin biosynthesis is conserved among a wide range of microbes [268], 

it was hypothesised that other more “natural” lung pathogens would evoke MAIT cell 

response in vivo. Therefore, an array of bacteria has been screened in largely 

unpublished laboratory studies, including Streptococcus pneumoniae, Klebsiella 

pneumoniae and Chlamydia pneumoniae. In most cases, the infections were of 

insufficient chronicity to study MAIT cell function. In contrast, murine infections with 

Legionella were characterised by MAIT cell activation.  

 

Legionellae are opportunistic intracellular pathogens that can cause respiratory disease 

in humans [205]. Among numerous Legionella species, L. pneumophila and L. 

longbeachae are clinically important and account for most human infection cases [202, 

203]. The host defence against L. pneumophila or L. longbeachae infection has been 
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studied in murine models [269]. In results presented in this chapter, these two common 

Legionella species were examined for their ability to activate MAIT cells both in vitro and 

in vivo. The protective potential of MAIT cells was explored during pulmonary L. 

longbeachae infection. Results showed that MAIT cells contributed to antimicrobial 

cytokine production and accelerated the clearance of infection. In addition, a proof-of-

concept that MAIT function could be increased by the supply of synthetic ligands, to 

enhance MAIT cell-mediated protection against subsequent infection, was 

demonstrated.  

 

4.2 Results  

 

4.2.1 MAIT cells respond to Legionella infection both in vitro and in vivo. 

 

Antigens that stimulate MAIT cells are derived from the conserved riboflavin 

biosynthetic pathway, which involve several key enzymes [244]. To address whether L. 

pneumophila and L. longbeachae possess these essential enzymes and generate 

antigens, an in vitro MAIT cell activation assay was used, as described in Chapter 3. In 

the presence of MR1 over-expressing antigen presenting cells (C1R.MR1), bacterial 

lysates of L. pneumophila and L. longbeachae induced activation of Jurkat.MAIT cells, as 

measured by CD69-upregulation, in a dose dependent manner (Figure 4.1 A). This 

activation was specifically abolished by anti-MR1 antibody (Clone 26.5) but not isotype 

control, suggesting that MR1-loaded antigens that activated MAIT cells existed in these 

bacterial lysates. Thus, it was confirmed that L. pneumophila and L. longbeachae were 

able to produce stimulatory antigens for MAIT cells. 

 

Next, the ability of pathogenic Legionella spp. to trigger MAIT cells in vivo was examined 

in mouse infection models. C57BL/6 mice were intranasally infected with live L. 

pneumophila or L. longbeachae to establish pulmonary infection. Consistent with in vitro 

data, infection of mice with either L. pneumophila or L. longbeachae induced a rapid 

accumulation of MAIT cells in the lungs (Figure 4.1 B-E). This infection-induced 

accumulation correlated with the size of bacterial inoculum, as 105 L. longbeachae led 

to the highest (580-fold) increase in the absolute number of MAIT cells in the lungs at 
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the peak of infection (day 7 post infection) (Figure 4.1 B&C). A kinetically similar, but 

much more moderate, enrichment of MAIT cells in lungs of C57BL/6 mice was observed 

in response to intranasal L. pneumophila infection (Figure 4.1 D&E). This difference in 

the scale of MAIT cell response may have been due to lower growth and metabolism 

rate of L. pneumophila in vivo, as these bacteria were virtually cleared within 8 days, 

even after administration of a large initial inoculum (2x107 CFU) (Figure 4.1 G). The 

numbers of MAIT cells in the lungs following L. pneumophila infection was significantly 

increased by the supply of synthetic MAIT ligand 5-OP-RU (Figure 4.1 H), indicating a 

possibility of sufficient co-stimulatory signals but insufficient activating ligand during 

infection with L. pneumophila.  

 

As a result of these studies, and previous observations that L. longbeachae are more 

virulent than L. pneumophila in laboratory mice [216, 270], L. longbeachae was selected 

for further investigation.  
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Figure 4. 1 MAIT cells respond to Legionella infection both in vitro and in vivo. 

(A) In vitro activation. Jurkat.MAIT cells and C1R.MR1 cells were co-incubated for 16 h with 5-OP-RU or 

acetyl-6-FP (control ligand), or lysates of L. pneumophila (L. pn.) or L. longbeachae, or PBS control. To 

show MR1 specificity, anti-MR1 mAb (Clone 26.5) or isotype control (Clone W6/32) was added for 2 h 

prior to addition of lysates. Activation of Jurkat.MAIT cells was measured by CD69 upregulation on gated 

cells (n=3; repeated twice with similar results; mean ± SD one-way ANOVA: ***, P<0.001; ****, P<0.0001).  

 

(B) FACS plots showing MAIT cells (MR1-tetramer+TCRβ+) in lungs of C57BL/6 mice which were uninfected 

or intranasally infected with 103, 104 or 105 L. longbeachae for 7 days.  

 

(C) Percentage of MAIT cells, (D) absolute number of MAIT and non-MAIT ab-T cells and (G) bacterial 

loads in lungs of C57BL/6 mice over the course of infection with 2x107 L. pneumophila (n=5; performed 

twice with similar results; mean ± SEM).  

 

(E) Percentage of MAIT cells and (F) absolute number of MAIT and non-MAIT ab-T cells in lungs of C57BL/6 

mice which were uninfected or intranasally infected with different doses of L. longbeachae for 7 days 

(n=4-6; pooled data from two independent experiments; mean ± SEM plus individual values; one-way 

ANOVA: **, P<0.01; ****, P<0.0001).  

 

(H) Absolute number of MAIT and non-MAIT ab-T cells in lungs of C57BL/6 mice intranasally infected with 

L. pneumophila (2x107 CFU) in combination with 5-OP-RU. 5-OP-RU (76 pmol) was intranasally 

administered three times on days 0, 1 and 3 post infection. Lungs were harvested on day 7 to examine 

MAIT cells (n=3; performed twice with similar results; mean ± SEM plus individual values for 3 mice per 

group; t test: ***, P<0.001). 
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4.2.2 MAIT cells proliferate locally in lungs during L. longbeachae infection. 

 

To characterise the kinetics of the MAIT cell response following L. longbeachae infection, 

intranasally-infected C57BL/6 mice were killed, and the lungs examined, at various times 

after infection. Following infection, the number of lung MAIT cells expanded steadily. 

The observed peak of expansion occurred between day 7-10 post-infection, when there 

were about 2.5x106 MAIT cells in the lungs, comprising 30% (on average) of total 

infiltrating αβ T cells (Figure 4.2 A&B). After this point, there was a gradual reduction in 

MAIT cell numbers. Even after 280 days post-infection, and well after the bacterium was 

eliminated, infected mice had significantly more (c.25-fold) MAIT cells in their lungs than 

uninfected C57BL/6 animals (Figure 4.2 B). In contrast, the total number of non-MAIT 

ab-T cells returned to similar levels to those in uninfected mice. In contrast with 

previous observations showing that MAIT cells promote recruitment of other 

conventional T cells [158], no significant difference in the response of non-MAIT ab-T 

cells was observed between C57BL/6 and C57BL/6.MR1-/- mice in this infection model 

(Figure 4.2 B). 

