
 

 

THE ROLE OF GROUP 3 INNATE LYMPHOID CELLS AND 
TUMOUR NECROSIS FACTOR RECEPTORS IN THE 

SURVIVAL AND FUNCTION OF REGULATORY T CELLS 

 

 By  

 

EMILY ELISABETH HALFORD 

 

 

 

A thesis submitted to the University of Birmingham for the 
degree of DOCTOR OF PHILOSOPHY 

 

 

 

 

 

 

School of Immunity and Infection 

College of Medical and Dental Sciences 

University of Birmingham 

December 2015  



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 



ABSTRACT 

The ability to therapeutically manipulate regulatory T (Treg) cell survival/function 

would have far reaching implications; with the potential to limit immune pathology in 

autoimmune disease, allergy and transplantation; and to reduce regulation of anti-

tumour responses in cancer. This study has established a method to study the 

survival and function of antigen specific Treg cells in vivo, adapting an existing 

approach in which an endogenous naïve T cell population is expanded and tracked. 

Multiple immunisation of antigen, and an agonistic anti-DR3 antibody were used to 

ensure a sufficient number and proportion of Treg cells could be expanded. Further 

to this, an assay for investigating Treg cell function in vivo was applied to this system. 

This approach revealed that the tumour necrosis factor receptors OX40 and CD30 

may play a role in Treg function, as well as expansion. Unexpectedly, these data also 

revealed that in the absence of OX40 there is a gross defect in the function of CD4 T 

cells. A regulatory role of group 3 Innate Lymphoid cells is emerging in the literature, 

and in accordance with this, this study demonstrates that Treg cell expansion is 

grossly impaired in mice which lack RORγt, their lineage defining transcription factor.  
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1.1 Introduction to immune responses 

The immune system, which has evolved to protect against infection, is typically 

divided into innate and adaptive components. If a pathogen is able to breach the 

barrier surfaces of the body, the cells of the innate immune system recognise 

common pathogen components, known as pathogen associated molecular patterns 

(PAMPs) (Janeway and Medzhitov, 2002). Upon recognition via their pathogen 

recognition receptors (PRRs), phagocytes such as macrophages become activated 

and engulf and destroy bacteria. In addition, these cells secrete pro-inflammatory 

cytokines which promote inflammation and facilitate immune cell accumulation. In 

contrast, the cells of the adaptive immune system, B and T lymphocytes, recognise 

specific epitopes or peptides and there is a delay of several days before they are 

able to contribute to the response. Dendritic cells are considered to be the key cell in 

initially driving adaptive immune responses as they are able to activate T cells 

through presentation of cognate antigen to their T cell receptors (TCR) (Banchereau 

and Steinman, 1998). These antigen-presenting cells do so in the context of major 

histocompatibility (MHC) molecules, of which there are two classes. MHC class I 

molecules are expressed by all nucleated cells and present endogenous antigens, 

such as viral peptides to the TCR of T cells expressing the co-receptor CD8, also 

known as cytotoxic T cells when activated. Importantly, antigen-presenting cells can 

also present peptides derived from the local environment. These peptides are 

presented on MHC class II (MHC II) molecules, to T cells expressing the co-receptor 

CD4, also known as T helper (Th) cells when activated. During a bacterial infection 

for example, bacteria are phagocytosed and processed into peptides which are 

loaded onto MHC II molecules and expressed at the cell surface.  
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1.2 T cell tolerance  

To ensure protection from a wide range of pathogens, humans have evolved the 

capacity to generate 108 different TCR (Arstila et al., 1999) each of which can 

recognise up to a million different peptides (Sewell, 2012). To gain this level of 

diversity, T (and B cell) receptors are generated through a process called V(D)J 

recombination, in which coding regions are assembled from germline Variable (V), 

Diversity (D) and Joining (J) segments (Tonegawa, 1983, Hesslein and Schatz, 

2001). This process is dependent on recombination activating genes (RAG)-1 and -2 

and therefore in their absence T cells cannot develop (Mombaerts et al., 1992, 

Shinkai et al., 1992). This process results in a high level of diversity because multiple 

combinations can be assembled from the pool of V, D and J segments, and variation 

is introduced during segment ligation (Bassing et al., 2002). During this process, 

however, there is the potential that TCR are generated which can recognise self-

peptides. To safeguard against the development of autoimmune disease there is 

therefore the need for multiple layers of T cell tolerance. These can be broadly split 

into central tolerance, which occurs during T cell development through a process 

called negative selection, and peripheral tolerance which is mediated by a number of 

mechanisms in the periphery. 

1.2.1 Central tolerance 

The precursors of T cells are generated in the bone marrow, but develop in the 

thymus. Lymphoid progenitors enter the thymus at the cortico-medullary junction as 

double negative thymocytes (CD4-CD8-), and migrate through the cortex, where they 

undergo VDJ recombination (Germain, 2002). The TCR β chain is first to be 
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rearranged and if successful, CD4 and CD8 are upregulated and TCR α-chain 

rearrangement occurs. Positive selection selects for CD4+CD8+ (double positive) 

thymocytes bearing TCR that can recognise peptide in the context of MHC II. This 

therefore ensures that T cells which progress have the capacity to become activated 

by antigen-presenting cells such as dendritic cells in the periphery (Laufer et al., 

1996). Double positive thymocytes which survive positive selection downregulate 

either CD4 or CD8 to become single positive cells. Negative selection is mediated by 

medullary thymic epithelial cells (mTECs) as well as dendritic cells, which present 

self-peptides in the context of MHC II molecules and mediate the clonal deletion of 

thymocytes bearing TCR with high affinity for these peptides (Gallegos and Bevan, 

2004). mTECs are able to express tissue specific antigens due to the activity of the 

transcription factors Autoimmune regulator (AIRE) and Fezf2 (Derbinski et al., 2001, 

Takaba et al., 2015). Negative selection ensures that only (conventional) T cells with 

low affinity for self-peptide enter the periphery, and is therefore a mechanism of 

maintaining tolerance to self-antigens (Starr et al., 2003). It is important however, that 

the process of negative selection does not delete all potentially self-reactive T cells 

as there is a need to strike the balance between removing these cells and ensuring 

that there is a wide enough repertoire to protect us from infection. There is therefore 

the need for mechanisms to maintain tolerance in the periphery.  

1.2.2 Peripheral tolerance 

There are multiple layers of peripheral tolerance, of which a key checkpoint is the 

requirement for co-stimulation in T cell activation. T cells exit the thymus as naïve 

CD4 or CD8 T cells, and recirculate around the blood stream, passing through 

secondary lymphoid tissues such as the lymph nodes and spleen (von Andrian and 
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Mempel, 2003). These secondary lymphoid tissues increase the chances of a 

lymphocyte meeting its cognate antigen by providing specialised microenvironments 

with discrete areas for T and B cell activation. Lymph nodes are positioned at the 

junctions of lymphoid vessels, which transport antigen and activated antigen-

presenting cells through the lymph to the lymph nodes from the site of infection.  

CD4 T cell activation requires multiple signals and results in IL-2 production and 

proliferation (Smith-Garvin et al., 2009). The first signal is delivered through 

engagement of the TCR with its cognate antigen in the context of MHC II. The 

second signal is delivered by a plethora of co-stimulatory molecules, and the third by 

cytokines, which direct differentiation into the different T helper subsets. The three 

main subsets and their lineage defining transcription factors are: Th1 cells (Tbet), 

Th2 cells (GATA-3), and Th17 cells (RORγt) (O'Shea and Paul, 2010). The existence 

of different T helper subsets allows tailoring of the immune response towards the 

type of pathogen, for example Th1 cells secrete Interferon γ (IFNγ) which promotes 

macrophage activation and therefore aids clearance of bacteria.  

Co-stimulatory ligands and MHC II are provided by antigen-presenting cells, such as 

dendritic cells, but are only upregulated upon recognition of PAMPs by PRRs such as 

Toll-like receptors (TLRs) (Banchereau and Steinman, 1998). Co-stimulatory 

receptors, which are expressed by the T cell, are divided into two subsets; the 

immunoglobulin and tumour necrosis factor (TNF) receptor super families. The initial 

costimulatory signal is delivered through interaction of the immunoglobulin 

superfamily receptor CD28, which is constitutively expressed by naïve T cells, with its 

ligands CD80 and CD86, expressed by mature dendritic cells (Lenschow et al., 

1996). Activation of the naïve T cell leads to upregulation of further co-stimulatory 
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molecules including TNF receptors such as OX40, which are principally involved in 

promoting T cell survival during activation (Croft, 2009). In the absence of co-

stimulation TCR signaling results in anergy, a state of unresponsiveness. Therefore, 

the requirement for signal 2 can be considered to be a safeguard against T cell 

activation in the absence of infection, which is known as ‘passive tolerance’. This 

study will concentrate on the action of Treg cells, which is known as ‘dominant 

tolerance’ and will be explored in detail. 

1.3 Treg cells 

Treg cells are a subset of CD4 T cells which are able to suppress responses against 

self (Sakaguchi, 2004). These cells, which comprise 5-10% of the CD4 T cell 

population, have been identified both in mice (Gershon and Kondo, 1970, Sakaguchi 

et al., 1995) and humans (Baecher-Allan et al., 2001, Dieckmann et al., 2001, 

Jonuleit et al., 2001). In addition to their role in preventing autoimmunity, Treg cells 

have been shown to play an important role in maintaining oral and feto-maternal 

tolerance as well as feedback control of the immune response, particularly to reduce 

pathogen-associated immune pathology (Corthay, 2009). The role of Treg cells in 

allergy, transplantation and cancer are also of great interest in the scientific 

community, due to the potential for therapeutic manipulation. 

The identification of discriminatory markers for Treg cells is not straightforward, as 

the majority of markers are shared with activated T cells in mice and humans. These 

include CD25 (Sakaguchi et al., 1995), Cytotoxic T lymphocyte antigen 4 (CTLA-4) 

(Read et al., 2000, Takahashi et al., 2000), Lymphocyte Activation Gene 3 (LAG-3) 

(Huang et al., 2004) and glucocorticoid-induced TNF receptor (GITR) (McHugh et al., 
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2002). In mice the transcription factor forkhead/winged-helix box P3 (FOXP3) is 

considered to be the most reliable marker of Treg cells as it is exclusively expressed 

by these cells. In humans however, FOXP3 is transiently expressed in T cells upon 

activation (Gavin et al., 2006). It has been proposed that low expression of CD127 

(IL-7Rα) should be also be used to aid identification of Treg cells, particularly in 

humans (Seddiki et al., 2006, Liu et al., 2006), therefore Treg cells are generally 

characterised as FOXP3+ CD25hi CD127 (IL-7Rα)lo (Vignali et al., 2008).  

The crucial role of Treg cells in maintaining tolerance is demonstrated in mice which 

lack expression of FOXP3. These ‘scurfy’ mice develop a CD4 T cell dependent fatal 

lymphoproliferative disease (Clark et al., 1999, Brunkow et al., 2001). Similarly, if 

Treg cells are depleted after birth, the mouse will succumb to fatal lymphoproliferative 

disease within 2-3 weeks (Kim et al., 2007). This is also mirrored in the human 

disease IPEX (Immunodysregulation polyendocrinopathy enteropathy X-linked 

syndrome), which is caused by a FOXP3 mutation and is characterised by severe 

autoimmunity (Bennett et al., 2001, Wildin et al., 2002). This transcription factor has 

been shown to act both as a repressor and as an activator (Marson et al., 2007, 

Zheng et al., 2007) and has been referred to as the ‘master regulator’ of Treg cell 

generation and function (Fontenot et al., 2003, Hori et al., 2003). Although there 

appears to be little doubt over the critical role of FOXP3 in Treg cell function, its 

importance in Treg cell lineage commitment has been questioned (Gavin et al., 2007, 

Lin et al., 2007, Hill et al., 2007). In these studies, disruption of the FOXP3 locus 

revealed that it amplifies and stabilises the regulatory lineage rather than being the 

initiating factor for commitment. Consistent with this, transcriptome analysis has 
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revealed that only a small proportion of the gene expression ‘signature’ of Treg cells 

can be recapitulated through FOXP3 transduction (Hill et al., 2007). 

1.3.1 Treg cell subsets 

Treg cells can either be generated in the thymus or induced in the periphery from 

naïve T cells (Bluestone and Abbas, 2003). As a result, Treg cells have been 

categorised as either thymically- (tTreg) or peripherally-derived (pTreg) (Abbas et al., 

2013), as shown in Figure 1.1. The two subsets have often been referred to as 

natural or induced Treg cells, however this has not always been consistent and can 

be deemed misleading. The term ‘natural’ infers that the second subset does not 

occur naturally, and there is the potential that the term ‘induced’ may cause 

confusion with in vitro induced Treg cells. Therefore, the terms tTreg and pTreg were 

brought in as part of a move to simplify the nomenclature. Treg cells within human 

peripheral blood can also be classified according to expression of CD45RA and 

FOXP3 (Miyara et al., 2009). CD45RA+FOXP3loTreg cells are considered to be 

‘resting’, CD45RA-FOXP3hiTreg cells ‘activated’ and CD45RA-FOXP3lo cells ‘non-

suppressive’. 

1.3.1.1 Development of tTreg cells 

Jordan et al. (2001) have demonstrated that thymic development of Treg cells 

requires high affinity interactions between the TCR and self-peptide. This study 

utilised a TCR transgenic system, demonstrating that thymocytes with low affinity for 

antigen were not able to become tTreg cells. TCR signalling is therefore thought to 

have an ‘instructive’ role in Treg cell development, and it has been suggested that 

Treg cells develop from thymocytes which bind to cognate self-antigen with affinities 
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below the threshold for negative selection but above the threshold for positive 

selection (Josefowicz et al., 2012). This reliance on antigen encounter for Treg cell 

development is evidenced in studies in which it is shown that without thymic antigen 

expression, Treg cells cannot develop (Walker et al., 2003b, Itoh et al., 1999). 

Further evidence for this comes from a study showing that mTEC, which express 

self-peptides, are crucial for Treg cell development (Cowan et al., 2013). It has also 

been demonstrated by Tai et al. (2005) that CD28 signaling is required alongside 

TCR signaling to initiate FOXP3 expression and therefore promote Treg cell 

development.  

Interestingly, a sequencing study of hundreds of TCRs has shown that Treg cells do 

not show any more bias towards self-antigens than naïve T cells, although Treg cells 

do exhibit a greater diversity of TCRs (Stephens and Shevach, 2007, Pacholczyk et 

al., 2007). Therefore, although Treg cells can recognise self-antigen, this may not be 

a cardinal feature of these cells. Consistent with this, it has also been shown that 

immunisation of peptide can lead to the development of antigen-specific Treg cells in 

the thymus of mice (Zelenay et al., 2010), which demonstrates that peripheral 

antigen can influence tTreg development.  

1.3.1.2 Development of pTreg cells  

In vitro cell culture experiments have revealed that upon activation in the presence of 

TGFβ, naïve CD4 T cells can upregulate FOXP3 (Chen et al., 2003, Fantini et al., 

2004). The pivotal role of this cytokine has subsequently been demonstrated through 

in vivo experiments, in which it was shown that pTreg cell induction was abrogated 

by administration of blocking TGFβ antibody (Mucida et al., 2005). There are also 
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two subsets of pTreg cells which do not express FOXP3 (Vieira et al., 2004). These 

are the T regulatory 1 (Tr1) and T helper 3 (Th3) subsets which have been classified 

as regulatory due to their high production of IL-10 and TGFβ respectively, as well as 

their ability to suppress chronic inflammatory responses in vivo (Groux et al., 1997, 

Chen et al., 1994). Conversion to Tr1 cells has been shown to be mediated primarily 

by IL-10 rather than TGFβ (Groux et al., 1997), therefore providing a positive 

feedback loop for Tr1 generation.  

Interestingly, it has been demonstrated that naïve T cells which have recently 

entered the periphery from the thymus are most likely to be converted into pTreg 

cells (Paiva et al., 2013). pTreg cell development has been reported to be associated 

with low dose antigen (Apostolou and von Boehmer, 2004), and suboptimal activation 

of dendritic cells (Kretschmer et al., 2005). This suggests that conversion of naïve T 

cells to pTreg cells occurs more readily when there is weak co-stimulation. 

Interestingly, administration of antigen through the oral route has also been shown to 

be associated with pTreg generation (Mucida et al., 2005, Coombes et al., 2007). In 

these studies, it was shown that oral ovalbumin can induce TGFβ-dependent 

expansion of Treg cells in the mesenteric lymph nodes of mice. These studies used 

TCR transgenic (DO11.10) mice on a RAG deficient background, which are not able 

to produce tTreg cells (Walker et al., 2003b, Itoh et al., 1999), and therefore it was 

possible to demonstrate that the increase in Treg cells was due to conversion of 

naïve T cells rather than expansion of tTreg cells. This suggests pTreg cells have a 

role in oral tolerance, which interestingly has also been shown to be associated with 

low dose antigen (Friedman and Weiner, 1994).  
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Figure 1.1: Treg cell subsets. FOXP3+ Treg cells are either generated in the 
thymus from CD4+CD8- thymocytes (tTregs) or in the periphery through TGFβ-
dependent conversion of naïve CD4+ T cells (pTregs). Two subsets of FOXP3- Treg 
cells also arise from naïve CD4+ T cells in the periphery: T helper 3 (Th3) cells and T 
regulatory 1 (Tr1) cells. 
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Haribhai et al. (2011b) have demonstrated that there is only 5-15% overlap between 

the TCR repertoire of pTreg and tTreg cells, which is perhaps unsurprising seeing 

as pTreg cells develop from conventional T cells. This suggests that there may 

functional dichotomy between these two subsets, and indeed transcriptome analysis 

of nTreg cells alongside pTreg cells generated by various routes has revealed that 

the two subsets have distinct gene expression profiles (Feuerer et al., 2010, Haribhai 

et al., 2009). Among the transcripts differentially expressed are those encoding 

chemokine receptors, effector molecules and transcription factors (Feuerer et al., 

2010) indicating that these two subsets may be specialised towards different types of 

response and/or different locations. However, Haribhai et al. (2009) have shown that 

transfer of a 1:1 mix of pTreg and tTreg cells are able to better suppress the onset of 

T cell-induced colitis than transfer of either subset independently. Therefore, despite 

this functional dichotomy, these two subsets may synergise to attain maximal 

suppression.  
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1.3.1.3 Discrimination between tTreg and pTreg cells 

Helios, and more recently Neuropilin-1, have been proposed as markers for 

discriminating tTreg cells from pTreg cells (Singh et al., 2015). Helios is a 

transcription factor from the Ikaros family (Hahm et al., 1998), which has been shown 

to be expressed by all thymic Treg cells but only 70% of Treg cells in the periphery of 

both mice and humans (Thornton et al., 2010). In addition, pTreg cells induced by 

oral ovalbumin were found to be Helios-. This has however been challenged by 

multiple groups (Verhagen and Wraith, 2010, Akimova et al., 2011, Gottschalk et al., 

2012), including Himmel et al. (2013), who demonstrated that both Helios+ and 

Helios- tTreg cells can be identified in human blood. Neuropilin-1 (Nrp-1) is a 

semaphorin III receptor which was initially characterised in relation to its role within 

the nervous system (Kolodkin et al., 1997). It has subsequently been shown to be 

expressed on the surface of Treg cells where it promotes long interactions with 

antigen-presenting cells (Sarris et al., 2008). It has been proposed that it is only tTreg 

cells which express Nrp-1 as again all thymic Treg cells were found to express Nrp-1 

but only around 70% of Treg cells found in the periphery of mice. In addition, pTreg 

cells induced in the gut were shown to express lower levels of Nrp-1 than the overall 

Treg cell pool (Weiss et al., 2012, Yadav et al., 2012).   
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1.3.2 Mechanisms of suppression by Treg cells 

Treg cells can suppress many different immune cells, including natural killer cells, B 

cells, dendritic cells, monocytes and T cells (Schmidt et al., 2012). Their main 

function is often considered to be suppression of naïve T cell activation, which is 

thought to be by influencing both the naïve T cell, and the antigen-presenting cell 

(Schmidt et al., 2012), as shown in Figure 1.2. This ultimately leads to reduction in 

IL-2 production by the T cell, and therefore impaired proliferation (Thornton and 

Shevach, 1998, Takahashi et al., 1998). Interestingly Treg cells have also been 

shown to suppress effector and memory T cells (Levings et al., 2001), although they 

are thought to be more effective at suppressing the activation of naïve T cells (Miyara 

and Sakaguchi, 2007). Treg cells require stimulation through their TCR, as well as IL-

2, for their activity (Thornton et al., 2004a, Thornton et al., 2004b) and thus are 

considered to be activated in an antigen specific manner. However, numerous 

studies have shown that they can suppress T cells of multiple specificities, which is 

termed bystander suppression (Thornton and Shevach, 2000, Takahashi et al., 1998, 

Thornton and Shevach, 1998). It is important to note however, that Treg cells may 

more efficiently suppress T cells of the same specificity (cross-regulation) (Corthay, 

2009).  
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Figure 1.2: Treg cell-mediated suppression of T cells. The suppressive 
mechanisms employed can be divided into four categories: reduced T cell activation, 
metabolic disruption, immunomodulatory mediators and cytolysis/cell cycle arrest. 
Treg: Regulatory T cell, CTLA-4: Cytotoxic T lymphocyte antigen 4, LAG-3: 
Lymphocyte activation gene 3, CD: Cluster of differentiation, MHC II: Major 
histocompatibility complex class II, DC: Dendritic cell, IDO: indoleamine 2, 3-
dioxygenase, ATP: adenosine triphosphate, AMP: adenosine monophosphate, ICER: 
inducible cAMP early repressor, cAMP: cyclic adenosine monophosphate, A2AR: A2A 
receptor, IL: Interleukin, IL-2Rα: Interleukin-2 receptor α, TGF: Tumour growth factor. 
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1.3.2.1 Reduced T cell activation 

Multiple mechanisms have been described for Treg cell-mediated suppression, which 

can be divided into four categories. The first results from interactions between Treg 

and dendritic cells, which have been shown to occur in vivo by intravital microscopy 

by multiple groups (Tang et al., 2006, Tadokoro et al., 2006). Interestingly Nrp-1, 

which has previously been discussed as a marker of tTreg cells, has been shown to 

promote long interactions between Treg cells and dendritic cells (Sarris et al., 2008), 

and therefore may give Treg cells an advantage over T cells.  

One of the key mechanisms of Treg cell-mediated suppression is thought to be 

through the action of CTLA-4, particularly as selective depletion of this inhibitory 

receptor from Treg cells results in lymphoproliferative disease (Wing et al., 2008, 

Friedline et al., 2009). CTLA-4 is constitutively expressed by Treg cells (Takahashi et 

al., 2000, Read et al., 2000, Metzler et al., 1999) and shares its ligands CD80 and 

CD86 with the co-stimulatory receptor CD28. As CTLA-4 binds with higher affinity to 

these ligands than CD28, it has been proposed that the mechanism by which CTLA-4 

interferes with T cell activation is by out-competing CD28 for binding to its ligands 

(Masteller et al., 2000). However, it has been shown that CTLA-4, which cycles 

between the surface and cytoplasm, can ‘rip’ CD80/86 from the surface of dendritic 

cells through a process called trans-endocytosis, which results in the degradation of 

these ligands within the Treg cell (Qureshi et al., 2011). This would suggest that 

rather than competing with CD28 for its ligands, CTLA-4 depletes CD80/86 from 

dendritic cells and as a result there is less available to bind CD28 and deliver signal 2 

for T cell activation. It has also been proposed that reverse signaling occurs as a 

result of interactions between CTLA-4 and CD80/86, stimulating the activity of the 
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enzyme indoleamine 2, 3-dioxygenase (IDO) within the dendritic cell (Grohmann et 

al., 2002). This enzyme converts tryptophan to kynurenine, which is thought to result 

in inhibition of T cell proliferation due to the resulting shortage of tryptophan within 

the microenvironment (Mellor et al., 2002) and may cause T cell apoptosis due to the 

toxicity of kynurenine (Fallarino et al., 2003). 

Another inhibitory receptor, LAG-3, has also been shown to interfere with T cell 

activation, by blocking the maturation of dendritic cells (Liang et al., 2008). As 

dendritic cell maturation crucially leads to the upregulation of co-stimulatory 

molecules and MHC II, this would prevent T cell activation. LAG-3 is upregulated on 

Treg cells upon activation and participates in their suppressive function (Huang et al., 

2004, Workman and Vignali, 2005). LAG-3 is able to bind to MHC II with higher 

affinity than CD4 (Huard et al., 1995), with which it shares structural homology, and it 

is thought to be via this interaction that LAG-3 provides inhibitory signals to dendritic 

cells (Liang et al., 2008). 

1.3.2.2 Metabolic disruption 

Various suppressive mechanisms have been proposed which interfere with naïve T 

cell or dendritic cell metabolism. The high expression of CD25 on Treg cells led to 

the proposal that Treg cells act as an ‘IL-2 sink’, depriving effector T cells of this 

cytokine, which they need for proliferation and survival. This has been shown to 

occur in vitro (Pandiyan et al., 2007, Barthlott et al., 2005), but little evidence for this 

phenomenon has been ascertained from in vivo studies and therefore it remains 

controversial (Vignali, 2012). Another mechanism which results in impaired 

proliferation of naïve T cells is mediated by the ectoenzymes CD39 and CD73, which 
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are highly expressed on the surface of Treg cells (Kobie et al., 2006, Deaglio et al., 

2007, Borsellino et al., 2007). These enzymes co-operate to convert extracellular 

adenosine tri-phosphate (ATP), which is released through cellular damage, to 

adenosine. Adenosine has been shown to inhibit T cell proliferation through 

interactions with the A2A receptor (A2AR), expressed by these cells. The mechanism 

by which this occurs may involve cyclic AMP (cAMP), a second messenger molecule 

which is increased upon binding of adenosine to A2AR (Ernst et al., 2010), but can 

also be transferred directly from regulatory T cells into conventional T cells through 

gap junctions (Bopp et al., 2007). In naïve T cells cAMP induces expression of 

inducible cAMP early repressor (ICER), which is a repressor at the IL-2 locus (Bopp 

et al., 2007). cAMP can also be transferred directly from Treg cells into dendritic cells 

through gap junctions (Bopp et al., 2007), which has been shown to cause 

downregulation of the co-stimulatory molecules CD80 and CD86 (Fassbender et al., 

2010), hence suppressing naïve T cell activation. 

1.3.2.3 Immunomodulatory mediators 

The key immunosuppressive cytokines secreted by Treg cells are TGFβ and IL-10, 

which also have roles in pTreg cell induction, as previously discussed (Miyara and 

Sakaguchi, 2007). These cytokines act on multiple cell types, including T cells and 

dendritic cells, inhibiting proliferation and activation respectively. Initial in vitro studies 

showed that neither IL-10 nor TGFβ are required for Treg cell mediated suppression 

of conventional T cells (Thornton and Shevach, 1998, Takahashi et al., 1998). 

However, the absence of IL-10, which is particularly important at environmental 

interfaces (Rubtsov et al., 2008), has been shown to impair Treg cell-mediated 

suppression of colitis in multiple in vivo models (Kingsley et al., 2002, Annacker et 
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al., 2001, Asseman et al., 1999). There is also evidence from a similar colitis model 

that TGFβ is required for Treg-cell mediated suppression of T cells (Fahlen et al., 

2005). TGFβ exists in a membrane bound, as well as a secretory form, and there is 

in vitro evidence that TGFβ-dependent suppression may be via the membrane bound 

form (Nakamura et al., 2001). The anti-inflammatory cytokine IL-35 can also be 

secreted by Treg cells and has been shown to be required for maximal suppression 

of T cell proliferation in vitro and in vivo (Collison et al., 2007). Interestingly, this 

cytokine can also induce the generation of further IL-35 producing Treg cells from 

naïve T cells (Collison et al., 2010). These FOXP3 negative cells have been shown 

to mediate suppression through IL-35 but not IL-10 or TGFβ. It is clear that there may 

be subsets and mechanisms of suppression which are yet to be discovered, and 

indeed it is emerging that Treg cells release exosomes containing microRNA which, 

upon delivery to effector T cells, can directly suppress proliferation and pro-

inflammatory cytokine expression (Okoye et al., 2014).  

1.3.2.4 Cytolysis/cell cycle arrest 

It has been proposed that Treg cells are able to cause lysis of activated T cells and 

dendritic cells via the perforin-granzyme pathway (Grossman et al., 2004), and 

therefore the suppressive mechanisms utilised by Treg cells include cell death. This 

pathway is more often associated with cytotoxic T cells and natural killer cells, which 

use perforin to create holes in the target cell membrane, facilitating the entry of 

granzymes which induce apoptosis (Dustin and Long, 2010). It has subsequently 

been shown that granzyme B is upregulated in Treg cells upon activation and that 

deficiency of this protease leads to impaired suppression (Gondek et al., 2005, 

Gondek et al., 2008), suggesting that this cytotoxic mediator is utilised as a 
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suppressive mechanism by Treg cells. These studies also revealed that this is a 

perforin-independent process and therefore it is not currently clear how granzyme B 

is able to enter the target cell, although perforin-independent mechanisms of 

granzyme-mediated cell death have been described (Gross et al., 2003). It has also 

been reported that cell cycle arrest can be induced through the interaction of 

Galectin-1 on Treg cells with CD45/43/7 on naïve T cells (Garin et al., 2007). This 

group showed that blocking of Galectin-1, which is upregulated upon Treg cell 

activation, impairs Treg cell suppression.  

1.3.3 Treg cell homeostasis 

Early in vitro studies indicated that Treg cells are anergic and therefore do not 

proliferate upon TCR stimulation (Takahashi et al., 1998, Itoh et al., 1999, Kuniyasu 

et al., 2000). However, it has since been revealed that Treg cells are a continuously 

activated and highly proliferative T cell subset (Fisson et al., 2003, Walker et al., 

2003a). In vivo cell transfer experiments performed by Fisson et al. (2003) also 

revealed that Treg cells are highly stable, which has since been confirmed by 

multiple research groups (Sakaguchi et al., 2013). It has been reported that if 

transferred into a lymphopoenic environment, a small proportion of Treg cells lose 

expression of FOXP3 (Duarte et al., 2009), however this is not thought to represent 

conversion to conventional T cells as these cells are able to upregulate FOXP3 upon 

encounter with antigen (Miyao et al., 2012). It is also emerging that there may be a 

capacity for memory in this regulatory arm of the immune system. A previous 

publication has shown that foetal antigen specific Treg cells expand in the mother 

during pregnancy, persist after birth, and are able to rapidly accumulate in a 

subsequent pregnancy (Rowe et al., 2012). The key signals required for Treg cell 
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homeostasis are thought to be delivered via the TCR, CD28 and IL-2Rα. There may 

also be a role for Nrp-1 in supporting Treg cell survival in inflammatory sites. 

1.3.3.1 TCR 

In addition to the requirement for TCR stimulation for Treg cell activation, it has also 

emerged that Treg cell homeostasis is supported by signals through the TCR (Kim et 

al., 2009), and hence encounter with cognate antigen. In accordance with this, Treg 

cells are found to proliferate and accumulate in the lymph nodes in close proximity to 

their target antigen (Walker et al., 2003a, Fisson et al., 2003). Sequencing studies 

have shown that the TCR repertoire varies based on anatomical location (Lathrop et 

al., 2008), again suggesting that Treg cells are enriched in the lymph node nearest 

their antigen, which is thought to strategically position them to maintain tolerance 

(Wheeler et al., 2009). Dendritic cells have been shown to present self-antigens in a 

draining lymph node in non-inflammatory conditions (Scheinecker et al., 2002), and 

therefore may be the source of antigen to support the local homeostatic control of 

Treg cells. Interestingly along with ‘typical’ antigen presenting cells such as dendritic 

cells, macrophages and B cells, various other cells of the immune system have been 

shown to be able to present antigen in various settings and may therefore be termed 

‘atypical’ antigen presenting cells (Kambayashi and Laufer, 2014). This category 

includes Innate Lymphoid Cells (ILCs), which are haematopoietic cells with lymphoid 

morphology but which lack T cell and B cell-receptors, as well as molecules 

expressed by myeloid cells, such as CD11c (Spits and Cupedo, 2012). They can be 

identified by the absence of such markers, as well as expression of Interleukin-7 

Receptor α (IL-7Rα) (Vonarbourg and Diefenbach, 2012).  



 

23 
 

1.3.3.1.1 Innate Lymphoid Cells 

ILCs have been categorised into three groups based on the expression of lineage 

defining transcription factors and signature cytokines, of which Group 3 ILCs (ILC3s) 

express the transcription factor RORγ and the cytokines IL-22 and IL-17 (Spits et al., 

2013). ILC3s are primarily found in the gut but also reside in the lymph nodes and 

spleen (Walker et al., 2013). In secondary lymphoid tissue they are located at the 

interface between T and B cell areas, such as the interfollicular regions (Mackley et 

al., 2015). Multiple roles for ILCs within the innate immune system have been 

described, including defence against microbial infections, maintenance of epithelial 

barrier integrity and tissue repair. Further to this, it is becoming apparent that ILCs 

are able to influence the adaptive immune system (Artis and Spits, 2015). 

Interestingly, ILC3s have been shown to process and present antigen in the context 

of MHC II as a mechanism to prevent T cell responses to commensal bacteria in the 

gut (Hepworth et al., 2015, Hepworth et al., 2013). This therefore provides evidence 

that these atypical antigen presenting cells, which do not express CD80/86, have a 

regulatory role in the gut, and it is important to ascertain whether this extends to the 

periphery, where these cells are well placed to interact with recirculating 

lymphocytes. 

 1.3.3.2 CD28 

Initial studies showed that despite the role of CD28 in T cell activation, a model of  

autoimmune diabetes was exacerbated in the absence of this receptor (Salomon et 

al., 2000). The number of Treg cells was markedly decreased in these CD28 

deficient mice, and transfer of CD28-sufficient Treg cells was able to delay disease 
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onset. This indicated that CD28 has a role in Treg cell homeostasis, however this is 

challenging to dissect due to the role of CD28 in T cell activation and Treg cell 

development in the thymus (Tang et al., 2003). To overcome these complicating 

factors two models have been generated. The first allows inducible CD28 ablation 

and has revealed that in the absence of CD28, the number of Treg cells in the 

periphery is reduced (Gogishvili et al., 2013). This group demonstrated that this was 

unaffected by removal of the thymus or addition of CD28-sufficient T cells, and 

therefore these data suggest that CD28 is important for Treg cell homeostasis. The 

second model is a mouse in which CD28 selectively depleted from Treg cells, and 

revealed that these mice succumb to severe autoimmune disease, which is 

reversible by addition of CD28-sufficent Treg cells (Zhang et al., 2013). Interestingly, 

this group showed that the number of Treg cells was not affected by the loss of 

CD28. This suggesting instead that the absence of CD28 has a qualitative effect on 

Treg cells, and indeed expression of CTLA-4 was shown to be reduced by 

approximately 50%. In terms of the source of CD28 signaling, it may be that the low 

level of CD80/86 which is expressed on immature dendritic cells in non-inflammatory 

settings serves to maintain Treg cell homeostasis (Bluestone and Abbas, 2003). 

Indeed Bar-On et al. (2011) demonstrated that in mice that lack CD80 and CD86 

expression on CD11c+ dendritic cells, there is a twofold reduction in the number of 

Treg cells in the periphery. 

1.3.3.3 IL-2 

As previously discussed, in vitro experiments have demonstrated that the presence 

of IL-2, as well as TCR stimulation, is necessary for Treg cell activation (Thornton et 

al., 2004b, Thornton et al., 2004a). Further to this, in vivo experiments using IL-2/IL-
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2Rβ deficient mice have shown that IL-2 has a central role in Treg cell homeostasis 

(Fontenot et al., 2005, D'Cruz and Klein, 2005, Malek et al., 2002). Activated T cells 

are the major source of IL-2, which is not produced by Treg cells themselves 

(Almeida et al., 2006). As a result, T cell activation and subsequent IL-2 production 

supports Treg cell activation and survival, ensuring that there is adequate regulation 

of the response. As contraction of the effector response occurs, there is a reduction 

in IL-2 availability and therefore the regulatory response. In support of this theory, 

Almeida et al. (2006) demonstrated that there is a direct relationship between the 

number of Treg cells in the periphery and the number of activated T cells. 

1.3.3.4 Nrp-1 

Signaling through Nrp-1 has been shown to enhance Treg cell stability at 

inflammatory sites in a process dependent on the ligand semaphorin-4a (Delgoffe et 

al., 2013). This group showed that although Nrp-1 is dispensable for Treg cell 

homeostasis, Treg cells lacking this receptor are unable to suppress an anti-tumour 

response. Semaphorin-4a expression by dendritic cells is known to enhance T cell 

activation (Kumanogoh et al., 2002), and this group found that the major cellular 

source of Nrp-1 at the tumour site was dendritic cells. Like Nrp-1, which is a 

semaphorin III receptor, this ligand has also been shown to be important for axonal 

guidance. As such it is enriched in sites such as the eye, where it is expressed by 

retinal epithelial cells (Rice et al., 2004). 

1.3.4 Control of suppression 

Interestingly it has been shown that Treg cells can upregulate transcription factors 

associated with different T helper responses, tailoring them towards that response 
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(Koch et al., 2009, Chaudhry et al., 2009, Zheng et al., 2009). For example, Treg 

cells have been shown to upregulate Tbet in response to agonistic anti-CD40, which 

stimulates a strong Th1 response (Koch et al., 2009). Experiments with Tbet-deficient 

Treg cells demonstrated that this transcription factor supports Treg cell homeostasis, 

as well as expression of the chemokine receptor CXCR3, which is postulated to 

direct Treg cell migration towards the site of the Th1 response (Koch et al., 2009). 

Interestingly 40-60% of Treg cells within the colon have been shown to be RORγt+, 

and this population is dependent on the presence of commensal bacteria (Sefik et al., 

2015). Introduction of various species of bacteria back into germ free mice has 

shown that there is not a strong correlation between the bacterial species which 

induce Th17 cells and those which induce RORγt+ Treg cells. Therefore, rather than 

tailoring colonic Treg cells towards Th17 responses, this may be a distinct 

mechanism, which relates to tolerance to commensal bacteria. 

