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Abstract  

Current treatments for autoimmune diseases do not provide a cure and heavily 

rely on broad-range immunosuppressive drugs that can compromise the ability of the host 

to fight infections or cancers. In recent years, antigen-specific immunotherapies have 

shown promising results in establishing protective immunity towards autoreactive T cells 

by administrating disease-relevant antigen(s) in a tolerogenic delivery platform. Using a 

peptide treatment protocol that induces immune tolerance by giving rise to anergic 

CD4+IL-10+ T cells, we were keen to characterise the role of TIGIT, a co-inhibitory 

receptor, in the development, stability and capacity of these cells to maintain central and 

peripheral tolerance. Importantly, in multi-antigen diseases, such as multiple sclerosis, 

inducing tolerance to the immunodominant antigen only can provide protection against 

other antigens that are found within the same tissue, due to the process of bystander 

suppression.  In this thesis, we aimed to dissect the mechanisms underpinning bystander 

suppression and investigate the role of different peptide-treated regulatory T cell (Treg) 

populations. Tregs from the transgenic Tg4 mouse model, with a TCR specific for 

MBPAc1-9, were tested for suppression of 2D2 responder cells, specific for a different 

myelin epitope, MOG35-55 both in vitro and in vivo. Finally, we were interested to 

investigate the impact of peptide immunotherapy on FoxP3+ Tregs by studying their 

phenotypic and functional properties. By using RNA sequencing approaches, we 

characterised the transcriptional signatures that are differentially expressed in peptide-

treated Tregs and are essential for the licensing of these cells to acquire a highly 

tolerogenic phenotype. The work presented here clarifies the mechanism of action of 

peptide immunotherapy and paves the way for the application of this platform for the 

effective treatment of autoimmune diseases.   
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1.1 Introduction to the immune system  

The immune system has evolved over the years to provide the host with protection 

against potentially harmful foreign pathogens through mechanisms that prevent damage 

caused by the infection.  Comprising a wide variety of cells, tissues, and organs, the 

immune system is responsible for the detection and clearance of invading microorganisms 

such as bacteria, fungi, viruses, and parasites that are found in the environment. Its 

instrumental role in the maintenance of tissue homeostasis is highlighted in individuals 

where the immune homeostasis is perturbed, as in the cases of either immunodeficiency 

with suboptimal immune responses rendering the individuals susceptible to disease 

development, or autoimmune and allergic responses, that are characterised by the 

inability to distinguish between self, non-self, and overactive immune activation, 

respectively (Okada et al., 2010; Ean -F Rançois and Ach, 2002; Brodin and Davis, 2017).  

Therefore, the regulation of the immune system is of critical importance for its proper 

functioning and protection of the host.   

Furthermore, the immune system consists of two main branches: the innate and 

the adaptive. The cells of the innate immune system comprise the first line of defense 

against infection, and they provide a rapid, non-antigen-specific response to 

microorganisms. The innate immune cells are characterised by receptor commonality and 

have shared expression of recognition molecules that detect a vast array of common 

pathogenic molecular patterns (Brubaker et al., 2015). However, the specificity of the 

adaptive immune system, which derives from the expression of a unique and diverse 

repertoire of receptors, allows a more efficient way of dealing with pathogens. During 

immune cell development, the process of gene rearrangement takes place and gives rise 



3 

 

to a wide range of receptors, which facilitates the recognition of specific pathogenic 

features, therefore acting as a more targeted immune response (Arstila et al., 1999).  

Despite their different contribution to the functional outcome of the immune 

response, the innate and adaptive arms of the immune system have supplementary roles, 

with the initial activation of the adaptive immune response being heavily dependent on 

preliminary triggering from the innate counterpart. Upon entry of pathogens through the 

skin and mucous membranes, innate immunity acts as the frontline for host defence 

(Turvey and Broide, 2010). The innate immune cells express on their surface receptors 

that recognise structures shared between many pathogens. Upon engagement of these 

receptors, an immediate immune response is mounted and cells become activated to 

supply the molecules that are required for the initiation of the adaptive immune response 

(Gasteiger and Rudensky, 2014; Thornton and Morgan, 2009).  

In the steady state, adaptive immune cells are maintained at lower antigen-specific 

clonal numbers, and subsequently, upon activation, these selected cells undergo clonal 

expansion (Burnet, 1959). Through this process, cells proliferate and increase in numbers 

to support an efficient response. Due to the time required for proliferation and 

differentiation to effector cells, the initiation of the adaptive immune response is delayed, 

but it provides the host with memory cells and long-lived immunity, allowing rapid 

responses upon re-challenge with the same antigen (MacLeod et al., 2010).  