 

To further address the origin of these expanded MAIT cells in response to infection, a 

BrdU incorporation assay was performed. BrdU can be incorporated into newly 

synthesized DNA of replicating cells, therefore it has been widely used to detect cell 

proliferation [271]. As expected, few BrdU+ MAIT cells were detected in the absence of 

infection (Figure 4.2 C&D), likely reflecting slow homeostatic self-renewal of MAIT cells 

in the periphery. At day 3 and 5 after infection, a significant proportion of BrdU+ MAIT 

cells were detected in both the lungs and the draining lymph nodes (dLNs) (Figure 4.2 

C&D), consistent with the rapid expansion of MAIT cells during the early stage of L. 

longbeachae infection (Figure 4.2 B). Notably, a higher proportion of replicating MAIT 

cells was observed in the lungs (4.6%) than in dLNs (2.4%) at day 3, which was reversed 

at day 5 (Figure 4.2 D), implying that lung residential MAIT cells could proliferate locally 

and contribute to subsequent MAIT cells expansion. Taken together, these findings 

demonstrate that MAIT cells may have the capacity to proliferate locally in lungs, and in 

dLN tissues, and accumulate at the infection sites in response to bacterial infection.   
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Figure 4. 2 MAIT cells proliferate and expand locally in lungs during L. longbeachae infection.  

(A) Percentage of MAIT cells and (B) absolute number of MAIT and non-MAIT ab-T cells in lungs of C57BL/6 

and C57BL/6.MR1-/- mice over the course of infection with 2x104 L. longbeachae (n=4-6; performed twice 

with similar results; mean ± SEM).  

 

(C) Representative FACS plots showing BrdU incorporation of T cells in the lungs and draining lymph nodes 

of C57BL/6 mice that were uninfected or infected with 104 L. longbeachae for 3 or 5 days. Mice were 

administrated with 2 mg BrdU 2 h prior sacrifice. A control group without BrdU administration is shown 

in the far right panels.  

 

(D) Percentage of BrdU positive MAIT and non-MAIT ab-T cells in lungs and draining lymph nodes of 

C57BL/6 mice following i.n. infection with 104 L. longbeachae at day 3 and 5 post infection (n=5-6; pooled 

data from two independent experiments; mean ± SEM plus individual values). 
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4.2.3 The cytokine and transcriptional factor signatures of MAIT cells change over the 

course of infection. 

 

Previous studies have demonstrated that IL-17A and IFN-γ are critical in controlling 

murine Legionella infection [272, 273]. Therefore, to address the function of the MAIT 

cells that accumulated during infection, their cytokine profile was analysed. This analysis 

included IL-17A, IFN-γ and GM-CSF, which is an important immunomodulatory cytokine 

[274]. During the acute infection at day 7, production of these three cytokines by MAIT 

cells was detected by intracellular staining (Figure 4.3 A). Compared with MAIT cells 

from uninfected mice, the proportion of IL-17A-producing and IFN-γ-producing MAIT 

cells from mice with acute Legionella infection significantly increased, from 21% to 27% 

(P<0.05，t test) and from 1% to 1.7% (P<0.05, t test), respectively (Figure 4.3 A-C). 

Notably, MAIT cells displayed IL-17A expression in uninfected and infected mice (Figure 

4.3 C). In addition, expression of GM-CSF decreased at day 7 but was restored after 

infection resolution, reaching 13% at day 100 post infection (Figure 4.3 C).  

 

IL-17A and IFN-γ are signature cytokines of Th17 and Th1 cells, respectively. Retinoic 

acid receptor–related orphan receptor γt (RORγt) is a key regulator of Th17 cells, whilst 

T-bet is a master transcription factor in the differentiation of Th1 subsets [275, 276]. 

Therefore, expression of RORγt and T-bet by MAIT cells was examined (Figure 4.3 D). In 

uninfected mice, the majority (81%) of the MAIT cells expressed RORγt solely, whereas 

relatively fewer MAIT cells expressed T-bet (Figure 4.3 E&F). After infection, the 

phenotype of MAIT cells went through a marked conversion, as 64% of MAIT cells co-

expressed RORγt and T-bet at day 7 (Figure 4.3 E&F). This conversion persisted over the 

longer term (>100 days) post infection. In addition, a notable (14%) MAIT cell population 

expressing T-bet only was observed during acute infection (Figure 4.3 D). Overall, the 

change in cytokine profiles of MAIT cells over the course of infection was well reflected 

by changes in transcription factor expression.  
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Figure 4. 3 The cytokine and transcriptional factor signatures of MAIT cells over the course of infection.  

During the course of infection (uninfected, 7 or >100 DPI), αβ-T cells were harvested from lungs of 

C57BL/6 mice and examined for their cytokine production and transcriptional factor expression. 

 

(A) and (B) Representative FACS plots showing intracellular staining for IL-17A, IFN-γ and GM-CSF 

produced by αβ T cells, either directly ex vivo or following stimulation with PMA/ionomycin for 4 h.  

 

(C) Percentage of cytokine-producing MAIT or non-MAIT ab-T cells. (n=5-9; pooled data from three 

independent experiments; mean ± SEM). 

D

E
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(D) Representative FACS plots showing T-bet and RORγt expression by MAIT cells. 

 

(E) Histogram and (F) pie chart showing proportion of T-bet+, T-bet+ RORγt+, RORγt+ and T-bet- RORγt- MAIT 

cells (n=5-9; pooled data from three independent experiments; mean ± SEM plus individual values). 
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4.2.4 MAIT cells accelerate clearance of L. longbeachae infection in vivo. 

 

To evaluate the role of MAIT cells in clearing infection, the bacterial burden in the lungs 

was compared between C57BL/6 and C57BL/6.MR1-/- mice. Both strains of mice were 

intranasally infected with 2x104 L. longbeachae and were sacrificed at different time 

points post infection. In C57BL/6 mice, rapid growth of bacteria was observed at a very 

early stage of infection, peaking at day 3 post infection. Bacterial numbers then 

decreased gradually until day 21 when the infection was undetectable (Figure 4.4 A). 

Compared with infected C57BL/6 mice, C57BL/6.MR1-/- mice displayed significantly 

higher Legionella burdens in the lungs at day 10 (3-fold) and 14 (approaching 10-fold) 

post infection in the absence of MAIT cells (Figure 4.4 B). Clearance of bacteria was also 

delayed in MAIT deficient mice compared to their wildtype counterparts; clearance in 

C57BL/6 mice occurred within 21 days, whereas in mice lacking MR1, this clearance was 

delayed by approximately one week (Figure 4.4 A). These results suggest that MAIT cells 

may play a protective role against L. longbeachae infection. 