The strength of the immune response is known to influence the magnitude of 

suppression, with high doses of antigen rendering effector T cells resistant to 

suppression (Baecher-Allan et al., 2002, Georger et al., 2003). Interestingly, there 

are multiple reports that during autoimmune disease, rather than there being an 

impairment in regulatory T cell function, conventional T cells become resistant to 

suppression. For example, this has been reported in animal models of type 1 

diabetes (Clough et al., 2008, D'Alise et al., 2008) as well as human studies (Lawson 

et al., 2008, Schneider et al., 2008). High levels of PAMPs, pro-inflammatory 

cytokines and co-stimulatory molecules are thought to contribute to resistance to 

suppression, as detailed below, and therefore this may be a mechanism to restrict 

suppression whilst the antigen-load is high and the effector response is developing. 
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As an infection is cleared, the antigen load will drop, along with the levels of these 

mediators, which is thought to allow the Treg cells to function to prevent immune 

pathology. This is termed the ‘tuned suppression’ model (Walker, 2009).  

1.3.4.1 Toll-like receptor signaling  

As explored previously, dendritic cells become activated in response to signaling 

through their PRRs, which include the family of Toll-like receptors. Upon activation, 

dendritic cells produce pro-inflammatory cytokines such as IL-6. This cytokine has 

been shown to partially hinder suppression by Treg cells (Pasare and Medzhitov, 

2003, Iwasaki and Medzhitov, 2004) therefore, TLR stimulation may indirectly affect 

Treg cell activity. Interestingly, various TLRs are also expressed by conventional and 

regulatory T cells and signaling through TLR9, which recognises bacterial or viral 

DNA, has been shown to directly release effector T cells from Treg cell mediated 

suppression (LaRosa et al., 2007). Similarly, signaling through TLR2 and TLR8, 

which are constitutively expressed by Treg cells, impairs suppression (Peng et al., 

2005, Sutmuller et al., 2006). These TLRs recognise bacterial lipoproteins and viral 

single stranded RNA respectively. In contrast, signalling through TLR5, which 

recognises bacterial flagellin, enhances Treg cell function (Crellin et al., 2005). 

Therefore, bacterial and viral PAMPS have the ability to reduce suppression via 

interactions with PRRs expressed by antigen presenting cells, as well as 

conventional and regulatory T cells, with one exception noted.  

1.3.4.2 Cytokines 

Multiple pro-inflammatory cytokines have been shown to contribute to resistance to 

suppression, particularly those expressing the common gamma chain such as IL-6 
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and IL-21 (Attridge and Walker, 2014). It has been suggested that these cytokines 

release T cells from their dependence on CD28 signals, a feature which is exploited 

by Treg cells (Attridge and Walker, 2014). As previously discussed, Treg cells 

constitutively express CTLA-4, which interferes with signalling between CD28 and its 

ligands CD80/86. Therefore, releasing T cells from their dependence on CD28 

signals would deprive Treg cells of a key mechanism of suppression. Alternatively, 

these cytokines may indirectly affect suppression by interfering with Treg cell 

homeostasis. Attridge et al. (2012) demonstrated that IL-21 can reduce IL-2 

production by T cells and that although Treg cells are critically dependent on IL-2, 

effector T cell proliferation can be supported by IL-21. Therefore, this cytokine can 

remove survival signals from Treg cells without adversely affecting effector T cell 

homeostasis. 

1.3.4.3 TNF receptors 

Interactions between TNF receptors and their ligands have also been shown to 

influence suppression. This family is known to contribute to a wide range of 

processes within immune system via regulation of cell apoptosis, survival, 

proliferation and differentiation (Aggarwal et al., 2012). TNF receptors are transiently 

expressed on T cells during activation, where they act as co-stimulatory molecules, 

and various TNF receptors are constitutively expressed by Treg cells (Croft, 2009). 

Interactions between the TNF receptor GITR and its ligand have been shown to 

reduce suppression via effects on conventional rather than regulatory cells (Stephens 

et al., 2004). It has also been reported that that interactions between OX40 and its 

ligand directly regulates Treg cell function (Vu et al., 2007). However the role of 
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OX40 on Treg cells is controversial within the literature and there is also evidence 

that OX40 and IL-2 signal co-operatively to support Treg cells (Xiao et al., 2012).  

1.3.5 Therapeutic avenues 

There are many situations in which boosting Treg cell activation, survival or function 

would be beneficial, such as autoimmune disease, allergy and transplantation. 

Indeed, proposed approaches for the treatment of autoimmune disease include in 

vivo or ex vivo Treg cell expansion, as well as enhancement of suppressive ability 

(Miyara et al., 2014). Conversely, because many tumours contain high numbers of 

Treg cells which are able to suppress the anti-tumour response (Nishikawa and 

Sakaguchi, 2010), inhibition of Treg cells would aid clearance by the immune system. 

Current advances in anti-tumour immunotherapy have included strategies to release 

effector T cells from regulation, for example by blocking CTLA-4 and Programmed 

Death-1 (PD-1), which is another negative regulator of T cell activation expressed by 

T cells (Curran et al., 2010). Interestingly there are reports that anti-CTLA4 treatment 

can cause Treg cell depletion in certain contexts (Selby et al., 2013, Simpson et al., 

2013). An ideal therapeutic would boost the effector response whilst inhibiting Treg 

cells. It is clear that the ability to manipulate the activation, survival or function of 

Treg cells would have far reaching implications, either tipping the balance in favour of 

the effector or regulatory T cells. 

1.4 Aims of the study 

 Establish a method to study Treg cell survival and function in vivo. 

 Investigate the sources of cellular support, and the role of TNF receptors in 

Treg cell survival and function.  
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2.1 Mice  

Animals were bred in accordance with Home Office Guidelines at the  

. C57BL/6 mice were used as wildtype controls 

in all experiments using adult mice. In embryonic spleen experiments BALB/c 

embryos were used due to availability. Mice were age matched when possible, and 

all genetically modified strains were compared to wildtype mice which had been bred 

in-house. External wildtype mice, from Harlan or Charles River, were utilised in all 

other circumstances. All manipulated mice strains were on a C57BL/6 background 

and are described in Table 2.1. Mice were used at 6-12 weeks of age and were 

sacrificed by a rising concentration of CO2.  

Strain Phenotype Source 

FOXP3GFP Regulatory T cells identified by GFP 
expression. (Bettelli et al., 2006) 

RORγt KO 
Mice lack lymph nodes, Th17 cells, 
RORγt+ ILCs, and exhibit altered 
thymocyte development.  

Ivanov et al., 2006 

FOXP3GFP x 
RORγt KO 

Mice lack lymph nodes, Th17 cells, 
RORγt+ ILCs, and exhibit altered 
thymocyte development. Regulatory 
T cells identified by GFP expression 

Cross performed by 
Dr Fiona McConnell, 
unpublished  

OX40/CD30 dKO 
T cells lack the co-stimulatory 
receptors OX40 and CD30, affecting 
T cell activation. 

Gaspal et al., 2005 

OX40 KO 
T cells lack the co-stimulatory 
receptor OX40, affecting T cell 
activation. 

Kopf et al., 1999 

Table 2.1: Genetically modified mouse strains  

2.2 Solutions 

Gey’s solution was used to remove red blood cells from spleen cell suspensions (5 

ml). The solution contained 20 ml of Solution A, 5 ml of Solution B, 5 ml of Solution C 
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and 70 ml of distilled H2O (Table 2.2). Each solution was made up to 1 L with distilled 

H20 and autoclaved. The composition of other solutions used is shown in Table 2.3.  

Solution Composition 

A 

35 g    NH4Cl 

1.85 g    KCl 

1.5 g    Na2HPO4.12H2O 

0.119 g  KH2PO4 

5 g    Glucose 

25 g    Gelatin 

1.5 ml    1% Phenol red 

B 
4.2 g    MgCl2.6H2O 

1.4 g    MgSO4.7H2O 

3.4 g    CaCl2 

C 22.5 g    NaHCO5 

Table 2.2: Composition of Gey’s solution 

Solution Composition 

RPMI Complete RPMI 1640 (Gibco) 

RPMI + EDTA Complete RPMI 1640 (Gibco) supplemented with 2.5 mM 
EDTA (Fluka Analytical) 

Culture Medium 

Complete RPMI 1640 (Gibco) supplemented with 2% 
foetal bovine serum (Biosera or Invitrogen), 2 mM L-
glutamine (Sigma) and 1% penicillin and streptomycin 
(Gibco) 

PBS Dulbecco’s phosphate buffered saline +MgCl2 +CaCl2 
(Gibco) 

Flow cytometry 
staining buffer 

Dulbecco’s phosphate buffered saline +MgCl2 +CaCl2 
(Gibco) supplemented with 2% foetal bovine serum 
(Biosera or Invitrogen) and 2.5 mM EDTA (Fluka 
Analytical) 

Immunofluorescence 
staining solution 

Phosphate buffered saline (Sigma) supplemented with 
1% bovine serum albumin (Sigma). 

Table 2.3: Solutions for cell/tissue preparation 



 

33 
 

2.3 Tissue dissection and cell isolation 

For T cell isolation, the thymus or spleen +/- a pool of lymph nodes, were harvested 

from mice and placed in 3 ml RPMI + EDTA. The pool of lymph nodes included: 

cervical, brachial, auxiliary, inguinal and mesenteric. Fat was cleaned off the tissues 

using forceps under a dissection microscope. Tissues were crushed through a 70 µm 

cell strainer (Falcon) using RPMI + EDTA to wash. After centrifuging at 4°C for 6 

minutes at 394 relative centrifugal force (rcf), red blood cell lysis was performed 

(spleen or spleen and lymph node suspensions only). To lyse red blood cells 5 ml 

Gey’s solution was added to the cell pellet, the suspension was mixed and incubated 

on ice for 5 minutes. Cells were washed in 10 ml RPMI + EDTA to prevent further cell 

lysis. As with all washes, cells were centrifuged for 6 minutes at 394 rcf. Cells were 

re-suspended in Flow Cytometry Staining Buffer (SB) and filtered through a 70 µm 

cell strainer (Falcon). 

For Innate Lymphoid Cell isolation, spleen and inguinal and mesenteric lymph nodes 

were harvested from mice, placed in 3 ml RPMI, and fat was removed. The lymph 

nodes were teased apart with forceps and the spleens cut up using scissors. For 

digestion 7.5 µl DNase I (10 mg/ml stock, Sigma) and 7.5 µl collagenase/ dispase 

(100 mg/ml stock, Roche Diagnostics) were added and tissues were incubated at 

37°C for 20 minutes. To stop digestion, 60 µl 0.5 M EDTA (Fluka Analytical) was 

added. Cells were crushed through a 70 µl cell strainer (Falcon) and red blood cell 

lysis was performed on spleen samples as previously described. All samples were 

subsequently re-suspended in SB and filtered through a 70 µm cell strainer (Falcon). 

 



 

34 
 

2.4 Embryonic spleen culture 

Embryonic spleens were dissected from BALB/c embryos at day 15 of gestation. A 

maximum of six spleens were placed on a sterile 0.8 µm nucleopore filter (Millipore) 

laid on a 1 cm2 piece of sterile antiwrap sponge. Each sponge-filter pair was placed 

in 4ml Culture medium containing 100 ng/ml IL-7 (Peprotech) in a 90 mm petri dish 

(Sterilin). These were placed in sterile humidified chambers and incubated for 7 days 

at 37°C. Embryonic spleens were removed from the filters, placed in groups of six, 

and teased apart with forceps. Cells were crushed through a 70 µm cell strainer 

(Falcon) and re-suspended in 1 ml culture medium. Cells were cultured overnight 

with 100 ng/ml IL-7 +/- 100 ng/ml TL1A (R&D Systems) (Kim et al., 2006) or 10 μg/ml 

agonistic anti-DR3 (Biolegend). The following day cells were washed twice in PBS 

and incubated for 15 minutes at 4°C with Livedead® fixable near-IR dead cell stain 

kit (Life Technologies, 1/2000). Cells were then washed again in PBS before addition 

of antibodies. 

2.5 Identification of antigen-specific T cells 

Cells from secondary lymphoid tissue were incubated with MHC class II tetramers to 

detect specific T cell populations. These consist of four biotinylated peptide-MHC 

class II molecules attached to a fluorescently conjugated streptavidin core. Tetramers 

were obtained from the National Institute of Health Tetramer Facility or generated by 

the Protein Expression Facility at the University of Birmingham. To detect 2W1S-

specific T cells, 2W1S: I-Ab MHC class II tetramers conjugated to PE or APC were 

utilised. To detect LLO190-201-specific T cells LLO: I-Ab MHC class II tetramers 

conjugated to APC were utilised. Tetramers loaded with MHC class II-associated 
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invariant chain peptide were used to exclude non-specific tetramer binding during the 

gating strategy. Cells were incubated with 9.3 µg/ml MHC class II tetramers at room 

temperature (water bath) in the dark for 1hr, and agitated every 15 minutes. Where 

there was a high frequency of 2W1S+-specific T cells, half of the total sample was 

incubated with tetramers.  

Where there was a low frequency of 2W1S+- specific T cells, all isolated cells were 

incubated for 15 minutes at 4°C with magnetic anti-PE or anti-APC microbeads (1:10, 

Miltenyi Biotech), and positive selection was performed as described by Moon et al. 

(2009). This was achieved by passing cell suspensions through MACS separation 

columns held on a magnet (Miltenyi Biotech). The columns were washed 3 times with 

3 ml SB and the enriched fraction was collected by removing the columns from the 

magnet and flushing using 5 ml SB. To identify 2W1S-specific T cells in naïve mice, 

the enriched fraction from two FOXP3GFP mice were pooled prior to addition of 

antibodies in order to increase the number of antigen-specific Treg cells. 

2.6 Immunisation 

All injections were carried out in 200 µl sterile PBS. When multiple immunisations 

took place they were performed 7 days apart and mice were sacrificed 7 days after 

the final injection. Mice were injected intravenously with 50 or 100 µg 2W1S peptide 

(>70% purity, Proimmune). For anti-DR3 injections, mice were injected intravenously 

with 10µg agonistic anti-TNFRSF25 (DR3) monoclonal antibody (Biolegend) 2W1S 

peptide, or separately by intraperitoneal injection. To measure IFNγ production an in 

vivo peptide re-stimulation was performed (Rowe et al., 2012). Mice were immunised 

intravenously with 50 µg 2W1S peptide and 2.5µg Lipopolysaccharide and sacrificed 
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4 hours later. To block cytokine release, and hence facilitate detection of IFNγ, 10 µg 

Brefeldin A (Sigma, B6542-5MG) was added during incubation at room temperature 

with MHC class II tetramers.  

ActA deficient Listeria monocytogenes-expressing 2W1S peptide (a kind gift from Dr 

Marc Jenkins) was grown overnight at 37°C on plates containing Lennox Luria-

Bertani broth with agar (Sigma Aldrich) supplemented with 20 µg/ml chloramphenicol. 

A single colony was then cultured overnight in Luria-Bertani broth supplemented with 

20 µg/ml chloramphenicol at 37°C in a shaking incubator. Bacteria were diluted in 

Luria-Bertani broth and cultured with 20 µg/ml Chloramphenicol at 37°C in a shaking 

incubator until an optical density (OD600) of over 0.1 was reached, as determined 

using a Spectrophotometer (Jenway). Bacteria were washed twice and re-suspended 

in sterile PBS such that the OD600 was 0.1 and therefore equal to 108 bacteria/ml. 107 

bacteria were subsequently injected intravenously into each mouse. 

Administration of IL-2/anti-IL-2 complexes was used to stimulate proliferation of 

Innate Lymphoid Cells (Van Gool et al., 2014). Prior to injection, IL-2 (1 µg per 

mouse, Peprotech) and anti-IL-2 (5 µg per mouse, Bio Legend JES6-1A12), were 

incubated in 200 µl PBS for 30 minutes at 37°C. Complexes were diluted in PBS 

immediately prior to intraperitoneal injection such that each mouse was given 1 µg IL-

2 complexed with 5 µg anti-IL-2 in 200 µl PBS. Complexes were administered daily 

for three days (Webster et al., 2009) and control mice were administered PBS. 
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2.7 Flow Cytometry 

Cells were incubated with antibodies at 4°C for 30 minutes in 50µl Staining Buffer 

(SB) in a 96 U bottomed plate. After incubation with antibodies directed to cell 

surface antigens, cells were washed twice in 200 µl SB. As for all washes, plates 

were centrifuged at 4°C for 3 minutes at 394 rcf. Cells were fixed and permeabilised 

using a FOXP3 staining buffer kit (eBioscience). As described in the manufacturer’s 

instructions, cells were incubated with 100 µl fixation/permeabilisation solution (1-part 

concentrate to 3-parts diluent) at 4°C for 30 minutes, before being washed with 

permeabilisation buffer (diluted to 1x with distilled H20). Cells were incubated with 

antibodies directed against intracellular antigens in 50 µl of permeabilisation buffer at 

4°C for 30 minutes. Cells were then washed in 200 µl permeabilisation buffer, 

followed by 200 µl SB. Cells were re-suspended in 250 µl SB and transferred to 

polystyrene fluorescence-activated cell sorting tubes (Becton). To facilitate cell 

quantification, 10000 Accucount blank particles (Spherotech) were added to each 

sample. Forward and side scatter were used to exclude dead cells and 2-3 million 

events were acquired per sample. Cell suspensions which had each been incubated 

with antibodies conjugated to one of the fluorochromes used were acquired prior to 

the samples and used set up the compensation parameters. Isotype controls were 

used to set the lower threshold for expression of a particular marker. Samples were 

acquired using an LSR Fortessa X-20 or LSR II, running FACS Diva software (BD 

Biosciences). FlowJo software (Tree Star) was then used to analyse the data. 

Antibodies utilised are listed in Table 2.4 and Table 2.5.  
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Antigen 
Conjugated 

fluorochrome 
Dilution Clone Manufacturer 

Primary antibodies 

B220 
Pacific Blue 1/200 

RA36B2 
eBioscience 

FITC 1/300 eBioscience 

CCR6 BV 421 1/50 29-2L17 BioLegend 

CD11b Pacific Blue 1/200 MI/70 eBioscience 

CD11c 
Pacific Blue 1/200 

N418 
eBioscience 

FITC 1/300 eBioscience 

CD3 
A700 1/100 500A2 eBioscience 

FITC 1/100 154-2C11 eBioscience 

CD4 

V500 1/300 

RM4-5 

BD Biosciences 

BV 605 1/800 BioLegend 

BV 785 1/300 BioLegend 

CD5 FITC 1/100 53-7.3 eBioscience 

CD8 
FITC 1/800 

53-6.7 
eBioscience 

V500 1/200 BioLegend 

CD25 
APC 1/500 PC61 BD Biosciences 

BV 650 1/200 UC10-4B9 BioLegend 

CD39 APC 1/100 Duha59 BioLegend 

CD44 

PerCP Cy5.5 1/300 

IM7 

eBioscience 

A700 1/100 eBioscience 

PE Cy7 1/800 eBioscience 

CD45.1 PE 1/200 A20 eBioscience 

CD73 PerCP Cy5.5 1/200 TY/11.8 BioLegend 

DR3 PE 1/100 4C12 BioLegend 

I-Ab (MHC II) BV 510 1/500 M5/114.15.2 BioLegend 

I-Ad (MHC II) FITC 1/800 39-10-8 BioLegend 

IFNγ PE-Cy7 1/200 XMG1.2 eBioscience 

IL-7Rα PE Cy7 1/100 A7R34 eBioscience 

IL-7Rα BV 421 1/100 A7R34 BioLegend 
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Ki67 PE-Cy7 1/400 SolA15 eBioscience 

Ly6c BV 711 1/500 HK1.4 BioLegend 

Neuropilin-1 

(goat) 
Unconjugated 1/200 AF566 R&D Systems 

NKp46 BV 605 1/200 29A1.4 BioLegend 

OX40L PE 1/50 RMB4L eBioscience 

TCRβ APC Cy7 1/200 H57-597 eBioscience 

Secondary antibodies 

Donkey anti-

goat 
AF647 1/800 A21447 Invitrogen 

Table 2.4: Antibodies used for identification of surface antigens 

Antigen 
Conjugated 

fluorochrome 
Dilution Clone Manufacturer 

CD3 A700 1/100 500A2 eBioscience 

CTLA-4 PE-Cy7 1/200 UC10-4B9 Bio Legend 

FOXP3 
FITC 1/100 

FJK-16s 
eBioscience 

PE 1/100 eBioscience 

GATA-3 PerCP 710 1/50 TWAJ eBioscience 

Helios PB 1/100 22F6 eBioscience 

RORt 
PE 1/25 

AFKJS-9 eBioscience 
APC 1/50 

Table 2.5: Antibodies used for identification of intracellular antigens 

2.8 Immunofluorescence and Image Analysis 

Mesenteric lymph nodes were frozen in Optimal Cutting Temperature compound 

(Tissue-Tek) on dry ice and stored at -80°C. 6 µm sections of frozen tissue were 

mounted on 4 spot slides (Hendley-Essex) prior to immunofluorescence. Sections 

were air dried for 1 hour before fixing for 20 minutes in acetone (J. T. Baker) at 4°C. 
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After being air dried for a further 30 minutes, slides were stored at -20°C. When 

required, slides were air dried for 30 minutes and hydrated in PBS for 5 minutes. 

They were blocked with 10% horse serum in Immunofluorescence Staining Solution 

(SS) for 15 minutes to prevent non-specific binding of antibodies. Following removal 

of blocking solution, primary antibodies were diluted in SS and added to sections for 

20 minutes. After washing for 5 minutes in PBS, further application of antibodies, 

interspersed with washing was carried out. Each subsequent antibody was cross 

absorbed with 10% mouse serum in 100 µl SS for 30 minutes on ice before being 

diluted to the appropriate concentration. Antibodies and reagents used for 

immunofluorescence staining are listed in Table 2.6.  

 Step Conjugate  Dilution Clone Manufacturer 

Primary 

RORt (rat) - 1/30 Poly6362 Bio Legend 

CD3 Biotin 1/100 S11A2 eBioscience 

MHC II AF647 1/150 AF6-120.1 Bio Legend 

Neuropilin-1 (goat) Unconjugated 1/200 AF566 R&D Systems 

Secondary 

Donkey anti-rat IgG FITC 1/150 - 
Stratech 

Scientific Ltd 

Donkey anti-goat 

IgG 
AF647 1/800 A21447 Invitrogen 

Quaternary 

Rabbit anti-FITC  AF488 1/200 - Invitrogen 

Tertiary 

Donkey anti-rabbit 

IgG 
AF488 1/200 - 

Life 

Technologies 

Streptavidin AF555 1/500 - Invitrogen 

Table 2.6: Antibodies/reagents used for immunofluorescence  
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Sections were then washed, and incubated in DAPI (4’,6-diamidino-2-phenylindole) 

solution for 20 seconds. Sections were then washed three times in PBS, before 

mounting using ProLong Gold Antifade reagent (Invitrogen). Coverslips were placed 

on top of each slide, sealed with clear nail varnish and air dried overnight. Analysis 

was performed using a LSM510 confocal microscope or LSM780 Zen microscope 

(Zeiss) and images were viewed using LSM Image Browser (Zeiss).  

2.9 Statistical Analysis & Graphs 

All graphs presented within this study were created using Prism 4 software. Statistical 

significance was tested using the Mann–Whitney U test (non-parametric), and a two 

tailed p value was calculated. P values < 0.05 were considered significant. Median 

values were calculated and used in all analyses except where stated. 
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3.0 DEVELOPMENT OF A MODEL TO STUDY 
REGULATORY T CELLS IN VIVO 
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3.1 INTRODUCTION 

Although a wealth of knowledge has been built up about Treg cells, there has been 

some disparity in findings between in vitro and in vivo experiments (Vignali, 2012). 

The most fundamental example of this is that in vitro, Treg cells were shown to be 

rendered anergic upon TCR stimulation (Takahashi et al., 1998, Itoh et al., 1999, 

Kuniyasu et al., 2000), whereas the majority of data from in vivo experiments reveals 

that these cells are in fact highly proliferative and continuously activated (Fisson et 

al., 2003, Walker et al., 2003a). In addition, there are concerns that strong 

conclusions have been made about the range of suppressive mechanisms deployed 

by Treg cells without sufficient evidence (Vignali, 2012). For example, the evidence 

that Treg cells act as an ‘IL-2 sink’ all comes from in vitro experiments. There have 

also been occasions of false negatives arising from in vitro work, for example little IL-

10 and TGFβ can be identified in vitro, and blocking these cytokines has little effect 

(Miyara and Sakaguchi, 2007), but a clear role for these immunosuppressive 

cytokines has been revealed in vivo (Miyara and Sakaguchi, 2007). This study 

therefore aims to investigate Treg cell survival and function in vivo. 

In this study antigen-specific Treg cells have been assessed to aid clarification of 

specific effects on survival versus function, since the precise time of expansion can 

be controlled. Although it is technically challenging to study Treg cell function in vivo, 

an approach which successfully achieves this in an antigen-specific manner has 

recently been described (Rowe et al., 2012). Here Treg cells were expanded to 

approximately 50% of the antigen-specific population, and the effect on a subsequent 

response was measured. The principles from this suppression assay will therefore be 

applied within this study. 
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One widely used method to study T cells in an antigen-specific manner is the use of 

TCR-transgenic mice, which have many benefits, such as the potential to transfer 

and track large numbers of T cells. However it has been reported that there is an 

inverse relationship between the size of a clonal population and their survival (Hataye 

et al., 2006), therefore cell survival may be adversely affected. In addition, TCR 

transgenic mice on a T cell deficient background (RAG KO), which are ideal for 

isolating cells for transfer, lack Treg cells due to the importance of antigen in Treg 

cell selection in the thymus (Walker et al., 2003b, Itoh et al., 1999). Rather, I sought 

to develop a strategy where an endogenous polyclonal population could be tracked, 

using approaches pioneered by Marc Jenkins (Moon et al., 2007, Rees et al., 1999).  

The Jenkins lab have demonstrated that an endogenous naïve T cell population is 

expanded upon encounter with 2W1S peptide, a variant of peptide 52-68 of the I-E 

alpha chain (Rudensky et al., 1991). The number of naïve T cells which are specific 

to this antigen is relatively large, at approximately 200 cells per mouse (Moon et al., 

2007). In contrast, two other potential model antigens, peptide 427-441 from the FLiC 

protein of Salmonella typhimurium and peptide 323-339 from chicken ovalbumin 

each have a naïve T cell pool of approximately 20 cells per mouse (Moon et al., 

2007). This is important as it has been found that within the primary response CD4+ T 

cell populations expand in proportion to their naïve T cell frequency (Moon et al., 

2007). It is also possible to track naïve 2W1S+ Treg cells whereas this would be 

almost impossible for OVA and FLiC specific endogenous populations. To identify 

these antigen-specific T cells, fluorochrome conjugated MHC class II tetramers can 

be used (Moon et al., 2007). The presence of the fluorochrome enables enrichment 

of this T cell population to be performed using magnetic bead separation, as well as 
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detection by flow cytometry (Moon et al., 2009). Enrichment is particularly important 

when identifying a small subset of responding T cells. Therefore, in this study, this 

antigen-specific approach will be optimised for the study of Treg cells. Further to this 

an assay will be developed to study Treg cell function in vivo, based on work by 

Rowe et al. (2012). 

The 2W1S peptide can also be provided through infection with ActA-deficient Listeria 

monocytogenes-expressing 2W1S (Lm-2W1S) (Ertelt et al., 2009). This approach 

enables the study of Treg cells within the context of an infection, which is important 

since the nature and strength of an immune response is known to influence the 

magnitude of suppression (Miyara and Sakaguchi, 2007). Listeria monocytogenes is 

a gram positive intracellular bacteria, which is able to survive within macrophages 

after phagocytosis, but also can invade most cell types (Portnoy et al., 2002). Figure 

3.1 provides a representation of the life cycle of this bacterium, with the role of ActA 

shown. To gain entry to non-phagocytic cells, the bacterial surface proteins Internalin 

A (InlA) and Internalin B (InlB) interact with cell surface receptors E-Cadherin and 

Met to trigger receptor mediated internalisation (Mengaud et al., 1996, Shen et al., 

2000). Once inside the cell, the bacterium is able to escape into the cytosol through 

the action of the haemolysin listeriolysin-O (LLO), as well as two phospholipase C 

enzymes (Vázquez-Boland et al., 2001). Once in the cytoplasm the bacterium 

replicates and is able to spread to other cells through the action of bacterial actin 

assembly-inducing (ActA) protein. This protein mediates reorganisation of the actin 

cytoskeleton, to form “Comet tails” which allow the bacterium to move into 

neighbouring cells via plasma membrane protrusions (Tilney and Portnoy, 1989). As 

the ActA protein facilitates movement along the cytoskeleton, the absence of this 
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protein prevents the spread of this bacterium, facilitating its clearance by the immune 

system. Infection with ActA-deficient Listeria monocytogenes-expressing 2W1S 

therefore results in a sub-clinical acute infection, which is cleared within five days 

(Goossens and Milon, 1992). Replication of this bacterium primarily occurs in 

macrophages, which secrete TNFα and IL-12 in response to infection. This 

stimulates IFNγ production by NK cells, which increases the bactericidal activity of 

macrophages and is thought to be the key cytokine in controlling listeria 

monocytogenes infection (Zenewicz and Shen, 2007). 

 

 

 

 

 

 

 

 

Figure 3.1: Life-cycle of Listeria monocytogenes. The bacterium (red) enters 
macrophages through phagocytosis, or uses Internalin A (InlA) and Internalin B (InlB) 
to gain entry to non-phagocytic cells. Escape from the vacuole is mediated by the 
haemolysin listeriolysin-O (LLO), and two phospholipase C (PLC) enzymes produced 
by the bacterium (PI-PLC and PC-PLC). Once in the cytosol, the bacterium replicates 
and travels along the actin cytoskeleton in an ActA dependent process involving the 
formation of “comet tails”. This allows spreading to adjacent cells within which the 
bacterium is once again able to escape the vacuole, which has a double membrane. 
Adapted from Tilney and Portnoy (1989). 
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3.2 RESULTS 

Expanding antigen-specific regulatory T cells  

To first identify 2W1S+ T cells, wildtype (WT) mice were immunised with 100 µg 

2W1S peptide or PBS as a control. In previous publications between 50-125 µg 

2W1S peptide have been used to expand 2W1S+ T cells (Ertelt et al., 2009, Moon et 

al., 2007), therefore a concentration within this range was used. Seven days after 

immunisation, the spleen and a pool of peripheral lymph nodes were harvested from 

mice and tetramer staining and enrichment was performed. The gating strategy is 

shown in Figure 3.2a, in which T cells are identified by CD3 and CD4 expression, as 

well as the absence of B cell and myeloid cell markers B220, CD11b and CD11c. In 

PBS immunised mice (naïve) there is a small population of CD44lo 2W1S+ T cells, 

which is expanded upon immunisation with 2W1S peptide (Figure 3.2b, c). These 

2W1S+ T cells express the activation marker CD44, indicating that these cells have 

been activated in response to immunisation. To control for non-specific tetramer 

binding, cells from 2W1S peptide-immunised mice were stained with MHC class II 

tetramers loaded with MHC class II-associated invariant chain peptide (CLIP) (Figure 

3.2d). During antigen processing CLIP is transiently held in the peptide groove, 

before being exchanged for the processed peptide (Roche and Furuta, 2015). 
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Figure 3.2: Identification of 2W1S-specific T cells. (A) Gating strategy for 
CD4 T cells: CD3+CD4+B220−CD11b−CD11c−. (B) Identification of 2W1S: I-Ab+ T 
cells in WT mice immunised intravenously with PBS (left) or 2W1S peptide 
(middle and right). After 7 days, a pool of lymph nodes and spleen were 
analysed. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. Either 
control (CLIP: I-Ab) or 2W1S: I-Ab tetramers were used. Plots are representative 
of at least 2 mice. 
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To assess generation/expansion of 2W1S+ Treg cells, WT mice were immunised with 

50 µg 2W1S peptide or infected with 107 Lm-2W1S. After 7 days the spleen and a 

pool of peripheral lymph nodes were harvested from these mice and enriched for 

2W1S-specific T cells. Treg cells were identified within the 2W1S+ T cell population 

by expression of the transcription factor FOXP3. Consistent with previous reports 

(Ertelt et al., 2009), Lm-2W1S induced a robust 2W1S+ T cell response, with a large 

number of conventional 2W1S+ T (Tconv) cells (median 4455) (Figure 3.3a, b), but a 

low number of Treg cells (median 59) (Figure 3.3c) Following administration of 

2W1S peptide, fewer 2W1S+ Tconv cells were expanded, but the number of Treg 

cells was similar (median 69 and median 79 respectively) (Figure 3.3d). As a result, 

there was a greater proportion of regulatory to conventional 2W1S+ T cells than 

observed after Lm-2W1S administration (median 13.2% vs median 1.2%) (Figure 

3.3e). Although Treg cell numbers are similar between the two approaches, 

administration of 2W1S peptide induces a greater proportion of 2W1S+ Treg cells 

relative to 2W1S+ Tconv cells than infection with Lm-2W1S. 
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  Figure 3.3: 2W1S+ regulatory T cells can be expanded to 10% of the 
population by 2W1S peptide but not Lm-2W1S. WT mice were infected 
intravenously with ActA deficient Listeria monocytogenes-expressing 2W1S 
peptide (Lm-2W1S), or were immunised with 2W1S peptide intravenously. After 7 
days, a pool of lymph nodes and spleen were analysed. (A) Identification of 
FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells after either treatment. Plots are 
pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3- 
and FOXP3+ CD44hi2W1S: I-Ab+ T cells after infection with Lm-2W1S. (C) 
Percentage of FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells after infection with 
Lm-2W1S. (D) Enumeration of FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells 
after immunisation with 2W1S peptide. (E) Percentage of FOXP3- and FOXP3+ 
CD44hi2W1S: I-Ab+ T cells after immunisation with 2W1S peptide. (B-E) Bars 
show medians. Mann–Whitney test, ***p < 0.001.  At least 10 samples per group 
were pooled from two independent experiments.   
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Investigating methods to increase 2W1S+ Treg cell numbers 

Although 2W1S peptide can be used to expand Treg cells, the number detected was 

very low, which may limit survival experiments. To enhance the ability to detect 

2W1S+ Treg cells over time, tools for enhancing the total number of cells were 

explored. An agonistic anti-Death Receptor 3 (DR3) antibody (4C12) has previously 

been shown in mice to selectively increase the percentage of CD4+ T cells which are 

FOXP3+ in the blood to 30-35% (Schreiber et al., 2010). This antibody signals via the 

Tumour Necrosis Factor receptor DR3, which is expressed primarily on T cells, 

including Treg cells, and is thought to expand existing Treg cells by increasing their 

efficacy for IL-2 (Schreiber et al., 2010). To investigate whether agonistic anti-DR3 

can be used to selectively boost Treg cells within the 2W1S+ T cell population, WT 

mice were injected with 10 µg agonistic anti-DR3 antibody and 50 µg 2W1S peptide. 

2W1S+ Treg cells were then enumerated at day 7 and compared with mice 

administered 50 µg 2W1S peptide alone. This concentration of agonistic anti-DR3 

was administered because it has been demonstrated to elicit maximal expansion of 

Treg cells (Schreiber et al., 2010). Again the spleen and a pool of peripheral lymph 

nodes were harvested from these mice and enriched for 2W1S-specific T cells. 

Upon agonistic anti-DR3 administration, a 2.5-fold increase in the overall Treg cell 

percentage was observed (median 12.8% vs median 29.8%) (Figure 3.4a, b). This 

was therefore similar to the effect observed by Schreiber et al. (2010). However, both 

the regulatory and conventional 2W1S+ T cell populations were found to be 

increased, and as a result the percentage of 2W1S+ Treg cells remained at 

approximately 10% (Figure 3.4c). The number of 2W1S+ Tconv cell numbers 

increased by 11.4-fold (median 609 vs median 6946) (Figure 3.4d) and the number 
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of 2W1S+ Treg cells increased by 9.3-fold (median 79 vs median 739) (Figure 3.4e). 

Therefore, administration of agonistic anti-DR3 increased both the number of 

regulatory and conventional 2W1S+ T cells to a similar degree, rather than eliciting a 

selective increase in 2W1S+ Treg cells. 
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Figure 3.4: Agonistic anti-DR3 can boost 2W1S+ regulatory T cell numbers. 
WT mice were immunised intravenously with 2W1S peptide +/- agonistic anti-DR3 
antibody. After 7 days, a pool of lymph nodes and spleen were analysed. (A) 
Identification of FOXP3+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Percentage of T cells which are 
FOXP3+ (Treg cells). (C) Identification of FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ 
T cells. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (D) 
Enumeration of FOXP3-CD44hi2W1S: I-Ab+ T cells (Tconv cells) (E) Enumeration 
of FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). (B, D, E) Bars show medians. 
Mann–Whitney test, ***p < 0.001.  At least 10 samples per group were pooled 
from two independent experiments. Tconv = conventional T cells, Treg = 
regulatory T cells. 
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To further understand the effects of agonistic anti-DR3, the expression of DR3 on 

2W1S+ T cells was characterized. To expand 2W1S+ T cells, WT mice were 

immunised with 100 µg 2W1S peptide. The spleen and a pool of peripheral lymph 

nodes were harvested 7 days later and enriched for 2W1S-specific T cells. The DR3 

antibody was validated using cells isolated from DR3 KO mice (Figure 3.5a). The 

number of DR3+ 2W1S+ Treg cells found to express DR3 was 2.0-fold greater than 

the number of DR3+ 2W1S+ Tconv cells (median 63.2% vs median 31.2%) (Figure 

3.5b, c). Similarly, significantly more regulatory than conventional T cells were shown 

to express DR3 in the overall T cell population (median 72.3% vs median 47.4%) 

(Figure 3.5d, e). As both conventional and regulatory 2W1S+ T cells express DR3, it 

is understandable that agonistic anti-DR3 expands both. 
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Figure 3.5: DR3 is expressed on 60% of 2W1S+ regulatory T cells. (A) 
Validation of anti-DR3 antibody on FOXP3+ cells from the mesenteric lymph node 
of WT and DR3 KO mice. Plots are representative of at least three mice. (B) WT 
mice were immunised intravenously with 2W1S peptide and a pool of lymph 
nodes and spleen were analysed 7 days later. Identification of DR3 on FOXP3- 
and FOXP3+ CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (C) Percentage of DR3+ FOXP3- and 
FOXP3+ CD44hi2W1S: I-Ab+ T cells. (D) Identification of DR3 on FOXP3- and 
FOXP3+ T cells. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (E) 
Percentage of DR3+ FOXP3- and FOXP3+ T cells. (C, E) Bars show medians. 
Mann–Whitney test, *p < 0.05. At least 4 mice were pooled from two independent 
experiments 
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Repeated exposure to an antigen has been show to boost Treg cell numbers, and 

therefore it has been proposed that repeated administration of an autoantigen could 

be used to induce tolerance in autoimmune disease (Sabatos-Peyton et al., 2010). 