1.1.1 The innate immune system 

The innate immune system consists of both cellular and humoral components. 

Regarding the cellular part, it comprises cells such as mast cells, eosinophils, basophils, 

natural killer cells, and phagocytes such as neutrophils and macrophages. These cells 
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express various Pattern Recognition Receptors (PRRs), including Toll-Like Receptors 

(TLRs) that recognise common pathogenic structures known as Pathogen Associated 

Molecular Patterns (PAMPs), which include cell wall components, metabolic products, 

and nucleic acids (Fischer and Deindl, 2022).  Different TLRs recognise different surface-

expressed pathogenic features (i.e., TLR-5 recognises flagellin on bacterial cells, TLR-4 

has an affinity for endotoxin lipopolysaccharide (LPS), and TLR-3 can bind non-host, 

double-stranded DNA within endosomes, indicative of pathogenic invasion) (O’Neill et 

al., 2013). In all the different types of TLRs, receptor engagement results in the initiation 

of an immune response targeted towards the elimination of the pathogen and the 

restoration of immune homeostasis.  

Regarding the humoral part, it consists of a variety of soluble, plasma PPRs, 

including pentraxins and collectins that bind to foreign PAMPs and coat the surface of 

target cells (Mantovani and Garlanda, 2023). This process, also known as opsonisation, 

essentially facilitates the targeting of the invading pathogens that are subsequently 

processed and cleared by other innate immune cells, such as macrophages via 

phagocytosis (Appelberg, 2007). Neutrophils and macrophages also play a critical role 

in pathogen clearance, since they express Fc or complement receptors that enable them 

to recognise and target opsonised bacteria (Parkin and Cohen, 2001).  

Although it provides a rapid response, the innate immune response is not able to 

clear all pathogens, due to the limited number of motifs being recognised. Following the 

initial innate response, the recognition of PAMPs through PRRs ultimately triggers a 

cascade of downstream signalling pathways associated with the induction of 

inflammation to facilitate the secretion of cytokines for enhanced cell recruitment to the 
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inflamed area, which is essential for prolonged detection of foreign antigens and sustained 

clearance of invading pathogens.  

Therefore, on the one hand, the innate immune system orchestrates the initial 

immune response to clear the pathogen and on the other hand, induces the activation of 

the adaptive arm via the secretion of inflammatory cytokines and chemokines by innate 

cells and through the recruitment of dendritic cells (DCs) for subsequent antigen 

processing and presentation (Iwasaki and Medzhitov, 2010). Upon encounter of 

inflammatory stimuli, DCs become activated and upregulate the costimulatory molecules 

CD80 and CD86, which in turn support the increased activation of adaptive immune cells 

as DCs circulate through secondary lymphoid organs such as spleen and lymph nodes 

(Delves and Roitt, 2000). 

1.1.2 The adaptive immune system  

The evolutionary emergence of vertebrates was accompanied by the invention of 

adaptive immunity, which emerged twice during early vertebrate evolution. The first 

instance was reported in the lineage that gave rise to jawless fish (i.e., lamprey and 

hagfish), and the second occurrence was evidenced in the lineage of jawed vertebrates, 

ranging from cartilaginous fish to mammals (Flajnik and Kasahara, 2010). Only 

vertebrates that are characterised by a higher degree of complexity have this additional, 

more sophisticated system of defense mechanisms, which armours them with a broad 

genetic diversity in immunity (evolutionary advantage), which enables them to adapt 

and survive in an environment full of diverse pathogens (Cooper and Alder, 2006). 

The adaptive immune system is characterised by two remarkable features that 

distinguish it from the innate immune system. The first one is the ability to remember 
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previous pathogen encounters and can either repel a second invasion or quickly eliminate 

the recurrent invader by mounting a faster and more efficient secondary immune 

response. This important feature, also known as immunological memory, forms the basis 

for effective immunisations against infectious diseases, which provide long-lasting 

protective immunity (anamnestic response). Protective immunity against reinfection is 

one of the most important consequences of adaptive immunity and results from the 

establishment of populations of long-lived memory B and T cells.  