 

4.2.5 MAIT cell protection against Legionella infection is enhanced by prior boosting. 

 

MAIT cells persist at higher levels in infected mice, than the levels found in age-matched 

uninfected mice, and carry a distinct phenotype after L. longbeachae pulmonary 

infection (Figure 4.2 B & 4.3 D). To determine whether these expanded MAIT cells 

provide enhanced protection during subsequent infection, a MAIT cell vaccination 

model was established. To specifically expand MAIT cells and minimize effects on other 

T cells, co-administration of TLR agonists and synthetic antigen, 5-OP-RU, was used; this 

treatment expands MAIT cells in vivo (Chapter 3, Figure 3.3 A). Mice were pre-treated 

with TLR agonists (CpG or Pam2Lys) plus 5-OP-RU 30 days before infection (Figure 4.5 

A). As expected, compared to the naïve group, pre-treatments resulted in significantly 

more MAIT cells, but comparable non-MAIT ab-T cells, in the lungs of primed C57BL/6 

mice (Figure 4.5 B). These primed mice were then intranasally infected with 104 L. 

longbeachae. Mice pre-treated to increase MAIT numbers demonstrated enhanced 

bacterial control. Pulmonary bacterial burdens in primed C57BL/6 mice were 

significantly lower than those in primed C57BL/6.MR1-/- mice at day 5, 7 and 10 (Figure 
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4.5 C&D). This difference in bacterial burdens between C57BL/6 and C57BL/6.MR1-/- 

mice occurred earlier when mice were primed (Figure 4.4 and 4.5 C&D). In addition, 

when directly compared with TLR-treated C57BL/6 mice (Pam2Lys only), MAIT cell-

boosting mice (Pam2Lys+5-OP-RU) also exhibited better control of L. longbeachae 

infection at all time points tested (Figure 4.5 D), confirming that “vaccination” could 

augment MAIT cell-mediated protection.  
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Figure 4. 4 C57BL/6.MR1-/- mice display impaired bacteria clearance during L. longbeachae infection. 

C57BL/6 or C57BL/6.MR1-/- mice were intranasally infected with 2x104 L. longbeachae. At indicated time 

points, lungs were harvested and examined for bacterial loads. Dot line represents detective limitation. 

 

(A) Bacterial loads over the course of infection (n=5-6; performed twice with similar results; mean ± SEM; 

Mann-Whitney test: *, P<0.05). 

 

(B) Bacterial loads on day 10 and 14 post infection (n=15-20; pooled data from 3-4 independent 

experiments; mean ± SEM plus individual values; Mann-Whitney test: *, P<0.05; ***, P<0.001).   

A

B
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Figure 4. 5 MAIT cell-boosted mice display better control of L. longbeachae infection.  

(A) Schematic diagram showing experiment procedure: C57BL/6 or C57BL/6.MR1-/- mice were intranasally 

immunized with CpG (20 μg per mouse) or Pam2Lys (20 nmol per mouse) with or without 5-OP-RU (76 

pmol per mouse). 4 weeks after immunization, mice were intranasally infected with 2x104 L. longbeachae.  
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(B) Absolute number of MAIT and non-MAIT ab-T cells in lungs of naïve and MAIT cell-boosted (CpG+5-

OP-RU) C57BL/6 mice (n=3-4; performed twice with similar results; mean ± SEM plus individual values; t 

test: ***, P<0.001).  

 

(C) Bacterial load in lungs of C57BL/6 or C57BL/6.MR1-/- mice pre-treated with CpG plus 5-OP-RU following 

infection (n=5-7; repeated twice with similar results; mean ± SEM plus individual values; t test: *, P<0.05; 

**, P<0.01). 

 

(D) Bacterial load in lungs of lungs in C57BL/6 mice pre-treated with Pam2Lys with or without 5-OP-RU, 

or C57BL/6.MR1-/- mice pre-treated with Pam2Lys plus 5-OP-RU following infection (n=8-10; performed 

twice with similar results; mean ± SEM plus individual values; t test: *, P<0.05; **, P<0.01; ***, P<0.001; 

****, P<0.0001). 

  



Chapter 4 Results 

 78 

4.3 Discussion 

 

The results presented in this Chapter provide direct experimental evidence that MAIT 

cells may contribute to host defense against a human respiratory pathogen, L. 

longbeachae. First, the ability of L. pneumophila and L. longbeachae to generate 

stimulatory antigens for MAIT cells was confirmed in an MR1-dependent activation 

assay (Figure 4.1 A). This finding contributes two more bacterial species to the list of 

MAIT cell-activating microbes, which has been assembled to-date [105, 107].  

 

Following L. longbeachae pulmonary infection, a substantial expansion of lung MAIT 

cells was observed, leading to a more than 300-fold increase in absolute numbers at day 

7 (Figure 4.2 B). As a subset of unconventional T cells, it is hypothesized that MAIT cells 

may mount a rapid response after stimulation and bridge innate and adaptive immunity 

[64]. This would parallel the “bridging” responses seen in other infections. For example, 

in response to Mycobacterium bovis bacillus Calmette-Guérin infection, NKT cells are 

expanded quicker than conventional T cells in mice [277]. Similarly, H2-M3-restricted T 

cells reached their maximal expansion before MHC class Ia-restricted T cells during 

Listeria monocytogenes infection [278]. However, in contrast with these observations, 

MAIT cells reached their peak expansion during day 7-10 post infection, at the same 

time as conventional T cells peaked. In addition, this expansion in MAIT cell number 

persisted over a very long period of time, in a timeframe that was consistent with the 

results from S. Typhimurium infection model (Chapter 3).  

 

The origins of this large MAIT cell population observed in the lungs after infection, and 

whether the cells are recruited to the lungs, or proliferate in situ, has yet to be resolved. 

In several human studies, MAIT cells have been shown to decrease in number in the 

peripheral blood of patients with infectious diseases, including HIV and active 

tuberculosis [123, 144, 153]. Thus, it has been hypothesized that MAIT cells traffic from 

the circulation to the infected tissues, where they participate in defending the host 

against infection [125]. However, no reduction of murine circulating MAIT cells in the 

blood was observed during S. Typhimurium infection (Chapter 3). Instead, numbers of 

MAIT cell increased in blood and other organs after infection (Figure 3.4). The number 
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of MAIT cells recoverable from all organs and tissues examined in naïve mice totalled 

<105 cells (Supplementary Figure 1), and this number is far less than the number of MAIT 

cells detected in one organ e.g. the lungs, during acute infection (>106). Therefore, 

murine MAIT cell expansion in infected sites is more likely due to proliferation rather 

than recruitment from other organs or tissues. Indeed, the BrdU incorporation data 

revealed vigorous proliferation of MAIT cells in both the lungs and the associated dLNs 

during the MAIT cell expansion period, which occurred between 1 and 7 days after 

infection (Figure 4.2). Importantly, the proportion of dividing MAIT cells was increased 

in the lungs at a very early stage of infection, suggesting that proliferation of MAIT cells 

probably occurs in situ without further priming in the dLNs [28]. This conclusion is 

supported by previous results showing that lung MAIT cells upregulate CD69 in an MR1-

dependent manner as soon as 2 hours after encountering synthetic ligands (Figure 3.3 

C), suggesting local antigen presentation, activation and proliferation of MAIT cells 

might be occurring, rather than activation of MAIT cells within the LN. Collectively, these 

findings suggest that expanded MAIT cells result from local proliferation in mice. 

 

The putative function of MAIT cells was analysed through their cytokine expression 

(Figure 4.3 A-C). Consistent with previous studies [124, 158, 279], lung MAIT cells cells 

produced IL-17A, IFN-γ and GM-CSF upon L. longbeachae infection. The most striking 

feature in these experiments was the substantial secretion of IL-17A by MAIT cells 

(Figure 4.3 C). Over 20% of lung MAIT cells produced IL-17A ex vivo, i.e. without any 

infection or further stimulation. Kimizuka et al. have demonstrated that IL-17A 

contributed to L. pneumophila elimination through enhancing production of pro-

inflammatory cytokines and the recruitment of neutrophils [273]. Given that MAIT cells 

are a significant producer of IL-17A, a reduction in secreted IL-17A in C57BL/6.MR1-/- 

mice may be responsible for the observed impaired bacteria clearance. IFN-γ is another 

critical cytokine involved in host defending bacterial infection [272, 280]. Although the 

proportion of IFN-γ-producing MAIT cells is relatively small, they are still abundant when 

measured by absolute numbers, thus contributing significantly to the overall immune 

response. In addition, It has been shown that GM-CSF secreted by MAIT cells induced 

monocyte differentiation and, in turn, promoted T cell response during pulmonary F. 

tularensis LVS infection [158]. However, in response to L. longbeachae infection, this 
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immunomodulatory effect of MAIT cells was not observed, as MAIT deficient mice did 

not show any delay in recruitment of conventional T cells (Figure 4.2 B).  