To determine whether repeated administration of 2W1S peptide and agonistic anti-

DR3 can affect the proportions of regulatory and conventional 2W1S+ T cells, WT 

mice were immunised once or twice with 50 µg 2W1S peptide +/- 10 µg agonistic 

anti-DR3. Seven days after their final injection, the spleen and a pool of peripheral 

lymph nodes were harvested and tetramer staining and enrichment was performed. 

After two immunisations of 2W1S peptide +/- agonistic anti-DR3 the regulatory T cells 

within the 2W1S+ T cell population were indeed boosted (Figure 3.6a). The 

percentage of Treg cells increased by 1.6-fold following two immunisations of 2W1S 

peptide (median 13.2% vs median 21.4%) (Figure 3.6b) and by 1.7-fold following two 

immunisations of 2W1S peptide and agonistic anti-DR3 (median 9.3% vs median 

16.0%) (Figure 3.6c). In the mice administered 2W1S peptide, this increase in 

percentage was also associated with a significant increase in regulatory but not 

conventional 2W1S+ T cell number (Figure 3.6d, e). However, in the mice given 

2W1S peptide and agonistic anti-DR3 this increase in percentage did not translate to 

a significant increase in the number of 2W1S+ Treg cells (Figure 3.6d, e). There was 

considerable variation in the percentage after two injections; however, this protocol 

clearly has the potential to boost the percentage of Treg cells within the 2W1S+ T cell 

population. Therefore, to expand the highest number of 2W1S+ Treg cells, and to 

increase their percentage, two immunisations of 2W1S peptide and agonistic anti-

DR3 can be used. 
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  Figure 3.6: Multiple immunisation can boost the percentage of 2W1S+ 
regulatory T cells. WT mice were immunised intravenously with 2W1S peptide 
+/- agonistic anti-DR3 antibody and this was repeated after 7 days. After another 
7 days a pool of lymph nodes and spleen were analysed. (A) Identification of 
FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Percentage of FOXP3+CD44hi2W1S: I-
Ab+ T cells (Treg cells) after immunisation with 2W1S peptide. (C) Percentage of 
FOXP3+CD44hi2W1S: I-Ab+ T cells (Treg cells) after immunisation with 2W1S 
peptide and agonistic anti-DR3. (D) Enumeration of FOXP3-CD44hi2W1S: I-Ab+ T 
cells (Tconv cells). (E) Enumeration of FOXP3+CD44hi2W1S: I-Ab+ T cells (Treg 
cells). (B, C) Bars show medians. Mann–Whitney test, *p < 0.05, **p < 0.01. At 
least 10 samples per group were pooled from two independent experiments. (D, 
E) Means ± SEM are shown. Mann–Whitney test, *p < 0.05, ns = non-significant. 
At least 10 samples per group were pooled from two independent experiments. 
Tconv = conventional T cells, Treg = regulatory T cells. White filled triangles = 
2W1S, Light grey filled triangles = 2W1S and agonistic anti-DR3.  
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Determining the origin of 2W1S Treg cells 

To better understand the nature of 2W1S+ Treg cells it was important to investigate 

whether they were thymically derived or generated in the periphery from naïve T 

cells. One way to investigate this was to stain for 2W1S+ Treg cells in naïve mice, 

therefore the spleen and a pool of peripheral lymph nodes were harvested from naïve 

FOXP3 GFP mice and enriched for 2W1S-specific T cells. The use of reporter mice 

enhances the number of 2W1S+ Treg cells which can be detected as cells do not 

need to be fixed to identify Treg cells. To further increase the number of 2W1S+ Treg 

cells that could be detected, cells were pooled from two mice after enrichment for 

each sample. Similar to previous studies (Ertelt et al., 2009, Moon et al., 2011), both 

conventional and regulatory 2W1S+ T cells could be identified (Figure 3.7a) (median 

160 and median 23 respectively) (Figure 3.7b). It has been previously shown that 

the majority of 2W1S+ Treg cells identified in naïve mice express Helios (Moon et al., 

2011), a proposed marker of thymically derived Treg cells (Thornton et al., 2010). 

Neuropilin-1, which is another proposed marker of Treg cells (Weiss et al., 2012, 

Yadav et al., 2012), was found to be expressed by the majority of 2W1S+ Treg cells 

(median 86.6%) (Figure 3.7c, d).  

  



 

62 
 

  
N

rp
-1

 

CD4 

FOXP3
-
 FOXP3

+
 

* 

3.6 81.8 

2W
1S

: I
-A

b+
 T

 c
el

ls
 

%
 N

rp
-1

+  2
W

1S
: I

-A
b+

 
T 

ce
lls

 

D 

2W
1S

: I
-A

b  

FOXP3 

1.1 

90.8 9.2 

B 

* 

A 

C 

Gated on CD4
+
 T cells 

Gated on 2W1S
+
 T cells 

CD44 

Figure 3.7: 2W1S+ regulatory T cells can be identified in naïve mice. (A) 
Identification of FOXP3- and FOXP3+ 2W1S: I-Ab+ T cells in naïve FOXP3GFP 
mice. Plots are from two mice combined and are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3- and FOXP3+ 
2W1S: I-Ab+ T cells. (C) Identification of Nrp-1 on FOXP3- (left) and FOXP3+ 
(right) 2W1S: I-Ab+ T cells. (D) Percentage of Nrp-1+ FOXP3+ and FOXP3- 2W1S: 
I-Ab+ T cells. (B, D) Bars show medians. Mann–Whitney test, *p < 0.05. At least 4 
samples, each from two mice, were pooled from two independent experiments.  
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To further investigate whether 2W1S+ Treg cells expand from thymically derived Treg 

cells or are induced from naive T cells in the periphery, Helios and Nrp-1 were 

stained for on 2W1S+ Treg cells in WT mice seven days after immunisation with 100 

µg 2W1S peptide. The spleen and a pool of peripheral lymph nodes were harvested 

and enriched for 2W1S-specific T cells. The majority of 2W1S+ Treg cells were again 

found to express Neuropilin-1 (median 84.4%) (Figure 3.8a, b); suggesting that they 

are expanded from Treg cells within the naïve 2W1S+ T cell population. Nrp-1 is also 

expressed on conventional T cells after activation (Weiss et al., 2012) and indeed at 

this time point a proportion of 2W1S+ Tconv cells expressed Nrp-1 (median 55.6%). 

In contrast Helios was not expressed by 2W1S+ Tconv cells, but was expressed by 

approximately 2/3 of 2W1S+ Treg cells (median 57.2%) (Figure 3.8c, d). Those 

2W1S+ Treg cells which expressed Helios also expressed Nrp-1 (Figure 3.8e, f).  
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Figure 3.8: 2W1S+ regulatory T cells expanded by 2W1S peptide express 
markers associated with generation in the thymus. WT mice were immunised 
intravenously with 2W1S peptide. After 7 days, a pool of lymph nodes and spleen 
were analysed. (A) Identification of Nrp-1 on FOXP3- and FOXP3+ CD44hi2W1S: 
I-Ab+ T cells in WT mice. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− 
cells. Filled light grey line: FOXP3- cells, filled dark grey line: FOXP3+ cells. (B) 
Percentage of Nrp-1+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. (C) 
Identification of Helios on FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. Filled 
light grey line = FOXP3- cells, filled dark grey line = FOXP3+ cells. (D) Percentage 
of Helios+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. (E) Identification of 
Nrp-1+Helios+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab T cells. (F) Percentage of 
Nrp-1+Helios+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. (B, D, F) Bars 
show medians. Mann–Whitney test, *p < 0.05. At least 4 mice were pooled from 
two independent experiments 
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The expression of Helios and Nrp-1 on 2W1S+ Treg cells has also been 

characterized with the addition of agonistic anti-DR3. WT mice were immunised with 

100 µg 2W1S peptide and 10 µg agonistic anti-DR3, the spleen and a pool of 

peripheral lymph nodes were harvested and enriched for 2W1S-specific T cells. 

Consistent with previous data, the majority of 2W1S+ Treg cells expressed 

Neuropilin-1 (median 96.1%) (Figure 3.9a, b) and approximately 3/4 expressed 

Helios (median 76.5%) (Figure 3.9c, d). Again the cells which expressed Helios also 

expressed Nrp-1 (Figure 3.9e, f). There was little Helios expression on 2W1S+ Tconv 

cells and Nrp-1 was expressed by approximately 3/4 of these cells (median 74.5%). 

Together, these data suggest that the 2W1S+ Treg cells identified upon immunisation 

arise due to expansion of thymically derived Treg cells within the naïve 2W1S+ T cell 

pool. 
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Figure 3.9: 2W1S+ regulatory T cells expanded by 2W1S peptide and 
agonistic anti-DR3 express markers associated with generation in the 
thymus. WT mice were immunised intravenously with 2W1S peptide and 
agonistic anti-DR3. After 7 days, a pool of lymph nodes and spleen were 
analysed. (A) Identification of Nrp-1 on FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T 
cells in WT mice. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. 
Filled light grey line = FOXP3- cells, filled dark grey line = FOXP3+ cells. (B) 
Percentage of Nrp-1+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. (C) 
Identification of Helios on FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. Filled 
light grey line: FOXP3- cells, filled dark grey line: FOXP3+ cells. (D) Percentage of 
Helios+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. (E) Identification of Nrp-
1+Helios+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab T cells. (F) Percentage of Nrp-
1+Helios+ FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. (B, D, F) Bars show 
medians. Mann–Whitney test, *p < 0.05. At least 4 mice were pooled from two 
independent experiments 
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Development of an in vivo assay to assess 2W1S+ Treg cell function 

Having expanded 2W1S+ Treg cells using two immunisations of 2W1S peptide and 

agonistic anti-DR3, it was then necessary to test the function of these cells. An in 

vivo assay was therefore developed, based on experiments in which the function of 

2W1S+ Treg cells was determined by measuring IFNγ+ production by 2W1S+ T cells 

in response to Lm-2W1S (Rowe et al., 2012). In these experiments 2W1S+ Treg cells 

expanded in response to constitutive expression of 2W1S peptide as a fetal antigen, 

and peaked at 50% of the 2W1S+ T cell population. As the protocol for Treg 

expansion developed in this study results in a percentage of up to 36%, it was 

considered likely that a similar impaired response might be observed. 

2W1S+ Treg cells were therefore expanded using two immunisations of 50 µg 2W1S 

peptide and 10 µg agonistic anti-DR3, seven days apart. After another seven days 

mice were then infected with 107 Lm-2W1S. Any reduction in the number of 2W1S+ 

Tconv cells, compared to mice infected with Lm-2W1S was interpreted as evidence 

of suppression, along with IFNγ+ production. To stimulate IFNγ+ production mice were 

injected with 50 µg 2W1S peptide and 2.5 µg LPS on the day of analysis. The 2W1S-

specific response was then assessed in a pool of lymph nodes and spleen, which 

were harvested four hours later. It was not necessary to enrich these samples as Lm-

2W1S expands a large number of 2W1S+ Tconv cells. 

When performing this assay, it is important to remember that this method of 

expanding 2W1S+ Treg cells also expands 2W1S+ Tconv cells. To take this into 

account a timeline has been plotted of the number of 2W1S+ Tconv cells in mice 

given either of the two pre-treatments compared to mice which are infected with Lm-
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2W1S alone (Figure 3.10a). This has been constructed using data from earlier 

multiple immunisation experiments, as well as this experiment. Although there is only 

a slight difference between the numbers of 2W1S+ Tconv cells after Lm-2W1S is 

administered to pre-treated mice compared to naïve mice (D21), the precursor 

frequency of 2W1S+ Tconv cells is markedly different. There are thought to be 

approximately 200 2W1S+ T cells in a naïve mouse (Moon et al., 2007), which would 

amount to a 211-fold increase in median number from D14 to D21 in the mice which 

had not received pre-treatment (Figure 3.10b). In contrast, in the mice which 

received two immunisations of 2W1S peptide and agonistic anti-DR3, there was a 

4.9-fold increase in median number from D14 to D21. With 2W1S peptide pre-

treatment alone, which expands fewer 2W1S+ Treg cells as well as 2W1S+ Tconv 

cells, there was a 35.8-fold increase in median number from D14 to D21. Therefore, 

although the difference in 2W1S+ Tconv cells is not very large at D21, the limited 

nature of the expansion from D14 to D21 in pre-treated mice may be consistent with 

suppression, or blunting of the response.  
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Figure 3.10: 2W1S+ regulatory T cell expansion blunts the subsequent 
response to Lm-2W1S. WT mice were infected intravenously with Lm-2W1S. 
After 7 days mice were immunised intravenously with 2W1S peptide and LPS and 
a pool of lymph nodes and spleen were analysed 4 hours later. A group of each 
cohort were immunised intravenously twice with 2W1S peptide +/- agonistic anti-
DR3 prior to infection with Lm-2W1S, 7 days apart. (A) Enumeration of FOXP3-

CD44hi2W1S: I-Ab+ T cells (Tconv cells). Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. Black filled triangles = no pre-treatment, 
grey filled triangles = 2W1S and agonistic anti-DR3, white filled triangles = 2W1S 
peptide. (B) Fold increase in FOXP3-CD44hi2W1S: I-Ab+ T cells (Tconv cells) after 
administration with Lm-2W1S (from D14-D21). Black filled bar = no pre-treatment, 
grey filled bar = 2W1S and agonistic anti-DR3, white filled bar = 2W1S. (A-B) 
Means ± SEM are shown. At least 10 samples per group were pooled from two 
independent experiments. Tconv = conventional T cells. 
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There was a statistically significant difference in 2W1S+ Tconv cell number between 

the mice administered Lm-2W1S only and those given pre-treatment, with 1.4-fold 

less in the pre-treated mice (median 39275 vs median 27244) (Figure 3.11a, b). This 

is consistent with a tolerised state, supporting Treg cell-mediated suppression. IFNγ 

production was identified in both groups but there was not a significant difference 

between the two (Figure 3.11c). In accordance with a role for these cells, the 

number of 2W1S+ Treg cells identified within the pre-treated mice was 6.5-fold higher 

than the mice given Lm-2W1S only (median 3444 vs median 528) (Figure 3.11d). 

Further to this, the percentage of 2W1S+ Treg cells within the pre-treated mice was 

much higher than in the mice given Lm-2W1S only (median 13.3% vs median 1.5%) 

(Figure 3.10e). Therefore, blunting of a subsequent response following Treg cell 

expansion can be observed in this assay, consistent with Treg cell-mediated 

suppression. It is however, important to note that this experimental approach does 

not directly demonstrate Treg cell involvement. 
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  Figure 3.11: Expansion of 2W1S+ regulatory T cells using 2W1S peptide and 
agonistic anti-DR3 blunts the subsequent response to Lm-2W1S. WT mice 
were infected intravenously with Lm-2W1S. After 7 days mice were immunised 
intravenously with 2W1S peptide and LPS and a pool of lymph nodes and spleen 
were analysed 4 hours later. A group of each cohort were immunised 
intravenously twice with 2W1S peptide and agonistic anti-DR3 prior to infection 
with Lm-2W1S, 7 days apart. (A) Identification of FOXP3- and FOXP3+ 

CD44hi2W1S: I-Ab+ T cells, as well as IFNγ expression by CD44hi2W1S: I-Ab+ T 
cells. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) 
Enumeration of FOXP3- CD44hi2W1S: I-Ab+ T cells (Tconv cells). (C) Enumeration 
of IFNγ+ CD44hi2W1S: I-Ab+ T cells. (D) Enumeration of FOXP3+ CD44hi2W1S: I-
Ab+ T cells (Treg cells). (E) Percentage of FOXP3+ CD44hi2W1S: I-Ab+ T cells 
(Treg cells). (B-E) Black filled triangles = no pre-treatment, grey filled triangles = 
2W1S peptide and agonistic anti-DR3. Mann–Whitney test, **p < 0.01, ***p < 
0.001, ns = non-significant. At least 10 mice were pooled per group from two 
independent experiments. Tconv = conventional T cells, Treg = regulatory T cells.  
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This assay has also been performed using two immunisations of 2W1S peptide to 

expand Treg cells to ensure that the difference observed in 2W1S+ Tconv cell 

number is not solely due to an effect mediated by the agonistic anti-DR3 antibody. 

Therefore, 2W1S+ Treg cells were expanded using two immunisations of 50 µg 

2W1S peptide, seven days apart. After another seven days mice were then infected 

with 107 Lm-2W1S. To stimulate IFNγ+ production mice were injected with 50 µg 

2W1S peptide and 2.5 µg LPS on the day of analysis. The 2W1S-specific response 

was then assessed in a pool of lymph nodes and spleen, which were harvested four 

hours later. Again, there was a statistically significant 1.4-fold reduction in the 

number of 2W1S+ Tconv cells in the pre-treated mice (median 39275 vs median 

28743) (Figure 3.12a, b), consistent with a tolerised state. There was not a 

significant difference in the median number of IFNγ+ 2W1S+ T cells (Figure 3.12c). 

Again the number of 2W1S+ Treg cells identified within the pre-treated mice was 2.7-

fold higher than the mice given Lm-2W1S only (median 1433 vs median 528) (Figure 

3.12d). Further to this, the percentage of 2W1S+ Treg cells within the pre-treated 

mice was higher than in the mice given Lm-2W1S only (median 5.5% vs median 

1.5%) (Figure 3.12e). Therefore, as this impairment in the 2W1S+ T cell response 

was again observed after two immunisations of 2W1S peptide, these data show that 

the effect observed in this assay are not due to the addition of agonistic anti-DR3. 
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  Figure 3.12: Expansion of 2W1S+ regulatory T cells using 2W1S peptide 
blunts the subsequent response to Lm-2W1S. WT mice were infected 
intravenously with Lm-2W1S. After 7 days mice were immunised intravenously 
with 2W1S peptide and LPS and a pool of lymph nodes and spleen were 
analysed 4 hours later. A group of each cohort were immunised intravenously 
twice with 2W1S peptide prior to infection with Lm-2W1S, 7 days apart. (A) 
Identification of FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells, as well as IFNγ 
expression by CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3- CD44hi2W1S: 
I-Ab+ T cells (Tconv cells). (C) Enumeration of IFNγ+ CD44hi2W1S: I-Ab+ T cells. 
(D) Enumeration of FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). (E) 
Percentage of FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). (B-E) Black filled 
triangles = no pre-treatment, grey filled triangles = 2W1S peptide. Bars show 
medians. Mann–Whitney test, *p < 0.05, ***p < 0.001, ns = non-significant. At 
least 10 mice were pooled per group from two independent experiments. Tconv = 
conventional T cells, Treg = regulatory T cells. 
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There are reports that although Treg cells are activated in an antigen-specific manner 

they are able to suppress T cells of a different specificity (Schmidt et al., 2012). To 

assess whether 2W1S+ Treg cells can suppress another T cell population, MHC 

tetramers loaded with peptide 190-201 of LLO were used to detect T cells responding 

to Listeriolysin (LLO), which is a major virulence factor expressed by Listeria 

monocytogenes (Hamon et al., 2012). To assess whether the expansion of 2W1S+ 

Treg cells can affect the subsequent expansion of these LLO+ Tconv cells, 2W1S+ 

Treg cells were first expanded using two immunisations of 50 µg 2W1S peptide and 

10 µg agonistic anti-DR3, seven days apart. After another seven days mice were 

then infected with 107 Lm-2W1S, and seven days later the LLO-specific response 

was assessed in a pool of lymph nodes and spleen. There was not, however, a 

statistically significant difference in the number of LLO+ Tconv cells between pre-

treated mice and those given Lm-2W1S only (Figure 3.13a, b). Similarly, there was 

not a statistically significant difference in the number of IFNγ+ LLO+ T cells, although 

the median number was reduced by 2.6-fold in the mice given pre-treatment (Figure 

3.13c). However, the percentage of IFNγ+ LLO+ T cells was reduced by 1.9 fold 

(median 23 vs median 13), an effect which was statistically significant (Figure 3.13d). 

Therefore, there is some evidence of bystander suppression of LLO+ Tconv cells by 

2W1S+ Treg cells after administration of 2W1S peptide and agonistic anti-DR3. 
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  Figure 3.13: Expansion of 2W1S+ regulatory T cells using 2W1S peptide and 
agonistic anti-DR3 does not affect the LLO+ specific response to Lm-2W1S. 
WT mice were infected intravenously with Lm-2W1S. After 7 days mice were 
immunised intravenously with 2W1S peptide and LPS and a pool of lymph nodes 
and spleen were analysed 4 hours later. A group of each cohort were immunised 
intravenously twice with 2W1S peptide and agonistic anti-DR3 prior to infection 
with Lm-2W1S, 7 days apart. (A) Identification of CD44hiLLO: I-Ab+ T cells, as well 
as IFNγ expression by CD44hiLLO: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of CD44hiLLO: I-Ab+ T 
cells (Tconv cells). (C) Enumeration of IFNγ+ CD44hiLLO: I-Ab+ T cells. (D) 
Percentage of IFNγ+ CD44hiLLO: I-Ab+ T cells. (B-D) Black filled triangles = no pre-
treatment, grey filled triangles = 2W1S peptide and agonistic anti-DR3. Bars show 
medians. Mann–Whitney test, ***p < 0.001, ns = non-significant. At least 10 mice 
were pooled per group from two independent experiments. Tconv = conventional 
T cells. 
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This experiment was also carried out with two immunisations of 2W1S peptide, and 

no agonistic anti-DR3. Therefore, 2W1S+ Treg cells were expanded using two 

immunisations of 50 µg 2W1S peptide, seven days apart. After another seven days 

mice were then infected with 107 Lm-2W1S, and seven days later the LLO-specific 

response was assessed in a pool of lymph nodes and spleen. Again there was not a 

statistically significant difference in the number of LLO+ Tconv cells between pre-

treated mice and those given Lm-2W1S only (Figure 3.14a, b). Similarly, there was 

not a statistically significant difference in the number of IFNγ+ LLO+ T cells, although 

the median number was reduced by 1.8-fold in the mice given pre-treatment (Figure 

3.14c). The percentage of IFNγ+ LLO+ T cells was reduced by 1.7 fold (median 23 vs 

median 13), although this was not statistically significant (Figure 3.14d). Therefore, 

there is little evidence of bystander suppression of LLO+ Tconv cells by 2W1S+ Treg 

cells after 2W1S peptide administration. 

  



 

80 
 

  A 

CD44 IFNγ 

LL
O

: I
-A

b  

0.7 

0.7 

20.2 

13.4 
2W1S 

peptide 

No pre-
treatment 

ns 

LL
O

: I
-A

b+
 T

co
nv

 c
el

ls
 

IF
N

γ+  L
LO

: I
-A

b+
 T

 c
el

ls
 

ns 

B 

C 

Gated on CD4
+
 T cells 

    no pre-treatment 
    2W1S peptide 

D 

%
IF

N
γ+  L

LO
: I

-A
b+

 T
 c

el
ls
 

ns 



 

81 
 

  Figure 3.14 Expansion of 2W1S+ regulatory T cells using 2W1S peptide does 
not affect the LLO+ specific response to Lm-2W1S. WT mice were infected 
intravenously with Lm-2W1S. After 7 days mice were immunised intravenously 
with 2W1S peptide and LPS and a pool of lymph nodes and spleen were 
analysed 4 hours later. A group of each cohort were immunised intravenously 
twice with 2W1S peptide prior to infection with Lm-2W1S, 7 days apart. (A) 
Identification of CD44hiLLO: I-Ab+ T cells, as well as IFNγ expression by 
CD44hiLLO: I-Ab+ T cells. Plots are pre-gated on CD3+CD4+B220−CD11b− CD11c− 
cells. (B) Enumeration of CD44hiLLO: I-Ab+ T cells (Tconv cells). (C) Enumeration 
of IFNγ+ CD44hiLLO: I-Ab+ T cells. (D) Percentage of IFNγ+ CD44hiLLO: I-Ab+ T 
cells. (B-D) Black filled triangles = no pre-treatment, grey filled triangles = 2W1S 
peptide. Bars show medians. Mann–Whitney test, ns = non-significant. At least 10 
mice were pooled per group from two independent experiments. Tconv = 
conventional T cells. 
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Determining the effect of Lm-2W1S infection on subsequent 2W1S+ Treg cell 

expansion 

Treatment with 2W1S peptide +/- agonistic anti-DR3, but not Lm-2W1S, has been 

shown to successfully expand Treg cells from the naïve 2W1S+ T cell population. To 

determine whether 2W1S+ Treg cells can be expanded after Lm-2W1S treatment, 107 

Lm-2W1S was administered to WT mice prior to two injections of 50 µg 2W1S 

peptide and 10 µg agonistic anti-DR3, 7 days apart. Within the same experiment, this 

has been compared to the original protocol of 2W1S+ Treg cell expansion prior to Lm-

2W1S infection. Therefore, 2W1S+ Treg cells were first expanded using two 

immunisations of 50 µg 2W1S peptide and 10 µg agonistic anti-DR3, seven days 

apart. After another seven days mice were then infected with 107 Lm-2W1S, and any 

reduction in the number of 2W1S+ Tconv cells, compared to mice which are infected 

with Lm-2W1S without pre-treatment, was interpreted as evidence of suppression. 

Lm-2W1S was again administered at the same time to control mice as to the pre-

treated mice (D14), and also to another group of control mice at the same time as the 

mice receiving Lm-2W1S prior to 2W1S+ Treg cell expansion. On the day of analysis, 

the 2W1S-specific response was assessed in a pool of lymph nodes and spleen.   

When Lm-2W1S was administered prior to the two injections of 2W1S peptide and 

agonistic anti-DR3, there was a very large expansion of 2W1S+ Tconv cells, despite 

the presence of a large number of 2W1S+ Treg cells (Figure 3.15a). This striking 

difference in mice administered 2W1S peptide and agonistic anti-DR3, compared to 

those administered Lm-2W1S only, translated to a 109.8-fold increase in the median 

number of 2W1S+ Tconv cells (Figure 3.15b). This also constituted a 33.8-fold 

increase when compared to mice given 2W1S peptide and agonistic anti-DR3 twice 
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prior to Lm-2W1S infection (median 1362494 vs median 40279), despite both sets of 

mice receiving the same treatments in a different order. In contrast to the previous 

experiment, there was not a statistically significant difference in the number of 2W1S+ 

Treg cells in mice given pre-treatment, compared to those given Lm-2W1S only. 

Despite such a striking expansion of 2W1S+ Tconv cells, a large number of 2W1S+ 

Treg cells could be identified in mice given 2W1S peptide and agonistic anti-DR3 

after Lm-2W1S infection (Figure 3.15c). This number was 90-fold higher than mice 

given Lm-2W1S at the same time (median 33148 vs median 368), and 6-fold higher 

when than mice infected with Lm-2W1S after pre-treatment (median 5489). It is 

important to note however that the percentage of 2W1S+ Treg cells in these mice was 

very low (median 2.3%). Therefore, these data demonstrate that if Lm-2W1S is 

administered prior to multiple injections of 2W1S peptide and agonistic anti-DR3, a 

very large expansion of 2W1S+ Tconv cells occurs despite the presence of 2W1S+ 

Treg cells. 
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  Figure 3.15: 2W1S+ regulatory T cells can be expanded subsequent to Lm-
2W1S administration, but are unable to prevent a large 2W1S+ conventional 
T cell response. WT mice were infected intravenously with Lm-2W1S, either 7 
days before or after two intravenous immunisations of 2W1S peptide and 
agonistic anti-DR3, 7 days apart. Control mice were infected intravenously Lm-
2W1S at either time-point but had no pre or post-treatment. After 7 days mice 
were immunised intravenously with 2W1S peptide and LPS and a pool of lymph 
nodes and spleen were analysed 4 hours later. (A) Identification of FOXP3- and 
FOXP3+ CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3- CD44hi2W1S: 
I-Ab+ T cells (Tconv cells). (C) Enumeration of FOXP3+ CD44hi2W1S: I-Ab+ T cells 
(Treg cells). (B, C) Black filled triangles = no pre/post-treatment, grey filled 
triangles = 2W1S peptide and agonistic anti-DR3. Bars show medians. Mann–
Whitney test, ***p < 0.001, ns = non-significant. At least 10 mice were pooled per 
group from two independent experiments. Tconv = conventional T cells, Treg = 
regulatory T cells. 
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3.3 DISCUSSION 

This study aimed to establish a method for generating and tracking antigen specific 

Treg cells, and assessing their function in vivo. This method was based on work 

pioneered by Marc Jenkins, in which an endogenous population of naïve T cells are 

expanded by exposure to their cognate peptide, 2W1S, and identified ex vivo using 

MHC class II tetramers (Moon et al., 2007). This approach has previously been 

successfully used to study CD4 memory T cells (Marriott et al., 2015, Marriott et al., 

2014), as well as foetal antigen-specific Treg cells (Rowe et al., 2012).  

In this study, administration of 2W1S peptide was shown to induce greater 

expansion/generation of 2W1S+ Treg cells relative to 2W1S+ Tconv cells than 

infection with Lm-2W1S. This is consistent with previous reports that Treg cell 

expansion/generation is associated with low dose antigen (Friedman and Weiner, 

1994). Notably, this also limits the expansion of Tconv cells due to the low level of 

expression of co-stimulatory molecules, and therefore has a favourable effect on the 

proportion of Treg cells, as observed in this study. In contrast, Listeria 

monocytogenes infection produces a strong type 1 immune response, with a low 

percentage of Treg cells. Therefore, immunisation with 2W1S peptide was used in 

this study to expand Treg cells, rather than Lm-2W1S administration.  

Although Treg cells comprised approximately 13% of the 2W1S+ T cell population 

following 2W1S peptide administration, the number was very low. Therefore, it was 

necessary to investigate strategies to expand Treg cells. Ideally such a strategy 

would increase the percentage of Treg cells as well as the number, to ensure that the 

function of Treg cells might be assessed. For example, in vitro suppression assays 
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often start at a 2:1 ratio of conventional to regulatory T cells (Collison and Vignali, 

2011). Administration of an agonistic anti-DR3 antibody has previously been shown 

to selectively expand Treg cells to 30-35% of the T cell population, and as a result to 

prevent the onset of an animal model of asthma (Schreiber et al., 2010), and 

rejection of a cardiac allograph (Wolf et al., 2012). DR3 is a tumor necrosis factor 

receptor, which is well characterized as a costimulatory molecule for T cell activation 

(Croft, 2009). This agonistic anti-DR3 antibody is thought to cause Treg cell 

expansion by increasing their sensitivity to IL-2 (Schreiber et al., 2010). Consistent 

with these findings, when given along with 2W1S peptide, an increase in the overall 

Treg cell population to 30-35% was observed. However, this antibody increased both 

the regulatory and conventional 2W1S+ T cell populations and therefore did not have 

a selective effect on Treg cells within this T cell population. 

Despite the selective effect of agonistic anti-DR3 on the overall Treg cell population, 

regulatory and conventional T cells have been reported to express similar levels of 

DR3 (Taraban et al., 2011a, Meylan et al., 2011). Further to this, constitutive 

expression of its ligand, TL1A, on dendritic cells has been shown to expand both 

regulatory and conventional T cells, with the net effect being more inflammatory than 

regulatory (Taraban et al., 2011b). To investigate this further, DR3 expression was 

studied on these cells. The overall conventional and regulatory T cell populations 

both exhibited DR3 expression, with approximately 50% of conventional T cells and 

70% of regulatory T cells found to be DR3+. Interestingly, it has been proposed that it 

is not relative expression of DR3 that causes the global increase in the Treg cell 

proportion, but relative availability of cognate antigen (Schreiber and Podack, 2013). 

Therefore, because at steady-state the global Treg cell population regularly 
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encounters self-antigen, this is the population which expands upon administration of 

the antibody. This theory would fit with the observation within this study that agonistic 

anti-DR3 increased the regulatory and conventional 2W1S+ populations both by the 

same degree when administered with 2W1S peptide as both subsets would have 

encountered cognate antigen. Within the 2W1S+ population, approximately 30% of 

2W1S+ Tconv cells were found to express compared to 60% of 2W1S+ Treg cells 

seven days after immunisation with 2W1S peptide. That DR3 expression can be 

observed on both 2W1S+ conventional and regulatory T cells is consistent with them 

both being expanded by this agonistic anti-DR3 antibody, particularly as DR3 is 

upregulated on T cells upon activation (Croft, 2009). 

Therefore, a strategy to boost the number of 2W1S+ Treg cells was established and 

further experiments were performed to identify a strategy which would also increase 

the proportion of these cells. Repeated exposure to antigen has been shown to 

increase the percentage of Treg cells either due to anergy induction within the 

conventional T cell population (Eroukhmanoff et al., 2009) or as a result of Treg cell 

proliferation (Rosenblum et al., 2011). In this study, the percentage of 2W1S+ Treg 

cells was indeed increased following two injections of 2W1S peptide, reaching 

approximately 20%. This reflected a selective increase in the number of 2W1S+ Treg 

cells, and was also observed when 2W1S peptide and agonistic anti-DR3 was 

administered twice. This observation has important implications in terms of 

autoantigen-specific immunotherapy for autoimmune disease, where the challenge is 

to boost the number of Treg cells specific for an autoantigen, without exacerbating 

the effector response to that autoantigen. These experiments revealed that the 

greatest number and percentage of Treg cells could be expanded using two 
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immunisations of 2W1S peptide and agonistic anti-DR3 and therefore this protocol 

should be used in subsequent experiments. 

To investigate whether Treg cells are thymically (tTreg cells) or peripherally derived 

(pTreg cells), expression of the Ikaros family transcription factor Helios (Thornton et 

al., 2010) and the Semaphorin III receptor Neuropilin-1 (Weiss et al., 2012, Yadav et 

al., 2012) can be used. Further to this, identification of Treg cells which are specific to 

a particular antigen in naïve mice can also provide an indication that the Treg cells 

are thymically derived. It has previously been shown that approximately 7.5% of the 

naïve 2W1S+ T cell population is FOXP3+ and that these Treg cells express Helios 

(Moon et al., 2011). In this study, 2W1S+ Treg cells were also identified in naïve mice 

and the majority were shown to express Neuropilin-1 (Nrp-1). In addition, after 

immunisation with 2W1S peptide +/- agonistic anti-DR3 the majority of 2W1S+ Treg 

cells expressed Nrp-1 (85-95%) and 55-75% expressed Helios. Together this 

suggests that 2W1S+ Treg cells which we are able to identify upon immunisation 

arise due to expansion of thymically derived Treg cells within the naïve 2W1S+ T cell 

pool.  

As previously described, there are concerns about the reliability of in vitro assays, 

such as suppression assays. Therefore in this study, an assay was developed to 

assess the function of antigen-specific Treg cells in vivo, based on work published by 

Rowe et al. (2012). To first expand 2W1S+ Treg cells, the previously established 

protocol was used: two immunisations of 2W1S peptide and agonistic anti-DR3. 

Following Treg cell expansion, mice were infected with Lm-2W1S and any resulting 

impairment in the response, compared to mice given Lm-2W1S only, was considered 

to reflect suppression. Indeed, when the number of 2W1S+ Tconv cells was 
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compared between the two groups, there was an impaired response in the mice 

given pre-treatment. Perhaps more strikingly, despite immunisation with 2W1S 

peptide and agonistic anti-DR3 expanding 2W1S+ Tconv cells, and therefore having 

a much larger precursor frequency than naïve mice, both groups of mice infected 

with Lm-2W1S had similar numbers of 2W1S+ Tconv cells. This is consistent with a 

tolerised state, and therefore with the action of 2W1S+ Treg cells. Further to this, the 

response was also blunted when the pre-treatment consisted of two immunisations of 

2W1S peptide alone, which demonstrates that it is not solely mediated by agonistic 

anti-DR3. Therefore, these data indicate that the response to Lm-2W1S is impaired 

following Treg cell expansion, which is consistent with suppression. It is however 

possible that T cell anergy may be instead occurring, a phenomenon which may 

occur upon antigen presentation in the absence of adequate co-stimulation (Harding 

et al., 1992). Further experiments therefore needed to confirm that the impairment in 

the response is a direct result of Treg cell activity, rather than effects on the Tconv 

cell population. Such experiments could be performed using FOXP3DTR mice, in 

which Treg cells can be specifically depleted by addition of diphtheria toxin (Kim et 

al., 2007). It is also important to note that variability has been observed in the 

augmentation of the response in WT mice across all experiments performed. This 

may however, be due to variability in Treg cell percentage, with an impairment 

observed only if the Treg percentage is above a certain threshold. Together these 

data establish a method to study the survival and function of thymically-derived Treg 

cells in an antigen-specific manner.  

Treg cells are also known to have the capacity to suppress T cells of multiple 

specificities, (Thornton and Shevach, 2000, Takahashi et al., 1998, Thornton and 
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Shevach, 1998), although they are activated in an antigen-specific manner and are 

thought to most efficiently suppress T cells of the same specificity (Corthay, 2009). In 

this study, MHC tetramers loaded with peptide 190-201 of LLO were used to detect T 

cells responding to Listeriolysin (LLO), which is expressed by Lm-2W1S (Hamon et 

al., 2012). It was therefore possible to investigate whether 2W1S+ Treg cells augment 

Lm-2W1S mediated expansion of LLO+ Tconv cells. Upon 2W1S peptide and 

agonistic anti-DR3 administration, the number of LLO+ Tconv cells was similar in both 

groups and the number of IFN+LLO+ Tconv cells was modestly reduced, although this 

was not statistically significant. However, the percentage of IFN+LLO+ Tconv cells 

was significantly reduced, which is be consistent with suppression of the response. 

Upon 2W1S peptide administration, the number of LLO+ Tconv cells was similar in 

both groups and there were modest reductions in the number and percentage of 

IFN+LLO+ Tconv cells, although this was not statistically significant. Therefore, some 

evidence of bystander suppression was observed within these experiments, although 

the number of LLO+ Tconv cells was not affected 

One potential therapeutic avenue to reduce tissue damage in autoimmune disease is 

to expand Treg cells either in vivo, or ex vivo prior to transfer (Miyara et al., 2014). 

However, as clinical symptoms occur after the immune response is already 

underway; it is not always possible to expand Treg cells beforehand. Therefore, in 

this study, 2W1S+ Treg cells have been expanded following Lm-2W1S infection, 

again using 2W1S peptide and agonistic anti-DR3. Using this protocol, 2W1S+ Treg 

cell expansion was observed, but these cells comprised only a very small percentage 

of the 2W1S+ T cells, as there was a very large expansion of 2W1S+ Tconv cells. The 

fact that the 2W1S+ Tconv cells expand to such a degree in the presence of 2W1S+ 
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Treg cells suggests that after a strong Th1 response, suppression is more difficult to 

achieve and therefore this approach to the treatment of autoimmune disease may be 

technically challenging. This may reflect differences in the ratio of Treg cells to 

effector cells or enhanced resistance of effector cells to Treg cell-mediated 

suppression. There are indeed reports that high doses of antigen can render effector 

T cells resistant to suppression (Baecher-Allan et al., 2002, Georger et al., 2003), 

with contributions from PAMPS, pro-inflammatory cytokines and co-stimulatory 

molecules (Walker, 2009). However, it is important to note that in these experiments, 

Treg cells were successfully expanded after clearance of Lm-2W1S, and therefore it 

is at unclear whether these mechanisms are involved in the effect observed.  