The second important feature is antigen specificity. The adaptive immune system 

consists of T lymphocytes (T cells) and B lymphocytes (B cells) and the specificity of the 

adaptive immune response stems from the fact that naïve T and B cells display multiple 

copies of a unique T- or B- cell receptor on their surface that is responsible for the 

recognition of antigenic configurations of specific pathogenic epitopes. This antigen 

recognition subsequently leads to clonal amplification, cellular differentiation and 

production of antibodies with the same antigen-binding specificity (Burnet, 1959).  

In the next paragraphs, B cells are discussed briefly, followed by T cells, and in 

particular, CD4+ T cells, which are described more extensively since they are the central 

theme of this thesis. 

1.1.2.1 B cells 

The generation of B cells is initiated from a group of pluripotent hematopoietic 

stem cells in the foetal liver and subsequently, this process is maintained in the bone 

marrow and continues there throughout adult life. At the early stages of development, B 

cells express the endonuclease recombinase activating gene 1/2 (RAG 1/2) that is pivotal 

for the successful gene rearrangement of Variable, Diverse and Joining (VDJ) segments 
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of the immunoglobulin genes that are expressed on the cell surface (Jung and Alt, 2004). 

These gene rearrangements are critical for the reconfiguration of cell surface 

immunoglobulin (Ig) genes to establish a cell surface receptor able to recognise pathogens 

effectively (Bassing et al., 2002).  

During gene rearrangement, B cells are screened against self-antigens, in order to 

prevent the potential release of self-reactive B cells. During the screening process, 

autoreactive B cells are identified and subsequently undergo either clonal deletion or 

receptor editing to convert their receptor to a non-autoreactive variant, or clonal anergy 

so that their receptor is unable to be activated by cognate antigen in the periphery 

(Goodnow et al., 2005).  

B cells can enter germinal centre reactions through interaction with activated T 

cells, in order to initiate somatic hypermutation and class switch recombination to 

become IgG, IgA, or IgE. Once again, the interaction with the antigen during this process 

is necessary for the selection of higher affinity B cell clones. Furthermore, B cells undergo 

the process of gene rearrangement that gives rise to a highly diverse B cell receptor (BCR) 

repertoire that allows a B cell response to a wide range of antigens to take place. B cells 

can subsequently differentiate into either long-lived memory cells or plasma cells that 

produce high-affinity antibody following germinal centre reactions (Zhang et al., 2016).  

1.1.2.2 T cells 

T cells are characterised as either conventional αβ-T cells, that express a T cell 

receptor (TCR) that consists of alpha (α) or beta (β) chains, or γδ-Τ cells that express a 

TCR with gamma (γ) and delta (δ) chains. Both T cell subsets are generated in the thymus 

from bone marrow precursors, and they exit the thymus with a pre-determined 
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commitment and disseminate into the periphery as mature T cells. Functions of γδ-T cells 

are less investigated; however, a functional difference between these populations is their 

localisation. αβ-Τ cells are found in secondary lymphoid organs such as the spleen and 

lymph nodes, whereas γδ-T cells reside in epithelial layers of the tissue, including the 

skin and intestinal epithelium (Allison and Havran, 1991).  

αβ-Τ cells can be classified as either CD4+ or CD8+ depending upon their surface 

expression of these molecules and they both have T cell receptors that tend to recognise 

pathogenic material that is presented to them in a processed manner, rather than directly. 

These αβ-T cells are more likely to encounter antigen-presenting cells (APCs) for 

activation while they reside or migrate through secondary lymphoid organs. APCs can 

present antigens to T cells as it is presented in the context of the major histocompatibility 

complex (MHC) on the APC surface which can be recognised by cognate αβTCR. 

Interaction between αβ T cells and APCs allows αβ T cells to differentiate into distinct 

effector subsets with a CD4+ having a “helper” role and CD8+ T cells having a cytotoxic 

role. For the purposes of this thesis, the focus will be on αβ Τ cells only, and not γδ T 

cells.  

In the next paragraphs, the role of CD8+ T cells in adaptive immunity will be 

covered briefly, followed by an extensive description of the different subsets of CD4+ T 

cells, since the focus of this thesis is the study of the role and impact of CD4+ T cells in 

the immune regulation of autoimmune disease. 