 

The cytokine expression is regulated by associated transcriptional factors. Accordingly, 

lung MAIT cells expressed high level of RORγt, consistent with their enhanced capacity 

to secrete IL-17A (Figure 4.3 D-F). Previous studies demonstrated that MAIT cells 

increased the expression of RORγt and T-bet in a mutually exclusive manner through 

maturation [80, 86]. After L. longbeachae infection, the majority of MAIT cells co-

expressed these two transcriptional factors. Given that T-bet is linked with Th1 function, 

it might be speculated that T-bet expressing MAIT cells can exert a stronger Th1 

response upon re-exposure to antigens. 

 

Direct comparison of bacterial loads recoverable from the lungs between C57BL/6 and 

C57BL/6.MR1-/- mice at various times after infection demonstrated that MAIT cells likely 

accelerate bacterial clearance (Figure 4.4). Consistent with their accumulation kinetics, 

MAIT cells also exerted a protective effect during the infection phase when the adaptive 

response matured. These observations suggest that MAIT cells may be different from 

other innate-like cells which afford early protection, such as NKT cells [277]. However, 

Georgel et al. reported that K. pneumoniae was cleared in wildtype mice, but 

disseminated systemically in MAIT cell deficient counterparts, within the first 3 day post 

infection [156]. Also, MAIT cells participated in the early cytokine response observed in 

the F. tularensis LVS infection model [124]. Therefore, MAIT cells may contribute to both 

innate and adaptive phases of host defence. Furthermore, these putative MAIT cell-

mediated protective responses were enhanced by pre-expansion, as wildtype mice pre-

treated with TLR and MAIT ligands had 0.7 to 1.3-log-fold lower bacterial loads than 

unvaccinated wildtype mice (Figure 4.5), suggesting that MAIT cells could be targeted in 

“vaccine”-like strategies. 

 

In summary, the data in this chapter show that in response to L. longbeachae pulmonary 

infection, MAIT cells are activated and proliferate, produce pro-inflammatory cytokines 

and appear to accelerate bacterial clearance.  In addition, pre-treatment of mice to 
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specifically elevate MAIT numbers and to activate the cells can provide enhanced 

protection. 
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Chapter 5. MAIT cells protect against fatal L. 

longbeachae infection via IFN-γ
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5.1 Introduction 

 

Since it was first recognised as a primary human pathogen in Philadelphia, when an 

outbreak of Legionella pneumophila occurred at a convention of US Legionnaires, the 

genus Legionella has provided additional species that are now known to cause human 

infection [201, 281]. These newer pathogens include Legionella longbeachae [202]. 

Diseases caused by Legionella spp. are less common in the otherwise healthy, and 

infected younger patients usually recover with effective antibiotic treatment [201, 206]. 

More severe cases of Legionella infection typically occur in the elderly and people who 

are otherwise immunocompromised, and some of these severe infections result in 

premature mortality [282-285]. Similar to humans, immunocompetent laboratory mice 

are usually resistant to Legionella infection and eliminate infection rapidly [269]. Results 

of experiments detailed in Chapter 4 revealed that MAIT cells play a protective role 

against L. longbeachae pulmonary infection. In the absence of MAIT cells, mice displayed 

an increase in bacterial burden during infection that was statistically significant (Figure 

4.4). However, the difference in clearance of Legionella between mice with MAIT cells, 

and MR1-/- mice lacking MAIT cells, was relatively modest, making it difficult to conduct 

a further analysis. Previous studies have demonstrated that some strains of 

immunocompromised mice, such as IFN-γ- or TNF-α receptor- deficient mice, were more 

susceptible to Legionella infection, developing more severe manifestations during 

infection with increased mortality [286, 287]. Thus, employment of 

immunocompromised mice may facilitate the understanding of mechanisms used by 

MAIT cells to enhance bacterial clearance. 

 

The natural host defence against Legionella infection in mice involves a wide range of 

molecular and cellular effectors [288, 289]. For example, natural killer (NK) cells produce 

IFN-γ and promote the resolution of infection at an early stage [272]. Also, T cells and 

their cytokine products, such as IFN-γ and TNF-α, are critical in controlling L. 

pneumophila growth [290]. Although depletion of NK or T cells increases susceptibility 

of inbred C57BL/6 mice to bacteria, mice survive, suggesting a redundancy in protective 

mechanisms. This redundancy means that the functions of MAIT cells may be duplicated 

by other immune components.  
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In this Chapter, MAIT cell-mediated protection is examined in two strains of 

immunocompromised mice: CD4+ cell-depleted GK1.5 mice and severely 

immunocompromised Rag2-/-γC-/- mice. The results show that MAIT cells are more 

important in controlling L. longbeachae infection in the absence of other T cells and NK 

cells. Furthermore, survival experiments with Rag2-/-γC-/- mice suggest that MAIT cell-

mediated protection depends on IFN-γ production. 

 

5.2 Results 

 

5.2.1 MAIT cell-mediated protection is more apparent in the absence of CD4+ T cells. 

 

Previous studies have demonstrated that CD4+ cell-derived Th1 and Th17 cells infiltrate 

the lungs at a late phase of L. pneumophila pulmonary infection and contribute to 

bacterial clearance via their cytokine production [220, 273, 291]. As shown in Chapter 3 

and 4, MAIT cells produce IL-17A, TNF-α, IFN-γ and GM-CSF upon infection, partially 

overlapping the cytokine profiles of Th1 and Th17 cells. Therefore, it was hypothesised 

that the contribution of MAIT cell-mediated protection would be more readily 

demonstrated if CD4+ T cells were removed. GK1.5 transgenic mice were used as they 

express a functional anti-CD4 monoclonal antibody and hence lack CD4+ T cells [292]. To 

obtain MAIT cell and CD4+ T cell double deficient mice, GK1.5 mice were inter-crossed 

with C57BL/6.MR1-/- mice. After infection with 2x104 L. longbeachae, GK1.5 mice 

displayed better protection against infection than GK1.5.MR1-/- mice (Figure 5.1). 

Notably, there was a significant reduction in bacterial loads in GK1.5 mice compared 

with GK1.5 MR1-/- mice from day 7 post infection, which was not observed in 

comparisons between C57BL/6 and C57BL/6.MR1-/- mice (Figure 5.1 and 4.4 A).   



Chapter 5 Results 

 85 

 
 

Figure 5. 1 MAIT cells contribute to bacterial clearance in the absence of CD4+ T cells.  

Bacterial loads in lungs of GK1.5 and GK1.5.MR1-/- mice during the course of infection. Mice were 

intranasally infected with 2x104 L. longbeachae (n=9-12; pooled data from three independent 

experiments; mean ± SEM plus individual values; t test: *, P<0.05; ***, P<0.001). Dotted line represents 

the limit of detection.  
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5.2.2 MAIT cells expand in Rag2-/-γC-/- mice after adoptive transfer. 