Therefore, in addition to establishing a method to study Treg cells in an antigen-

specific manner these data explore the concept of ‘bystander suppression’ and 

demonstrate that suppression of a Th1 response is more readily achieved if Treg 

cells are induced before challenge than after. 
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4.1 INTRODUCTION 

TNF receptors such as OX40, which is constitutively expressed on Treg cells (Croft, 

2009), have been proposed as attractive targets for cancer immunotherapy as 

blocking of these receptors may have dual anti-tumor effects, expanding effector T 

cells as well as turning off Treg cell function (Kitamura et al., 2009). OX40 is 

expressed on naïve T cells 12-24 hours after stimulation through the T cell receptor 

and CD28 (Gramaglia et al., 1998, Walker et al., 1999, Gilfillan et al., 1998), where it 

promotes survival (Rogers et al., 2001, Song et al., 2005). Further to this, OX40 has 

been shown to be important for the generation of CD4 T cell memory (Gramaglia et 

al., 2000, Withers et al., 2009). Therefore, in the absence of OX40, CD4 T cell 

expansion is impaired, which may lead to the formation of less memory T cells. 

Interestingly, these effects are enhanced if the TNF receptor CD30 is also absent, 

which suggests that there may be some redundancy in the signalling pathways 

between these two receptors (Gaspal et al., 2005, Gaspal et al., 2008). This 

suggests that considering CD30 as well as OX40 when developing new therapeutics 

may be beneficial, however little is currently known about the importance of CD30. In 

addition, although the hope is that agonistic anti-OX40 would suppress Treg cell 

function; there is controversy in the literature about the role of OX40 on these cells.  

It has been reported that 7-8 week old OX40 KO mice have lower numbers of Treg 

cells (Takeda et al., 2004). Further to this, OX40 expression by Treg cells, as well as 

Tconv cells, has been shown to be associated with survival upon treatment with anti-

lymphocyte serum (Kroemer et al., 2007). These data indicate that OX40 may play a 

role in the survival and/or generation of Treg cells. However, it is now well 

established that the number of Treg cells in adult OX40 KO mice is largely similar to 
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WT (Vu et al., 2007, Tang et al., 2003, Valzasina et al., 2005, Takeda et al., 2004, 

Kroemer et al., 2007).  

In terms of function, Treg cells from OX40 KO mice have been shown to be less 

effective in vitro at suppressing effector T cell proliferation and cytokine production, 

whereas Treg cells from mice overexpressing OX40L have been shown to be more 

effective (Takeda et al., 2004). Further to this, OX40 KO Treg cells are unable to 

prevent T cell-induced colitis (Griseri et al., 2010, Piconese et al., 2010). Together 

this suggests that OX40 is necessary for Treg cell function. In contrast another 

publication has shown that OX40 is dispensable for suppression (Vu et al., 2007). 

Additionally, stimulation of OX40 in vitro using an agonistic OX40 antibody (OX86) or 

mice overexpressing OX40L, has been shown to abrogate the suppressive ability of 

Treg cells (Kitamura et al., 2009, Vu et al., 2007, Xiao et al., 2012, Valzasina et al., 

2005, Piconese et al., 2008, Takeda et al., 2004, Kroemer et al., 2007). This has 

been reported to be coupled with FOXP3 downregulation (Vu et al., 2007, Kitamura 

et al., 2009) and it has been shown that suppression can be restored if Treg cells are 

depleted of OX40 (Vu et al., 2007). Treg mediated suppression has also been shown 

to be impaired upon OX40 stimulation in murine models of skin allograft rejection (Vu 

et al., 2007), graft versus host disease (Valzasina et al., 2005) and colitis (Takeda et 

al., 2004), as well as anti-tumor responses (Houot and Levy, 2009, Kitamura et al., 

2009, Piconese et al., 2008). Notably, OX40 signaling also inhibits conversion of 

naïve T cells into regulatory T cells in vitro and in vivo (Vu et al., 2007, So and Croft, 

2007, Ito et al., 2006, Duan et al., 2008). 

Despite these findings, OX40 stimulation, either due to OX86 or OX40L 

overexpression, has been shown to stimulate Treg cell proliferation in vivo (Hippen et 
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al., 2008, Ruby et al., 2009, Hirschhorn-Cymerman et al., 2009, Xiao et al., 2012, 

Takeda et al., 2004). This can result in ‘exhaustion’ and therefore downregulation of 

FOXP3 and CD25, as well as impaired suppressive ability (Xiao et al., 2012). The 

provision of exogenous IL-2 can however prevent exhaustion, and if IL-2/anti-IL-2 

complexes are given with OX86, long term allograft survival can be observed (Xiao et 

al., 2012). This suggests that the previously described negative effects of OX40 

stimulation on Treg function in vitro and during rejection, colitis and anti-tumor 

responses may be due to the limited availability of IL-2 to Treg cells. 

IL-2 is known to be vital for Treg cell survival (Malek and Castro, 2010) and 

interestingly Treg cells are thought to display altered IL-2 signaling to effector T cells, 

with co-operation with other receptors such as the T cell receptor required for full 

signaling (Bensinger et al., 2004). OX40 signaling on Treg cells has been shown to 

result in Akt activation, which is necessary for full signaling, and is not achieved 

through IL-2 in Treg cells (Xiao et al., 2012). This suggests that signals through 

OX40 and IL-2R may co-operate towards responsiveness to IL-2, and indeed, OX40 

KO Treg cells have been shown to be hypo responsive to IL-2 (Piconese et al., 2010, 

Xiao et al., 2012). This may explain why OX40 KO Treg cells have been shown to be 

less effective in T cell induced colitis (Griseri et al., 2010, Piconese et al., 2010), as 

the absence of OX40 puts them at a disadvantage against effector T cells, with which 

they are competing with for IL-2. 

Therefore the role of these TNF receptors in Treg cell survival and function is unclear 

and it is often difficult to uncouple these two characteristics (Vignali, 2012). An 

antigen-specific T cell approach will aid clarification of specific effects on survival 

versus function, since the precise time of expansion can be controlled. It is also 
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important to test function in vivo where possible, due to the previously described 

limitations of in vitro suppression assays. This is technically challenging but recent 

studies have provided clear evidence that such approaches are possible (Rowe et al., 

2012). As previous data is consistent with synergy between OX40 and CD30 (Gaspal 

et al., 2005, Gaspal et al., 2008, Withers et al., 2009, Gaspal et al., 2011), 

experiments have been performed using OX40/CD30 double Knock Out (dKO) mice 

to best reveal key Treg cell requirements. 
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4.2 RESULTS 

Treg cell expansion and survival in OX40/CD30 dKO mice 

To investigate whether OX40 and CD30 are involved in the expansion and 

persistence of 2W1S+ Treg cells, OX40/CD30 dKO and WT mice were immunised 

twice with 50 µg 2W1S peptide and 10 µg agonistic anti-DR3, seven days apart. This 

protocol for 2W1S+ Treg cell expansion was used as it expands the greatest number, 

aiding detection at longer time points, anticipating low numbers of 2W1S+ Treg cells. 

On either day 7, 21 or 51 after the second injection of 2W1S peptide and agonistic 

anti-DR3, the spleen and a pool of peripheral lymph nodes were harvested from 

these mice and enrichment of 2W1S+ T cells was performed.  

Treg cell numbers were analysed along with the number of conventional T cells as a 

comparison, due to the well characterized role of TNF receptors in promoting T cell 

survival during a primary response (Croft, 2009). At all timepoints studied, both 

regulatory and conventional 2W1S+ T cells could be detected (Figure 4.1a). At day 7 

after the final immunisation, there were significantly fewer 2W1S+ Treg cells in the 

OX40/CD30 dKO mice than in WT mice, which amounted to a 2.7-fold reduction in 

number (Figure 4.1b) (median 1188 vs median 444). Similarly, a 4.4-fold reduction in 

the number of 2W1S+ Tconv cells was observed between WT and OX40/CD30 dKO 

mice (median 7242 vs median 1649) (Figure 4.1c), indicating that the optimal 

expansion of both regulatory and conventional T cells is dependent on OX40 and 

CD30. These data do suggest, however, that Treg cells are marginally less 

dependent upon these signals at this stage. 
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After 51 days, the significant reduction in the number of 2W1S+ Tconv cells (2.5 fold; 

median 1399 vs median 557) but not 2W1S+ regulatory T cells remained. Therefore, 

long term survival of these antigen specific Treg cells appears to be comparable in 

the absence of OX40 and CD30 despite reduced numbers at day 7. A time point 

between day 7 and 51 was also studied to determine whether signaling through 

OX40 and CD30 may have a role within this time period. At day 21 after the final 

immunisation, there was again no significant difference in the numbers of 2W1S+ 

Treg cells in OX40/CD30 dKO mice compared to WT. The number of 2W1S+ Tconv 

cells was also unchanged between dKO and WT mice. Overall these data indicate 

that following expansion of 2W1S+ T cells, the survival of conventional but not 

regulatory T cells is impaired. 
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  Figure 4.1: Expansion of regulatory and conventional antigen-specific T 
cells is impaired in mice which lack OX40 and CD30. WT and OX40/CD30 

dKO mice were immunised twice with 2W1S peptide and agonistic anti-DR3 
antibody intravenously, 7 days apart. 7, 21 or 52 days after the second 
immunisation, a pool of lymph nodes and spleen were analysed. (A) Identification 
of FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3- CD44hi2W1S: 
I-Ab+ T cells (Tconv cells). (C) Enumeration of FOXP3+ CD44hi2W1S: I-Ab+ T cells 
(Treg cells). (B, C) Bars show medians. Mann–Whitney test, *p < 0.05, **p < 0.01, 
ns = non-significant. At least 8 mice were pooled per group from two independent 
experiments. Tconv = conventional T cells, Treg = regulatory T cells. 
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Further investigation of the role of OX40 and CD30 in Treg cell function 

Given the modest effects of the absence of OX40 and CD30 on Treg cell survival, 

possible defects in Treg function were investigated. Treg cells from the spleen and 

lymph nodes of OX40/CD30 dKO mice were therefore analysed for expression of 

FOXP3, which is critical for Treg cell function (Fontenot et al., 2003, Hori et al., 

2003). In addition, the expression of CTLA-4, CD25, CD39 and CD73, which are key 

molecules involved in suppression (Schmidt et al., 2012), was also analysed. Total 

Treg cells were first studied, followed by the 2W1S+ Treg cell population. 

Treg cell enumeration revealed that the median number of Treg cells in mice lacking 

OX40 and CD30 was 2.1 fold lower than WT mice (Figure 4.2a). In this total Treg cell 

population, there was not a significant difference in the expression of FOXP3, 

suggesting that Treg cell function is intact (Figure 4.2b, c). In addition, there were 

not any significant differences in expression of CTLA-4, CD25 or CD39 between 

OX40/CD30 dKO and WT mice (Figure 4.2d, e). There was however a modest but 

significant reduction in the expression of CD73, which amounted to a 1.4-fold 

reduction in median florescence intensity (2186 vs 1608). Again conventional T cells 

have been used for comparison within this experiment. As expected within the global 

Tconv cell population, there was little expression of CTLA-4, CD25 and CD39, which 

are upregulated upon activation. CD73 was, however, expressed by a proportion of 

total Tconv cells.  
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   Figure 4.2: Expression of key molecules involved in regulatory cell function 
is not dependent on OX40 and CD30. (A) Enumeration of FOXP3+ CD4+ T cells 
(Treg cells). (B) Identification of FOXP3 expression within Treg cells from WT and 
OX40/CD30 dKO mice. Expression within WT conventional T cells is also shown 
for comparison. (C) Median Florescence Intensity (MFI) of FOXP3 within Treg 
cells from WT and OX40/CD30 dKO mice. (D) Identification of CTLA-4, CD25, 
CD39 or CD73 expression on Treg cells from WT and OX40/CD30 dKO mice. 
Expression on WT conventional T cells is also shown for comparison. (E) Median 
Florescence Intensity (MFI) of CTLA-4, CD25, CD39 and CD73 on Treg cells from 
WT and OX40/CD30 dKO mice. (B, D) Plots are gated on FOXP3+ 

CD3+CD4+B220−CD11b−CD11c− cells. Filled grey line = WT Tconv cells, Solid 
black line = WT Treg cells, Dotted black line = dKO Treg cells. (C, E) Bars show 
medians. Mann–Whitney test, *p < 0.05, ns = non-significant. At least 4 mice were 
pooled per group from two independent experiments. Tconv = conventional T 
cells, Treg = regulatory T cells. 
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To characterize expression of these markers on 2W1S+ Treg cells, WT and 

OX40/CD30 dKO mice were immunized twice with 50 µg 2W1S peptide and 10 µg 

agonistic anti-DR3 7 days apart.  The spleen and a pool of peripheral lymph nodes 

were harvested seven days later from these mice and enrichment of 2W1S-specific T 

cells was performed. In accordance with the data from figure 4.2, the median number 

of 2W1S+ Treg cells was 2.3 fold lower in mice lacking OX40 and CD30 compared to 

WT, although this did not reach statistical significance (Figure 4.3a). There were not 

any significant differences in the expression of FOXP3 (Figure 4.3b, c), CTLA-4, 

CD25 or CD73 (Figure 4.3d, e). However, there was a modest but significant 

reduction in the expression of CD39, which amounted to a 1.6-fold reduction in 

median florescence intensity (893 vs 568). These data therefore indicate that Treg 

cells from OX40/CD30 dKO mice are not substantially impaired in their expression of 

key molecules involved in Treg cell function. Expression of these markers on 2W1S+ 

Tconv cells has again been displayed on the histograms for comparison. In contrast 

to the total Tconv cells (Figure 4.2d, e) CD25 was expressed by a proportion of these 

cells as it is upregulated on T cells upon activation (Malek and Castro, 2010). In 

addition, CD73 was found to be expressed by all 2W1S+ Tconv cells. This is perhaps 

surprising as CD73 has previously been described as a marker of Treg cells (Deaglio 

et al., 2007). However, it has also been reported to be expressed on CD25- primed 

uncommitted precursor cells (Kobie et al., 2006, Bono et al.).  
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   Figure 4.3: Expression of key molecules involved in (2W1S+) regulatory cell 
function is not dependent on OX40 and CD30. WT and OX40/CD30 dKO mice 
were immunised twice with 2W1S peptide and agonistic anti-DR3 antibody 
intravenously. (A) Enumeration of FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). 
(B) Identification of FOXP3 expression within 2W1S+ Treg cells from WT and 
OX40/CD30 dKO mice. Expression within WT 2W1S+ conventional T cells is also 
shown for comparison. (C) Median Florescence Intensity (MFI) of FOXP3 within 
2W1S+ Treg cells from WT and OX40/CD30 dKO mice. (D) Identification of CTLA-
4, CD25, CD39 or CD73 expression on 2W1S+ Treg cells from WT and 
OX40/CD30 dKO mice Expression on WT 2W1S+ conventional T cells is also 
shown for comparison. (E) Median Florescence Intensity (MFI) of CTLA-4, CD25, 
CD39 and CD73 on 2W1S+ Treg cells from WT and OX40/CD30 dKO mice. (B, D) 
Plots are pre-gated on Plots are pre-gated on CD3+CD4+B220−CD11b− CD11c− 
cells and then FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). Filled grey line = 
WT Tconv cells, Solid black line = WT Treg cells, Dotted black line = dKO Treg 
cells. (C, E) Bars show medians. Mann–Whitney test, *p < 0.05, ns = non-
significant. At least 4 mice were pooled per group from three independent 
experiments. Tconv = conventional T cells, Treg = regulatory T cells. 
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This study has shown that 2W1S+ Treg cells do not exhibit gross defects in 

persistence or expression of some key suppressive molecules in OX40/CD30 dKO 

mice. To further assess function, experiments were performed to test whether 

expanded 2W1S+ Treg cells are able to suppress a subsequent 2W1S+ T cell 

response. This in vivo assay was based on experiments in which the function of 

2W1S+ Treg cells was determined by measuring IFNγ+ production by 2W1S+ T cells 

in response to Lm-2W1S (Rowe et al., 2012). In these experiments 2W1S+ Treg cells 

expanded in response to constitutive expression of 2W1S peptide as a fetal antigen, 

and peaked at 50% of the 2W1S+ T cell population. As the protocol for Treg 

expansion developed in this study results in a percentage of up to 36%, it was likely 

that a similar impaired response would be observed. 2W1S+ Treg cells were 

therefore expanded in WT and OX40/CD30 dKO mice using two immunisations of 50 

µg 2W1S peptide and 10 µg agonistic anti-DR3 seven days apart. To determine 

whether the presence of 2W1S+ Treg cells augments the subsequent response to 

Lm-2W1S, seven days after the final injection of 2W1S peptide and agonistic anti-

DR3, mice were infected with 107 Lm-2W1S. On the day of analysis, seven days 

later, mice were injected with 50 µg 2W1S peptide and 2.5 µg LPS to stimulate 

cytokine production. The 2W1S-specific response was then assessed in a pool of 

lymph nodes and spleen, which were harvested four hours later.  

In the WT controls, fewer 2W1S+ Tconv cells were detected in mice which had been 

previously immunised with 2W1S peptide and agonistic anti-DR3 compared to than 

those infected with Lm-2W1S without pre-treatment (Figure 4.4a), and this 2.2-fold 

reduction in numbers was statistically significant (median 32942 vs median 15014) 

(Figure 4.4b). In contrast, there was not a significant difference in 2W1S+ Tconv cell 
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number in the OX40/CD30 dKO mice between those pre-treated and those which 

were not. This augmentation of the response in WT but not OX40/CD30 dKO mice is 

consistent with impairment in the function of OX40/CD30 dKO Treg cells. In WT 

mice, there was a trend towards reduced IFNγ production by 2W1S+ Tconv cells 

between those pre-treated and those which were not, although this was not 

statistically significant (Figure 4.4c). Strikingly, these data revealed that IFNγ 

production was very low in OX40/CD30 dKO mice, which could be significantly 

increased upon pre-treatment.  

It was important to confirm that Treg cells had been successfully expanded in WT 

and OX40/CD30 dKO mice given the pre-treatment (two immunisations of 2W1S 

peptide and agonistic anti-DR3). A population of 2W1S+ Treg cells could indeed be 

identified in WT and dKO mice (Figure 4.4d), with a median percentage of 16 in WT 

mice and 8.1 in OX40/CD30 dKO mice (Figure 4.4e). Therefore, these data show 

augmentations of the 2W1S+ Tconv cell response in WT mice, which is not detected 

in OX40/CD30 dKO mice. This is consistent with the function of OX40/CD30 dKO 

Treg cells being impaired. It is however, important to note that this experimental 

approach does not directly demonstrate Treg cell involvement. Furthermore, 

variability has been observed in the augmentation of the response in WT mice across 

all experiments performed. This may however, be due to variability in Treg cell 

percentage. 
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Figure 4.4: The absence of OX40 and CD30 impairs regulatory T cell 
function. WT and OX40/CD30 dKO mice were infected with Lm-2W1S 
intravenously. After 7 days a four hour in vivo stimulation with 2W1S peptide was 
performed and a pool of lymph nodes and spleen were analysed. A group of each 
cohort were immunised twice with 2W1S peptide and agonistic anti-DR3 antibody 
intravenously prior to infection with Lm-2W1S, 7 days apart. (A) Identification of 
CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on CD3+CD4+B220−CD11b− 

CD11c− cells. (B) Enumeration of FOXP3- CD44hi2W1S: I-Ab+ T cells (Tconv cells). 
(C) Enumeration of IFNγ+ CD44hi2W1S: I-Ab+ T cells. (D) Identification of FOXP3+ 
CD44hi2W1S: I-Ab+ T cells (Treg cells) in the group of WT and OX40/CD30 dKO 
mice immunised twice with 2W1S peptide and agonistic anti-DR3. Plots are pre-
gated on CD3+CD4+B220−CD11b−CD11c− cells. (E) Percentage of FOXP3+ 

CD44hi2W1S: I-Ab+ T cells (Treg cells). (B, C, E) Bars show medians. Mann–
Whitney test, ***p < 0.001, **p < 0.01, *p < 0.05, ns = non-significant. Between 5-
10 mice were pooled per group from two independent experiments. Tconv = 
conventional T cells, Treg = regulatory T cells.  
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Investigating the role of OX40 and CD30 in effector cytokine production 

A striking observation from this in vivo assay is the impaired production of IFNγ by 

2W1S+ Tconv cells from OX40/CD30 dKO mice. As earlier data showed that Tconv 

cell expansion and survival was impaired in OX40/CD30 dKO mice but only by 4.4 

and 2.5 fold respectively, it may be that the key role of OX40 and CD30 on Tconv 

cells is in their function. To study this in more detail, WT and OX40/CD30 dKO mice 

were infected with 107 Lm-2W1S and were injected with 50 µg 2W1S peptide and 2.5 

µg LPS seven days later to stimulate cytokine production. The 2W1S-specific 

response was then assessed in a pool of lymph nodes and spleen, which were 

harvested four hours later. Significantly fewer 2W1S+ Tconv cells were identified in 

the OX40/CD30 dKO than WT mice (Figure 4.5a). This 1.4-fold difference in median 

number (Figure 4.5b) and 1.7-fold difference in median percentage (Figure 4.5c) 

demonstrates that although reduced, 2W1S+ Tconv cell expansion does occur in 

these mice in response to Lm-2W1S. Their ability to produce the effector cytokines 

upon in vivo stimulation with 2W1S peptide and LPS however was grossly impaired, 

as is demonstrated by the 5.9-fold reduction in the number of IFNγ+ 2W1S+ Tconv 

cells (median 11382 vs median 1936) (Figure 4.5d) and 4.3-fold reduction in the 

percentage of 2W1S+ Tconv cells which express this effector cytokine (median 

34.3% vs median 8.1%) (Figure 4.5e). This suggests that signals through OX40 and 

CD30 are fundamental to the function of CD4 T cells, rather than their expansion.  
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   Figure 4.5: OX40 and CD30 are required for effector cytokine production by 
2W1S+ T cells. WT and OX40/CD30 dKO mice were infected intravenously with 
Lm-2W1S. After 7 days a four hour in vivo stimulation with 2W1S peptide was 
performed and a pool of lymph nodes and spleen were analysed. (A) Identification 
of CD44hi2W1S: I-Ab+ T cells, followed by IFNγ+ CD44hi2W1S: I-Ab+ T cells. Plots 
are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of 
FOXP3- CD44hi2W1S: I-Ab+ T cells (Tconv cells). (C) Percentage of FOXP3- 

CD44hi2W1S: I-Ab+ T cells (Tconv cells). (D) Enumeration of IFNγ+ FOXP3- 
CD44hi2W1S: I-Ab+ T cells. (E) Percentage of IFNγ+ FOXP3- CD44hi2W1S: I-Ab+ T 
cells. (B-E) Bars show medians. Mann–Whitney test, ***p < 0.001, ns = non-
significant. At least 9 mice were pooled per group from three independent 
experiments. Tconv = conventional T cells. 
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To provide further evidence that Tconv cells from OX40/CD30 dKO mice were 

fundamentally impaired in effector cytokine production; another endogenous T cell 

population was studied after infection with Lm-2W1S. MHC class II tetramers loaded 

with peptide 190-201 of LLO were used to detect T cells responding to Listeriolysin 

(LLO), which is a major virulence factor expressed by Listeria monocytogenes 

(Hamon et al., 2012). Therefore, WT and OX40/CD30 dKO mice were infected with 

107 Lm-2W1S and the LLO-specific response was assessed in a pool of lymph nodes 

and spleen, which were harvested seven days later. Again, significantly fewer LLO+ 

Tconv cells were identified in the OX40/CD30 dKO than WT mice (Figure 4.6a). This 

2.4-fold difference in median number (Figure 4.6b) and 3-fold difference in median 

percentage (Figure 4.6c) demonstrates that although reduced, LLO+ Tconv cell 

expansion does occur in these mice in response to Lm-2W1S. However, the striking 

difference was again the 10.4-fold reduction in the number of IFNγ+ LLO+ Tconv cells 

(median 8343 vs median 804) (Figure 4.6d) and 4.4-fold reduction in the percentage 

of LLO+ Tconv cells which express this effector cytokine (median 16.3% vs median 

3.8%) (Figure 4.6e). Combined, these data demonstrate that in the absence of OX40 

and CD30, effector T cell cytokine production is abrogated. 

  



 

116 
 

  

*** 

IF
N

γ 

CD44 

0.6 

24.1 

0.2 

1.5 

LL
O

: I
-A

b+
 T

co
nv

 c
el

ls
 

IF
N

γ+  L
LO

: I
-A

b+
 T

 c
el

ls
 

LL
O

: I
-A

b  

A 

B 

WT KO 

Gated on CD4
+
 T cells 

C 

E D 

%
 L

LO
: I

-A
b+

 T
co

nv
 c

el
ls
 

%
 IF

N
γ+  L

LO
: I

-A
b+

 T
 c

el
ls
 ** 

*** *** 



 

117 
 

   Figure 4.6: OX40 and CD30 are required for effector cytokine production by 
LLO+ T cells. WT and OX40/CD30 dKO mice were infected intravenously with 
Lm-2W1S. After 7 days a four hour in vivo stimulation with 2W1S peptide was 
performed and a pool of lymph nodes and spleen were analysed. (A) Identification 
of CD44hiLLO: I-Ab+ T cells, followed by IFNγ+ CD44hiLLO: I-Ab+ T cells. Plots are 
pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3- 

CD44hiLLO: I-Ab+ T cells (Tconv cells). (C) Percentage of FOXP3- CD44hiLLO: I-
Ab+ T cells (Tconv cells). (D) Enumeration of IFNγ+ FOXP3- CD44hiLLO: I-Ab+ T 
cells. (E) Percentage of IFNγ+ FOXP3- CD44hiLLO: I-Ab+ T cells. (B-E) Bars show 
medians. Mann–Whitney test, ***p < 0.001, ns = non-significant. At least 9 mice 
were pooled per group from three independent experiments. Tconv = conventional 
T cells. 
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The roles of OX40 and CD30 have been investigated in this study as there are 

numerous reports that these two receptors display synergy (Gaspal et al., 2005, 

Gaspal et al., 2008, Withers et al., 2009, Gaspal et al., 2011). To investigate whether 

OX40 deficiency alone results in grossly impaired effector cytokine production, WT 

and OX40 KO mice were infected with 107 Lm-2W1S and seven days later mice were 

injected with 50 µg 2W1S peptide and 2.5 µg LPS to stimulate cytokine production. 

The 2W1S-specific response was then assessed in a pool of lymph nodes and 

spleen, which were harvested four hours later. Significantly fewer 2W1S+ Tconv cells 

were identified in the OX40 KO than WT mice (Figure 4.7a), which amounted to a 

2.2-fold reduction in median number (Figure 4.7b). There was not a significant 

difference in the percentage of 2W1S+ Tconv cells between OX40 KO and WT mice, 

however (Figure 4.7c). Their ability to produce the effector cytokines upon in vivo 

stimulation with 2W1S peptide and LPS however was again abrogated, with a 10.5-

fold reduction in the number of IFNγ+ 2W1S+ Tconv cells (median 10538 vs median 

1004) (Figure 4.7d) and 4.5-fold reduction in the percentage of 2W1S+ Tconv cells 

which express this effector cytokine (median 23.2% vs median 5.2%) (Figure 4.7e). 

Thus the impaired effector cytokine production observed in OX40/CD30 dKO mice 

was attributable to OX40 expression, which is a key determinant of CD4 T cell 

function in a primary response. 
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   Figure 4.7: OX40 expression is key to the ability of T cells to produce 
effector cytokines. WT and OX40 KO mice were infected intravenously with Lm-
2W1S. After 7 days a four hour in vivo stimulation with 2W1S peptide was 
performed and a pool of lymph nodes and spleen were analysed. (A) Identification 
of CD44hi2W1S: I-Ab+ T cells, followed by IFNγ+ CD44hi2W1S: I-Ab+ T cells. Plots 
are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of 
FOXP3- CD44hi2W1S: I-Ab+ T cells (Tconv cells). (C) Percentage of FOXP3- 

CD44hi2W1S: I-Ab+ T cells (Tconv cells). (D) Identification of FOXP3+ 
CD44hi2W1S: I-Ab+ T cells (Treg cells). (E) Percentage of FOXP3+ CD44hi2W1S: 
I-Ab+ T cells (Treg cells. (B, C, E) Bars show medians. Mann–Whitney test, ***p < 
0.001, ns = non-significant. At least 9 mice were pooled per group from three 
independent experiments. Tconv = conventional T cells. 
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Repeated expansion of 2W1S+ T conventional cells in OX40/CD30 dKO mice 

This study has shown that 2W1S+ T cells display grossly impaired effector cytokine 

production, building on previously published data which indicates that OX40 and 

CD30 are required for functional autoreactive CD4 T cell responses (Gaspal et al., 

2011). In this study it was shown that Treg cells deficient in OX40 and CD30 fail to 

succumb to autoimmunity which results from the absence of Treg cells. To further 

investigate the importance of these TNF receptors in Tconv cell function, chronic 

antigen exposure, as occurs in autoimmunity, was modelled through repeated 

expansion of 2W1S+ Tconv cells. WT and OX40/CD30 dKO mice were therefore 

infected with 107 Lm-2W1S and two injections of 50 µg 2W1S and 10 µg agonistic 

anti-DR3 were then administered seven days apart, starting seven days after the Lm-

2W1S. The 2W1S-specific response was assessed in a pool of lymph nodes and 

spleen, which were harvested seven days later. These two groups of mice were also 

compared to a group of WT and a group of OX40/CD30 dKO mice which were 

infected with 107 Lm-2W1S and analysed seven days later to allow acute antigen 

exposure to be compared to chronic antigen exposure. 

In the WT mice, there was a very large expansion of 2W1S Tconv cells after the 

three injections (Figure 4.8a). The median number of 2W1S+ Tconv cells was 16.5 

fold higher than the WT mice that had been infected with Lm-2W1S seven days 

previously (Figure 4.8b). Additionally, the median percentage of CD4 T cells which 

were 2W1S-specific was 19.8 fold higher in the WT mice which encountered antigen 

repeatedly. In contrast in the OX40/CD30 dKO mice administered the three 

injections; there was only a 2.4-fold increase in the median number of 2W1S+ Tconv 

cells compared to mice infected with Lm-2W1S seven days previously. Similarly, the 
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median percentage of CD4 T cells which were 2W1S-specific was increased by only 

2.9 fold (Figure 4.8c). Therefore, after repeated exposure to antigen, the number of 

2W1S Tconv cells was 12.2 fold higher in the WT mice than OX40/CD30 dKO mice 

(median 820714 vs median 67160), and the percentage was 12.6 fold higher (median 

5.9% vs median 0.5%) (Figure 4.8b, c). These data indicate that in the absence of 

OX40 and CD30, there is a striking impairment in the ability of the antigen-specific T 

cell pool to expand in response to repeated exposure to antigen.  

In this protocol, two immunisations of 2W1S peptide and agonistic anti-DR3 have 

been administered after Lm-2W1S infection. Accordingly, 2W1S+ Treg cells have also 

been expanded within this experiment, although at a low percentage of the 2W1S-

specific T cell population (Figure 4.8d). The number of 2W1S+ Treg cells followed 

the same trend as the 2W1S+ Tconv cell population, with greater expansion observed 

in the WT mice than the OX40/CD30 dKO mice. A 6-fold increase in median 2W1S+ 

Treg cell number was observed in the WT mice, and a 2.5-fold increase in 

OX40/CD30 dKO mice between those administered the three injections and those 

infected with Lm-2W1S seven days previously (Figure 4.8e). Therefore, these data 

demonstrate that OX40 and CD30 are required for T cells to be able to expand in 

response to repeated antigen exposure. 
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   Figure 4.8: OX40 and CD30 are required for the repeated expansion of T 
cells. WT and OX40/CD30 dKO mice were infected intravenously with Lm-2W1S, 
and either analysed 7 days later, or subsequently given two immunisations of 
2W1S peptide and agonistic anti-DR3 intravenously, 7 days apart. 7 days after the 
final injection, a 4 hour in vivo stimulation with 2W1S peptide was performed on 
all mice and a pool of lymph nodes and spleen were analysed. (A) Identification of 
CD44hi2W1S: I-Ab+ T cells in the group of WT and OX40/CD30 dKO mice 
immunised twice with 2W1S peptide and agonistic anti-DR3 after Lm-2W1S 
administration. Plots are pre-gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) 
Enumeration of FOXP3- CD44hi2W1S: I-Ab+ T cells (Tconv cells). (C) Percentage 
of FOXP3- CD44hi2W1S: I-Ab+ T cells (Tconv cells). (D) Identification of FOXP3+ 

CD44hi2W1S: I-Ab+ T cells (Treg cells) in the group of WT and OX40/CD30 dKO 
mice immunised twice with 2W1S peptide and agonistic anti-DR3 after Lm-2W1S 
administration. Plots are pre-gated on CD44hi2W1S: I-Ab+ 

CD3+CD4+B220−CD11b−CD11c− cells. (E) Enumeration of FOXP3+ CD44hi2W1S: 
I-Ab+ T cells (Treg cells). (B, C, E) Bars show medians. Mann–Whitney test, ***p < 
0.001, *p < 0.05, ns = non-significant. Between 6-8 samples per group were 
pooled from two independent experiments. Tconv = conventional T cells, Treg = 
regulatory T cells. 
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4.3 DISCUSSION 

The role of OX40 signaling in Treg cell biology is controversial within the literature, 

with reports that OX40 negatively regulates Treg cell function, and conversely that 

OX40 and IL-2 signal co-operatively to support Treg cells (Xiao et al., 2012). OX40 is 

known to have an important role in CD4 T cell expansion (Rogers et al., 2001, Pippig 

et al., 1999, Chen et al., 1999, Kopf et al., 1999) and therefore the potential that 

OX40 signaling may turn off Treg cell function has led to proposals that agonistic 

OX40 antibodies would have dual anti-tumor effects, by expanding effector T cells 

and turning off Treg cell function (Kitamura et al., 2009). However, with controversy 

surrounding the role of OX40, it is important to fully understand the role of this TNF 

receptor in Treg biology. An antigen-specific system has been used within this study, 

to allow effects on survival and function to be dissected. As OX40 and CD30 have 

been reported to exhibit synergy (Gaspal et al., 2005, Gaspal et al., 2008, Withers et 

al., 2009, Gaspal et al., 2011) the role of both of these TNF receptors has been 

addressed within this study.  

OX40 KO mice have been reported to have similar numbers of Treg cells as WT mice 

(Vu et al., 2007, Tang et al., 2003, Valzasina et al., 2005, Takeda et al., 2004, 

Kroemer et al., 2007), although one study shows that the number is less in 7-8 week 

old OX40 KO mice (Takeda et al., 2004). Treg cell generation in the thymus is 

therefore thought to be independent of OX40. In this study, however, total and 

2W1S+ Treg cell numbers in OX40/CD30 dKO mice were found to be reduced by 

approximately 2 fold. It has also been reported that OX40 promotes Treg cell survival 

(Kroemer et al., 2007). Within this study, persistence of antigen-specific Treg cells 

was monitored following expansion. After seven weeks, there was a significant 
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reduction in the median number of conventional but not regulatory 2W1S+ T cells, 

which indicates that survival of Treg cells is not highly dependent on OX40 and 

CD30. It is important to note that it is possible that there is also synergy between 

these TNF receptors and other members of this superfamily, and therefore other TNF 

receptors may be compensating for the loss of OX40 and CD30. 

OX40 stimulation has been shown to result in Treg cell proliferation in vivo, similar to 

the effect on Tconv cells (Hippen et al., 2008, Ruby et al., 2009, Hirschhorn-

Cymerman et al., 2009, Xiao et al., 2012, Takeda et al., 2004). In addition, there is 

evidence that the absence of OX40 renders Treg cells less responsive to IL-2 

(Piconese et al., 2010, Xiao et al., 2012), which is required for Treg cell activation 

and survival (Malek and Castro, 2010). The initial expansion of 2W1S+ Treg cells in 

response to 2W1S peptide and agonistic anti-DR3 was shown in this study to be 

significantly reduced in OX40/CD30 dKO mice, although less so than the number of 

2W1S+ Tconv cells. As evidence within this study suggests that 2W1S+ Treg cells are 

thymically derived, the difference observed in 2W1S+ Treg cell numbers cannot be 

accounted for by this reduction in 2W1S+ Tconv cells. This therefore suggests that 

there is a role for OX40 and CD30 in expansion of Treg cells; however, it is important 

to note that Treg cells were less affected than Tconv cells. 

The role of OX40 in Treg cell function is also controversial. There are conflicting 

reports from in vitro suppression assays using OX40 KO Treg cells, with one study 

showing suppression is impaired in the absence of OX40 (Takeda et al., 2004), and 

another showing that OX40 is dispensable (Vu et al., 2007). Consistent with the 

latter, OX40 KO Treg cells are unable to prevent the onset of T cell-induced colitis 

(Griseri et al., 2010, Piconese et al., 2010). This suggests that OX40 is required for 
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Treg function, although paradoxically, stimulation of OX40 in vitro using an agonistic 

OX40 antibody (OX86) or mice overexpressing OX40L, has been shown to abrogate 

the suppressive ability of Treg cells (Kitamura et al., 2009, Vu et al., 2007, Xiao et al., 

2012, Valzasina et al., 2005, Piconese et al., 2008, Takeda et al., 2004, Kroemer et 

al., 2007). Additionally, Treg mediated suppression is impaired upon OX40 

stimulation in murine models of skin allograft rejection (Vu et al., 2007), graft versus 

host disease (Valzasina et al., 2005), colitis (Takeda et al., 2004) as well as anti-

tumor responses (Houot and Levy, 2009, Kitamura et al., 2009, Piconese et al., 

2008). Interestingly, it appears that much of the dichotomy within the literature may 

be due to the availability of IL-2. The majority of studies which suggest that OX40 is a 

negative regulator of Treg function include experiments in which OX40 is stimulated 

by OX86. This leads to Treg proliferation, and hence an increased requirement for IL-

2, which can lead to exhaustion if IL-2 levels are limiting, and a resulting functional 

impairment. IL-2 may become limiting in vitro or if the antibody is given in vivo during 

an immune response, when Treg cells must compete with activated T cells, which 

also express OX40, for IL-2. 