1.1.2.2.1 CD8+ T cells 

CD8+ T cells respond to antigens that are presented in the context of MHC class 

I, which is expressed on all nucleated cells. Once the antigen is processed and broken 
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down by proteasomes that are found inside the cell, it can be subsequently presented via 

MHC class I to the surface of antigen presenting cells, initiating the activation of CD8+ T 

cells (Blum et al., 2013). Activated CD8+ T cells are responsible for the uptake and 

destruction of viruses and tumours via the production of perforin and granzyme molecules 

that promote apoptotic cell death via ligation of Fas with FasL (Bannard et al., 2009).  

1.1.2.2.2 CD4+ T cells  

CD4+ T cells exit the thymus as naïve conventional cells or natural regulatory 

Tregs (nTreg) also known as thymic Tregs (tTregs). The latter are fully functional upon 

release from the thymus, and they are capable of being activated in the periphery to 

suppress self-reactive T cells that have escaped negative selection (see section 1.4). On 

the other hand, conventional T cells (Tconv) develop within the thymus based upon their 

medium binding affinity to self-antigens presented on the medulla. This has been 

illustrated using the Nur77GFP model, where GFP levels correlate with the TCR signal 

strength (Ashouri and Weiss, 2017). Furthermore, higher TCR signal strength was found 

to correlate with Treg induction rather than the lower level of GFP and signal strength 

that was required for Tconv (Moran et al., 2011).  

The successful development of CD4+ T cells in the thymus depends on thymic 

antigen presenting cells (APCs) including cortical thymic epithelial cells (cTECs), 

medullary thymic epithelial cells (mTECs) and thymic dendritic cells (DCs). cTECs are 

involved in the positive selection that takes place in the thymic cortex, but they can be 

involved in the negative selection of thymocytes with strong self-reactivity, and they can 

also facilitate Treg differentiation (Goldman et al., 2005). Similarly, mTECs can 

negatively select thymocytes with high affinity to self-antigens, and mediate positive 

selection of Tregs (Williams et al., 2014). Finally, thymic DCs consist of three distinct 
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subsets: CD8+ conventional DCs (cDCs) that occupy almost half of the thymic DC pool, 

Sirpα+ cDCs that consist 20% of the total DC population in the thymus and, plasmacytoid 

DCs (pDCs) (Wu and Shortman, 2005). All three populations of APCs are critical players 

for the generation of Tconv and Tregs in the thymus.   

Unlike nTreg, naïve CD4+ T cells need to undergo further maturation in the 

periphery to be fully functional. This maturation begins with the TCR activation by 

professional APCs, such as DCs, presenting antigen in an MHC class II-restricted manner 

(signal I). Furthermore, the interaction between CD28 on T cells and CD80/CD86 on 

APCs provides a supportive co-stimulatory signal required for efficient T cell activation 

(signal II). Finally, the determining factor for the destiny of naïve T cells depends on the 

exposure to the lineage-inducing cytokines released by the APCs (signal III) (Kaiko et 

al., 2008; Zhu and Paul, 2010). This enables naïve CD4+ T cells to differentiate into a 

specific T helper (Th) subset. 

Exposure to IL-2 and IFN-γ induces the transcription factor Tbet which 

determines the Th1 lineage (Szabo et al., 2000). These cells produce IL-2 and IFN-γ, 

which in turn drives the clearance of intracellular pathogens (Zhu and Paul, 2008). 

Furthermore, a Th2 phenotype is established upon exposure of naïve T cells to IL-4 that 

induces the expression of the transcription factor GATA-3. These cells subsequently 

produce IL-4 and IL-5 to support B cell class switching, in addition to the removal of 

extracellular parasites (Zheng and Flavell, 1997).  Finally, a Th17 lineage occurs through 

exposure to Transforming Growth Factor β (TGF-β) together with IL-6. These cells 

express the transcription factors RORγt and RORα and produce IL-6 and IL-17 to mediate 

the clearance of extracellular bacteria and fungi (Harrington et al., 2005; Ivanov et al., 

2006). 
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All T cell populations can become dysregulated and initiate a destructive response 

against self in the case of Th1 and Th17 responses being closely linked to autoimmunity, 

while Th2 responses have been associated with allergy (Zhu and Paul, 2008). In addition 

to the nTreg lineage that is in charge of the surveillance of autoreactive cells in the 

periphery, naïve T cells can also be induced to acquire a regulatory phenotype in 

peripheral tissues upon exposure to TGF-β that in turn induces expression of forkhead 

box P3 (FoxP3) (Chen et al., 2003). The requirement for Treg was clearly demonstrated 

in mice, which had a mutation in the FoxP3 gene (scurfy mice) that ultimately died at an 

early age due to severe lymphoproliferative disorder (Chang et al., 2005). Similarly in 

man, Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-linked syndrome 

(IPEX) has been shown to develop as a result of mutations in the FoxP3 transcription 

factor that can subsequently lead to disruption of Treg function and resultant multiorgan 

autoimmune disease (Barzaghi et al., 2012). Therefore, the requirement for immune 

regulation by Tregs is important to ensure homeostasis and prevention of T cell-mediated 

autoreactive immune responses.  