 

To further explore the capacity of MAIT cells to mediate protection in mice otherwise 

devoid of lymphoid cells, L. longbeachae infections were examined in Rag2-/-γC-/- mice. 

Carrying mutations in both recombinase activating gene-2 (Rag2) and the common γ-

chain (γC), Rag2-/-γC-/- mice display severe immunodeficiency in T, B and NK cells as well 

as a number (>6) of cytokine receptors [293]. Without any treatment, Rag2-/-γC-/- mice 

succumbed to infection with 103 L. longbeachae infection between 6 to 20 days post-

inoculation, developing pneumonia and losing 20% or more of initial body weight (Figure 

5.2 A).  

 

Adoptive transfer of MAIT cells was used to test capacity of MAIT cells to provide 

protection.  To obtain enough cells for adoptive transfer experiments, MAIT cells were 

first expanded in donor C57BL/6 mice by intranasal S. Typhimurium infection (106 CFU) 

(Figure 3.1 C). After 7 days, MAIT cells (CD45+7AAD-CD19-TCRβ+MR1-Tetramer+, 

Supplementary Figure 2) were FACS sorted from infected lungs and transferred into 

recipient mice (105 cells per mouse) via tail vein injection. MAIT cells expanded 

spontaneously in recipient mice during the first two weeks after transfer and generated 

a substantial population in the lungs (Figure 5.2 B). However, non-MAIT ab-T cells 

expanded more significantly than MAIT cells in recipients, as their percentage among 

total transferred T cells increased from less than 2% after FACS-sorting (Supplementary 

Figure 2), to around 8% at week 2 after transfer (Figure 5.2 C). To deplete these 

contaminating residual non-MAIT ab-T cells, which, after expansion, would affect the 

interpretation of results, recipient mice were treated with anti-CD4 and anti-CD8 

antibodies prior to infection. Interestingly, CD4 and CD8 expression profiles of MAIT cells 

were largely unchanged after treatment [89], as only small numbers of MAIT cells 

expressed CD4high or CD8high  and were depleted (Figure 5.2 D). This finding supports the 

hypothesis that either the tissue resident feature of the transferred MAIT cells or the 

lower expression of CD4 and CD8 relative to other T cells, or both, spared MAIT cells 

from antibody-mediated depletion. Moreover, this anti-CD4 and anti-CD8 treatment did 

not affect any residual anti-Legionella responses of Rag2-/-γC-/- mice who did not receive 

MAIT cell transfers, as no significant difference was observed in the antibody-treated 
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mice compared with untreated mice in survival rate or weight loss after challenge (i.e. 

infected but without MAIT cell transfer) (Figure 5.2 E&F). Thus, a survival model was 

established, in which the roles of MAIT cells could be specifically addressed (Figure 5.2 

G). 
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Figure 5. 2 MAIT cells expand in Rag2-/-γC-/- mice after adoptive transfer.  

(A) Survival of Rag2-/-γC-/- mice following intranasal infection with 103 L. longbeachae (n=22; pooled data 

from two independent experiments). Mice were euthanized once they lost 20% or more of original body 

weight or showed symptoms of severe pneumonia.  

 

(B) Absolute number of transferred MAIT cells in Rag2-/-γC-/- mice after adoptive transfer (n=3-8; pooled 

data from two independent experiments; mean ± SEM). 

 

(C) Representative FACS plots showing staining of transferred MAIT and non-MAIT ab-T cells in lungs of 

Rag2-/-γC-/- mice with or without CD4 and CD8 depletion.  

 

(D) Representative FACS plots showing expression of CD8 and CD4 on transferred MAIT cells in lungs of 

Rag2-/-γC-/- mice after CD4 and CD8 depletion with and without infection with 103 L. longbeahae for 21 

days.  

 

(E) Survival and (F) weight change of Rag2-/-γC-/- mice following intranasal infection with 103 L. 

longbeachae. CD4 and CD8 depletions were performed twice, within 1 week before infection (n=7; mean 

± SEM plus individual values). 

 

(G) Schematic diagram showing experimental procedure. Approximately 105 MAIT cells were sorted and 

adoptively transferred into Rag2-/-γC-/- mice via intravenous injection through the tail vein, followed by 

two doses of anti-CD4/CD8 (0.1 mg each per dose) antibodies injection during the first week. After 2-3 

weeks, recipient mice were infected with 103 or 104 L. longbeachae via the intranasal route.  

  



Chapter 5 Results 

 90 

5.2.3 MAIT cells protect Rag2-/-γC-/- mice against fatal L. longbeachae infection. 

 

Rag2-/-γC-/- mice were intranasally infected with L. longbeachae 2-3 weeks after adoptive 

MAIT cell transfer (Figure 5.2 G). Adoptively transferred MAIT cells fully protected 

recipient mice against infection with 103 CFU of L. longbeachae, whereas all mice 

without MAIT cell transfer were, according to the animal ethics protocol, euthanized 

within 20 days post infection, as they had displayed key morbidity signs (Figure 5.3 A). 

When infected with a higher dose of L. longbeachae (104 CFU), the survival rate of mice 

with MAIT cell transfer decreased, but was still more than 75% at 21 days post infection 

(Figure 5.3 B). Moreover, this protection was MR1-dependent, as the survival rate in 

MAIT recipients was significantly reduced in a Legionella-challenged group that received 

anti-MR1 monoclonal Ab treatment. As a confirmatory measure, pulmonary bacterial 

loads of surviving mice in the anti-MR1 treated group were measured by CFU assay, and 

these bacterial loads were significantly higher than those in the group that did not 

receive anti-MR1 treatment (Figure 5.3 C).  

 

5.2.4 The protective effects of MAIT cells depend on IFN-γ. 

 

Once activated by infection, MAIT cells have been shown to rapidly produce various 

cytokines as well as cytolytic proteins [250, 279, 294, 295]. Indeed, production of IL-17A, 

IFN-γ and GM-CSF by MAIT cells in response to L. longbeachae infection was reported in 

Chapter 4 (Figure 4.3 A). To address factors via which MAIT cells might exert their 

protective function, MAIT cells with a deficiency in these pro-inflammatory cytokines, 

or cytolytic proteins, were transferred and tested in this survival model. Adoptively 

transferred, FACS-sorted MAIT cells lacking IL-17A, TNF-α, perforin or granzyme A&B 

production were equally protective, as measured by survival rate or lung bacterial loads 

of surviving mice (Figure 5.4 A&B). In contrast, MAIT cells that were sorted from IFN-γ-/- 

mice provided little protection to recipient mice, as only 3 out of 21 mice survived at 21 

days post infection (Figure 5.4 A). The bacterial burdens of these three mice were 

significantly higher (2.4-log fold) than those of mice transferred with wild-type MAIT 

cells (Figure 5.4 B). Additional experiments showed that all mice that received IFN-γ-/- 

MAIT cells eventually succumbed to 104 CFU L. longbeachae challenge within 35 days 
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(Supplementary Figure 3). In addition, compared to the group receiving wild-type MAIT 

cells, a small but significant increase in bacterial loads was observed in the group 

adoptively transferred with GM-CSF-/- MAIT cells (Figure 5.4 B). Therefore, these findings 

collectively suggested that MAIT cell-mediated protection was largely dependent on 

IFN-γ. 