This study revealed no differences in FOXP3 expression by total and 2W1S+ Treg 

cells from OX40/CD30 dKO mice, which is a crucial transcription factor for Treg cell 

function (Fontenot et al., 2003, Hori et al., 2003). Further to this, the expression of 

key molecules involved in suppression was largely similar between total and 2W1S+ 

Treg cells from OX40/CD30 dKO and WT mice. This included CTLA-4, which 

reduces antigen presentation through interactions with the co-stimulatory molecules 

CD80 and CD86 on antigen presenting cells (Qureshi et al., 2011), and CD25, which 

proposed to deplete effector T cells of IL-2 (Pandiyan et al., 2007, Barthlott et al., 
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2005). The ectoenzymes CD39 and CD73 are also thought to disrupt the metabolism 

of effector T cells, in this case though production of adenosine, which inhibits their 

proliferation (Kobie et al., 2006, Deaglio et al., 2007, Borsellino et al., 2007). The 

expression of CD73 was found to be significantly lower on total Treg cells but not 

2W1S+ Treg cells from OX40/CD30 dKO mice. Conversely, expression of CD39 was 

found to be significantly lower on 2W1S+ Treg cells but not total Treg cells from 

OX40/CD30 dKO mice. The absence of OX40 and CD30 therefore may affect the 

expression of ectoenzymes which Treg cells utilize to disrupt effector T cells, 

however no evidence was found of other mechanisms being affected. This supports 

the findings of Vu et al. (2007), who postulate that OX40 is dispensable for 

suppression. However, it is important to note that Treg cells employ a range of 

mechanisms (Schmidt et al., 2012), within which there may be redundancy. In 

addition, Treg cells also suppress a variety of cell types (Schmidt et al., 2012) and it 

has been reported that OX40 expression on Treg cells mediates suppression of mast 

cell degranulation (Gri et al., 2008).  

There has been concern within the field that too strong conclusions have been drawn 

about Treg cell function from in vitro assays, which do not provide sufficient evidence  

(Vignali, 2012). In this study, an in vivo assay was therefore used to investigate Treg 

cell function. This in vivo assay demonstrated that after expansion of 2W1S+ Treg 

cells, the subsequent response to Lm-2W1S is augmented in WT but not 

OX40/CD30 dKO mice. This suggests that the function of OX40/CD30 dKO Treg 

cells is impaired. Further experiments in mice which can be conditionally depleted of 

Treg cells are needed to confirm that the impairment in the response to Lm-2W1S 

after Treg cell expansion is indeed dependent on the presence of Treg cells. The 
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most effective model for studying this would be to use ‘FOXP3DTR’ mice, which are 

engineered so that the Diphtheria Toxin Receptor (DTR) is expressed by Treg cells, 

and therefore these cells can be specifically ablated by administration of Diphtheria 

Toxin (Kim et al., 2007). 

As previously discussed, OX40 and CD30 have been shown to promote survival 

during T cell activation and the generation of CD4 T cell memory. Further to this, the 

absence of OX40 and CD30 has been shown to protect mice from lethal 

autoimmunity which results from the absence of Treg cells (Gaspal et al., 2011), 

implying a role in CD4 T cell function. T cells from these OX40/CD30 dKO mice were 

shown to produce significantly less IFNγ upon stimulation. This effector cytokine is 

the key mediator produced by T helper 1 (Th1) cells, particularly through its effects 

on macrophages where signaling through the IFNγ receptor leads to increased 

antigen presentation and bactericidal  activity (Schroder et al., 2004). Interestingly, a 

human patient deficient in OX40 has been shown to display impaired IFNγ production 

upon exposure to previously encountered antigens (Byun et al., 2013). This therefore 

suggests that the generation of a functional CD4 T cell response is dependent on 

OX40 and CD30.  

Data within this study show that seven days after infection with Listeria 

monocytogenes-expressing 2W1S, which induces a strong Th1 response (Spellberg 

and Edwards, 2001), the ability of 2W1S+ Tconv cells from OX40/CD30 dKO mice to 

produce IFNγ is abrogated. This was also confirmed by studying another 

endogenous T cell population which recognise peptide 190-201 of Listeriolysin O 

(LLO), a major virulence factor of Listeria monocytogenes (Hamon et al., 2012). 

Together these data suggest that these TNF receptors have a crucial role in T cell 
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function, which can be separated from any effects on survival. There was also a 

significant reduction in the number of T cells within both populations in OX40/CD30 

dKO mice, consistent with the established role these TNF receptors play in promoting 

the survival of T cells during activation (Croft, 2009). Despite this, the effect was 

much greater on the production of IFNγ, and therefore these data suggest that CD4 T 

cell function, rather than primary expansion is particularly dependent on OX40 and 

CD30. There is thought to be partial redundancy in the signaling pathways used by 

OX40 and CD30, as CD4 T cell responses are significantly more impaired in mice in 

which both TNF receptors are absent (Gaspal et al., 2008, Gaspal et al., 2005). 

Despite this, the effect on IFNγ production by 2W1S+ Tconv cells observed in 

OX40/CD30 dKO mice could be recapitulated in OX40 KO mice. This therefore 

suggests that OX40 plays a key role in CD4 T cell function. 

This study has demonstrated that CD4 T cell function, rather than primary expansion 

is highly dependent on OX40 and CD30. To further investigate the role of these TNF 

receptors, repeated expansion was studied in OX40/CD30 dKO mice, and compared 

to primary expansion. During acute infection, OX40 is expressed for a short window 

of time (Marriott et al., 2014), but during chronic infection its expression is more 

prolonged (Boettler et al., 2012). Strikingly, expansion of 2W1S+ Tconv cells within 

OX40/CD30 dKO mice after infection with Lm-2W1S, followed by two immunisations 

with 2W1S peptide and agonistic anti-DR3 was grossly reduced compared to WT. 

Interestingly, the number of 2W1S+ Tconv cells in OX40/CD30 dKO mice was only 

approximately 3 fold higher after repeated antigen exposure compared to primary 

exposure. This suggests that CD4 T cells are impaired in their capacity to expand in 
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response to repeated antigen exposure, and this is affected much more than primary 

expansion.  

Therefore, data within this study suggest that the expansion and function of Treg 

cells is partially dependent on OX40 and CD30. Further to this, the data confirms that 

there is a role for OX40 and CD30 in CD4 T cell expansion. However, these data 

show that CD4 T cells from OX40/CD30 dKO mice are fundamentally impaired in 

both their capacity to produce effector cytokines and to expand in response to 

repeated antigen exposure, as may occur during persistent infection or autoimmune 

disease.  
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5.0 THE ROLE OF GROUP 3 INNATE LYMPHOID CELLS IN 
REGULATORY T CELL SURVIVAL  
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5.1 INTRODUCTION 

Regulatory T cells, like conventional T cells recirculate around the blood and lymph, 

although, interestingly, it has also been shown that Treg cells can be enriched in the 

lymph node nearest their antigen (Lathrop et al., 2008). Treg cells are highly stable 

(Sakaguchi et al., 2013) and are considered to be a continuously activated and highly 

proliferative T cell subset (Fisson et al., 2003, Walker et al., 2003a). The cytokine IL-

2 is a critical survival factor for Treg cells (Malek and Castro, 2010), which express 

high levels of the high affinity subunit of the IL-2 receptor (CD25). Further to this, 

signals through the co-stimulatory receptor CD28 and the T cell Receptor (TCR) have 

been shown to contribute to Treg cell homeostasis (Attridge and Walker, 2014). 

Immature dendritic cells have been proposed as a potential source of TCR and CD28 

stimulation, through presentation of self-antigen (Scheinecker et al., 2002) and low 

levels of CD80/CD86 expression (Bluestone and Abbas, 2003). However, further 

characterisation of the signals required, and the source of such signals is needed to 

fully understand Treg cell homeostasis. 

Interestingly, preliminary data has shown that Treg cells can be found in close 

association with group 3 Innate Lymphoid Cells (ILCs) in the mesenteric lymph node 

(Dr Fiona McConnell, unpublished data), which suggests that these cells interact.  

ILCs are haematopoietic cells with lymphoid morphology but which lack T cell and B 

cell-receptors, as well as molecules expressed by myeloid cells, such as CD11c 

(Spits and Cupedo, 2012). They can be identified by the absence of such markers, 

as well as expression of Interleukin-7 Receptor α (IL-7Rα) (Vonarbourg and 

Diefenbach, 2012). Multiple roles for ILCs within the innate immune system have 

been described, including defence against microbial infections, maintenance of 
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epithelial barrier integrity and tissue repair. Further to this, it is becoming apparent 

that ILCs are able to influence the adaptive immune system (Artis and Spits, 2015).  

ILCs have been categorised into three groups based on the expression of lineage 

defining transcription factors and signature cytokines (Spits et al., 2013), as is shown 

in Figure 5.1. It is interesting to note that these lineage defining transcription factors 

and signature cytokines mirror those of T cell subsets. Th1 cells depend on Tbet and 

express IFNγ; Th2 cells depend on GATA3 and express IL-4 and IL-13; Th17 cells 

depend on RORγt and express IL-17 and/or IL-22 in response to IL-23 (Spits et al., 

2013).  

 

Figure 5.1: Innate lymphoid cell subsets. ILCs can be categorised into three 
groups based on expression of lineage defining transcription factor and signature 
cytokine expression. 

This study will concentrate on group 3 ILCs, which include the Lymphoid Tissue 

Inducer (LTi) cells, which play an essential role in lymph node organogenesis 

(Mebius, 2003). Group 3 ILCs in the adult are often referred to as ILC3s and can be 

further subdivided on the basis of Chemokine Receptor-6 (CCR6) expression. CCR6+ 

ILC3s are considered to be LTi-like whereas CCR6- ILC3s arise postnatally and have 
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the capacity to exhibit plasticity through downregulation of RORγt and upregulation of 

Tbet as well as the natural cytotoxicity receptor NKp46 (Klose et al., 2013). 

ILC3s are primarily found in the gut but also reside in the lymph nodes and spleen 

(Walker et al., 2013). In secondary lymphoid tissue they are located at the interface 

between T and B cell areas, such as the interfollicular regions (Mackley et al., 2015).  

As shown in Figure 5.2, it was in this location that ILC3s, identified as CD3-IL-

7Rα+RORγt+ cells, were found in close association with FOXP3+ Treg cells. It has 

been proposed that in this location, ILC3s provide survival signals to memory T cells 

as they pass through lymphoid tissue as persistence of CD4 memory T cells has 

been shown to be hindered in mice which lack ILC3s (Withers et al., 2012). 

Therefore, it may be that ILC3s in the interfollicular areas of the lymph nodes and 

spleen also provide survival signals to Treg cells as they recirculate.  

 

Figure 5.2: Association between ILC3s and Treg cells. Location of RORγt+ ILCs 
(ILC3s) (identified as CD3-RORγt+IL-7Rα+) within the mesenteric lymph node and 
proximity to regulatory T cells (identified as CD3+ Foxp3+).  High magnification insert 
shows a section of an interfollicular region (unpublished, Fiona McConnell). F: 
Follicle. 
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Interestingly, ILC3s have been shown to express MHC II and to have the ability to 

process and present antigen, but do so in a manner which does not lead to T cell 

proliferation (Hepworth et al., 2013). Further to this, mice which lack MHC II on ILC3s 

exhibit increased CD4 T responses to commensal bacteria, which leads to gut 

inflammation, suggesting that ILC3s limit CD4 T cell responses to commensal 

bacteria in a MHC II-dependent manner (Hepworth et al., 2013). Indeed, it has 

subsequently been shown that presentation of commensal bacteria-derived antigens 

by ILC3s can cause T cell death in a process similar to negative selection in the 

thymus (Hepworth et al., 2015). The ability of ILC3s to present antigen as a 

mechanism of preserving tolerance opens up the possibility that presentation of self-

antigen by ILC3s could be a mechanism by which Treg cells are maintained, 

particularly due to the key role of TCR stimulation in Treg cell homeostasis. In this 

study, the role of ILC3s in Treg cell expansion and survival has been investigated 

using an antigen-specific approach in mice which lack ILC3s (RORγt KO mice). 

Further to this, the expression pattern of potential interaction partners on ILC3s has 

been characterised. 
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5.2 RESULTS 

Antigen-specific Treg cell expansion in RORt KO mice 

To determine whether ILC3s may be involved in 2W1S+ Treg cell expansion, RORγt 

KO and WT mice were immunised with 100 µg 2W1S peptide and analysed seven 

days later. RORγt KO mice lack lymph nodes (Sun et al., 2000, Kurebayashi et al., 

2000) and it has been suggested that the loss of the lymph node niche may result in 

redistribution of T cells to the spleen (Zhang et al., 2003). Therefore, the spleen was 

compared to the spleen and a pool of lymph nodes from WT mice. Following 

harvesting of tissue, enrichment of 2W1S+ T cells was performed. Strikingly, very few 

2W1S+ Treg cells could be identified in the RORγt KO mice upon immunisation with 

2W1S peptide (Figure 5.3a). The percentage of Treg cells within the 2W1S+ T cell 

population was 20.1-fold lower in the RORγt KO mice than WT (median 0.5% vs 

median 10.7%) (Figure 5.3b). In accordance with this, the number of 2W1S+ Treg 

cells was reduced by 29.8-fold (median 3 vs median 76) (Figure 5.3c), but there was 

not a significant difference in the number of 2W1S+ Tconv cells (Figure 5.3d). This 

therefore argues against simply an impaired 2W1S+ T cell population.  

It has been reported that a proportion of Treg cells express RORγt (Lochner et al., 

2008), without negative impacts on their stability or function (Tartar et al., 2010, Yang 

et al., 2015). Indeed, it is now emerging that Treg cells can upregulate transcription 

factors associated with different T helper responses, tailoring them towards that 

response (Koch et al., 2009, Chaudhry et al., 2009, Zheng et al., 2009). Although 

RORγt+ Treg cells were shown to be in the minority, 2W1S+ Treg cells from WT mice 

in this experiment were analysed for RORγt expression. However only a small 
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percentage of 2W1S+ Treg cells (median 16%) were found to express RORγt (Figure 

5.3e, f), and therefore its absence cannot explain the low number of 2W1S+ Treg 

cells identified in RORγt KO mice. 
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Figure 5.3: Expansion of regulatory T cells by 2W1S peptide is attenuated in 
RORγt KO mice. WT and RORγt KO mice were immunised intravenously with 
2W1S peptide and analysed 7 days later. A pool of spleen and lymph nodes from 
WT mice were compared to spleen from RORγt KO mice. (A) Identification of 
FOXP3- and FOXP3+ CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3+ CD44hi2W1S: 
I-Ab+ T cells (Treg cells). (C) Enumeration of FOXP3- CD44hi2W1S: I-Ab+ T cells 
(Tconv cells). (D) Percentage of FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). 
(E) Identification of FOXP3 and RORγt expression by CD44hi2W1S: I-Ab+ T cells 
(wildtype mice). Plots are pre-gated on CD44hi2W1S: I-Ab+ CD3+CD4+ 

B220−CD11b− CD11c− cells. (F) Percentage of FOXP3+CD44hi2W1S: I-Ab+ T cells 
(Treg cells) which express RORγt (wildtype mice). Bars show medians, at least 2 
mice analysed per group. (B, C, D, F) Bars show medians. Mann–Whitney test 
**p < 0.01, ns = non-significant. At least 6 mice were pooled per group from three 
independent experiments. Tconv = conventional T cells, Treg = regulatory T cells. 
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Agonistic anti-DR3 was then used to further expand the 2W1S-specific population in 

RORγt KO mice given the low numbers of 2W1S+ Treg cells. Therefore, RORγt KO 

and WT mice were immunised with 100 µg 2W1S peptide and 10 µg agonistic anti-

DR3. Seven days later the spleen (RORγt KO) or spleen and a pool of lymph nodes 

(WT) were harvested and enrichment of 2W1S+ T cells was performed. As observed 

previously agonistic anti-DR3 was able to increase the number of regulatory and 

conventional 2W1S+ T cells in WT mice. However, the number of 2W1S+ Treg cells 

was again very low, consistent with the original experiment (Figure 4.4a). The 

percentage of Treg cells within the 2W1S+ T cell population was 12.4-fold lower in 

the RORγt KO mice than WT (median 0.9% vs median 11.1%) (Figure 5.4b), and the 

number of 2W1S+ Treg cells was reduced by 41.1-fold (median 6 vs median 234) 

(Figure 5.4c). Again, there was not a statistically significant difference in the number 

of 2W1S+ Tconv cells between RORγt KO mice and WT (Figure 5.4d). It is 

interesting to note, however, that the median number of 2W1S+ Tconv cells in RORγt 

KO mice after 2W1S peptide and agonistic anti-DR3 administration was 3.2-fold 

lower than WT. Although not statistically significant, this may suggest that the effects 

of agonistic anti-DR3 are dependent on RORγt. Together, these data indicate that 

following immunisation there are far fewer 2W1S+ Treg cells in the spleen of RORγt 

KO mice, compared with WT. These data indicate that in the absence of ILC3s Treg 

cell expansion is impaired. However, it is important to note that due to the role of 

RORγt in the thymus (Sun et al., 2000) there may be fundamental effects on Treg 

cells generation in RORγt KO mice. 
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  Figure 5.4: Expansion of regulatory T cells by 2W1S peptide and agonistic 
anti-DR3 is attenuated in RORγt KO mice. WT and RORγt KO mice were 
immunised intravenously with 2W1S peptide and agonistic anti-DR3 antibody and 
analysed 7 days later. A pool of spleen and lymph nodes from WT mice were 
compared to spleen from RORγt KO mice. (A) Identification of FOXP3- and 
FOXP3+ CD44hi2W1S: I-Ab+ T cells. Plots are pre-gated on 
CD3+CD4+B220−CD11b−CD11c− cells. (B) Enumeration of FOXP3+ CD44hi2W1S: 
I-Ab+ T cells (Treg cells). (C) Enumeration of FOXP3- CD44hi2W1S: I-Ab+ T cells 
(Tconv cells). (D) Percentage of FOXP3+ CD44hi2W1S: I-Ab+ T cells (Treg cells). 
(B-D) Bars show medians. Mann–Whitney test **p < 0.01, ns = non-significant. At 
least 6 mice were pooled per group from three independent experiments. Tconv = 
conventional T cells, Treg = regulatory T cells. 
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The specific defect in 2W1S+ Treg cells may reflect an effect on all Treg cells in 

RORγt KO mice. Therefore, to determine whether the overall Treg cell population is 

affected by the loss of RORγt, spleens were harvested from RORγt KO and WT mice 

and phenotyping took place. The median cellularity of the spleen of RORγt KO mice 

was 2.5-fold higher than WT (Figure 5.5a), consistent with previous studies 

(Kurebayashi et al., 2000). The median number of CD4 T cells was also increased by 

2-fold (Figure 5.5b) and the median number of Treg cells by 2.9-fold (Figure 5.5c). 

In accordance with this, the percentage of Treg cells within the CD4 T cell population 

was significantly increased (1.5-fold; median 12.5% vs median 17.6%) (Figure 5.5d). 

This suggests that not all Treg cells are disproportionally affected by the loss of 

RORγt. 
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Figure 5.5: Overall regulatory T cell numbers are not reduced in RORγt KO 
mice. Cells were isolated from the spleen of naïve RORγt KO and WT mice. 
4x106 cells were antibody stained. (A) Cellularity of the spleen. (B) Enumeration 
of FOXP3- CD4+ T cells (Tconv). (C) Identification of FOXP3+ T cells (Treg cells). 
Plots are pre-gated on CD3+CD4+B220−CD11b− CD11c− cells. (D) Enumeration of 
FOXP3+ CD4+ T cells (Treg cells). (E) Percentage of FOXP3+ CD4+ T cells (Treg 
cells). (A-B, D-E) Bars show medians. Mann–Whitney test, **p < 0.01, ***p < 
0.001. At least 8 mice were pooled from two independent experiments. Tconv = 
conventional T cells, Treg = regulatory T cells.  
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Treg cell development in RORγt KO mice 

As RORγt is involved in T cell development in the thymus (Sun et al., 2000) it is 

important to investigate whether the defects seen in the 2W1S+ Treg cell population 

reflect fundamental alterations to Treg cell generation in the thymus. Thymocytes can 

be separated into four populations on the expression of CD4 and CD8 (Borgulya et 

al., 1991). Thymocytes enter the thymus as Double Negative (DN) cells, mature into 

Double Positive (DP) cells and undergo positive selection. If successful, DP cells 

then become Single Positive (SP) 4 or 8 cells and undergo negative selection in the 

medulla. RORγt is expressed by DP thymocytes, within which it facilitates survival via 

production of Bcl-xL (Sun et al., 2000). This is thought to give these cells an 

opportunity to interact with MHC II/peptide and if appropriate, go through positive 

selection. As a result, Vα to Jα recombination has been shown to be altered in RORγt 

KO mice (Guo et al., 2002).  

Initially, phenotyping of the thymus of RORγt KO mice was performed to investigate 

whether Treg cell development was impaired in the absence of RORγt. The median 

cellularity of the thymus from these mice was 6.4-fold lower than that of the WT mice 

(Figure 5.6a), which is consistent with previous studies (Sun et al., 2000). This 

reduction was reflected in all thymocyte populations, particularly the SP4 population. 

The median number of SP4 cells was reduced by 42.2-fold and the median number 

of cells in the SP8 population was reduced by 11.3-fold (Figure 5.6b). The dramatic 

reduction in the SP4 population in RORγt KO mice is also displayed in Figure 5.6c, 

which demonstrates the gating strategy for the four thymocyte populations. Within the 

SP4 population, the median number of Treg cells was reduced by 25.4-fold in RORγt 

KO mice (Figure 5.6d), and therefore Treg cells do not appear to be affected more 



 

147 
 

than the rest of the SP4 population. Consistent with this, the percentage of Treg cells 

within the SP4 population was not significantly different in RORγt KO mice compared 

to WT (median 2.5% vs median 2.9%) (Figure 5.6e).  
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Figure 5.6: Regulatory T cell development is not disproportionally affected 
by the absence of RORγt. Cells were isolated from the thymus of naïve RORγt 
KO and WT mice. 4x106 cells were antibody stained. (A) T cell profile in RORγt 
KO thymus. Plots are gated on live cells. (B)  Cellularity of the thymus. (C) 
Enumeration of Double Negative (DN), Double Positive (DP), Single Positive CD4 
(SP4) and Single Positive CD8 (SP8) cells. (D) Number of FOXP3+ cells (Treg 
cells). (E) Percentage of FOXP3+ cells (Treg cells) within the SP4 population. (B, 
E) Bars show medians. Mann–Whitney test, ***p < 0.001, ns = non-significant. (C) 
Means ± SEM are shown. At least 8 mice were pooled per group from two 
independent experiments. Tconv = conventional T cells, Treg = regulatory T cells.  
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Although total Treg cells were not disproportionally impaired in RORγt KO mice, such 

studies may not identify changes in Treg cell selection in the thymus. Therefore, 

numbers of 2W1S+ Treg cells may still be reduced. To investigate this, the 2W1S+ T 

cell population was assessed in naïve WT and RORγt KO mice. Given concerns over 

low numbers, FOXP3GFP reporter mice were used to optimise the yield of 2W1S+ T 

cells, which are rare. The spleens were harvested from naïve RORγt KO FOXP3GFP 

mice and the spleen and lymph nodes were harvested from naïve FOXP3GFP mice, 

which served as the WT controls. Tetramer staining and enrichment was then 

performed. For each sample, the cells were pooled from two mice after enrichment to 

increase the number of 2W1S+ T cells. Conventional 2W1S+ T cells could be 

identified in RORγt KO mice (Figure 5.7a), although the median number was 2.3-fold 

lower than WT (Figure 5.7b). Similarly, regulatory 2W1S+ T cells were identified in 

RORγt KO mice (Figure 5.7c) and the median number was 3.2-fold lower than WT 

(Figure 5.7d). Although there was a modest reduction in the median number of 

2W1S+ Treg cells, this reflects a reduction in the overall 2W1S-specific T cell 

population, and fundamentally 2W1S+ Treg cells could be identified. This suggests 

that 2W1S+ Treg cells can develop in mice which are deficient in RORγt. 
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Figure 5.7: 2W1S+ Treg cells can develop in mice which are deficient in 
RORγt. (A) Identification of 2W1S: I-Ab+ T cells in naïve FOXP3 GFP mice and 
RORγt KO x FOXP3GFP mice. Plots are from two mice combined and are pre-
gated on CD3+CD4+B220−CD11b−CD11c− cells. (B) Identification of FOXP3- and 
FOXP3+ 2W1S: I-Ab+ T cells in naïve FOXP3GFP mice and RORγt KO x 
FOXP3GFP mice. Plots are from two mice combined and are pre-gated on 2W1S: 
I-Ab+ CD3+CD4+ B220−CD11b−CD11c− cells. (C) Enumeration of FOXP3- 2W1S: I-
Ab+ T cells. (D) Enumeration of FOXP3+ 2W1S: I-Ab+ T cells. (C, D) Bars show 
medians. Mann–Whitney test, *p < 0.05. At least 4 samples, each from two mice, 
were pooled from two independent experiments.  
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DR3 expression on Innate Lymphoid cells 

Previous data from Figure 5.4 indicated that the effect of agonistic anti-DR3 on Treg 

cell numbers is reduced in RORγt KO mice. Interestingly along with regulatory and 

conventional T cells, embryonic LTi, which are part of the group 3 ILC subset, have 

been shown to express DR3 (Kim et al., 2003). Further to this, DR3 expression has 

been shown on adult cells which resemble these embryonic cells (Kim et al., 2003), 

now classified as ILC3s. ILC populations are known to differ between different lymph 

nodes (Mackley et al., 2015), therefore DR3 was stained for in inguinal lymph nodes, 

mesenteric lymph nodes and spleen. These tissues were harvested from naïve mice, 

teased under a microscope and digested using collagenase dispase and DNase prior 

to staining to increase the yield of cells. ILCs were identified by flow cytometry as IL-

7Rα+ cells lacking lineage markers associated with T cells, B cells and myeloid cells. 

To ensure that T cells were not included in this population, cells which contained 

intracellular CD3 were gated out. The three ILC populations were then separated into 

RORγt+ (ILC3s), GATA-3+ (ILC2s) and the double negative population (ILC1s) 

(Figure 5.8). This method of staining enables clear gating of ILC3s and enables 

comparison with the other ILC subsets (Mackley et al., 2015).  
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Figure 5.8: Gating strategy for ILC Subsets. Cells were isolated from the 

spleen, mesenteric lymph node and inguinal lymph nodes of C57BL/6 mice. Cells 

were surface stained, fixed, permeabilised and analysed by flow cytometry. 

Gating strategy for ILCs and for ILC subsets: ILC1 (RORγt- GATA3-), ILC2 

(RORγt- GATA3+), and ILC3s (RORγt+ GATA3-). 
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As previously described, adult ILC3s can be divided into two subsets based on CCR6 

expression (Klose et al., 2014). The CCR6+ (LTi-like) ILC3s are of principal interest 

within this study, and make up the majority of ILC3 population in the mesenteric 

lymph node (Mackley et al., 2015). Thus CCR6 can be used as a surrogate marker to 

identify ILC3s in place of RORγt, as shown in Figure 5.9a. This surrogate marker 

was used when validating the anti-DR3 antibody using DR3 KO mice, as the anti 

DR3 antibody was conjugated to the same fluorochrome as the anti-RORγt antibody 

(Figure 5.9b).  As shown in Figure 5.9c, DR3 could be identified on all three subsets 

of ILCs. In all three tissues, the majority of ILC3s were found to express DR3 

(medians 94-98%) (Figure 5.9d). Similarly, the majority of ILC2s expressed DR3 in 

the lymph nodes (medians 95-99%) and the spleen (median 85%) (Figure 5.9e). A 

high percentage of ILC1s in the lymph nodes expressed DR3 (medians 75-79%), and 

approximately half of IL1s in the spleen (median 50%) (Figure 5.9f). Therefore, the 

majority of ILC3s express DR3 in peripheral and mesenteric lymph nodes, as well as 

the spleen, and is therefore likely to have a key role on these cells. 
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Figure 5.9: DR3 is highly expressed by ILC3s. Cells were isolated from the 

spleen, mesenteric lymph node and inguinal lymph nodes of C57BL/6 mice. Cells 

were surface stained, fixed, permeabilised and analysed by flow cytometry. (A) 

(B). (C) Identification of DR3 on ILC subsets from spleen, mesenteric lymph 

nodes and inguinal lymph nodes. (D) Percentage of each ILC subset which 

expresses DR3 in each lymphoid organ analysed. Bars show medians. At least 

four mice were pooled from two independent experiments.  
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Determining potential interaction partners between Treg cells and Innate Lymphoid 

Cells 

Impaired Treg responses have been observed in RORγt KO mice within this study, 

which suggests that Treg cells may interact with ILC3s. This is consistent with 

preliminary data which shows that ILC3s can be found in close association with Treg 

cells in the interfollicular areas of the mesenteric lymph node (Figure 5.1). In this 

study, the expression of potential interaction partners between ILC3s and Treg cells 

has been explored to further investigate this. These include Neuropilin-1 (Nrp-1), 

which has been shown to enhance Treg cell stability (Delgoffe et al., 2013) and can 

signal through homotypic interactions (Sarris et al., 2008);  and MHC II as Treg cell 

homeostasis is known to be supported by encounter with cognate antigen (Attridge 

and Walker, 2014). Further to this, there is thought to be a switch in the function of 

group 3 ILC3s from lymph node organogenesis in the embryo, to modulation of the 

adaptive immune system, as well as roles in the innate immune system, in the adult 

(Kim et al., 2006). This study therefore also investigated whether MHC II is 

expressed on group 3 ILCs in the embryo (LTi), and hence this functional switch. 

To identify Nrp-1 expression, the inguinal lymph nodes, mesenteric lymph nodes and 

spleen were harvested from naïve mice, teased under a microscope and digested 

using collagenase dispase and DNase. The three ILC subsets were gated upon 

using the previously strategy. ILC3s were found to be the predominant Nrp-1 

expressing subset of ILCs (Figure 5.10a). There was little Nrp-1 on ILC1s in all three 

tissues (Figure 5.10b). A proportion of ILC2s in the spleen and mesenteric lymph 

nodes expressed Nrp-1 (medians 33-41%), but there was little expression in the 

inguinal lymph nodes (Figure 5.10c). In the mesenteric lymph nodes and spleen the 



 

157 
 

majority of ILC3s were found to express Nrp-1 (medians 85-89%), and approximately 

half of the ILC3s inguinal lymph nodes (median 53%) (Figure 5.10d). To confirm 

these data, confocal microscopy was used. ILC3s were identified in the interfollicular 

areas of mesenteric lymph node sections as IL-7Rα+ RORγt+ CD3- cells. Figure 

5.10e shows a magnification of the interfollicular area (marked by a white box). Nrp-1 

positive ILC3s can be identified in this area, and have been circled in white. The 

panel on the right allows confirmation that these cells are not CD3+. This 

demonstrates that the majority of ILC3s in the mesenteric lymph nodes express Nrp-

1, and shows that the interfollicular area is rich in Nrp-1.  
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Figure 5.10: Neuropilin-1 is highly expressed by ILC3s. (A-B) Cells were 
isolated from the spleen, mesenteric lymph node and inguinal lymph nodes of 
C57BL/6 mice. Cells were surface stained, fixed, permeabilised and analysed by 
flow cytometry. (A) Identification of Neuropilin-1 (Nrp-1) on ILC subsets from 
spleen, mesenteric lymph nodes and inguinal lymph nodes. Gating of ILC 
subsets was performed as shown previously. (B) Percentage of each ILC subset 
which expresses Nrp-1 in each lymphoid organ analysed. Bars show medians. At 
least four mice were pooled from two independent experiments. (C) Mesenteric 
lymph node sections from naïve wildtype mice were cut and stained for Nrp-1 on 
ILC3s. Interfollicular area (white box) of image on left is magnified with and 
without Nrp-1 on right. F indicates follicle. ILC3s are identified as IL-7Rα+ RORγt+ 

CD3- cells. Images are representative of four mice. 
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To identify MHC II expression, the inguinal lymph nodes, mesenteric lymph nodes 

and spleen were harvested from naïve mice, teased under a microscope and 

digested using collagenase dispase and DNase. The three ILC subsets were gated 

upon using the strategy previously shown. In the mesenteric lymph nodes and 

spleen, ILC3s were the only ILC population which expressed MHC II (Figure 5.11a).  

In the inguinal lymph nodes, however, MHC II expression was observed by all three 

groups of ILCs. In these peripheral lymph nodes, the median percentage of ILC1s 

expressing MHC II was 38% (Figure 5.11b) and the median percentage of MHC II+ 

ILC2s was 63% (Figure 5.11c). In all three tissues, MHC II expression was observed 

on a high proportion of ILC3s (medians 67-79%) (Figure 5.11d). To confirm these 

data, confocal microscopy was used. ILC3s were again identified in the interfollicular 

areas of mesenteric lymph node sections as IL-7Rα+ RORγt+ CD3- cells. Figure 

5.11e shows a magnification of the interfollicular area (marked by a white box). MHC 

II positive ILC3s can be identified in this area, and have been circled in white. The 

panel on the right allows confirmation that these cells are not CD3+. Therefore, the 

majority of ILC3s express MHC II in the mesenteric lymph nodes. Together these 

data show that MHC II expression is observed by ILC3s in peripheral and mesenteric 

lymph nodes, as well as spleen. 
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Figure 5.11: MHC II is highly expressed by ILC3s. (A-B) Cells were isolated 
from the spleen, mesenteric lymph node and inguinal lymph nodes of C57BL/6 
mice. (A) Identification of MHC II on ILC subsets from spleen, mesenteric lymph 
nodes and inguinal lymph nodes. Gating of ILC subsets was performed as shown 
previously. (B) Percentage of each ILC subset which expresses MHC II in each 
lymphoid organ analysed. Bars show medians. At least four mice were pooled 
from two independent experiments. (C) Mesenteric lymph node sections from 
naïve wildtype mice were cut and stained for MHC II on ILC3s. Interfollicular area 
(white box) of image on left is magnified with and without MHC II on right. F 
indicates follicle. ILC3s are identified as IL-7Rα+ RORγt+ CD3- cells. White circles 
indicate MHC II+ ILC3s. Images are representative of three mice. 
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The ligand for DR3, TL1A, has been shown to induce OX40L expression on LTi cells 

upon overnight culture (Kim et al., 2006). OX40L is expressed by adult ILC3s but not 

embryonic LTi (Kim et al., 2005) and therefore this is thought to be part of this 

developmental switch from embryonic to adult cells (Kim et al., 2006). MHC II has 

also been shown to be expressed by adult ILC3s (Hepworth et al., 2013) and may 

follow the same TL1A-induced developmental switch. To investigate this, spleens 

were removed from E15 embryos and cultured for seven days with IL-7 to increase 

the number of LTi cells. Spleens then were pooled into groups of six, teased under a 

microscope and crushed to create cell suspensions. Cells were cultured overnight 

with IL-7 +/- 100ng/ml TL1A in accordance with the original experiments showing that 

TL1A can upregulate OX40L (Kim et al., 2006). A cell suspension was cultured with 

10 µg/ml agonistic anti-DR3 instead of TL1A to determine whether the antibody can 

recapitulate the effects of this soluble mediator.  

As shown in Figure 5.12a, LTi cells were identified simply as RORγt+ cells. This is 

possible because LTi cells are the major RORγt-expressing population at E15 (Eberl 

et al., 2004). There was little OX40L or MHC II expression on LTi which were cultured 

with IL-7, which confirms previous observations that embryonic LTi do not express 

these molecules. Upon TL1A administration OX40L was upregulated on LTi (median 

31%), but the levels of MHC II remained unchanged (Figure 5.12b). This effect of 

TL1A on OX40L expression was therefore consistent with previously published data 

(Kim et al., 2006) and amounted to a 31.1-fold increase in the median percentage of 

LTi which expressed OX40L (Figure 5.12c). Upon treatment with agonistic anti-DR3 

a small proportion of LTi were found to express OX40L (median 13%) (Figure 

5.12d), therefore agonistic anti-DR3 is able to upregulate OX40L but to a much 
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lesser extent than TL1A. MHC II expression was again unchanged. Therefore, MHC 

expression does not appear to be regulated by DR3 signaling. 
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  Figure 5.12: Expression of MHC II is not regulated by DR3 signaling. E15 
BALB/c embryonic spleens were placed on a sterile nucleopore filter laid on a 
piece of sterile antiwrap sponge (6 spleens per filter). These were placed in 4ml 
sterile culture medium containing IL-7 and cultured for 6-7 days at 37°C in a 
sterile humidified chamber. Cells were then isolated and cultured overnight with 
IL-7 +/- TL1A or agonistic anti-DR3. On the next day cells were stained for dead 
cells prior to antibody staining. (A) Gating strategy for LTi. (B) Identification of 
OX40L and MHC II on LTi. (C) Percentage of LTi which express OX40L. (D) 
Percentage of LTi which express MHC II. (A-B) Plots are representative of three 
independent experiments. Six spleens were pooled for each condition. Bars show 
medians. (C-D) Each point represents 6 pooled E15 spleens.  
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These data therefore show that Nrp-1 and MHC II are expressed by ILC3s in the 

periphery. Future study into the relationship between Treg cells and ILC3s may be 

facilitated by the ability to boost ILC3 numbers. The administration of IL-2/anti-IL-2 

complexes has been shown to cause ILC2 proliferation (Van Gool et al., 2014). 