FoxP3+ Tregs and FoxP3-IL-10+ Tr1 cells are subsets of CD4+ T cells and will be 

discussed in further detail under ‘Peripheral tolerance’, in sections 1.5.1 and 1.5.2, 

respectively. 

1.2 Antigen processing, T cell activation and regulation 

Evolutionary pressure has led the adaptive immune response to develop two 

distinct arms, which are defined by the site of infection. MHC class I molecules can 

present endogenous pathogens and initiate an immune response by CD8+ T cells, while 

MHC class II molecules present exogenous pathogens and initiate an immune response 

mediated by CD4+ T cells.  
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The function of MHC molecules is to bind peptide fragments derived from 

pathogens and display them on the cell surface of antigen-presenting cells for recognition 

by the appropriate T cells. CD4+ and CD8+ T cells become activated upon recognition of 

their cognate antigen that is presented in the context of MHC class II and I molecules, 

respectively. This phenomenon is known as MHC restriction because the MHC 

genotype ‘restricts’ the antigen specificity of T cells since the binding specificity of an 

individual TCR is not only for its peptide antigen but also for the complex of peptide and 

MHC molecule. The MHC locus is characterised by a high degree of polygenicity since 

it contains several different MHC I and II genes so that every individual can possess a set 

of MHC molecules with distinct ranges of peptide-binding specificities. Furthermore, the 

MHC locus is amongst the most highly polymorphic regions of the mammalian genome, 

with multiple variants or alleles of each gene within the population as a whole (Flajnik 

and Kasahara, 2001). These properties ensure the diversity of haplotypes and enable each 

haplotype to bind a vast range of self- and pathogen-derived antigens that will 

subsequently be recognised by TCRs on T cells.  

MHC I and II differ in both their structure and their expression pattern in the 

tissues of the body. MHC class I molecules are expressed almost on all nucleated cells, 

which therefore can present endogenous peptides from within the host cell. Cells use this 

mechanism to present intracellularly-derived viral peptides in MHC I molecules and 

target infected cells for destruction by CD8+ T cells (Vyas et al., 2008). Endogenous 

peptides are targeted for loading onto the MHC I through the recognition of the transport 

associated with antigen processing (TAP) molecule, which is part of the peptide loading 

complex that also contains chaperone proteins that are responsible for the transfer of 

cytosolic peptides from the endoplasmic reticulum to the MHC I molecules (Blum et al., 
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2013). MHC I molecules can subsequently be expressed on the surface of cells and when 

infected, antigen presentation will take place, which in turn will trigger the CD8+ T cell 

lineage and initiate an immune response (Fig. 1.1 – right).  

On the other hand, expression of MHC II is restricted to either the surface of 

professional APCs, which are found in environmentally exposed sites, or on other cells, 

such as astrocytes that can upregulate MHC II upon exposure to IFN-γ (Vardjan et al., 

2012). In the first instance, these locations are the place where the capturing of 

extracellular sources via receptor-mediated phagocytosis, endocytosis, or autophagy 

occurs, before enzymatic antigen processing within the endosomal compartments and 

loading onto the MHC II molecule (Roche and Furuta, 2015; Dengjel et al., 2005). 

Following antigen processing, MHC II can be loaded with the processed peptide and 

expressed on the surface of the antigen-presenting cells that are responsible for antigen 

presentation to CD4+ T cells (Fig. 1.1 – left). 

It should be noted that professional APCs include DCs, macrophages, and B cells, 

with DCs being the most potent activators of T cells. These cells can prime naïve T cells 

through the surface expression of peptide-loaded MHC-II, expression of co-stimulatory 

molecules, as well as through the secretion of polarising cytokines (Matzinger and 

Guerder, 1989).  On the other hand, non-professional APCs describe non-conventional 

cells (such as epithelial cells and fibroblasts) bearing MHC-II that can modulate immune 

responses that were already initiated by DCs, rather than driving primary antigen 

presentation to naïve T cells (Schuijs et al., 2019).  
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Figure 1.1 MHC Class I and Class II antigen processing and presentation pathways. MHC 

class II pathway: APCs take up extracellular proteins into early endosomes where proteases 

(cathepsins, aminopeptidases etc.) generate peptides for loading of MHC II in late endosomes. 