 

To support this conclusion, cytokine production from transferred MAIT cells was 

examined in recipient mice. In uninfected recipients, MAIT cells maintained the 

secretion of IL-17A (21%), IFN-γ (1.08%) and GM-CSF (3.5%) (Figure 5.4 C&D). These 

proportions of cytokine-producing MAIT cells were comparable with those of their 

adoptive transfer donor mice, and with MAIT cells in wildtype mice at day 7 post 

infection (Figure 5.4 D and 4.4 B). Moreover, in recipient mice infected with L. 

longbeachae for 7 days, production of all three cytokines was increased, especially for 

IFN-γ, from 1.08% to 9.8% (Figure 5.4 D). Substantial secretion of IFN-γ by transferred 

MAIT cells was consistent with an IFN-γ-dependent protective mechanism. 
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Figure 5. 3 MAIT cells protect Rag2-/-γC-/- mice from fatal infection.  

(A) Survival of Rag2-/-γC-/- mice with or without transferred MAIT cells following intranasal infection with 

103 L. longbeachae (n=22-28; pooled data from two independent experiments). 

 

(B) Survival of Rag2-/-γC-/- mice with or without transferred MAIT cells following intranasal infection with 

104 L. longbeachae. To block MR1, mice were administrated with multiple dose of anti-MR1 Abs (0.25 mg 

per dose) every second day during infection (n=14-21; pooled data from two independent experiment; 

Gehan-beslow test: *, P<0.05).  

 

(C) Bacterial loads in lungs of surviving mice from (C) at day 21 post infection (n=4-16; pooled data from 

two independent experiments; mean ± SEM plus individual values; t test: ****, P<0.0001).  
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Figure 5. 4 MAIT cell-mediated protection is IFN-γ dependent.  

(A) Survival of Rag2-/-γC-/- mice transferred with MAIT cells following intranasal infection with 104 L. 

longbeachae (n=7-21; pooled data from independent experiments; Gehan-beslow test: ****, P<0.0001). 

MAIT cells were sorted from lungs of different immunodeficient mice after infection with S. Typhimurium 

(106 CFU) for 7 days.  

 

(B) Bacterial loads in lungs of surviving mice from (A) at day 21 post infection (n=3-22; pooled data from 

independent experiments; mean ± SEM plus individual values; Bonferroni-corrected t-test: *, P<0.05; ***, 

P<0.001). 

 

(C) Representative FACS plots and (D) percentage of MAIT cells showing cytokine production for IL-17A, 

IFN-γ and GM-CSF of transferred MAIT cells in Rag2-/-γC-/- recipients uninfected or infected with 103 L. 

longbeachae for 7 days (n=6-7; pooled data from two independent experiments; mean ± SEM plus 

individual values).  
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5.3 Discussion 

 

The results generated in this Chapter highlight the protective function of MAIT cells 

against L. longbeachae pulmonary infection in two strains of immunocompromised mice. 

In mouse models where key components of the host immune system are removed, by 

transgenic antibody expression or through specific gene deletions, the roles of MAIT 

cells become more central to protection, and this is reflected by increased bacterial 

loads, and reduced survival rates, in the absence of MAIT cells (Figure 5.1&5.3 B).  

 

CD4+ T cells are well-recognised for their ability to control bacterial infections by various 

facultative intracellular pathogens in vivo, such as S. Typhimurium and M. tuberculosis 

[193, 296]. It has been reported that depletion of CD4+ T cells increases susceptibility of 

mice to L. pneumophila infection [219]. Consistent with these findings, and compared 

with wildtype mice, CD4+ T cell-deficient mice displayed impaired bacterial clearance 

(Figure 4.4&5.1). Previous studies have demonstrated that MAIT cells contribute to host 

defence against F. tularensis LVS infection indirectly, via amplifying CD4+ T cell responses, 

which highlight the immunomodulatory function of MAIT cells [124, 158]. In response 

to L. longbeachae pulmonary infection, the antimicrobial potential of MAIT cells was 

revealed in the absence of CD4+ T cells (Figure 5.1), suggesting a CD4+ T cell-independent 

potential for controlling L. longbeachae infections. Further analyses suggested that 

MAIT cells exert some similar function, such as cytokine production, as CD4+ T cells 

during infection. Therefore, instead of depending on CD4+ T cells to effect protection, it 

was hypothesized that the contribution of MAIT cells would be less obvious in 

immunocompetent wildtype mice carrying CD4+ T cells. 

 

MAIT cell-mediated protection was demonstrated in adoptive transfer experiments. The 

roles of NK, T and B cells during Legionella infection has been tested in many other 

studies, as depletion or non-responsiveness of these cells leads to impaired control of 

infection [219, 272, 297, 298]. As expected, Rag2-/-γC-/- mice, which lack B, T and NK cells, 

were extremely sensitive to infection and rapidly succumbed to L. longbeachae (Figure 

5.2 A). In this severely immunocompromised environment, adoptively transferred MAIT 

cells displayed their full potential to protect recipient mice from otherwise fatal 
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infection (Figure 5.3 B&C). Brown et al. reported that transferred CD8+ memory T cells 

contributed to L. pneumophila clearance via non-specific production of IFN-γ, which was 

also known as bystander effect [299]. In contrast, MAIT cell-mediated protection 

required TCR stimulation as it was abolished by anti-MR1 treatment (Figure 5.3 C).  

 

Adoptively transferred MAIT cells, as well as non-MAIT ab-T cells, proliferated 

vigorously in recipient mice without any infection (Figure 5.2). Expanded MAIT cells 

remained in high numbers for more than 6 weeks. This lymphocyte expansion is likely 

to be homeostatic proliferation [300] instead of antigen-driven, in Rag2-/-γC-/- mice. It 

has been shown that homeostasis is not an intrinsic property of T cells [301]. Several 

homeostatic factors have been defined, such as IL-7 and self-peptide-MHC complexes, 

that are required to maintain the balance between loss and replacement of T cells [301, 

302]. In some lymphopenic conditions, these same factors promote T cell proliferation 

as well as survival [302, 303]. This proliferative phenomenon is consistent with the 

observations made in adoptive transfer recipients where 105 transferred cells resulting 

in 5-fold expansion in the lungs alone.  Given that both human and murine MAIT cells 

express IL-7R [80, 304], future studies could address whether homeostasis of MAIT cells 

is governed by the same factors as other T cell subsets. Most interestingly, proliferation 

of MAIT cells is less than those of non-MAIT ab-T cells in recipient mice (Figure 5.2 C), 

suggesting that MAIT cells may respond less well to homeostatic signals compared with 

other T cells. This may help explain the reason for rarity of murine MAIT cells [80]. 

 

Further experiments revealed the IFN-γ secretion by MAIT cells, and to a lesser extent 

GM-CSF, but not TNF-α, IL-17A, perforin or Granzymes A and B were important in 

adoptive transfer-mediated protection (Figure 5.4 A&B). IFN-γ-mediated protection 

against Legionella spp. infection has been well characterised by many other groups. 