Interestingly, this is also a technique which has been used to boost Treg cells 

(Webster et al., 2009). To investigate whether IL-2/anti-IL-2 complexes can also 

induce ILC3 proliferation, WT mice were administered complexes composed of 1 µg 

IL-2 and 5 µg anti-IL-2, or PBS as a control, by intraperitoneal injection for three 

days. The mesenteric lymph node and spleen were then harvested the day after the 

final injection. ILC3s were identified as previously shown, and expression of Ki67 was 

used to identify proliferating ILC3s. As shown in Figure 5.13a, ILC3s from PBS 

injected mice displayed little Ki67 expression, but upon administration of IL-2/anti-IL-

2 complexes, Ki67 expression was induced on these cells. In the mesenteric lymph 

nodes, the percentage of Ki67+ ILC3s was found to be 13.7-fold higher in the IL-

2/anti-IL-2 complex-injected mice than the PBS-injected mice (median 54.4% vs 

median 3.9%) (Figure 5.13b). At this early time point a 1.6-fold increase in ILC3 

number could also be observed (median 6503 vs median 10062) (Figure 5.13c). In 

the spleen, the percentage of Ki67+ ILC3s was 3.9-fold higher in the IL-2/anti-IL-2 

complex-injected mice than the PBS-injected mice (median 44.7% vs median 11.6%) 

(Figure 5.13d). As observed in the mesenteric lymph node, a 1.3-fold increase in 

ILC3 number was observed in the spleen (median 15849 vs median 20611) (Figure 

5.13e). Therefore, administration of IL-2/anti-IL-2 complexes can be used 

successfully to induce ILC3 proliferation, although later time points will need to be 

studied to determine whether ILC3 numbers increase as a result. 
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  Figure 5.13: ILC3s proliferate in response to IL-2/anti-IL2 complexes. IL-
2/anti-IL-2 complexes were administered to WT mice by intraperitoneal injection 
for three days and the mesenteric lymph node and spleen were analysed on the 
fourth day. (A) Identification of Ki-67 expression on ILC3s from the mesenteric 
lymph nodes and spleen. Gating of ILC3s was performed as shown previously. 
(B) Percentage of ILC3s which express Ki67 in the mesenteric lymph nodes. (C) 
Enumeration of ILC3s in the mesenteric lymph nodes. (D) Percentage of ILC3s 
which express Ki67. (E) Enumeration of ILC3s in the spleen. (B-D) Bars show 
medians. Mann–Whitney test **p < 0.01, ns = non-significant. At least six mice 
were pooled from two independent experiments.  
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5.3 DISCUSSION 

Therapeutic manipulation of Treg cell survival, as well as function, would have far 

reaching implications in a range of conditions from cancer to autoimmune disease. 

However, the cells and signals which are required for Treg cell homeostasis are yet 

to be fully elucidated. It has been proposed that low level CD80 and CD86 

expression on immature dendritic cells, as well as presentation of self-antigen, may 

promote Treg survival, through CD28 and TCR signals. Interestingly ILC3s have also 

been shown to have the capacity to process and present antigen (von Burg et al., 

2014, Hepworth et al., 2013). Therefore, within this study, the role of this ILC subset 

in Treg cell biology was investigated in RORγt KO mice, which lack ILC3s. An 

antigen-specific approach was again used so that the timing and nature of antigen 

exposure was known. 

Using an antigen-specific approach, Treg cells can be expanded and tracked over an 

extended period of time to understand the signals necessary for their survival. 

However, within this study, very few 2W1S+ Treg cells could be identified in RORγt 

KO mice seven days after immunisation with 2W1S peptide. This impairment was 

more restricted to the regulatory population, with few differences observed in the 

number of Tconv cells between WT and RORγt KO mice. This impairment in 2W1S+ 

Treg cell expansion was also observed seven days after immunisation with 2W1S 

peptide and agonistic anti-DR3, which has been shown previously in this study to 

enhance the number of regulatory and conventional T cells within the 2W1S+ T cell 

response. These data therefore suggest that the expansion of regulatory, but not 

conventional 2W1S+ T cells is RORγt-dependant.  The signals required for Treg cell 

activation are similar to those required for their survival, and indeed for conventional 
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T cell activation. Treg cells are activated in an antigen specific manner, requiring 

stimulation through their TCR (Thornton et al., 2004a, Thornton et al., 2004b). It is 

possible that ILC3s, through expression of MHC II, could contribute to Treg cells 

activation, although they lack expression of CD80/86 ligands, and therefore the 

capacity for CD28 signaling (Hepworth et al., 2013), which has been shown to be 

important for Treg cell proliferation (Bour-Jordan et al., 2011). 

To determine whether this impairment in Treg cell expansion is reflected in the 

overall Treg population, the spleen of naïve RORγt KO mice was studied. However, 

the number and percentage of Treg cells was increased RORγt KO mouse, which is 

not consistent with impaired Treg cell expansion. It is notable that RORγt KO mice do 

not have lymph nodes (Kurebayashi et al., 2000, Sun et al., 2000) and the spleen of 

RORγt KO mice is more than twice the size of WT, with significantly higher numbers 

of conventional and regulatory CD4 T cells. Due to the previously described role of 

ILC3s in the gut, a key reason for the enlargement of the spleen in RORγt KO mice is 

thought to be due to inflammation in response to commensal bacteria (Hepworth et 

al., 2013). The presence of compounding factors such as this demonstrates the 

importance of using an antigen-specific approach. It is important to note also that 

RORγt has an important role in thymocyte development, and therefore there is a 

possibility that the absence of 2W1S+ Treg cells in RORγt KO mice could be due to 

altered Treg cell selection. In the thymus, RORγt facilitates the survival of double 

positive thymocytes via production of Bcl-xL (Sun et al., 2000). This is thought to give 

these cells an opportunity to interact with MHC II/peptide and if appropriate, go 

through positive selection. Vα to Jα recombination has been shown to be altered in 

RORγt KO mice (Guo et al., 2002), which is likely therefore to lead to an altered 
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TCRα repertoire. It was therefore important to investigate whether Treg cell 

development is adversely affected in the RORγt KO thymus. Consistent with 

previously published data, the single positive 4 (SP4) and single positive 8 (SP8) 

populations were dramatically reduced in the RORγt KO mouse. However, Treg cells 

did not appear to be more affected than the rest of the SP4 population. Crucially, 

2W1S+ Treg cells were identified in the periphery of naïve RORγt deficient mice, 

suggesting that these mice 2W1S+ Treg cells can develop in the RORγt KO thymus. 

Therefore, the specific impairment in Treg cell expansion in RORγt KO is not due to 

the absence of 2W1S+ Treg cell generation in these mice. A model in which ILC3s 

are specifically depleted, is necessary to confirm that it is the absence of ILC3s which 

leads to the defect observed.  

Interestingly, the expansion of 2W1S+ Tconv cells upon administration of 2W1S 

peptide and agonistic anti-DR3, but not 2W1S peptide alone, was reduced in RORγt 

KO mice. As the majority of ILC3s in the spleen, inguinal and mesenteric lymph 

nodes were found to express DR3 in this study; there may be a role for ILC3s in the 

action of this agonistic anti-DR3 antibody. Interestingly the majority of ILC2s also 

expressed DR3, and this TNF receptor has been shown to be important for ILC2 

expansion, survival and function (Yu et al., 2014). The high level of DR3 expression 

on ILC3s suggests that DR3 has an important role on these cells, and further 

investigation is needed to determine if there are any parallels with the role on ILC2s. 

As previously introduced, group 3 ILCs include LTi, which are required for lymph 

node organogenesis. DR3 is also expressed by LTi (Kim et al., 2006) and 

interestingly, its ligand TL1A has been shown to induce OX40L expression on LTi 

cells as part of a developmental switch (Kim et al., 2006). This ‘switch’ is thought to 
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reflect the change in function of group 3 ILCs from lymph node organogenesis to 

their roles within the immune system, and corresponds with bacterial colonisation 

which occurs upon birth. It is possible that MHC II, which is expressed by ILC3s in 

the adult (Hepworth et al., 2013) is subject to this same developmental switch 

mediated by TL1A-DR3 interactions. Data within this study showed that like OX40L, 

MHC II is not expressed by embryonic LTi. However, as MHC II was not upregulated 

upon culture with TL1A, it appears that MHC II is regulated by another mechanism. 

This impairment of Treg cell expansion along with observations from preliminary 

data, suggest that Treg cells and ILC3s do indeed interact. Various candidates have 

emerged as potential interaction partners between ILC3s and Treg cells. This study 

has previously explored the role of OX40 and CD30 on Treg cell expansion, survival 

and function, as OX40L and CD30L are expressed by ILC3s (Lane et al., 2005). 

Another molecule expressed by Treg cells which has been proposed to support their 

survival is neuropilin-1 (Nrp-1) (Delgoffe et al., 2013), which is also a proposed 

marker of thymically derived Treg cells (Weiss et al., 2012, Yadav et al., 2012). 

These effects on Treg cell stability are reported to be through interactions with 

Semaphorin-4a (Delgoffe et al., 2013), but Nrp-1 has also been shown to signal 

through homotypic interactions to promote long interactions and therefore synapse 

formations between Treg cells and immature dendritic cells (Sarris et al., 2008). 

Interestingly Nrp-1 is expressed by the majority of ILC3s in the periphery, which 

leaves open the possibility that homotypic interactions between Nrp-1 on Treg cells 

and ILC3s may support their stability. Confocal microscopy has revealed that the 

interfollicular areas of the mesenteric lymph nodes are rich in Nrp-1 expression. As 
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this is where ILC3s reside, this gives further evidence that homotypic Nrp-1-Nrp-1 

interactions may occur. 

MHC II was shown to be expressed on the majority of ILC3s in the periphery. As Treg 

cell homeostasis is known to be supported by encounter with cognate antigen (Kim et 

al., 2009, Walker et al., 2003a, Fisson et al., 2003), this may be the role of ILC3-

derived MHC II in the periphery. Notably, a similar role has already been proposed 

for dendritic cells in non-inflammatory conditions (Scheinecker et al., 2002). 

Interestingly, ILC3s in the gut have been shown to maintain tolerance to commensal 

through antigen presentation resulting in T cell anergy and death (Hepworth et al., 

2015, Hepworth et al., 2013). Thus a regulatory role for MHC II-expressing ILC3s, 

through interactions with T cells, has been proposed, which may also translate to the 

periphery.  

These data show that in the absence of ILC3s, Treg cell expansion is impaired. 

Studies using mice in which ILC3s are specifically depleted are needed to investigate 

further and confirm that this defect is due to the absence of ILC3s. However, along 

with the observation that ILC3s and Treg cells can be found in close association 

interfollicular areas of lymph nodes, these data suggest that ILC3s and Treg cells 

interact. The use of IL-2/anti-IL-2 complexes to expand ILC3 numbers will also aid 

future understanding of the relationship between ILC3s and Treg cells; an approach 

which was further developed within this study. Nrp-1 has emerged as a strong 

candidate for mediating the interactions between ILC3s and Treg cells, as well as 

presentation of peptide to Treg cells by MHC II on ILC3s. As DR3 is so highly 

expressed on ILC3s, and has been shown to be important for ILC2 biology, this TNF 

receptor is likely to also have an important role on ILC3s.  



 

175 
 

 

 

 

 

 

 

 

 

6.0 OVERALL DISCUSSION 

 

 

 

 

 

 

 

 

 

 

  



 

176 
 

Treg cells are a subset of CD4 T cells which have an important role in maintaining 

tolerance to self-antigens, and provide feedback control to the immune system to 

limit pathogen-associated immune pathology (Corthay, 2009). Treg cells can 

suppress many different immune cells, but their main function is considered to be 

suppression of naïve T cell activation (Schmidt et al., 2012). Since their discovery 

(Gershon and Kondo, 1970, Sakaguchi et al., 1995) there has been great interest in 

the therapeutic potential of Treg cell manipulation. There are many situations in 

which boosting Treg cell activation, survival or function would be beneficial, such as 

autoimmune disease, allergy and transplantation. Conversely, inhibition of Treg cells 

would boost anti-tumour responses and therefore aid tumour clearance by the 

immune system. Current advances in anti-tumour immunotherapy have included 

strategies to release effector T cells from regulation, for example by blocking CTLA-4 

and PD-1 (Curran et al., 2010). However, it is hoped that agonistic antibodies 

directed against TNF receptors would have dual anti-tumour effects by turning off 

Treg cell function as well as boosting effector T cell activation through co-stimulation 

(Kitamura et al., 2009). To better study Treg cell survival and function, and hence the 

cells and signals required, an in vivo antigen-specific approach was developed to 

allow specific effects on survival versus function to be dissected out. 

Therefore, in this study the following aims were addressed: 

 Establish a method to study Treg cell survival and function in vivo. 

 Investigate the sources of cellular support, and the role of TNF receptors in 

Treg cell survival and function. 
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6.1 Development of an antigen-specific model to study regulatory T cells 

In this study, an antigen-specific approach pioneered by Dr Marc Jenkins was refined 

specifically to study Treg cells. Using this in vivo approach, an endogenous naïve 

CD4 T cell population is expanded upon encounter with 2W1S peptide, a variant of 

peptide 52-68 of the I-E alpha chain, and identified using MHC II tetramers. Studying 

endogenous murine polyclonal populations of CD4 T cells avoids potential artefacts 

arising from monoclonal TCR transgenic cells, such as reported detrimental effects 

on survival of having a large clonal population (Hataye et al., 2006). To specifically 

study Treg cells within this CD4 T cell population, approaches used to expand overall 

Treg cells were applied to the 2W1S model.  

After immunisation with 2W1S peptide, Treg cells were found to make up 

approximately 13% of the 2W1S+ T cell population. However, by immunising twice 

with 2W1S peptide, seven days apart, this percentage could be boosted, through a 

selective increase in the number of 2W1S+ Treg cells. This observation may have 

important implications in terms of autoantigen-specific immunotherapy for 

autoimmune disease, where the challenge is to boost Treg cells specific to an 

autoantigen, without exacerbating the effector response. As well as exploring 

methods to increase the proportion of antigen-specific Treg cells it was also 

important to ensure a high number of these cells could be expanded, for example to 

boost efforts to assess long term survival, where low numbers might hinder assay 

sensitivity. In this study it was found that an agonistic antibody which targets the TNF 

receptor DR3 can increase the number of Treg cells within this population by 

approximately ten fold, although it also increases the number of Tconv cells and 

therefore this is not a selective effect. Interestingly, this antibody selectively 
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increases the percentage of total Treg cells, and such disparity is thought to be a 

result of relative availability of cognate antigen (Schreiber and Podack, 2013). 

Therefore, after 2W1S peptide administration, expansion of regulatory and 

conventional T cells which recognise this peptide occurs, as well as total Treg cells 

which are encountering self-antigen. The protocol for expanding Treg cells was 

therefore set as two immunisations of 2W1S peptide and agonistic anti-DR3, hence 

incorporating both an increase in proportion, and number.  

To study Treg cell function in vivo, an assay was established based on work by Rowe 

et al. (2012), in which the function of 2W1S+ Treg cells was assessed through 

measurement of IFNγ production by 2W1S+ Tconv cells upon infection with Listeria 

monocytogenes-expressing 2W1S peptide (Lm-2W1S). In these experiments 2W1S+ 

Treg cells were expanded in response to constitutive expression of 2W1S peptide as 

a fetal antigen, and peaked at 50% of the 2W1S+ T cell population. In my study, 

2W1S+ Treg cells were expanded using two immunisations of 2W1S peptide and 

agonistic anti-DR3, which resulted in blunting of a subsequent T cell response to Lm-

2W1S. Although IFNγ production was not affected, blunting of the response is 

consistent with Treg cell mediated suppression.  

Interestingly, this study showed that if Lm-2W1S is administered prior to the protocol 

for expanding Treg cells, a very large expansion of 2W1S+ Tconv cells occurs despite 

the presence of 2W1S+ Treg cells. This suggests that suppression is harder to 

achieve after a strong Th1 response. One proposed avenue to prevent destruction of 

tissue in autoimmune disease is Treg cell expansion (Miyara et al., 2014), however 

this may be technically challenging if these findings are confirmed, as clinical 

symptoms often appear after the immune response is already underway. This 
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observation may reflect differences in the ratio of Treg cells to effector cells, as after 

Lm-2W1S administration the percentage of Treg cells is very low. Alternatively, it may 

reflect enhanced resistance of effector cells to Treg cell-mediated suppression. 

Indeed, it has been reported that high doses of antigen can render T cells resistant to 

suppression (Baecher-Allan et al., 2002, Georger et al., 2003), and a role for 

PAMPS, pro-inflammatory cytokines and TNF receptors has also been reported 

(Walker, 2009).  

6.2 The role of OX40 and CD30 in regulatory and effector T cell biology 

The role of OX40 signaling in Treg cell biology is controversial within the literature, 

with reports that OX40 negatively regulates Treg cell function, and conversely that 

OX40 and IL-2 signal co-operatively to support Treg cells (Xiao et al., 2012). Having 

established a model to assess Treg cells, I sought to study the role of TNF receptors 

OX40 and CD30 in in this context. Interestingly, primary expansion of Treg cells was 

impaired in OX40/CD30 dKO mice, although less so than Tconv cell expansion. 

However, a decline in Treg cell numbers was not clearly observed at 21 or 51 days 

after immunisation suggesting longer term survival of Treg cells in the periphery is 

not highly dependent on OX40 and CD30. Data within this study and others strongly 

indicates that the majority of 2W1S+ Treg cells are thymically derived (tTreg cells). 

Therefore, the observed impairment in Treg cell expansion is unlikely to be explained 

by effects on the Tconv cell pool. There are two proposed markers of tTreg cells, 

Neuropilin-1 and Helios, which along with the presence of a Treg cell population in 

naïve mice, give a strong indication of the origin of a Treg cell population. However, 

the field would benefit from the characterisation of a more robust marker for tTreg 

cells, as neither marker is expressed only by tTreg cells and not pTreg cells (Singh et 
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al., 2015). This would aid understanding of the differing roles of these the two 

subsets which are thought to have non-overlapping functions but to synergise to 

attain maximal suppression (Haribhai et al., 2011a). Collectively these data showed 

that following peptide stimulation the persistence of Treg cells was not heavily 

dependent upon signals through CD30 and OX40. Whist the cells persisted, whether 

these cells remained functional became the key question to address. 

The previously described in vivo assay developed to assess Treg cell function was 

used to investigate the role of OX40 and CD30. Blunting of the response was again 

observed in the wildtype control mice, but interestingly, this was not observed in 

OX40/CD30 dKO mice, consistent with an impairment of the function of Treg cells in 

the absence of these signals. These data therefore support the body of evidence that 

OX40 signaling supports Treg cells. Further experiments in mice which can be 

conditionally depleted of Treg cells are needed to confirm that the impairment in the 

response to Lm-2W1S after Treg cell expansion is indeed dependent on the 

presence of Treg cells. The most effective model for studying this would be to use 

‘FOXP3DTR’ mice, which are engineered so that the Diphtheria Toxin Receptor (DTR) 

is expressed by Treg cells, and therefore these cells can be specifically ablated by 

administration of Diphtheria Toxin (Kim et al., 2007).  

This study has also furthered our understanding of the role of OX40 and CD30 in 

CD4 T cell function. Strikingly, CD4 T cells were found to be highly dependent on 

OX40 and CD30 as the ability of antigen-specific Tconv cells to produce IFNγ in 

response to Lm-2W1S was grossly impaired in their absence. Therefore, this study 

has demonstrated that CD4 T cell function, rather than primary expansion is highly 

dependent on OX40 and CD30. These TNF receptors are upregulated rapidly on T 
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cells upon activation, but in acute infection OX40 is only transiently expressed, and 

indeed the majority of OX40 expression is restricted to a brief window after Lm-2W1S 

administration (Marriott et al., 2014). Thus the requirement for OX40 signalling in the 

function of these cells indicates that critical interactions with OX40L+ cells must occur 

within this time. If we can pinpoint the cellular source of OX40L, we can better 

manipulate the process therapeutically.  

Importantly, the requirement for OX40 and CD30 signals in CD4 T cell function was 

not restricted to the 2W1S response, and could be observed in another endogenous 

T cell population which responds to Listeriolysin-O, a major virulence factor of Listeria 

monocytogenes (Hamon et al., 2012). Thus, these data indicate that there is a clear 

requirement for OX40 in the production of effector cytokines in Th1 responses such 

as the response mounted to Lm-2W1S. Further experiments in other experimental 

settings could test whether it is true of other T helper responses, for example using 

Group A Streptococcus expressing 2W1S peptide (GAS-2W1S) would enable the 

study of Th17 responses (Dileepan et al., 2011). 

The gross impairment in effector cytokine production by 2W1S+ T cells was also 

observed in OX40 KO mice, which suggests that this effect is largely attributable to 

OX40, although future experiments with CD30 KO mice are required. CD30 is not as 

well characterised in the literature and it is technically challenging to identify CD30 

ex-vivo as it appears to be expressed at low levels. However, it has previously been 

shown that CD4 memory T cell generation in OX40 KO mice is affected by OX40, 

and that this is more pronounced if both receptors are absent, which suggest that 

they exhibit synergy (Gaspal et al., 2005, Gaspal et al., 2008, Withers et al., 2009, 
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Gaspal et al., 2011). To further investigate the role of OX40 in CD4 T cell function, 

other pro-inflammatory cytokines could be assessed such as TNFα. 

Interestingly, this study also revealed that OX40 and CD30 are required for CD4 T 

cells to be able to expand in response to repeated antigen exposure, as occurs in 

autoimmunity, as well as many other conditions where therapeutic manipulation of 

the immune response would be beneficial. To further study the contribution of OX40 

and CD30, this experiment should be performed in OX40 KO mice, as well as CD30 

KO mice. Together these data show fundamental differences in CD4 T cell behavior 

in the absence of OX40 and CD30, with reduced rapid pro-inflammatory cytokine 

production, as well as impaired expansion upon repeated antigen exposure. This 

therefore indicates that the capacity to mount functional memory CD4 T cell 

responses is impaired. 

6.3 Cellular support for Treg cell survival 

Previous studies on the cells that support Treg cells has centered mainly on 

immature dendritic cells, which may provide survival signals through the TCR and 

CD28 on Treg cells (Attridge and Walker, 2014). This study has instead explored the 

role of group 3 ILCs, using the previously described antigen-specific approach in 

mice that lack RORγt, the lineage defining transcription factor of this group of ILCs. 

Whilst technically challenging to specifically pinpoint ILC3 due to a lack of specific 

mouse models, the absence of ILC3s correlated with a striking impairment in Treg 

cell expansion. This suggests that these cells may interact, supporting preliminary 

data which showed Treg cells in close proximity to ILC3s in the interfollicular areas of 

mesenteric lymph nodes. RORγt mice have many caveats, particularly the absence 
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of lymph nodes, and altered thymic development (Sun et al., 2000, Kurebayashi et 

al., 2000). However, as 2W1S+ Treg cells can be identified in naïve RORγt KO mice, 

it is possible to conclude that this effect is not simply due to the absence of 2W1S+ 

Treg cell generation in the RORγt KO mice. Studies using mice in which ILC3s are 

specifically depleted are therefore needed to investigate this further and confirm that 

this defect is due to the absence of ILC3s. Interestingly, DR3 was shown to be highly 

expressed on ILC3s in this study, and is therefore likely to have a role in ILC3 

biology, particularly as DR3 expression has been shown to contribute to ILC2 

expansion, survival and function (Yu et al., 2014). 

Various candidates have emerged as potential interaction partners between ILC3s 

and Treg cells. OX40L and CD30L have been reported to be expressed by ILC3s 

(Lane et al., 2005), but Treg cells do not appear to be highly dependent on OX40 and 

CD30 for their survival. This study shows that Nrp-1, which has been proposed to 

support Treg cell survival (Delgoffe et al., 2013), is highly expressed by ILC3s in the 

periphery. As there are reports that Nrp-1 can form homotypic interactions (Sarris et 

al., 2008), this may be a mechanism by which ILC3s support Treg cell survival, 

particularly as the interfollicular area was shown to be rich in Nrp-1 expression. To 

study this further a mouse could be generated which lacks Nrp-1 specifically on 

ILC3s using the cre-lox system, and experiments could be performed to determine 

whether antigen-specific Treg cell survival is affected.   

In this study it was also shown that MHC II is highly expressed by ILC3s in the 

periphery. As TCR signals have been shown to contribute to Treg cell survival (Kim 

et al., 2009, Walker et al., 2003a, Fisson et al., 2003) MHC II may be a potential 

interaction partner between ILC3s and Treg cells. Interestingly, ILC3s in the gut have 
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been shown to express high levels of MHC II and to be able to process and present 

antigen (Hepworth et al., 2013). Further studies with these mice, which lack MHC II 

on ILC3s, would aid understanding of whether MHC II on ILC3s provides survival 

signals to Treg cells. Whilst investigating the role of ILC3s in Treg cell survival, it is 

important to note that different lymph nodes contain different proportions of ILC3s 

(Mackley et al., 2015). The use of IL-2/anti-IL-2 complexes to expand ILC3 numbers 

may also aid future understanding of the relationship between ILC3s and Treg cells; 

an approach which was further developed within this study.  

6.4 Overall Summary 

This study has established a method to study the survival and function of Treg cells 

in vivo, and therefore to investigate the signals and cells which are involved. The role 

of ILC3s was explored, as well as the co-stimulatory molecules OX40 and CD30. 

Figure 6.1 shows some of the key signals required by Treg cells, which may be 

provided by dendritic cells, and demonstrates potential roles for ILC3s and 

OX40/CD30 within this context. These experiments provided evidence for a role for 

OX40 and CD30 in Treg cell expansion, as well as function. In addition, effector 

cytokine production by Th1 cells was shown to be heavily dependent upon signals 

through these TNF receptors, as well as their ability to expand upon repeated antigen 

exposure. This therefore indicates that OX40 and CD30 are required to mount 

functional CD4 memory T cell responses. A regulatory role of ILC3s is emerging in 

the literature, and in accordance with this, this study demonstrates that Treg cell 

expansion is grossly impaired in mice which lack RORγt, the lineage defining 

transcription factor for ILC3s, although this needs to be repeated in mice which 

specifically lack ILC3s. This study provides further evidence that MHC II is a potential 
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interaction partner between Treg cells and ILC3s, and suggests a new candidate: 

Nrp-1. The TNF receptor and co-stimulatory molecule DR3 was also shown to be 

highly expressed by ILC3s, and therefore may have a role in modulating their activity 

(Figure 6.1). A technique for inducing ILC proliferation was successfully applied to 

ILC3s, which will aid future study of the relationship between Treg cells and ILC3s. 

 

 

 

 

 

 

 

 

Figure 6.1: Dendritic Cell and Group 3 Innate Lymphoid Cell-derived signals 
which may contribute to regulatory T cell survival and function. Previous studies 
have demonstrated a clear role for TCR and CD28 in the survival of Treg cells, and 
signals between Nrp-1 and Sema4a have also been implicated (black arrows). This 
study has provided evidence for a role for OX40 and CD30 in Treg cell expansion, as 
well as function, and considers the role of ILC3s which are able to provide signals 
through these receptors, as well as the TCR (grey arrows). In addition, this study 
demonstrated that Nrp-1 is highly expressed by ILC3s, as well as the TNF receptor 
DR3. The former has the potential to form homotypic interactions which could provide 
signals through Nrp-1 expressed by Treg cells, and the latter may contribute to ILC3 
function (blue arrow). 

 

  

Sema4a 

Nrp-1 

Nrp-1 

CD28 

Treg 
Survival 
Function Nrp-1 

MHC II TCR 

CD80/86 
ILC3 MHC II TCR 

OX40L 
/CD30L 

DC 

OX40 
/CD30 OX40 

/CD30 OX40L 
/CD30L 



 

186 
 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 



 

187 
 

ABBAS, A. K., BENOIST, C., BLUESTONE, J. A., CAMPBELL, D. J., GHOSH, S., HORI, S., JIANG, S., 
KUCHROO, V. K., MATHIS, D., RONCAROLO, M. G., RUDENSKY, A., SAKAGUCHI, S., SHEVACH, 
E. M., VIGNALI, D. A. A. & ZIEGLER, S. F. 2013. Regulatory T cells: recommendations to 
simplify the nomenclature. Nature Immunology, 14, 307-308. 

AGGARWAL, B. B., GUPTA, S. C. & KIM, J. H. 2012. Historical perspectives on tumor necrosis factor 
and its superfamily: 25 years later, a golden journey. Blood, 119, 651-665. 

AKIMOVA, T., BEIER, U. H., WANG, L. Q., LEVINE, M. H. & HANCOCK, W. W. 2011. Helios Expression Is 
a Marker of T Cell Activation and Proliferation. Plos One, 6, 13. 

ALMEIDA, A. R. M., ZARAGOZA, B. & FREITAS, A. A. 2006. Indexation as a novel mechanism of 
lymphocyte homeostasis: The number of CD4(+)CD25(+) regulatory T cells is indexed to the 
number of IL-2-producing cells. Journal of Immunology, 177, 192-200. 

ANNACKER, O., PIMENTA-ARAUJO, R., BURLEN-DEFRANOUX, O., BARBOSA, T. C., CUMANO, A. & 
BANDEIRA, A. 2001. CD25(+) CD4(+) T cells regulate the expansion of peripheral CD4 T cells 
through the production of IL-10. Journal of Immunology, 166, 3008-3018. 

APOSTOLOU, I. & VON BOEHMER, H. 2004. In vivo instruction of suppressor commitment in naive T 
cells. Journal of Experimental Medicine, 199, 1401-1408. 

ARSTILA, T. P., CASROUGE, A., BARON, V., EVEN, J., KANELLOPOULOS, J. & KOURILSKY, P. 1999. A 
direct estimate of the human alpha beta T cell receptor diversity. Science, 286, 958-961. 

ARTIS, D. & SPITS, H. 2015. The biology of innate lymphoid cells. Nature, 517, 293-301. 
ASSEMAN, C., MAUZE, S., LEACH, M. W., COFFMAN, R. L. & POWRIE, F. 1999. An essential role for 

interleukin 10 in the function of regulatory T cells that inhibit intestinal inflammation. Journal 
of Experimental Medicine, 190, 995-1003. 

ATTRIDGE, K. & WALKER, L. S. K. 2014. Homeostasis and function of regulatory T cells (Tregs) in vivo: 
lessons from TCR-transgenic Tregs. Immunological Reviews, 259, 23-39. 

ATTRIDGE, K., WANG, C. J., WARDZINSKI, L., KENEFECK, R., CHAMBERLAIN, J. L., MANZOTTI, C., KOPF, 
M. & WALKER, L. S. K. 2012. IL-21 inhibits T cell IL-2 production and impairs Treg 
homeostasis. Blood, 119, 4656-4664. 

BAECHER-ALLAN, C., BROWN, J. A., FREEMAN, G. J. & HAFLER, D. A. 2001. CD4+CD25(high) regulatory 
cells in human peripheral blood. Journal of Immunology, 167, 1245-1253. 

BAECHER-ALLAN, C., VIGLIETTA, V. & HAFLER, D. A. 2002. Inhibition of human CD4(+)CD25(+high) 
regulatory T cell function. Journal of Immunology, 169, 6210-6217. 

BANCHEREAU, J. & STEINMAN, R. M. 1998. Dendritic cells and the control of immunity. Nature, 392, 
245-52. 

BAR-ON, L., BIRNBERG, T., KIM, K. W. & JUNG, S. 2011. Dendritic cell-restricted CD80/86 deficiency 
results in peripheral regulatory T-cell reduction but is not associated with lymphocyte 
hyperactivation. European Journal of Immunology, 41, 291-298. 

BARTHLOTT, T., MONCRIEFFE, H., VELDHOEN, M., ATKINS, C. J., CHRISTENSEN, J., O'GARRA, A. & 
STOCKINGER, B. 2005. CD25(+)CD4(+) T cells compete with naive CD4(+) T cells for IL-2 and 
exploit it for the induction of IL-10 production. International Immunology, 17, 279-288. 

BASSING, C. H., SWAT, W. & ALT, F. W. 2002. The mechanism and regulation of chromosomal V(D)J 
recombination. Cell, 109 Suppl, S45-55. 

BENNETT, C. L., CHRISTIE, J., RAMSDELL, F., BRUNKOW, M. E., FERGUSON, P. J., WHITESELL, L., KELLY, 
T. E., SAULSBURY, F. T., CHANCE, P. F. & OCHS, H. D. 2001. The immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations of 
FOXP3. Nature Genetics, 27, 20-21. 

BENSINGER, S. J., WALSH, P. T., ZHANG, J. D., CARROLL, M., PARSONS, R., RATHMELL, J. C., 
THOMPSON, C. B., BURCHILL, M. A., FARRAR, M. A. & TURKA, L. A. 2004. Distinct IL-2 
receptor signaling pattern in CD4(+)CD25(+) regulatory T cells. Journal of Immunology, 172, 
5287-5296. 

 



 

188 
 

BETTELLI, E., CARRIER, Y. J., GAO, W. D., KORN, T., STROM, T. B., OUKKA, M., WEINER, H. L. & 
KUCHROO, V. K. 2006. Reciprocal developmental pathways for the generation of pathogenic 
effector T(H)17 and regulatory T cells. Nature, 441, 235-238. 

BLUESTONE, J. A. & ABBAS, A. K. 2003. Natural versus adaptive regulatory T cells. Nature Reviews 
Immunology, 3, 253-257. 

BOETTLER, T., MOECKEL, F., CHENG, Y., HEEG, M., SALEK-ARDAKANI, S., CROTTY, S., CROFT, M. & VON 
HERRATH, M. G. 2012. OX40 Facilitates Control of a Persistent Virus Infection. Plos 
Pathogens, 8. 

BONO, M. R., FERNÁNDEZ, D., FLORES-SANTIBÁÑEZ, F., ROSEMBLATT, M. & SAUMA, D. CD73 and 
CD39 ectonucleotidases in T cell differentiation: Beyond immunosuppression. FEBS Letters. 

BOPP, T., BECKER, C., KLEIN, M., KLEIN-HESSLING, S., PALMETSHOFER, A., SERFLING, E., HEIB, V., 
BECKER, M., KUBACH, J., SCHMITT, S., STOLL, S., SCHILD, H., STAEGE, M. S., STASSEN, M., 
JONULEIT, H. & SCHMITT, E. 2007. Cyclic adenosine monophosphate is a key component of 
regulatory T cell mediated suppression. Journal of Experimental Medicine, 204, 1303-1310. 

BORGULYA, P., KISHI, H., MULLER, U., KIRBERG, J. & VON BOEHMER, H. 1991. Development of the 
CD4 and CD8 lineage of T cells: instruction versus selection. Embo j, 10, 913-8. 

BORSELLINO, G., KLEINEWIETFELD, M., DI MITRI, D., STERNJAK, A., DIAMANTINI, A., GIOMETTO, R., 
HOEPNER, S., CENTONZE, D., BERNARDI, G., DELL'ACQUA, M. L., ROSSINI, P. M., BATTISTINI, 
L., ROTZSCHKE, O. & FALK, K. 2007. Expression of ectonucleotidase CD39 by Foxp3(+) Treg 
cells: hydrolysis of extracellular ATP and immune suppression. Blood, 110, 1225-1232. 

BOUR-JORDAN, H., ESENSTEN, J. H., MARTINEZ-LLORDELLA, M., PENARANDA, C., STUMPF, M. & 
BLUESTONE, J. A. 2011. Intrinsic and extrinsic control of peripheral T-cell tolerance by 
costimulatory molecules of the CD28/B7 family. Immunological Reviews, 241, 180-205. 

BRUNKOW, M. E., JEFFERY, E. W., HJERRILD, K. A., PAEPER, B., CLARK, L. B., YASAYKO, S. A., 
WILKINSON, J. E., GALAS, D., ZIEGLER, S. F. & RAMSDELL, F. 2001. Disruption of a new 
forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder of 
the scurfy mouse. Nature Genetics, 27, 68-73. 

BYUN, M., MA, C. S., AKCAY, A., PEDERGNANA, V., PALENDIRA, U., MYOUNG, J., AVERY, D. T., LIU, Y., 
ABHYANKAR, A., LORENZO, L., SCHMIDT, M., LIM, H. K., CASSAR, O., MIGAUD, M., 
ROZENBERG, F., CANPOLAT, N., AYDOGAN, G., FLECKENSTEIN, B., BUSTAMANTE, J., PICARD, 
C., GESSAIN, A., JOUANGUY, E., CESARMAN, E., OLIVIER, M., GROS, P., ABEL, L., CROFT, M., 
TANGYE, S. G. & CASANOVA, J.-L. 2013. Inherited human OX40 deficiency underlying classic 
Kaposi sarcoma of childhood. Journal of Experimental Medicine, 210, 1743-1759. 

CHAUDHRY, A., RUDRA, D., TREUTING, P., SAMSTEIN, R. M., LIANG, Y., KAS, A. & RUDENSKY, A. Y. 
2009. CD4(+) Regulatory T Cells Control T(H)17 Responses in a Stat3-Dependent Manner. 
Science, 326, 986-991. 

CHEN, A. I., MCADAM, A. J., BUHLMANN, J. E., SCOTT, S., LUPHER, M. L., GREENFIELD, E. A., BAUM, P. 
R., FANSLOW, W. C., CALDERHEAD, D. M., FREEMAN, G. J. & SHARPE, A. H. 1999. Ox40-ligand 
has a critical costimulatory role in dendritic cell: T cell interactions. Immunity, 11, 689-698. 

CHEN, W. J., JIN, W. W., HARDEGEN, N., LEI, K. J., LI, L., MARINOS, N., MCGRADY, G. & WAHL, S. M. 
2003. Conversion of peripheral CD4(+)CD25(-) naive T cells to CD4(+)CD25(+) regulatory T 
cells by TGF-beta induction of transcription factor Foxp3. Journal of Experimental Medicine, 
198, 1875-1886. 

CHEN, Y. H., KUCHROO, V. K., INOBE, J., HAFLER, D. A. & WEINER, H. L. 1994. REGULATORY T-CELL 
CLONES INDUCED BY ORAL TOLERANCE - SUPPRESSION OF AUTOIMMUNE 
ENCEPHALOMYELITIS. Science, 265, 1237-1240. 

CLARK, L. B., APPLEBY, M. W., BRUNKOW, M. E., WILKINSON, J. E., ZIEGLER, S. F. & RAMSDELL, F. 
1999. Cellular and molecular characterization of the scurfy mouse mutant. Journal of 
Immunology, 162, 2546-2554. 



 

189 
 

CLOUGH, L. E., WANG, C. J., SCHMIDT, E. M., BOOTH, G., HOU, T. Z., RYAN, G. A. & WALKER, L. S. 
2008. Release from regulatory T cell-mediated suppression during the onset of tissue-specific 
autoimmunity is associated with elevated IL-21. J Immunol, 180, 5393-401. 

COLLISON, L. W., CHATURVEDI, V., HENDERSON, A. L., GIACOMIN, P. R., GUY, C., BANKOTI, J., 
FINKELSTEIN, D., FORBES, K., WORKMAN, C. J., BROWN, S. A., REHG, J. E., JONES, M. L., NI, H. 
T., ARTIS, D., TURK, M. J. & VIGNALI, D. A. 2010. IL-35-mediated induction of a potent 
regulatory T cell population. Nat Immunol, 11, 1093-101. 

COLLISON, L. W. & VIGNALI, D. A. A. 2011. In Vitro Treg Suppression Assays. Methods in molecular 
biology (Clifton, N.J.), 707, 21-37. 