The structure of the MHC II peptide cleft is open-ended and can fit peptides that contain at 

least 11 amino acids. Usually, the core binding region is around 9 amino acids, however, the 

surrounding peptide flanking regions (PFR) contribute significantly to the binding affinity of 

MHC II. MHC class I pathway: Cytosolic proteins undergo proteasomal cleavage to generate 

short peptides for loading onto MHC I molecules within the endoplasmic reticulum (ER). The 

closed structure of the MHC I peptide cleft is made up by the MHC I α chain and normally 

accommodates shorter peptides, between 7-9 amino acids long. Figure generated using 

Biorender.  
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T cell activation is initiated by the ligation of the TCR with peptide-loaded MHC 

molecules (pMHC) induces an intracellular signalling cascade that involves recruitment 

of transcription factors and re-arrangement of the cytoskeleton, which eventually results 

in the activation of T cells that subsequently respond with cytokine production, 

proliferation, cell survival and differentiation (Hwang et al., 2020; Huang and August, 

2015). Depending on the magnitude, context and duration of the interaction between the 

TCR and pMHC, as well as co-stimulatory signal from molecules such as CD28, ICOS, 

OX40 and cytokines, naïve T cells differentiate into fully functional effector populations 

(Zikherman and Au-Yeung, 2015).  

Immune regulation is of pivotal importance for the maintenance of homeostasis 

and effective immune response upon antigenic challenge. A recent publication shows that 

major infections, such as the plague, have driven broad genetic diversity in adaptive 

immunity to deal with a broad range of pathogens (Klunk et al., 2022). Even though the 

vast repertoire of TCRs gives the host the ability to fight against a wide variety of 

infections, sometimes it can mistakenly recognise and attack self-antigens or innocuous, 

environmental antigens. In the first instance, a Th1/Th17 immune response is mounted, 

which would normally deal with bacteria and fungi, but when perturbated can lead to 

autoimmunity, while in the second instance, a Th2 immune response is initiated which 

would otherwise deal with parasites, but in that case can lead to allergy. These immune 

pathologies highlight the need for immune regulation that would prevent the development 

of autoimmune or allergic reactions. 

There are different mechanisms of immune regulation. For example, if the 

interaction of TCR with pMHC takes place in the absence of any co-stimulatory signals, 

cells enter a state of unresponsiveness known as anergy (Fathman and Lineberry, 2007). 
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Furthermore, the expression of co-inhibitory receptors such as CTLA-4, TIGIT, LAG-

3, TIM-3 and PD-1, provides an active mechanism of immune regulation by exerting 

suppressive signals that dampen the immune response (Joller and Kuchroo, 2017). 

 In the next paragraph, the focus will be on two inhibitory pathways, TIGIT and 

CTLA-4. The TIGIT pathway is central to the work described in this thesis, while 

previous work from our lab has also focused on the role of CTLA-4 in immune regulation.  

The two pathways share some features, such as ligand promiscuity and it is worth 

studying them in parallel to take advantage of the knowledge obtained from the more 

well-characterised CTLA-4 pathway.  

1.3 Immune regulation by co-inhibitory receptors  

In addition to antigen-specific stimulation of the TCR by a peptide-MHC 

complex, the functional outcome of TCR engagement is further regulated by antigen-

independent signals, which are provided by a set of activating and inhibitory receptors 

expressed on T cells and their cognate ligands on APCs and tumour cells. Many of these 

receptors are members of the CD28 family that either positively or negatively contribute 

to TCR signalling, thus fine-tuning the threshold for T cell activation (Chen and Flies, 

2013).  

Positive co-stimulatory molecules promote T cell proliferation, with the most 

prominent example being CD28, which allows effective T cell activation upon 

engagement of its ligands CD80/CD86 on mature APCs (Esensten et al., 2016; Riley and 

June, 2005). Signalling via co-inhibitory receptor pathways competes against TCR-driven 

T cell activation and promotes functional inactivation that results in anergy and a state of 

tolerance. This counterbalance of co-stimulatory signals is pivotal for the prevention of 
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excessive effector T cell activation, thereby providing a negative feedback mechanism to 

inhibit excessive and potentially harmful immune responses (Waterhouse et al., 1995; 

Allison and Krummel, 1995). The importance of co-inhibitory pathways becomes clear 

especially in the context of autoimmunity, where genetic polymorphisms in the genes of 

various co-inhibitory receptors have been associated with autoimmune diseases in 

humans (Fife and Bluestone, 2008; Qu et al., 2009; Song et al., 2011; Wang et al., 2014).  