Shinozawa et al. showed that mice with IFN-γ deficiency failed to inhibit bacterial growth 

of L. pneumophila in the lungs of experimentally-infected mice, resulting in severe 

pneumonia and a low survival rate [287]. In support, transient overexpression or 

exogenous administration of IFN-γ into the lungs promoted clearance of L. pneumophila 

in immunocompetent mice [305]. Similarly, IFN-γ knockout mice also displayed less 

resistance against infection with L. longbeachae [306]. Molecular mechanistic studies 
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demonstrated that IFN-γ was an activator of neutrophils and macrophages and potently 

enhanced their antibacterial activities via multiple pathways during a variety of 

infections; these pathways included increasing the oxidative burst and inducing antigen 

presentation [307]. In response to L. pneumophila infection, a IFN-γ-mediated induction 

of nitric oxide synthetase was observed in alveolar macrophages [308]. Therefore, it is 

reasonable to speculate that MAIT cell-derived IFN-γ protects Rag2-/-γC-/- mice against L. 

longbeachae infection following a similar mechanism. Moreover, other pro-

inflammatory cytokines including TNF-α and IL-17 have also been demonstrated to play 

critical roles in controlling Legionella infection [273, 309]. However, although MAIT cells 

are able to produce these cytokines, especially IL-17A, a cytokine strongly linked with 

MAIT cells (Figure 4.3 A), their protective functions were not evident in the adoptive 

transfer model.  

 

Consistent with the survival results, a high proportion of transferred MAIT cells 

produced IFN-γ during infection (Figure 5.4 D), which was not observed in C57BL/5 mice 

(Figure 4.3 A). However, the reason for this striking increase of IFN-γ secretion is unclear. 

It could be due to “memory” phenotype of transferred MAIT cells, i.e. increased T-bet 

expression (Figure 4.3 D-F), or result from the lymphopenic environment of recipient 

mice. Further investigation is required to address these hypotheses. 

 

In summary, the data presented in this Chapter revealed several layers of immunological 

redundancy which mask the contribution of MAIT cells during L. longbeachae infection; 

once removed, MAIT cells demonstrated protection on their own right and the 

underlying mechanisms have been elucidated.  
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General discussion 

 

Mucosal associated invariant T (MAIT) cells are a subset of unconventional T cells 

conserved across numerous mammalian species and which are abundant in humans [64, 

294], but relatively less in mice [80]. MAIT cells can react against a variety of bacteria, 

and this recognition is driven by metabolites derived from microbial riboflavin 

biosynthesis [83]. The abundance, location and effector mechanisms described for MAIT 

cells suggest that they may play a role in host defense against bacterial infection [310]. 

 

6.1 Requirements for MAIT cell activation and expansion 

 

Consistent with the conservation of bacterial riboflavin synthesis, a growing number of 

microbes that appear capable of generating antigens for MAIT cells have been screened 

and identified in various assays [83, 88, 105]. Bacterial supernatants, lysates or infection 

are able to stimulate MAIT cells in vitro. However, some of those tested microbes do not 

necessarily trigger MAIT cell response in mouse models, including Escherichia coli and 

Chlamydia pneumoniae. One explanation for this phenomenon is that some bacteria do 

not provide sufficient exogenous antigens for MAIT cells during infection in vivo. In 

contrast to other innate-like T cells, such as NKT cells which can be activated by 

exogenous as well as endogenous glycolipid antigens [70], activation and expansion of 

MAIT cells is largely dependent on exogenous microbial antigens. As shown in Chapter 

3, the response of MAIT cells to antigen-deficient mutant S. Typhimurium was minimal. 

Moreover, even with an intact riboflavin pathway, L. pneumophila infection only 

triggered a moderate MAIT cell response, possibly due to the scarcity of antigens 

produced upon very limited replication. Therefore, if pathogens possess mechanisms to 

reduce or abolish riboflavin metabolism within the host during infection, they could 

conceivably escape from MAIT cell-mediated immunity. As a counterpoint to this 

scenario, synthetic antigens could be used as immune adjuvants to further activate 

MAIT cells. In addition, given the anti-virus and anti-tumor potential of MAIT cells [128, 

311, 312], artificial antigen-exposure and concomitantly enhanced MAIT cell function, 

may be of benefit to the host in disease outside of bacterial infections. 
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It is interesting to observe that both pathogenic and commensal bacteria are able to 

produce antigens for MAIT cells. Commensal bacteria, especially gut microbiota, are 

tightly linked to the well-being of their host and accumulating evidence has 

demonstrated that these bacteria participate in maintaining the immune system or 

shaping metabolic conditions of the host [313, 314]. Therefore, it is important for MAIT 

cells to distinguish between “friend” and “foe”, as reaction of T cells to commensal 

bacteria may cause some severe inflammatory diseases of the mucosae and disorders 

of the microbiota [315]. The data presented in this thesis suggest that appropriate co-

stimulatory danger signals are also required for triggering MAIT cell responses. It is 

important to recognize that antigen alone is insufficient to fully activate MAIT cells, 

leading to proliferation, and that co-stimulation through the concomitant provision of a 

bacterial PAMP is necessary for MAIT activation. Thus, this dual requirement allows 

MAIT cells to respond to pathogens but to tolerate commensal bacteria. 

 

Studies have shown that MAIT cells display diversity in their cytokine production upon 

stimulation [87, 316]. During L. longbeachae infection, three subsets of MAIT cells were 

observed, expressing Th1-, Th17- or Th1/17-like transcription factor profiles, and 

function, respectively. Previous studies have demonstrated that co-stimulatory signals 

not only regulate the activation of T cells, but also shape their differentiation [317, 318]. 

It is reasonable to speculate that different co-stimulatory signals which may be found 

within infected tissues can lead to different MAIT cell responses. Such a hypothesis could 

also explain the distinct cytokine bias of MAIT cells from different organs and tissues 

[279, 319]. Each organ has a unique environment in terms of cytokines and chemokines, 

hence, they may license MAIT cells with different co-stimuli. Further investigation on 

the effects of different chemokines and cytokines on MAIT cells will facilitate 

manipulation of MAIT cell response against infection to improve their effectiveness. 

 

6.2 Antimicrobial function of MAIT cells 

 

The antimicrobial function of MAIT cells has been demonstrated in human studies and 

examined in several mouse models [125]. Compared with wildtype mice, MAIT cell 

deficient mice are more sensitive to some bacterial infections, including F. tularensis LVS, 
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M. bovis BCG and K. pneumoniae [124, 156, 157, 161]. The results generated and 

discussed in this dissertation add another opportunistic human pathogen, L. 

longbeachae, to this list. The protective effects of MAIT cells are achieved by their 

cytokine production and cytolytic activity [320]. Specifically, during L. longbeachae 

pulmonary infection, IFN-γ secretion plays a key role in MAIT cell-mediated protection. 

Consistent with these observations on L. longbeachae, MAIT cell-derived IFN-γ was 

found to inhibit intracellular growth of M. bovis BCG in macrophages [157]. Also, MR1-/- 

mice displayed impaired IFN-γ response during the early stage of F. tularensis LVS 

infection in the absence of MAIT cells [124]. Given the pleiotropic roles of IFN-γ in 

controlling bacterial infections [307], it is postulated that the IFN-γ-dependent 

mechanism effected by MAIT cells can broadly apply to in mammalian host defenses 

against a range of microbial pathogens. Moreover, and unlike murine lung MAIT cells 

which display limited IFN-γ synthesis, human circulating MAIT cells can produce 

substantial amount of IFN-γ upon stimulation, possibly as a consequence of high 

expression of the IFN- γ-associated transcription factor T-bet [86]. The data collected to-

date suggests that IFN-γ-mediated protection is likely to dominate human MAIT cell 

responses against bacterial infection. 