COLLISON, L. W., WORKMAN, C. J., KUO, T. T., BOYD, K., WANG, Y., VIGNALI, K. M., CROSS, R., SEHY, 
D., BLUMBERG, R. S. & VIGNALI, D. A. A. 2007. The inhibitory cytokine IL-35 contributes to 
regulatory T-cell function. Nature, 450, 566-U19. 

COOMBES, J. L., SIDDIQUI, K. R. R., ARANCIBIA-CARCAMO, C. V., HALL, J., SUN, C.-M., BELKAID, Y. & 
POWRIE, F. 2007. A functionally specialized population of mucosal CD103(+) DCs induces 
Foxp3(+) regulatory T cells via a TGF-beta- and retinoic acid-dependent mechanism. Journal 
of Experimental Medicine, 204, 1757-1764. 

CORTHAY, A. 2009. How do Regulatory T Cells Work? Scandinavian Journal of Immunology, 70, 326-
336. 

COWAN, J. E., PARNELL, S. M., NAKAMURA, K., CAAMANO, J. H., LANE, P. J. L., JENKINSON, E. J., 
JENKINSON, W. E. & ANDERSON, G. 2013. The thymic medulla is required for Foxp3(+) 
regulatory but not conventional CD4(+) thymocyte development. Journal of Experimental 
Medicine, 210, 675-681. 

CRELLIN, N. K., GARCIA, R. V., HADISFAR, O., ALLAN, S. E., STEINER, T. S. & LEVINGS, M. K. 2005. 
Human CD4(+) T cells express TLR5 and its ligand flagellin enhances the suppressive capacity 
and expression of FOXP3 in CD4(+)CD25(+) T regulatory cells. Journal of Immunology, 175, 
8051-8059. 

CROFT, M. 2009. The role of TNF superfamily members in T-cell function and diseases. Nature 
Reviews Immunology, 9, 271-285. 

CURRAN, M. A., MONTALVO, W., YAGITA, H. & ALLISON, J. P. 2010. PD-1 and CTLA-4 combination 
blockade expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 
melanoma tumors. Proceedings of the National Academy of Sciences of the United States of 
America, 107, 4275-4280. 

D'ALISE, A. M., AUYEUNG, V., FEUERER, M., NISHIO, J., FONTENOT, J., BENOIST, C. & MATHIS, D. 
2008. The defect in T-cell regulation in NOD mice is an effect on the T-cell effectors. Proc Natl 
Acad Sci U S A, 105, 19857-62. 

D'CRUZ, L. M. & KLEIN, L. 2005. Development and function of agonist-induced CD25(+)Foxp3(+) 
regulatory T cells in the absence of interleukin 2 signaling. Nature Immunology, 6, 1152-1159. 

DEAGLIO, S., DWYER, K. M., GAO, W., FRIEDMAN, D., USHEVA, A., ERAT, A., CHEN, J.-F., ENJYOJI, K., 
LINDEN, J., OUKKA, M., KUCHROO, V. K., STROM, T. B. & ROBSON, S. C. 2007. Adenosine 
generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune 
suppression. Journal of Experimental Medicine, 204, 1257-1265. 

DELGOFFE, G. M., WOO, S.-R., TURNIS, M. E., GRAVANO, D. M., GUY, C., OVERACRE, A. E., BETTINI, M. 
L., VOGEL, P., FINKELSTEIN, D., BONNEVIER, J., WORKMAN, C. J. & VIGNALI, D. A. A. 2013. 
Stability and function of regulatory T cells is maintained by a neuropilin-1-semaphorin-4a 
axis. Nature, 501, 252-+. 

DERBINSKI, J., SCHULTE, A., KYEWSKI, B. & KLEIN, L. 2001. Promiscuous gene expression in medullary 
thymic epithelial cells mirrors the peripheral self. Nature Immunology, 2, 1032-1039. 

DIECKMANN, D., PLOTTNER, H., BERCHTOLD, S., BERGER, T. & SCHULER, G. 2001. Ex vivo isolation 
and characterization of CD4(+)CD25(+) T cells with regulatory properties from human blood. 
Journal of Experimental Medicine, 193, 1303-1310. 



 

190 
 

DILEEPAN, T., LINEHAN, J. L., MOON, J. J., PEPPER, M., JENKINS, M. K. & CLEARY, P. P. 2011. Robust 
Antigen Specific Th17 T Cell Response to Group A Streptococcus Is Dependent on IL-6 and 
Intranasal Route of Infection. Plos Pathogens, 7. 

DUAN, W., SO, T. & CROFT, M. 2008. Antagonism of Airway Tolerance by 
Endotoxin/Lipopolysaccharide through Promoting OX40L and Suppressing Antigen-Specific 
Foxp3(+) T Regulatory Cells. Journal of Immunology, 181, 8650-8659. 

DUARTE, J. H., ZELENAY, S., BERGMAN, M.-L., MARTINS, A. C. & DEMENGEOT, J. 2009. Natural Treg 
cells spontaneously differentiate into pathogenic helper cells in lymphopenic conditions. 
European Journal of Immunology, 39, 948-955. 

DUSTIN, M. L. & LONG, E. O. 2010. Cytotoxic immunological synapses. Immunol Rev, 235, 24-34. 
EBERL, G., MARMON, S., SUNSHINE, M. J., RENNERT, P. D., CHOI, Y. W. & LITTMAN, D. R. 2004. An 

essential function for the nuclear receptor ROR gamma t in the generation of fetal lymphoid 
tissue inducer cells. Nature Immunology, 5, 64-73. 

ERNST, P. B., GARRISON, J. C. & THOMPSON, L. F. 2010. Much Ado about Adenosine: Adenosine 
Synthesis and Function in Regulatory T Cell Biology. Journal of Immunology, 185, 1993-1998. 

EROUKHMANOFF, L., ODERUP, C. & IVARS, F. 2009. T-cell tolerance induced by repeated antigen 
stimulation: Selective loss of Foxp3(-) conventional CD4 T cells and induction of CD4 T-cell 
anergy. European Journal of Immunology, 39, 1078-1087. 

ERTELT, J. M., ROWE, J. H., JOHANNS, T. M., LAI, J. C., MCLACHLAN, J. B. & WAY, S. S. 2009. Selective 
Priming and Expansion of Antigen-Specific Foxp(3-)CD(4+) T Cells during Listeria 
monocytogenes Infection. Journal of Immunology, 182, 3032-3038. 

FAHLEN, L., READ, S., GORELIK, L., HURST, S. D., COFFMAN, R. L., FLAVELL, R. A. & POWRIE, F. 2005. T 
cells that cannot respond to TGF-beta escape control by CD4(+)CD25(+) regulatory T cells. J 
Exp Med, 201, 737-46. 

FALLARINO, F., GROHMANN, U., HWANG, K. W., ORABONA, C., VACCA, C., BIANCHI, R., BELLADONNA, 
M. L., FIORETTI, M. C., ALEGRE, M. L. & PUCCETTI, P. 2003. Modulation of tryptophan 
catabolism by regulatory T cells. Nature Immunology, 4, 1206-1212. 

FANTINI, M. C., BECKER, C., MONTELEONE, G., PALLONE, F., GALLE, P. R. & NEURATH, M. F. 2004. 
Cutting edge: TGF-beta induces a regulatory phenotype in CD4(+)CD25(-) T cells through 
Foxp3 induction and down-regulation of Smad7. Journal of Immunology, 172, 5149-5153. 

FASSBENDER, M., GERLITZKI, B., ULLRICH, N., LUPP, C., KLEIN, M., RADSAK, M. P., SCHMITT, E., BOPP, 
T. & SCHILD, H. 2010. Cyclic adenosine monophosphate and IL-10 coordinately contribute to 
nTreg cell-mediated suppression of dendritic cell activation. Cellular Immunology, 265, 91-96. 

FEUERER, M., HILL, J. A., KRETSCHMER, K., VON BOEHMER, H., MATHIS, D. & BENOIST, C. 2010. 
Genomic definition of multiple ex vivo regulatory T cell subphenotypes. Proceedings of the 
National Academy of Sciences of the United States of America, 107, 5919-5924. 

FISSON, S., DARRASSE-JEZE, G., LITVINOVA, E., SEPTIER, F., KLATZMANN, D., LIBLAU, R. & SALOMON, 
B. L. 2003. Continuous activation of autoreactive CD4(+) CD25(+) regulatory T cells in the 
steady state. Journal of Experimental Medicine, 198, 737-746. 

FONTENOT, J. D., GAVIN, M. A. & RUDENSKY, A. Y. 2003. Foxp3 programs the development and 
function of CD4(+)CD25(+) regulatory T cells. Nature Immunology, 4, 330-336. 

FONTENOT, J. D., RASMUSSEN, J. P., GAVIN, M. A. & RUDENSKY, A. Y. 2005. A function for interleukin 
2 in Foxp3-expressing regulatory T cells. Nature Immunology, 6, 1142-1151. 

FRIEDLINE, R. H., BROWN, D. S., NGUYEN, H., KORNFELD, H., LEE, J., ZHANG, Y., APPLEBY, M., DER, S. 
D., KANG, J. & CHAMBERS, C. A. 2009. CD4(+) regulatory T cells require CTLA-4 for the 
maintenance of systemic tolerance. Journal of Experimental Medicine, 206, 421-434. 

FRIEDMAN, A. & WEINER, H. L. 1994. INDUCTION OF ANERGY OR ACTIVE SUPPRESSION FOLLOWING 
ORAL TOLERANCE IS DETERMINED BY ANTIGEN DOSAGE. Proceedings of the National 
Academy of Sciences of the United States of America, 91, 6688-6692. 



 

191 
 

GALLEGOS, A. M. & BEVAN, M. J. 2004. Central tolerance to tissue-specific antigens mediated by 
direct and indirect antigen presentation. Journal of Experimental Medicine, 200, 1039-1049. 

GARIN, M. I., CHU, C.-C., GOLSHAYAN, D., CERNUDA-MOROLLON, E., WAIT, R. & LECHLER, R. I. 2007. 
Galectin-1: a key effector of regulation mediated by CD4(+)CD25(+) T cells. Blood, 109, 2058-
2065. 

GASPAL, F., BEKIARIS, V., KIM, M.-Y., WITHERS, D. R., BOBAT, S., MACLENNAN, I. C. M., ANDERSON, 
G., LANE, P. J. & CUNNINGHAM, A. F. 2008. Critical synergy of CD30 and OX40 signals in CD4 
T cell Homeostasis and Th1 immunity to Salmonella. Journal of Immunology, 180, 2824-2829. 

GASPAL, F. M., WITHERS, D., SAINI, M., BEKIARIS, V., MCCONNELL, F. M., WHITE, A., KHAN, M., 
YAGITA, H., WALKER, L. S. K., ANDERSON, G. & LANE, P. J. L. 2011. Abrogation of CD30 and 
OX40 signals prevents autoimmune disease in FoxP3-deficient mice. Journal of Experimental 
Medicine, 208, 1579-1584. 

GASPAL, F. M. C., KIM, M. Y., MCCONNELL, F. M., RAYKUNDALIA, C., BEKIARIS, V. & LANE, P. J. L. 
2005. Mice deficient in OX40 and CD30 signals lack memory antibody responses because of 
deficient CD4 T cell memory. Journal of Immunology, 174, 3891-3896. 

GAVIN, M. A., RASMUSSEN, J. P., FONTENOT, J. D., VASTA, V., MANGANIELLO, V. C., BEAVO, J. A. & 
RUDENSKY, A. Y. 2007. Foxp3-dependent programme of regulatory T-cell differentiation. 
Nature, 445, 771-775. 

GAVIN, M. A., TORGERSON, T. R., HOUSTON, E., DEROOS, P., HO, W. Y., STRAY-PEDERSEN, A., 
OCHELTREE, E. L., GREENBERG, P. D., OCHS, H. D. & RUDENSKY, A. Y. 2006. Single-cell analysis 
of normal and FOXP3-mutant human T cells: FOXP3 expression without regulatory T cell 
development. Proceedings of the National Academy of Sciences of the United States of 
America, 103, 6659-6664. 

GEORGER, T. C., BILSBOROUGH, J., VINEY, J. L. & NORMENT, A. M. 2003. High antigen dose and 
activated dendritic cells enable Th cells to escape regulatory T cell-mediated suppression in 
vitro. European Journal of Immunology, 33, 502-511. 

GERMAIN, R. N. 2002. T-cell development and the CD4-CD8 lineage decision. Nat Rev Immunol, 2, 
309-22. 

GERSHON, R. K. & KONDO, K. 1970. CELL INTERACTIONS IN INDUCTION OF TOLERANCE - ROLE OF 
THYMIC LYMPHOCYTES. Immunology, 18, 723-&. 

GILFILLAN, M. C., NOEL, P. J., PODACK, E. R., REINER, S. L. & THOMPSON, C. B. 1998. Expression of the 
costimulatory receptor CD30 is regulated by both CD28 and cytokines. Journal of 
Immunology, 160, 2180-2187. 

GOGISHVILI, T., LUHDER, F., GOEBBELS, S., BEER-HAMMER, S., PFEFFER, K. & HUNIG, T. 2013. Cell-
intrinsic and -extrinsic control of Treg-cell homeostasis and function revealed by induced 
CD28 deletion. European Journal of Immunology, 43, 188-193. 

GONDEK, D. C., DEVRIES, V., NOWAK, E. C., LU, L.-F., BENNETT, K. A., SCOTT, Z. A. & NOELLE, R. J. 
2008. Transplantation survival is maintained by granzyme B+ regulatory cells and adaptive 
regulatory T cells. Journal of Immunology, 181, 4752-4760. 

GONDEK, D. C., LU, L. F., QUEZADA, S. A., SAKAGUCHI, S. & NOELLE, R. J. 2005. Cutting edge: Contact-
mediated suppression by CD4(+)-CD25(+) regulatory cells involves a granzyme B-dependent, 
perforin-independent mechanism. Journal of Immunology, 174, 1783-1786. 

GOOSSENS, P. L. & MILON, G. 1992. INDUCTION OF PROTECTIVE CD8+ LYMPHOCYTES-T BY AN 
ATTENUATED LISTERIA-MONOCYTOGENES-ACTA MUTANT. International Immunology, 4, 
1413-1418. 

GOTTSCHALK, R. A., CORSE, E. & ALLISON, J. P. 2012. Expression of Helios in Peripherally Induced 
Foxp3(+) Regulatory T Cells. Journal of Immunology, 188, 976-980. 

GRAMAGLIA, I., JEMBER, A., PIPPIG, S. D., WEINBERG, A. D., KILLEEN, N. & CROFT, M. 2000. The OX40 
costimulatory receptor determines the development of CD4 memory by regulating primary 
clonal expansion. Journal of Immunology, 165, 3043-3050. 



 

192 
 

GRAMAGLIA, I., WEINBERG, A. D., LEMON, M. & CROFT, M. 1998. Ox-40 ligand: A potent 
costimulatory molecule for sustaining primary CD4 T cell responses. Journal of Immunology, 
161, 6510-6517. 

GRI, G., PICONESE, S., FROSSI, B., MANFROI, V., MERLUZZI, S., TRIPODO, C., VIOLA, A., ODOM, S., 
RIVERA, J., COLOMBO, M. P. & PUCILLO, C. E. 2008. CD4(+)CD25(+) Regulatory T Cells 
Suppress Mast Cell Degranulation and Allergic Responses through OX40-OX40L Interaction. 
Immunity, 29, 771-781. 

GRISERI, T., ASQUITH, M., THOMPSON, C. & POWRIE, F. 2010. OX40 is required for regulatory T cell-
mediated control of colitis. Journal of Experimental Medicine, 207, 699-709. 

GROHMANN, U., ORABONA, C., FALLARINO, F., VACCA, C., CALCINARO, F., FALORNI, A., CANDELORO, 
P., BELLADONNA, M. L., BIANCHI, R., FIORETTI, M. C. & PUCCETTI, P. 2002. CTLA-4-Ig 
regulates tryptophan catabolism in vivo. Nature Immunology, 3, 1097-1101. 

GROSS, C., KOELCH, W., DEMAIO, A., ARISPE, N. & MULTHOFF, G. 2003. Cell surface-bound heat 
shock protein 70 (Hsp70) mediates perforin-independent apoptosis by specific binding and 
uptake of granzyme B. J Biol Chem, 278, 41173-81. 

GROSSMAN, W. J., VERBSKY, J. W., BARCHET, W., COLONNA, M., ATKINSON, J. P. & LEY, T. J. 2004. 
Human T regulatory cells can use the perforin pathway to cause autologous target cell death. 
Immunity, 21, 589-601. 

GROUX, H., OGARRA, A., BIGLER, M., ROULEAU, M., ANTONENKO, S., DEVRIES, J. E. & RONCAROLO, 
M. G. 1997. A CD4(+) T-cell subset inhibits antigen-specific T-cell responses and prevents 
colitis. Nature, 389, 737-742. 

GUO, J., HAWWARI, A., LI, H., SUN, Z. M., MAHANTA, S. K., LITTMAN, D. R., KRANGEL, M. M. S. & HE, 
Y. W. 2002. Regulation of the TCR alpha repertoire by the survival window of CD4(+)CD8(+) 
thymocytes. Nature Immunology, 3, 469-476. 

HAHM, K., COBB, B. S., MCCARTY, A. S., BROWN, K. E., KLUG, C. A., LEE, R., AKASHI, K., WEISSMAN, I. 
L., FISHER, A. G. & SMALE, S. T. 1998. Helios, a T cell-restricted Ikaros family member that 
quantitatively associates with Ikaros at centromeric heterochromatin. Genes & Development, 
12, 782-796. 

HAMON, M. A., RIBET, D., STAVRU, F. & COSSART, P. 2012. Listeriolysin O: the Swiss army knife of 
Listeria. Trends in Microbiology, 20, 360-368. 

HARDING, F. A., MCARTHUR, J. G., GROSS, J. A., RAULET, D. H. & ALLISON, J. P. 1992. CD28-MEDIATED 
SIGNALING CO-STIMULATES MURINE T-CELLS AND PREVENTS INDUCTION OF ANERGY IN T-
CELL CLONES. Nature, 356, 607-609. 

HARIBHAI, D., LIN, W., EDWARDS, B., ZIEGELBAUER, J., SALZMAN, N. H., CARLSON, M. R., LI, S.-H., 
SIMPSON, P. M., CHATILA, T. A. & WILLIAMS, C. B. 2009. A Central Role for Induced 
Regulatory T Cells in Tolerance Induction in Experimental Colitis. Journal of Immunology, 182, 
3461-3468. 

HARIBHAI, D., WILLIAMS, J. B., JIA, S., NICKERSON, D., SCHMITT, E. G., EDWARDS, B., ZIEGELBAUER, J., 
YASSAI, M., LI, S.-H., RELLAND, L. M., WISE, P. M., CHEN, A., ZHENG, Y.-Q., SIMPSON, P. M., 
GORSKI, J., SALZMAN, N. H., HESSNER, M. J., CHATILA, T. A. & WILLIAMS, C. B. 2011a. A 
Requisite Role for Induced Regulatory T Cells in Tolerance Based on Expanding Antigen 
Receptor Diversity. Immunity, 35, 109-122. 

HARIBHAI, D., WILLIAMS, J. B., JIA, S., NICKERSON, D., SCHMITT, E. G., EDWARDS, B., ZIEGELBAUER, J., 
YASSAI, M., LI, S. H., RELLAND, L. M., WISE, P. M., CHEN, A., ZHENG, Y. Q., SIMPSON, P. M., 
GORSKI, J., SALZMAN, N. H., HESSNER, M. J., CHATILA, T. A. & WILLIAMS, C. B. 2011b. A 
requisite role for induced regulatory T cells in tolerance based on expanding antigen receptor 
diversity. Immunity, 35, 109-22. 

HATAYE, J., MOON, J. J., KHORUTS, A., REILLY, C. & JENKINS, M. K. 2006. Naive and memory CD4(+) T 
cell survival controlled by clonal abundance. Science, 312, 114-116. 



 

193 
 

HENG, T. S. & PAINTER, M. W. 2008. The Immunological Genome Project: networks of gene 
expression in immune cells. Nat Immunol, 9, 1091-4. 

HEPWORTH, M. R., FUNG, T. C., MASUR, S. H., KELSEN, J. R., MCCONNELL, F. M., DUBROT, J., 
WITHERS, D. R., HUGUES, S., FARRAR, M. A., REITH, W., EBERL, G., BALDASSANO, R. N., 
LAUFER, T. M., ELSON, C. O. & SONNENBERG, G. F. 2015. Immune tolerance. Group 3 innate 
lymphoid cells mediate intestinal selection of commensal bacteria-specific CD4(+) T cells. 
Science, 348, 1031-5. 

HEPWORTH, M. R., MONTICELLI, L. A., FUNG, T. C., ZIEGLER, C. G. K., GRUNBERG, S., SINHA, R., 
MANTEGAZZA, A. R., MA, H.-L., CRAWFORD, A., ANGELOSANTO, J. M., WHERRY, E. J., KONI, P. 
A., BUSHMAN, F. D., ELSON, C. O., EBERL, G., ARTIS, D. & SONNENBERG, G. F. 2013. Innate 
lymphoid cells regulate CD4+ T-cell responses to intestinal commensal bacteria. Nature, 498, 
113-7. 

HESSLEIN, D. G. & SCHATZ, D. G. 2001. Factors and forces controlling V(D)J recombination. Adv 
Immunol, 78, 169-232. 

HILL, J. A., FEUERER, M., TASH, K., HAXHINASTO, S., PEREZ, J., MELAMED, R., MATHIS, D. & BENOIST, 
C. 2007. Foxp3 transcription-factor-dependent and -independent regulation of the regulatory 
T cell transcriptional signature. Immunity, 27, 786-800. 

HIMMEL, M. E., MACDONALD, K. G., GARCIA, R. V., STEINER, T. S. & LEVINGS, M. K. 2013. Helios(+) 
and Helios(-) Cells Coexist within the Natural FOXP3(+) T Regulatory Cell Subset in Humans. 
Journal of Immunology, 190, 2001-2008. 

HIPPEN, K. L., HARKER-MURRAY, P., PORTER, S. B., MERKEL, S. C., LONDER, A., TAYLOR, D. K., BINA, 
M., PANOSKALTSIS-MORTARI, A., RUBINSTEIN, P., VAN ROOIJEN, N., GOLOVINA, T. N., 
SUHOSKI, M. M., MILLER, J. S., WAGNER, J. E., JUNE, C. H., RILEY, J. L. & BLAZAR, B. R. 2008. 
Umbilical cord blood regulatory T-cell expansion and functional effects of tumor necrosis 
factor receptor family members OX40 and 4-1BB expressed on artificial antigen-presenting 
cells. Blood, 112, 2847-2857. 

HIRSCHHORN-CYMERMAN, D., RIZZUTO, G. A., MERGHOUB, T., COHEN, A. D., AVOGADRI, F., 
LESOKHIN, A. M., WEINBERG, A. D., WOLCHOK, J. D. & HOUGHTON, A. N. 2009. OX40 
engagement and chemotherapy combination provides potent antitumor immunity with 
concomitant regulatory T cell apoptosis. Journal of Experimental Medicine, 206, 1103-1116. 

HORI, S., NOMURA, T. & SAKAGUCHI, S. 2003. Control of regulatory T cell development by the 
transcription factor Foxp3. Science, 299, 1057-1061. 

HOUOT, R. & LEVY, R. 2009. T-cell modulation combined with intratumoral CpG cures lymphoma in a 
mouse model without the need for chemotherapy. Blood, 113, 3546-3552. 

HUANG, C. T., WORKMAN, C. J., FLIES, D., PAN, X. Y., MARSON, A. L., ZHOU, G., HIPKISS, E. L., RAVI, S., 
KOWALSKI, J., LEVITSKY, H. I., POWELL, J. D., PARDOLL, D. M., DRAKE, C. G. & VIGNALI, D. A. 
A. 2004. Role of LAG-3 in regulatory T cells. Immunity, 21, 503-513. 

HUARD, B., PRIGENT, P., TOURNIER, M., BRUNIQUEL, D. & TRIEBEL, F. 1995. CD4/major 
histocompatibility complex class II interaction analyzed with CD4- and lymphocyte activation 
gene-3 (LAG-3)-Ig fusion proteins. Eur J Immunol, 25, 2718-21. 

ITO, T., WANG, Y.-H., DURAMAD, O., HANABUCHI, S., PERNG, O. A., GILLIET, M., QIN, F. X.-F. & LIU, Y.-
J. 2006. OX40 ligand shuts down IL-10-producing regulatory T cells. Proceedings of the 
National Academy of Sciences of the United States of America, 103, 13138-13143. 

ITOH, M., TAKAHASHI, T., SAKAGUCHI, N., KUNIYASU, Y., SHIMIZU, J., OTSUKA, F. & SAKAGUCHI, S. 
1999. Thymus and autoimmunity: Production of CD25(+)CD4(+) naturally anergic and 
suppressive T cells as a key function of the thymus in maintaining immunologic self-
tolerance. Journal of Immunology, 162, 5317-5326. 

IVANOV, II, MCKENZIE, B. S., ZHOU, L., TADOKORO, C. E., LEPELLEY, A., LAFAILLE, J. J., CUA, D. J. & 
LITTMAN, D. R. 2006. The orphan nuclear receptor ROR gamma t directs the differentiation 
program of proinflammatory IL-17(+) T helper cells. Cell, 126, 1121-1133. 



 

194 
 

IWASAKI, A. & MEDZHITOV, R. 2004. Toll-like receptor control of the adaptive immune responses. 
Nature Immunology, 5, 987-995. 

JANEWAY, C. A., JR. & MEDZHITOV, R. 2002. Innate immune recognition. Annu Rev Immunol, 20, 197-
216. 

JONULEIT, H., SCHMITT, E., STASSEN, M., TUETTENBERG, A., KNOP, J. & ENK, A. H. 2001. Identification 
and functional characterization of human CD4(+)CD25(+) T cells with regulatory properties 
isolated from peripheral blood. Journal of Experimental Medicine, 193, 1285-1294. 

JORDAN, M. S., BOESTEANU, A., REED, A. J., PETRONE, A. L., HOLENBECK, A. E., LERMAN, M. A., NAJI, 
A. & CATON, A. J. 2001. Thymic selection of CD4(+)CD25(+) regulatory T cells induced by an 
agonist self-peptide. Nature Immunology, 2, 301-306. 

JOSEFOWICZ, S. Z., LU, L.-F. & RUDENSKY, A. Y. 2012. Regulatory T Cells: Mechanisms of 
Differentiation and Function. Annual Review of Immunology, Vol 30, 30, 531-564. 

KAMBAYASHI, T. & LAUFER, T. M. 2014. Atypical MHC class II-expressing antigen-presenting cells: can 
anything replace a dendritic cell? Nat Rev Immunol, 14, 719-30. 

KIM, J. K., KLINGER, M., BENJAMIN, J., XIAO, Y., ERLE, D. J., LITTMAN, D. R. & KILLEEN, N. 2009. Impact 
of the TCR Signal on Regulatory T Cell Homeostasis, Function, and Trafficking. Plos One, 4. 

KIM, J. M., RASMUSSEN, J. P. & RUDENSKY, A. Y. 2007. Regulatory T cells prevent catastrophic 
autoimmunity throughout the lifespan of mice. Nature Immunology, 8, 191-197. 

KIM, M.-Y., TOELLNER, K.-M., WHITE, A., MCCONNELL, F. M., GASPAL, F. M. C., PARNELL, S. M., 
JENKINSON, E., ANDERSON, G. & LANE, P. J. L. 2006. Neonatal and adult CD4(+)CD3(-) cells 
share similar gene expression profile, and neonatal cells up-regulate OX40 ligand in response 
to TL1A (TNFSF15). Journal of Immunology, 177, 3074-3081. 

KIM, M. Y., ANDERSON, G., WHITE, A., JENKINSON, E., ARLT, W., MARTENSSON, I. L., ERLANDSSON, L. 
& LANE, P. J. L. 2005. OX40 ligand and CD30 ligand are expressed on adult but not neonatal 
CD4(+)CD3(-) inducer cells: Evidence that IL-7 signals regulate CD30 ligand but not OX40 
ligand expression. Journal of Immunology, 174, 6686-6691. 

KIM, M. Y., GASPAL, F. M. C., WIGGETT, H. E., MCCONNELL, F. M., GULBRANSON-JUDGE, A., 
RAYKUNDALIA, C., WALKER, L. S. K., GOODALL, M. D. & LANE, P. J. L. 2003. CD4(+)CD3(-) 
accessory cells costimulate primed CD4 T cells through OX40 and CD30 at sites where T cells 
collaborate with B cells. Immunity, 18, 643-654. 

KINGSLEY, C. I., KARIM, M., BUSHELL, A. R. & WOOD, K. J. 2002. CD25+CD4+ regulatory T cells prevent 
graft rejection: CTLA-4- and IL-10-dependent immunoregulation of alloresponses. J Immunol, 
168, 1080-6. 

KITAMURA, N., MURATA, S., UEKI, T., MEKATA, E., REILLY, R. T., JAFFEE, E. M. & TANI, T. 2009. OX40 
costimulation can abrogate Foxp3(+) regulatory T cell-mediated suppression of antitumor 
immunity. International Journal of Cancer, 125, 630-638. 

KLOSE, C. S. N., FLACH, M., MOEHLE, L., ROGELL, L., HOYLER, T., EBERT, K., FABIUNKE, C., PFEIFER, D., 
SEXL, V., FONSECA-PEREIRA, D., DOMINGUES, R. G., VEIGA-FERNANDES, H., ARNOLD, S. J., 
BUSSLINGER, M., DUNAY, I. R., TANRIVER, Y. & DIEFENBACH, A. 2014. Differentiation of Type 
1 ILCs from a Common Progenitor to All Helper-like Innate Lymphoid Cell Lineages. Cell, 157, 
340-356. 

KLOSE, C. S. N., KISS, E. A., SCHWIERZECK, V., EBERT, K., HOYLER, T., D'HARGUES, Y., GOEPPERT, N., 
CROXFORD, A. L., WAISMAN, A., TANRIVER, Y. & DIEFENBACH, A. 2013. A T-bet gradient 
controls the fate and function of CCR6(-)ROR gamma t(+) innate lymphoid cells. Nature, 494, 
261-265. 

KOBIE, J. J., SHAH, P. R., YANG, L., REBHAHN, J. A., FOWELL, D. J. & MOSMANN, T. R. 2006. T 
regulatory and primed uncommitted CD4 T cells express CD73, which suppresses effector 
CD4 T cells by converting 5 '-adenosine monophosphate to adenosine. Journal of 
Immunology, 177, 6780-6786. 



 

195 
 

KOCH, M. A., TUCKER-HEARD, G. S., PERDUE, N. R., KILLEBREW, J. R., URDAHL, K. B. & CAMPBELL, D. J. 
2009. The transcription factor T-bet controls regulatory T cell homeostasis and function 
during type 1 inflammation. Nature Immunology, 10, 595-U57. 

KOLODKIN, A. L., LEVENGOOD, D. V., ROWE, E. G., TAI, Y. T., GIGER, R. J. & GINTY, D. D. 1997. 
Neuropilin is a Semaphorin III receptor. Cell, 90, 753-762. 

KOPF, M., RUEDL, C., SCHMITZ, N., GALLIMORE, A., LEFRANG, K., ECABERT, B., ODERMATT, B. & 
BACHMANN, M. F. 1999. OX40-deficient mice are defective in Th cell proliferation but are 
competent in generating B cell and CTL responses after virus infection. Immunity, 11, 699-
708. 

KRETSCHMER, K., APOSTOLOU, I., HAWIGER, D., KHAZAIE, K., NUSSENZWEIG, M. C. & VON BOEHMER, 
H. 2005. Inducing and expanding regulatory T cell populations by foreign antigen. Nature 
Immunology, 6, 1219-1227. 

KROEMER, A., XIAO, X., VU, M. D., GAO, W., MINAMIMURA, K., CHEN, M., MAKI, T. & LI, X. C. 2007. 
OX40 controls functionally different T cell subsets and their resistance to depletion therapy. 
Journal of Immunology, 179, 5584-5591. 

KUMANOGOH, A., MARUKAWA, S., SUZUKI, K., TAKEGAHARA, N., WATANABE, C., CH'NG, E. 
S., ISHIDA, I., FUJIMURA, H., SAKODA, S., YOSHIDA, K. & KIKUTANI, H. 2002. Class IV 
semaphorin Sema4A enhances T-cell activation and interacts with Tim-2. Nature, 
419, 629-633. 

KUNIYASU, Y., TAKAHASHI, T., ITOH, M., SHIMIZU, J., TODA, G. & SAKAGUCHI, S. 2000. Naturally 
anergic and suppressive CD25(+)CD4(+) T cells as a functionally and phenotypically distinct 
immunoregulatory T cell subpopulation. International Immunology, 12, 1145-1155. 

KUREBAYASHI, S., UEDA, E., SAKAUE, M., PATEL, D. D., MEDVEDEV, A., ZHANG, F. & JETTEN, A. M. 
2000. Retinoid-related orphan receptor gamma (ROR gamma) is essential for lymphoid 
organogenesis and controls apoptosis during thymopoiesis. Proceedings of the National 
Academy of Sciences of the United States of America, 97, 10132-10137. 

LANE, P. J. L., GASPAL, F. M. C. & KIM, M. Y. 2005. Two sides of a cellular coin: CD4(+)CD3(-) cells 
regulate memory responses and lymph-node organization. Nature Reviews Immunology, 5, 
655-660. 

LAROSA, D. F., GELMAN, A. E., RAHMAN, A. H., ZHANG, J., TURKA, L. A. & WALSH, P. T. 2007. CpG 
DNA inhibits CD4+CD25+ Treg suppression through direct MyD88-dependent costimulation 
of effector CD4+ T cells. Immunol Lett, 108, 183-8. 

LATHROP, S. K., SANTACRUZ, N. A., PHAM, D., LUO, J. Q. & HSIEH, C. S. 2008. Antigen-specific 
peripheral shaping of the natural regulatory T cell population. Journal of Experimental 
Medicine, 205, 3105-3117. 

LAUFER, T. M., DEKONING, J., MARKOWITZ, J. S., LO, D. & GLIMCHER, L. H. 1996. Unopposed positive 
selection and autoreactivity in mice expressing class II MHC only on thymic cortex. Nature, 
383, 81-5. 

LAWSON, J. M., TREMBLE, J., DAYAN, C., BEYAN, H., LESLIE, R. D., PEAKMAN, M. & TREE, T. I. 2008. 
Increased resistance to CD4+CD25hi regulatory T cell-mediated suppression in patients with 
type 1 diabetes. Clin Exp Immunol, 154, 353-9. 

LENSCHOW, D. J., WALUNAS, T. L. & BLUESTONE, J. A. 1996. CD28/B7 system of T cell costimulation. 
Annual Review of Immunology, 14, 233-258. 

LEVINGS, M. K., SANGREGORIO, R. & RONCAROLO, M. G. 2001. Human CD25(+)CD4(+) T regulatory 
cells suppress naive and memory T cell proliferation and can be expanded in vitro without 
loss of function. Journal of Experimental Medicine, 193, 1295-1301. 

LIANG, B., WORKMAN, C., LEE, J., CHEW, C., DALE, B. M., COLONNA, L., FLORES, M., LI, N., 
SCHWEIGHOFFER, E., GREENBERG, S., TYBULEWICZ, V., VIGNALI, D. & CLYNES, R. 2008. 



 

196 
 

Regulatory T cells inhibit dendritic cells by lymphocyte activation gene-3 engagement of MHC 
class II. Journal of Immunology, 180, 5916-5926. 

LIN, W., HARIBHAI, D., RELLAND, L. M., TRUONG, N., CARLSON, M. R., WILLIAMS, C. B. & CHATILA, T. 
A. 2007. Regulatory T cell development in the absence of functional Foxp3. Nature 
Immunology, 8, 359-368. 

LIU, W., PUTNAM, A. L., XU-YU, Z., SZOT, G. L., LEE, M. R., ZHU, S., GOTTLIEB, P. A., KAPRANOV, P., 
GINGERAS, T. R., FAZEKAS DE ST GROTH, B., CLAYBERGER, C., SOPER, D. M., ZIEGLER, S. F. & 
BLUESTONE, J. A. 2006. CD127 expression inversely correlates with FoxP3 and suppressive 
function of human CD4(+) T reg cells. Journal of Experimental Medicine, 203, 1701-1711. 

LOCHNER, M., PEDUTO, L., CHERRIER, M., SAWA, S., LANGA, F., VARONA, R., RIETHMACHER, D., SI-
TAHAR, M., DI SANTO, J. P. & EBERL, G. 2008. In vivo equilibrium of proinflammatory IL-17(+) 
and regulatory IL-10(+) Foxp3(+) ROR gamma t(+) T cells. Journal of Experimental Medicine, 
205, 1381-1393. 

MACKLEY, E. C., HOUSTON, S., MARRIOTT, C. L., HALFORD, E. E., LUCAS, B., CEROVIC, V., FILBEY, K. J., 
MAIZELS, R. M., HEPWORTH, M. R., SONNENBERG, G. F., MILLING, S. & WITHERS, D. R. 2015. 
CCR7-dependent trafficking of ROR gamma(+) ILCs creates a unique microenvironment 
within mucosal draining lymph nodes. Nature Communications, 6. 

MALEK, T. R. & CASTRO, I. 2010. Interleukin-2 Receptor Signaling: At the Interface between Tolerance 
and Immunity. Immunity, 33, 153-165. 

MALEK, T. R., YU, A. X., VINCEK, V., SCIBELLI, P. & KONG, L. 2002. CD4 regulatory T cells prevent lethal 
autoimmunity in IL-2R beta-deficient mice: implications for the nonredundant function of IL-
2. Immunity, 17, 167-178. 

MARRIOTT, C. L., CARLESSO, G., HERBST, R. & WITHERS, D. R. 2015. ICOS is required for the 
generation of both central and effector CD4(+) memory T-cell populations following acute 
bacterial infection. European Journal of Immunology, 45, 1706-1715. 

MARRIOTT, C. L., MACKLEY, E. C., FERREIRA, C., VELDHOEN, M., YAGITA, H. & WITHERS, D. R. 2014. 
OX40 controls effector CD4(+) T-cell expansion, not follicular T helper cell generation in acute 
Listeria infection. European Journal of Immunology, 44, 2437-2447. 

MARSON, A., KRETSCHMER, K., FRAMPTON, G. M., JACOBSEN, E. S., POLANSKY, J. K., MACLSAAC, K. 
D., LEVINE, S. S., FRAENKEL, E., VON BOEHMER, H. & YOUNG, R. A. 2007. Foxp3 occupancy 
and regulation of key target genes during T-cell stimulation. Nature, 445, 931-935. 