 

MAIT cells may also contribute to host defense through modulating immune responses 

of other effector cell subsets. For example, MAIT cells produced GM-CSF during F. 

tularensis LVS infection, which led to enhanced adaptive responses and better 

protection [158]. However, this immunomodulatory effect of MAIT cells may not always 

be beneficial to the host. For example, MAIT cells were pathogenic, instead of protective, 

during chronic H. pylori infection [321]. After infection with H. pylori, MAIT cells 

accumulated in the stomach and their presence was associated with enhanced 

recruitment of inflammatory cells and more severe gastritis. Similar pathogenic effects 

of MAIT cells has been frequently speculated in studies of autoimmune diseases and this 

may result from their production of IL-17A [322, 323]. In contrast with H. pylori, L. 

longbeachae does not cause chronic infection which generates a state of persistent 

inflammation [324]. Therefore, during L. longbeachae infection, even with a large 

proportion of MAIT cells generating IL-17A, mice did not appear to suffer from MAIT 

cell-induced pathology. In addition, MAIT cell-derived IL-17A may help maintain the 
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integrity of gut mucosa [325]. In a study of type 1 diabetes, the lack of MAIT cells in Non 

obese diabetic, MR1-/- mice led to greater intestinal permeability and increased leakage 

of gut microbiota [326]. Studies of bacterial infection models and murine autoimmunity 

models suggest that MAIT cells may drive different types of responses depending on 

properties of the pathogen (e.g. degree of intracellularity), the infection site and the 

pathobiology of the disease. 

 

Of note, most previous studies emphasized “innate”-type functions of MAIT cells, by 

demonstrating that MAIT cells either provide an early source of cytokine, or restrict 

growth and dissemination of bacteria at the early stage of infection [124, 156, 157]. In 

contrast, in response to L. longbeachae infection, MAIT cells appear to show more 

features of adaptive immune cells, especially CD4+ T cells, as they expand and exert 

protective effects during the adaptive phase of immune response. Thus, MAIT cells may 

not only play a role in innate immune response, but these cells may also contribute to 

adaptive immunity. Given their abundance in mucosal tissues, which are continuously 

exposed to a variety of microbes, and the ubiquity of their antigens across microbial 

species, MAIT cells and their antimicrobial function may be critical for host defense, 

especially in mucosal sites. 

 

6.3 Vaccination potential of MAIT cells 

 

As shown in Chapter 3 and 4, compared to uninfected mice, mice that recovered from 

S. Typhimurium or L. longbeachae pulmonary infection had higher numbers of MAIT 

cells in their lungs as well as in other tissues. The expanded MAIT cells exerted enhanced 

protection against subsequent L. longbeachae infection. These findings provide direct 

experimental evidence supporting the use of vaccine-induced MAIT cells. MAIT cell 

vaccination may improve responses against other obligate or facultative intracellular 

pulmonary pathogens. Moreover, considering that MAIT cells expanded systemically 

after infection, the enhanced MAIT cell-mediated protection against bacterial infection 

can be effected at multiple sites, such as the female reproductive tract and liver. 
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In contrast to laboratory-reared, specific pathogen-free (SPF) mice, humans have much 

more abundant MAIT cells [327]. Further expansion of MAIT cells may not be necessary. 

However, MAIT cells have been shown to decrease in the peripheral blood of patients 

with various diseases, including HIV infection and autoimmune liver disease [123, 328]. 

It could be speculated that the loss of MAIT cells may render humans more vulnerable 

to opportunistic infections. In these patients with MAIT cell loss, vaccine therapy with 

synthetic antigens could be employed to restore their blood MAIT cell populations. In 

addition, the frequency of MAIT cells changes with age. Infants and the elderly, the two 

groups most vulnerable to infections, only possess relatively small numbers of MAIT cells 

[329, 330]. Thus, they could be beneficiaries of MAIT cell vaccination. 

 

In addition to therapy potential, models of MAIT cell priming, as developed here, may 

benefit laboratory research aimed at better understanding these cells. Due to the huge 

discrepancy in MAIT cell frequency between human and mouse, concerns have been 

raised that murine models are not predictive for humans MAIT cells. TCR transgenic mice, 

while possessing greater numbers of MAIT cells, also develop MR1-tetramer reactive 

cells that are MR1-independent “MAIT”-like cells [79, 160]. Now, systemic enrichment 

of MAIT cells can be achieved by vaccination with synthetic antigens. These MAIT cell-

enriched mice can then be widely used in many other disease studies and may better 

reflect human MAIT cell responses. It will be interesting to explore the role of MAIT cells 

in other diseases. 

 

6.4 Conclusion of the thesis 

 

Utilizing recently developing mouse MR1-tetamers [80], several aspects of MAIT cell 

biology were characterized in detail during two distinct bacterial infections. Importantly, 

the results presented in this thesis demonstrate that MAIT cells become activated and 

expand in the lungs of infected mice, and this is dependent on both MR1 and exogenous 

antigen (pathogen derived). Co-stimulatory signals are required for full activation and 

expansion of MAIT cells (Chapter 3). Upon activation, MAIT cells produce several 

important pro-inflammatory cytokines and accelerate bacterial clearance of L. 

longbeachae via IFN-γ secretion. This antimicrobial effect becomes more apparent if 
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MAIT cells are “pre-expanded”, or when other immune components, which share 

functional similarity with MAIT cells, are removed. In addition, adoptively transferred 

MAIT cells are sufficient, by their own right, to protect immune-compromised mice 

against fatal L. longbeachae pulmonary infection (Chapter 4&5). 

 

In summary, this dissertation supports the idea that MAIT cells can be protective during 

bacterial infection and suggests that MAIT cells might be targeted in vaccine and 

therapeutic strategies. 
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Supplementary Figure 1. Absolute number of MAIT cells in different organs and tissues. 

 

Scatter plots showing the absolute number of MAIT cells recovered from lungs, liver, spleen, kidney, 

thymus and blood (200 μ) of uninfected C57BL/6 mice (n=5-9; pooled data from three independent 

experiments; mean±SEM plus individual values). MAIT cells are defined as TCRβ+MR1-tetramer+ cells. 

  

Lung
Live

r

Splee
n

Kid
ney

Blo
od (2

00
 µ

L)
102

103

104

105

A
bs

ol
ut

e 
M

A
IT

 c
el

l n
um

be
rs

 



  Appendices 

 121 

 

 

Supplementary Figure 2 Sorting MAIT cells by FACS. 

Record file samples showing (A) gating strategy for MAIT sorting and (B) purity check for MAIT cells after 

sorting. MAIT cells are defined as TCRβ+MR1-tetramer+ cells. 
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Supplementary Figure 3 Adoptively transferred MAIT cells with IFN-γ deficiency failed to protect Rag2-

/-γC-/- mice against lethal L. longbeachae pulmonary infection. 

Survival of Rag2-/-γC-/- mice that were adoptively transferred with MAIT cells from either infected wildtype 

or IFN-γ-deficient mice (106 S. Typhimurium pulmonary infection), following intranasal infection with 104 

L. longbeachae. Mice were euthanized once they lost 20% or more of original body weight or showed 

symptoms of severe pneumonia. 
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