MASTELLER, E. L., CHUANG, E., MULLEN, A. C., REINER, S. L. & THOMPSON, C. B. 2000. Structural 
analysis of CTLA-4 function in vivo. Journal of Immunology, 164, 5319-5327. 

MCHUGH, R. S., WHITTERS, M. J., PICCIRILLO, C. A., YOUNG, D. A., SHEVACH, E. M., COLLINS, M. & 
BYRNE, M. C. 2002. CD4(+)CD25(+) immunoregulatory T cells: Gene expression analysis 
reveals a functional role for the glucocorticoid-induced TNF receptor. Immunity, 16, 311-323. 

MEBIUS, R. E. 2003. Organogenesis of lymphoid tissues. Nature Reviews Immunology, 3, 292-303. 
MELLOR, A. L., KESKIN, D. B., JOHNSON, T., CHANDLER, P. & MUNN, D. H. 2002. Cells expressing 

indoleamine 2,3-dioxygenase inhibit T cell responses. Journal of Immunology, 168, 3771-
3776. 

MENGAUD, J., OHAYON, H., GOUNON, P., MEGE, R. M. & COSSART, P. 1996. E-cadherin is the 
receptor for internalin, a surface protein required for entry of L-monocytogenes into 
epithelial cells. Cell, 84, 923-932. 

METZLER, B., BURKHART, C. & WRAITH, D. C. 1999. Phenotypic analysis of CTLA-4 and CD28 
expression during transient peptide-induced T cell activation in vivo. International 
Immunology, 11, 667-675. 

MEYLAN, F., SONG, Y. J., FUSS, I., VILLARREAL, S., KAHLE, E., MALM, I. J., ACHARYA, K., RAMOS, H. L., 
LO, L., MENTINK-KANE, M. M., WYNN, T. A., MIGONE, T. S., STROBER, W. & SIEGEL, R. M. 
2011. The TNF-family cytokine TL1A drives IL-13-dependent small intestinal inflammation. 
Mucosal Immunology, 4, 172-185. 



 

197 
 

MIYAO, T., FLOESS, S., SETOGUCHI, R., LUCHE, H., FEHLING, H. J., WALDMANN, H., HUEHN, J. & HORI, 
S. 2012. Plasticity of Foxp3(+) T Cells Reflects Promiscuous Foxp3 Expression in Conventional 
T Cells but Not Reprogramming of Regulatory T Cells. Immunity, 36, 262-275. 

MIYARA, M., ITO, Y. & SAKAGUCHI, S. 2014. T-REG-cell therapies for autoimmune rheumatic diseases. 
Nature Reviews Rheumatology, 10, 543-551. 

MIYARA, M. & SAKAGUCHI, S. 2007. Natural regulatory T cells: mechanisms of suppression. Trends in 
Molecular Medicine, 13, 108-116. 

MIYARA, M., YOSHIOKA, Y., KITOH, A., SHIMA, T., WING, K., NIWA, A., PARIZOT, C., TAFLIN, C., HEIKE, 
T., VALEYRE, D., MATHIAN, A., NAKAHATA, T., YAMAGUCHI, T., NOMURA, T., ONO, M., 
AMOURA, Z., GOROCHOV, G. & SAKAGUCHI, S. 2009. Functional delineation and 
differentiation dynamics of human CD4+ T cells expressing the FoxP3 transcription factor. 
Immunity, 30, 899-911. 

MOMBAERTS, P., IACOMINI, J., JOHNSON, R. S., HERRUP, K., TONEGAWA, S. & PAPAIOANNOU, V. E. 
1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell, 68, 869-77. 

MOON, J. J., CHU, H. H., HATAYE, J., PAGAN, A. J., PEPPER, M., MCLACHLAN, J. B., ZELL, T. & JENKINS, 
M. K. 2009. Tracking epitope-specific T cells. Nature Protocols, 4, 565-581. 

MOON, J. J., CHU, H. H., PEPPER, M., MCSORLEY, S. J., JAMESON, S. C., KEDL, R. M. & JENKINS, M. K. 
2007. Naive CD4(+) T cell frequency varies for different epitopes and predicts repertoire 
diversity and response magnitude. Immunity, 27, 203-213. 

MOON, J. J., DASH, P., OGUIN, T. H., III, MCCLAREN, J. L., CHU, H. H., THOMAS, P. G. & JENKINS, M. K. 
2011. Quantitative impact of thymic selection on Foxp3(+) and Foxp3(-) subsets of self-
peptide/MHC class II-specific CD4(+) T cells. Proceedings of the National Academy of Sciences 
of the United States of America, 108, 14602-14607. 

MUCIDA, D., KUTCHUKHIDZE, N., ERAZO, A., RUSSO, M., LAFAILLE, J. J. & DE LAFAILLE, M. A. C. 2005. 
Oral tolerance in the absence of naturally occurring Tregs. Journal of Clinical Investigation, 
115, 1923-1933. 

NAKAMURA, K., KITANI, A. & STROBER, W. 2001. Cell contact-dependent immunosuppression by 
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth 
factor beta. J Exp Med, 194, 629-44. 

NISHIKAWA, H. & SAKAGUCHI, S. 2010. Regulatory T cells in tumor immunity. International Journal of 
Cancer, 127, 759-767. 

O'SHEA, J. J. & PAUL, W. E. 2010. Mechanisms underlying lineage commitment and plasticity of 
helper CD4+ T cells. Science, 327, 1098-102. 

OKOYE, I. S., COOMES, S. M., PELLY, V. S., CZIESO, S., PAPAYANNOPOULOS, V., TOLMACHOVA, T., 
SEABRA, M. C. & WILSON, M. S. 2014. MicroRNA-Containing T-Regulatory-Cell-Derived 
Exosomes Suppress Pathogenic T Helper 1 Cells. Immunity, 41, 89-103. 

PACHOLCZYK, R., KERN, J., SINGH, N., IWASHIMA, M., KRAJ, P. & LGNATOWICZ, L. 2007. Nonself-
antigens are the cognate Specificities of Foxp3(+) regulatory T cells. Immunity, 27, 493-504. 

PAIVA, R. S., LINO, A. C., BERGMAN, M.-L., CARAMALHO, I., SOUSA, A. E., ZELENAY, S. & DEMENGEOT, 
J. 2013. Recent thymic emigrants are the preferential precursors of regulatory T cells 
differentiated in the periphery. Proceedings of the National Academy of Sciences of the 
United States of America, 110, 6494-6499. 

PANDIYAN, P., ZHENG, L., ISHIHARA, S., REED, J. & LENARDO, M. J. 2007. CD4(+) CD25(+) Foxp3(+) 
regulatory T cells induce cytokine deprivation -mediated apoptosis of effector CD4(+) T cells. 
Nature Immunology, 8, 1353-1362. 

PASARE, C. & MEDZHITOV, R. 2003. Toll pathway-dependent blockade of CD4(+)CD25(+) T cell-
mediated suppression by dendritic cells. Science, 299, 1033-1036. 

PENG, G. Y., GUO, Z., KINIWA, Y., VOO, K. S., PENG, W. Y., FU, T. H., WANG, D. Y., LI, Y. C., WANG, H. 
Y. & WANG, R. F. 2005. Toll-like, receptor 8-mediated reversal of CD4(+) regulatory T cell 
function. Science, 309, 1380-1384. 



 

198 
 

PICONESE, S., PITTONI, P., BUROCCHI, A., GORZANELLI, A., CARE, A., TRIPODO, C. & COLOMBO, M. P. 
2010. A non-redundant role for OX40 in the competitive fitness of Treg in response to IL-2. 
European Journal of Immunology, 40, 2902-2913. 

PICONESE, S., VALZASINA, B. & COLOMBO, M. P. 2008. OX40 triggering blocks suppression by 
regulatory T cells and facilitates tumor rejection. Journal of Experimental Medicine, 205, 825-
839. 

PIPPIG, S. D., PENA-ROSSI, C., LONG, J., GODFREY, W. R., FOWELL, D. J., REINER, S. L., BIRKELAND, M. 
L., LOCKSLEY, R. M., BARCLAY, A. N. & KILLEEN, N. 1999. Robust B cell immunity but impaired 
T cell proliferation in the absence of CD134 (OX40). Journal of Immunology, 163, 6520-6529. 

PORTNOY, D. A., AUERBUCH, V. & GLOMSKI, I. J. 2002. The cell biology of Listeria monocytogenes 
infection: the intersection of bacterial pathogenesis and cell-mediated immunity. Journal of 
Cell Biology, 158, 409-414. 

QURESHI, O. S., ZHENG, Y., NAKAMURA, K., ATTRIDGE, K., MANZOTTI, C., SCHMIDT, E. M., BAKER, J., 
JEFFERY, L. E., KAUR, S., BRIGGS, Z., HOU, T. Z., FUTTER, C. E., ANDERSON, G., WALKER, L. S. K. 
& SANSOM, D. M. 2011. Trans-Endocytosis of CD80 and CD86: A Molecular Basis for the Cell-
Extrinsic Function of CTLA-4. Science, 332, 600-603. 

READ, S., MALMSTROM, V. & POWRIE, F. 2000. Cytotoxic T lymphocyte-associated antigen 4 plays an 
essential role in the function of CD25(+)CD4(+) regulatory cells that control intestinal 
inflammation. Journal of Experimental Medicine, 192, 295-302. 

REES, W., BENDER, J., TEAGUE, T. K., KEDL, R. M., CRAWFORD, F., MARRACK, P. & KAPPLER, J. 1999. 
An inverse relationship between T cell receptor affinity and antigen dose during CD4(+) T cell 
responses in vivo and in vitro. Proceedings of the National Academy of Sciences of the United 
States of America, 96, 9781-9786. 

RICE, D. S., HUANG, W. H., JONES, H. A., HANSEN, G., YE, G. L., XU, N. H., WILSON, E. A., 
TROUGHTON, K., VADDI, K., NEWTON, R. C., ZAMBROWICZ, B. P. & SANDS, A. T. 2004. 
Severe retinal degeneration associated with disruption of semaphorin 4A. 
Investigative Ophthalmology & Visual Science, 45, 2767-2777. 

ROCHE, P. A. & FURUTA, K. 2015. The ins and outs of MHC class II-mediated antigen processing and 
presentation. Nature Reviews Immunology, 15, 203-216. 

ROGERS, P. R., SONG, J. X., GRAMAGLIA, I., KILLEEN, N. & CROFT, M. 2001. OX40 promotes Bcl-xL and 
Bcl-2 expression and is essential for long-term survival of CD4 T cells. Immunity, 15, 445-455. 

ROSENBLUM, M. D., GRATZ, I. K., PAW, J. S., LEE, K., MARSHAK-ROTHSTEIN, A. & ABBAS, A. K. 2011. 
Response to self antigen imprints regulatory memory in tissues. Nature, 480, 538-U164. 

ROWE, J. H., ERTELT, J. M., XIN, L. & WAY, S. S. 2012. Pregnancy imprints regulatory memory that 
sustains anergy to fetal antigen. Nature, 490, 102-6. 

RUBTSOV, Y. P., RASMUSSEN, J. P., CHI, E. Y., FONTENOT, J., CASTELLI, L., YE, X., TREUTING, P., SIEWE, 
L., ROERS, A., HENDERSON, W. R., JR., MULLER, W. & RUDENSKY, A. Y. 2008. Reaulatory T 
cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity, 28, 
546-558. 

RUBY, C. E., YATES, M. A., HIRSCHHORN-CYMERMAN, D., CHLEBECK, P., WOLCHOK, J. D., HOUGHTON, 
A. N., OFFNER, H. & WEINBERG, A. D. 2009. Cutting Edge: OX40 Agonists Can Drive 
Regulatory T Cell Expansion if the Cytokine Milieu Is Right. Journal of Immunology, 183, 4853-
4857. 

RUDENSKY, A. Y., PRESTONHURLBURT, P., HONG, S. C., BARLOW, A. & JANEWAY, C. A. 1991. 
SEQUENCE-ANALYSIS OF PEPTIDES BOUND TO MHC CLASS-II MOLECULES. Nature, 353, 622-
627. 

SABATOS-PEYTON, C. A., VERHAGEN, J. & WRAITH, D. C. 2010. Antigen-specific immunotherapy of 
autoimmune and allergic diseases. Current Opinion in Immunology, 22, 609-615. 



 

199 
 

SAKAGUCHI, S. 2004. Naturally arising CD4(+) regulatory T cells for immunologic self-tolerance and 
negative control of immune responses. Annual Review of Immunology, 22, 531-562. 

SAKAGUCHI, S., SAKAGUCHI, N., ASANO, M., ITOH, M. & TODA, M. 1995. IMMUNOLOGICAL SELF-
TOLERANCE MAINTAINED BY ACTIVATED T-CELLS EXPRESSING IL-2 RECEPTOR ALPHA-CHAINS 
(CD25) - BREAKDOWN OF A SINGLE MECHANISM OF SELF-TOLERANCE CAUSES VARIOUS 
AUTOIMMUNE-DISEASES. Journal of Immunology, 155, 1151-1164. 

SAKAGUCHI, S., VIGNALI, D. A. A., RUDENSKY, A. Y., NIEC, R. E. & WALDMANN, H. 2013. The plasticity 
and stability of regulatory T cells. Nature Reviews Immunology, 13, 461-467. 

SALOMON, B., LENSCHOW, D. J., RHEE, L., ASHOURIAN, N., SINGH, B., SHARPE, A. & BLUESTONE, J. A. 
2000. B7/CD28 costimulation is essential for the homeostasis of the CD4(+)CD25(+) 
immunoregulatory T cells that control autoimmune diabetes. Immunity, 12, 431-440. 

SARRIS, M., ANDERSEN, K. G., RANDOW, F., MAYR, L. & BETZ, A. G. 2008. Neuropilin-1 express on on 
regulatory T cells enhances their interactions with dendritic cells during antigen recognition. 
Immunity, 28, 402-413. 

SCHEINECKER, C., MCHUGH, R., SHEVACH, E. M. & GERMAIN, R. N. 2002. Constitutive presentation of 
a natural tissue autoantigen exclusively by dendritic cells in the draining lymph node. Journal 
of Experimental Medicine, 196, 1079-1090. 

SCHMIDT, A., OBERLE, N. & KRAMMER, P. H. 2012. Molecular mechanisms of treg-mediated T cell 
suppression. Frontiers in immunology, 3, 51-51. 

SCHNEIDER, A., RIECK, M., SANDA, S., PIHOKER, C., GREENBAUM, C. & BUCKNER, J. H. 2008. The 
effector T cells of diabetic subjects are resistant to regulation via CD4+ FOXP3+ regulatory T 
cells. J Immunol, 181, 7350-5. 

SCHREIBER, T. H. & PODACK, E. R. 2013. Immunobiology of TNFSF15 and TNFRSF25. Immunologic 
Research, 57, 3-11. 

SCHREIBER, T. H., WOLF, D., TSAI, M. S., CHIRINOS, J., DEYEV, V. V., GONZALEZ, L., MALEK, T. R., LEVY, 
R. B. & PODACK, E. R. 2010. Therapeutic Treg expansion in mice by TNFRSF25 prevents 
allergic lung inflammation. Journal of Clinical Investigation, 120, 3629-3640. 

SCHRODER, K., HERTZOG, P. J., RAVASI, T. & HUME, D. A. 2004. Interferon-gamma: an overview of 
signals, mechanisms and functions. Journal of Leukocyte Biology, 75, 163-189. 

SEDDIKI, N., SANTNER-NANAN, B., MARTINSON, J., ZAUNDERS, J., SASSON, S., LANDAY, A., 
SOLOMON, M., SELBY, W., ALEXANDER, S. I., NANAN, R., KELLEHER, A. & FAZEKAS DE ST 
GROTH, B. 2006. Expression of interleukin (IL)-2 and IL-7 receptors discriminates between 
human regulatory and activated T cells. Journal of Experimental Medicine, 203, 1693-1700. 

SEFIK, E., GEVA-ZATORSKY, N., OH, S., KONNIKOVA, L., ZEMMOUR, D., MCGUIRE, A. M., BURZYN, D., 
ORTIZ-LOPEZ, A., LOBERA, M., YANG, J., GHOSH, S., EARL, A., SNAPPER, S. B., JUPP, R., 
KASPER, D., MATHIS, D. & BENOIST, C. 2015. MUCOSAL IMMUNOLOGY. Individual intestinal 
symbionts induce a distinct population of RORgamma(+) regulatory T cells. Science, 349, 993-
7. 

SELBY, M. J., ENGELHARDT, J. J., QUIGLEY, M., HENNING, K. A., CHEN, T., SRINIVASAN, M. & KORMAN, 
A. J. 2013. Anti-CTLA-4 antibodies of IgG2a isotype enhance antitumor activity through 
reduction of intratumoral regulatory T cells. Cancer Immunol Res, 1, 32-42. 

SEWELL, A. K. 2012. Why must T cells be cross-reactive? Nature Reviews Immunology, 12, 668-677. 
SHEN, Y., NAUJOKAS, K., PARK, M. & IRETON, K. 2000. InlB-dependent internalization of Listeria is 

mediated by the Met receptor tyrosine kinase. Cell, 103, 501-510. 
SHINKAI, Y., RATHBUN, G., LAM, K. P., OLTZ, E. M., STEWART, V., MENDELSOHN, M., CHARRON, J., 

DATTA, M., YOUNG, F., STALL, A. M. & ET AL. 1992. RAG-2-deficient mice lack mature 
lymphocytes owing to inability to initiate V(D)J rearrangement. Cell, 68, 855-67. 

SIMPSON, T. R., LI, F., MONTALVO-ORTIZ, W., SEPULVEDA, M. A., BERGERHOFF, K., ARCE, F., RODDIE, 
C., HENRY, J. Y., YAGITA, H., WOLCHOK, J. D., PEGGS, K. S., RAVETCH, J. V., ALLISON, J. P. & 
QUEZADA, S. A. 2013. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-



 

200 
 

defines the efficacy of anti-CTLA-4 therapy against melanoma. Journal of Experimental 
Medicine, 210, 1695-1710. 

SINGH, K., HJORT, M., THORVALDSON, L. & SANDLER, S. 2015. Concomitant analysis of Helios and 
Neuropilin-1 as a marker to detect thymic derived regulatory T cells in naive mice. Scientific 
Reports, 5. 

SMITH-GARVIN, J. E., KORETZKY, G. A. & JORDAN, M. S. 2009. T Cell Activation. Annual Review of 
Immunology. Palo Alto: Annual Reviews. 

SO, T. & CROFT, M. 2007. Cutting edge: OX40 inhibits TGF-beta- and antigen-driven conversion of 
naive CD4 T cells into CD25(+)Foxp3(+) T cells. Journal of Immunology, 179, 1427-1430. 

SONG, J. X., SO, T., CHENG, M., TANG, X. H. & CROFT, M. 2005. Sustained survivin expression from 
OX40 costimulatory signals drives T cell clonal expansion. Immunity, 22, 621-631. 

SPELLBERG, B. & EDWARDS, J. E. 2001. Type 1 type 2 immunity in infectious diseases. Clinical 
Infectious Diseases, 32, 76-102. 

SPITS, H., ARTIS, D., COLONNA, M., DIEFENBACH, A., DI SANTO, J. P., EBERL, G., KOYASU, S., 
LOCKSLEY, R. M., MCKENZIE, A. N. J., MEBIUS, R. E., POWRIE, F. & VIVIER, E. 2013. Innate 
lymphoid cells - a proposal for uniform nomenclature. Nature Reviews Immunology, 13, 145-
149. 

SPITS, H. & CUPEDO, T. 2012. Innate Lymphoid Cells: Emerging Insights in Development, Lineage 
Relationships, and Function. Annual Review of Immunology, Vol 30, 30, 647-675. 

STARR, T. K., JAMESON, S. C. & HOGQUIST, K. A. 2003. Positive and negative selection of T cells. Annu 
Rev Immunol, 21, 139-76. 

STEPHENS, G. L., MCHUGH, R. S., WHITTERS, M. J., YOUNG, D. A., LUXENBERG, D., CARRENO, B. M., 
COLLINS, M. & SHEVACH, E. M. 2004. Engagement of glucocorticoid-induced TNFR family-
related receptor on effector T cells by its ligand mediates resistance to suppression by 
CD4+CD25+ T cells. J Immunol, 173, 5008-20. 

STEPHENS, G. L. & SHEVACH, E. M. 2007. Foxp3(+) regulatory T cells: Selfishness under scrutiny. 
Immunity, 27, 417-419. 

SUN, Z. M., UNUTMAZ, D., ZOU, Y. R., SUNSHINE, M. J., PIERANI, A., BRENNER-MORTON, S., MEBIUS, 
R. E. & LITTMAN, D. R. 2000. Requirement for ROR gamma in thymocyte survival and 
lymphoid organ development. Science, 288, 2369-2373. 

SUTMULLER, R. P. M., DEN BROK, M., KRAMER, M., BENNINK, E. J., TOONEN, L. W. J., KULLBERG, B. J., 
JOOSTEN, L. A., AKIRA, S., NETEA, M. G. & ADEMA, G. J. 2006. Toll-like receptor 2 controls 
expansion and function of regulatory T cells. Journal of Clinical Investigation, 116, 485-494. 

TADOKORO, C. E., SHAKHAR, G., SHEN, S. Q., DING, Y., LINO, A. C., MARAVER, A., LAFAILLE, J. J. & 
DUSTIN, M. L. 2006. Regulatory T cells inhibit stable contacts between CD4(+) T cells and 
dendritic cells in vivo. Journal of Experimental Medicine, 203, 505-511. 

TAI, X., COWAN, M., FEIGENBAUM, L. & SINGER, A. 2005. CD28 costimulation of developing 
thymocytes induces Foxp3 expression and regulatory T cell differentiation independently of 
interleukin 2. Nat Immunol, 6, 152-62. 

TAKABA, H., MORISHITA, Y., TOMOFUJI, Y., DANKS, L., NITTA, T., KOMATSU, N., KODAMA, T. & 
TAKAYANAGI, H. 2015. Fezf2 Orchestrates a Thymic Program of Self-Antigen Expression for 
Immune Tolerance. Cell, 163, 975-987. 

TAKAHASHI, T., KUNIYASU, Y., TODA, M., SAKAGUCHI, N., ITOH, M., IWATA, M., SHIMIZU, J. & 
SAKAGUCHI, S. 1998. Immunologic self-tolerance maintained by CD25(+)CD4(+) naturally 
anergic and suppressive T cells: induction of autoimmune disease by breaking their 
anergic/suppressive state. International Immunology, 10, 1969-1980. 

TAKAHASHI, T., TAGAMI, T., YAMAZAKI, S., UEDE, T., SHIMIZU, J., SAKAGUCHI, N., MAK, T. W. & 
SAKAGUCHI, S. 2000. Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T 
cells constitutively expressing cytotoxic T lymphocyte-associated antigen 4. Journal of 
Experimental Medicine, 192, 303-309. 



 

201 
 

TAKEDA, I., INE, S., KILLEEN, N., NDHLOVU, L. C., MURATA, K., SATOMI, S., SUGAMURA, K. & ISHII, N. 
2004. Distinct roles for the OX40-OX40 ligand interaction in regulatory and nonregulatory T 
cells. Journal of Immunology, 172, 3580-3589. 

TANG, Q. Z., ADAMS, J. Y., TOOLEY, A. J., BI, M. Y., FIFE, B. T., SERRA, P., SANTAMARIA, P., LOCKSLEY, 
R. M., KRUMMEL, M. F. & BLUESTONE, J. A. 2006. Visualizing regulatory T cell control of 
autoimmune responses in nonobese diabetic mice. Nature Immunology, 7, 83-92. 

TANG, Q. Z., HENRIKSEN, K. J., BODEN, E. K., TOOLEY, A. J., YE, J. Q., SUBUDHI, S. K., ZHENG, X. X., 
STROM, T. B. & BLUESTONE, J. A. 2003. Cutting edge: CD28 controls peripheral homeostasis 
of CD4(+)CD25(+). Journal of Immunology, 171, 3348-3352. 

TARABAN, V. Y., FERDINAND, J. R. & AL-SHAMKHANI, A. 2011a. Expression of TNFRSF25 on 
conventional T cells and Tregs. Journal of Clinical Investigation, 121, 463-464. 

TARABAN, V. Y., SLEBIODA, T. J., WILLOUGHBY, J. E., BUCHAN, S. L., JAMES, S., SHETH, B., SMYTH, N. 
R., THOMAS, G. J., WANG, E. C. Y. & AL-SHAMKHANI, A. 2011b. Sustained TL1A expression 
modulates effector and regulatory T-cell responses and drives intestinal goblet cell 
hyperplasia. Mucosal Immunology, 4, 186-196. 

TARTAR, D. M., VANMORLAN, A. M., WAN, X., GULOGLU, F. B., JAIN, R., HAYMAKER, C. L., ELLIS, J. S., 
HOEMAN, C. M., CASCIO, J. A., DHAKAL, M., OUKKA, M. & ZAGHOUANI, H. 2010. 
FoxP3(+)ROR gamma t(+) T Helper Intermediates Display Suppressive Function against 
Autoimmune Diabetes. Journal of Immunology, 184, 3377-3385. 

THORNTON, A. M., DONOVAN, E. E., PICCIRILLO, C. A. & SHEVACH, E. M. 2004a. Cutting edge: IL-2 is 
critically required for the in vitro activation of CD4(+)CD25(+) T cell suppressor function. 
Journal of Immunology, 172, 6519-6523. 

THORNTON, A. M., KORTY, P. E., TRAN, D. Q., WOHLFERT, E. A., MURRAY, P. E., BELKAID, Y. & 
SHEVACH, E. M. 2010. Expression of Helios, an Ikaros Transcription Factor Family Member, 
Differentiates Thymic-Derived from Peripherally Induced Foxp3(+) T Regulatory Cells. Journal 
of Immunology, 184, 3433-3441. 

THORNTON, A. M., PICCIRILLO, C. A. & SHEVACH, E. M. 2004b. Activation requirements for the 
induction of CD4(+)CD25(+) T cell suppressor function. European Journal of Immunology, 34, 
366-376. 

THORNTON, A. M. & SHEVACH, E. M. 1998. CD4(+)CD25(+) immunoregulatory T cells suppress 
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. Journal of 
Experimental Medicine, 188, 287-296. 

THORNTON, A. M. & SHEVACH, E. M. 2000. Suppressor effector function of CD4(+)CD25(+) 
immunoregulatory T cells is antigen nonspecific. Journal of Immunology, 164, 183-190. 

TILNEY, L. G. & PORTNOY, D. A. 1989. ACTIN-FILAMENTS AND THE GROWTH, MOVEMENT, AND 
SPREAD OF THE INTRACELLULAR BACTERIAL PARASITE, LISTERIA-MONOCYTOGENES. Journal 
of Cell Biology, 109, 1597-1608. 

TONEGAWA, S. 1983. Somatic generation of antibody diversity. Nature, 302, 575-81. 
VALZASINA, B., GUIDUCCI, C., DISLICH, H., KILLEEN, N., WEINBERG, A. D. & COLOMBO, M. P. 2005. 

Triggering of OX40 (CD134) on CD4(+)CD25(+) T cells blocks their inhibitory activity: a novel 
regulatory role for OX40 and its comparison with GITR. Blood, 105, 2845-2851. 

VAN GOOL, F., MOLOFSKY, A. B., MORAR, M. M., ROSENZWAJG, M., LIANG, H.-E., KLATZMANN, D., 
LOCKSLEY, R. M. & BLUESTONE, J. A. 2014. Interleukin-5-producing group 2 innate lymphoid 
cells control eosinophilia induced by interleukin-2 therapy. Blood, 124, 3572-3576. 

VÁZQUEZ-BOLAND, J. A., KUHN, M., BERCHE, P., CHAKRABORTY, T., DOMÍNGUEZ-BERNAL, G., 
GOEBEL, W., GONZÁLEZ-ZORN, B., WEHLAND, J. & KREFT, J. 2001. Listeria Pathogenesis and 
Molecular Virulence Determinants. Clinical Microbiology Reviews, 14, 584-640. 

VERHAGEN, J. & WRAITH, D. C. 2010. Comment on "Expression of Helios, an Ikaros Transcription 
Factor Family Member, Differentiates Thymic-Derived from Peripherally Induced Foxp3(+) T 
Regulatory Cells". Journal of Immunology, 185, 7129-7129. 



 

202 
 

VIEIRA, P. L., CHRISTENSEN, J. R., MINAEE, S., O'NEILL, E. J., BARRAT, F. J., BOONSTRA, A., BARTHLOTT, 
T., STOCKINGER, B., WRAITH, D. C. & O'GARRA, A. 2004. IL-10-secreting regulatory T cells do 
not express Foxp3 but have comparable regulatory function to naturally occurring 
CD4(+)CD25(+) regulatory T cells. Journal of Immunology, 172, 5986-5993. 

VIGNALI, D. A. 2012. Mechanisms of Treg suppression: still a long way to go. Frontiers in Immunology, 
3. 

VIGNALI, D. A. A., COLLISON, L. W. & WORKMAN, C. J. 2008. How regulatory T cells work. Nature 
Reviews Immunology, 8, 523-532. 

VON ANDRIAN, U. H. & MEMPEL, T. R. 2003. Homing and cellular traffic in lymph nodes. Nat Rev 
Immunol, 3, 867-78. 

VON BURG, N., CHAPPAZ, S., BAERENWALDT, A., HORVATH, E., BOSE DASGUPTA, S., ASHOK, D., 
PIETERS, J., TACCHINI-COTTIER, F., ROLINK, A., ACHA-ORBEA, H. & FINKE, D. 2014. Activated 
group 3 innate lymphoid cells promote T-cell-mediated immune responses. Proc Natl Acad 
Sci U S A, 111, 12835-40. 

VONARBOURG, C. & DIEFENBACH, A. 2012. Multifaceted roles of interleukin-7 signaling for the 
development and function of innate lymphoid cells. Seminars in Immunology, 24, 165-174. 

VU, M. D., XIAO, X., GAO, W. D., DEGAUQUE, N., CHEN, M., KROEMER, A., KILLEEN, N., ISHII, N. & LI, 
X. C. 2007. OX40 costimulation turns off Foxp3(+) tregs. Blood, 110, 2501-2510. 

WALKER, J. A., BARLOW, J. L. & MCKENZIE, A. N. J. 2013. Innate lymphoid cells - how did we miss 
them? Nature Reviews Immunology, 13, 75-87. 

WALKER, L. S. K. 2009. Regulatory T cells overturned: the effectors fight back. Immunology, 126, 466-
474. 

WALKER, L. S. K., CHODOS, A., EGGENA, M., DOOMS, H. & ABBAS, A. K. 2003a. Antigen-dependent 
proliferation of CD4(+) CD25(+) regulatory T cells in vivo. Journal of Experimental Medicine, 
198, 249-258. 

WALKER, L. S. K., GULBRANSON-JUDGE, A., FLYNN, S., BROCKER, T., RAYKUNDALIA, C., GOODALL, M., 
FORSTER, R., LIPP, M. & LANE, P. 1999. Compromised OX40 function in CD28-deficient mice is 
linked with failure to develop CXC chemokine receptor 5-positive CD4 cells and germinal 
centers. Journal of Experimental Medicine, 190, 1115-1122. 

WALKER, M. R., KASPROWICZ, D. J., GERSUK, V. H., BENARD, A., VAN LANDEGHEN, M., BUCKNER, J. H. 
& ZIEGLER, S. F. 2003b. Induction of FoxP3 and acquisition of T regulatory activity by 
stimulated human CD4(+)CD25(-) T cells. Journal of Clinical Investigation, 112, 1437-1443. 

WEBSTER, K. E., WALTERS, S., KOHLER, R. E., MRKVAN, T., BOYMAN, O., SURH, C. D., GREY, S. T. & 
SPRENT, J. 2009. In vivo expansion of T reg cells with IL-2-mAb complexes: induction of 
resistance to EAE and long-term acceptance of islet allografts without immunosuppression. 
Journal of Experimental Medicine, 206, 751-760. 

WEISS, J. M., BILATE, A. M., GOBERT, M., DING, Y., CUROTTO DE LAFAILLE, M. A., PARKHURST, C. N., 
XIONG, H., DOLPADY, J., FREY, A. B., RUOCCO, M. G., YANG, Y., FLOESS, S., HUEHN, J., OH, S., 
LI, M. O., NIEC, R. E., RUDENSKY, A. Y., DUSTIN, M. L., LITTMAN, D. R. & LAFAILLE, J. J. 2012. 
Neuropilin 1 is expressed on thymus-derived natural regulatory T cells, but not mucosa-
generated induced Foxp3+ T reg cells. The Journal of experimental medicine, 209, 1723-42. 

WHEELER, K. M., SAMY, E. T. & TUNG, K. S. K. 2009. Cutting Edge: Normal Regional Lymph Node 
Enrichment of Antigen-Specific Regulatory T Cells with Autoimmune Disease-Suppressive 
Capacity. Journal of Immunology, 183, 7635-7638. 

WILDIN, R. S., SMYK-PEARSON, S. & FILIPOVICH, A. H. 2002. Clinical and molecular features of the 
immunodysregulation, polyendocrinopathy, enteropathy, X linked (IPEX) syndrome. Journal 
of Medical Genetics, 39, 537-545. 

WING, K., ONISHI, Y., PRIETO-MARTIN, P., YAMAGUCHI, T., MIYARA, M., FEHERVARI, Z., NOMURA, T. 
& SAKAGUCHI, S. 2008. CTLA-4 control over Foxp3(+) regulatory T cell function. Science, 322, 
271-275. 



 

203 
 

WITHERS, D. R., GASPAL, F. M., MACKLEY, E. C., MARRIOTT, C. L., ROSS, E. A., DESANTI, G. E., 
ROBERTS, N. A., WHITE, A. J., FLORES-LANGARICA, A., MCCONNELL, F. M., ANDERSON, G. & 
LANE, P. J. L. 2012. Cutting Edge: Lymphoid Tissue Inducer Cells Maintain Memory CD4 T Cells 
within Secondary Lymphoid Tissue. Journal of Immunology, 189, 2094-2098. 

WITHERS, D. R., JAENSSON, E., GASPAL, F., MCCONNELL, F. M., EKSTEEN, B., ANDERSON, G., AGACE, 
W. W. & LANE, P. J. L. 2009. The Survival of Memory CD4(+) T Cells within the Gut Lamina 
Propria Requires OX40 and CD30 Signals. Journal of Immunology, 183, 5079-5084. 

WOLF, D., SCHREIBER, T. H., TRYPHONOPOULOS, P., LI, S., TZAKIS, A. G., RUIZ, P. & PODACK, E. R. 
2012. Tregs Expanded In Vivo by TNFRSF25 Agonists Promote Cardiac Allograft Survival. 
Transplantation, 94, 569-574. 

WORKMAN, C. J. & VIGNALI, D. A. A. 2005. Negative regulation of T cell homeostasisby lymphocyte 
activation gene-3 (CD223). Journal of Immunology, 174, 688-695. 

XIAO, X., GONG, W., DEMIRCI, G., LIU, W., SPOERL, S., CHU, X., BISHOP, D. K., TURKA, L. A. & LI, X. C. 
2012. New Insights on OX40 in the Control of T Cell Immunity and Immune Tolerance In Vivo. 
Journal of Immunology, 188, 892-901. 

YADAV, M., LOUVET, C., DAVINI, D., GARDNER, J. M., MARTINEZ-LLORDELLA, M., BAILEY-BUCKTROUT, 
S., ANTHONY, B. A., SVERDRUP, F. M., HEAD, R., KUSTER, D. J., RUMINSKI, P., WEISS, D., VON 
SCHACK, D. & BLUESTONE, J. A. 2012. Neuropilin-1 distinguishes natural and inducible 
regulatory T cells among regulatory T cell subsets in vivo. The Journal of experimental 
medicine, 209, 1713-22. 

YANG, B. H., HAGEMANN, S., MAMARELI, P., LAUER, U., HOFFMANN, U., BECKSTETTE, M., FOHSE, L., 
PRINZ, I., PEZOLDT, J., SUERBAUM, S., SPARWASSER, T., HAMANN, A., FLOESS, S., HUEHN, J. 
& LOCHNER, M. 2015. Foxp3 T cells expressing RORgammat represent a stable regulatory T-
cell effector lineage with enhanced suppressive capacity during intestinal inflammation. 
Mucosal Immunol. 

YU, X., PAPPU, R., RAMIREZ-CARROZZI, V., OTA, N., CAPLAZI, P., ZHANG, J., YAN, D., XU, M., LEE, W. P. 
& GROGAN, J. L. 2014. TNF superfamily member TL1A elicits type 2 innate lymphoid cells at 
mucosal barriers. Mucosal Immunology, 7, 730-740. 

ZELENAY, S., BERGMAN, M.-L., PAIVA, R. S., LINO, A. C., MARTINS, A. C., DUARTE, J. H., MORAES-
FONTES, M. F., BILATE, A. M., LAFAILLE, J. J. & DEMENGEOT, J. 2010. Cutting Edge: 
Intrathymic Differentiation of Adaptive Foxp3(+) Regulatory T Cells upon Peripheral 
Proinflammatory Immunization. Journal of Immunology, 185, 3829-3833. 

ZENEWICZ, L. A. & SHEN, H. 2007. Innate and adaptive immune responses to Listeria monocytogenes: 
a short overview. Microbes and Infection, 9, 1208-1215. 

ZHANG, N., GUO, J. & HE, Y. W. 2003. Lymphocyte accumulation in the spleen of retinoic acid 
receptor-related orphan receptor gamma-deficient mice. Journal of Immunology, 171, 1667-
1675. 

ZHANG, R., HUYNH, A., WHITCHER, G., CHANG, J., MALTZMAN, J. S. & TURKA, L. A. 2013. An obligate 
cell-intrinsic function for CD28 in Tregs. Journal of Clinical Investigation, 123, 580-593. 

ZHENG, Y., CHAUDHRY, A., KAS, A., DEROOS, P., KIM, J. M., CHU, T.-T., CORCORAN, L., TREUTING, P., 
KLEIN, U. & RUDENSKY, A. Y. 2009. Regulatory T-cell suppressor program co-opts 
transcription factor IRF4 to control T(H)2 responses. Nature, 458, 351-U116. 

ZHENG, Y., JOSEFOWICZ, S. Z., KAS, A., CHU, T.-T., GAVIN, M. A. & RUDENSKY, A. Y. 2007. Genome-
wide analysis of Foxp3 target genes in developing and mature regulatory T cells. Nature, 445, 
936-940. 

 