 

1.3.1 The CD226/TIGIT/CD155 pathway  

T cell Ig and ITIM domain (TIGIT) is an inhibitory receptor expressed on 

lymphocytes that binds to CD155 on professional APCs, such as dendritic cells, making 

them produce the immunomodulatory cytokine, IL-10, and therefore driving a tolerogenic 

phenotype. TIGIT has been mainly studied in the context of anti-tumour immunity 

(Sanchez-Correa et al., 2019a; Dougall et al., 2017; Stamm et al., 2018) and anti-viral 

immunity (Schorer et al., 2020; Johnston et al., 2014b); however, recent data suggest that 

loss of TIGIT can also result in susceptibility to autoimmune disease (Yue et al., 2022; 

Li et al., 2021). In both mice and humans, activated CD4+ and CD8+ T cells, Tregs and 

NK cells express TIGIT. The levels of TIGIT are low in naïve cells and they gradually 

go up after activation, while the highest expression of TIGIT can be found in Tregs, 

memory and activated T cells, and NK cells, indicating a potential functional role in these 

cells (Kurtulus et al., 2015a; Joller et al., 2014b). In addition to CD155, TIGIT also binds 

to CD112 and CD113, yet with lower affinity. CD155 is predominantly expressed by 

DCs, T cells, B cells and macrophages but also in the kidney, nervous system, and 

intestines. On the other hand, CD112 can be found both in hematopoietic and non-

hematopoietic tissues including the bone marrow, pancreas, kidneys and lungs, whereas 
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CD113 has a more tissue-specific expression as it is restricted in non-hematopoietic 

tissues such as the placenta, kidneys and lungs (Stanietsky, Noa; Tihana, 2014; Tahara-

Hanaoka et al., 2004).  

Initially, it was proposed that the inhibitory effects of TIGIT could be mediated 

indirectly, through the triggering of CD155 on dendritic cells (DCs) (Harjunpää and 

Guillerey, 2019). This interaction was responsible for the attenuation of immune 

responses in vivo, predominantly through tyrosine phosphorylation of the ITIM domain 

of CD155, which in turn recruits the Src kinases and SHP-2 (SH2-domain-containing 

tyrosine phosphatase-2), and induces the production of the immunosuppressive cytokines, 

IL-10 and TGF-β by DCs, rendering them tolerogenic (Fig. 1.2).  

These DCs are characterised by decreased antigen presentation, low levels of co-

stimulatory molecules, such as CD80, CD86 and CD40 and finally decreased secretion 

of proinflammatory cytokines, such as IL-12. It was later shown that TIGIT can also have 

T cell intrinsic effects, as agonistic anti-TIGIT antibodies were able to inhibit T cell 

proliferation, even in the absence of any other cell type. TIGIT can also disrupt the 

activating signals in a cell-extrinsic manner, by interfering with CD226 co-stimulation 

(Joller et al., 2011c; Dixon et al., 2018). TIGIT, together with DNAM-1 (CD226) and 

Tactile (CD96) binds the Nectin/Nectin-like (Necl) family member poliovirus receptor 

(PVR, NecI-5, CD155), whereas CD226 also recognises PVRL2 (Nectin-2, CD112). 

Nectins belong to the Ig superfamily (IgSF) of cell surface receptors that play a critical 

role in cell adhesion, movement, and tissue organisation. They can function as both 

ligands and receptors, thus allowing bidirectional signalling in neighbouring cells. TIGIT 

binds CD155 with the highest affinity followed by CD96 and then CD226. In particular, 

engagement of TIGIT to CD155 leads to an anti-inflammatory response, while ligation 
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of CD155 with the lower affinity activating receptor, CD226, on T and NK cells facilitates 

immune activation (Fig. 1.2) (Fuhrman et al., 2015a; Pauken and Wherry, 2014; 

Harjunpää and Guillerey, 2019).  

This difference seen in binding affinity, where the inhibitory receptor displays a 

high affinity, whereas the co-stimulatory receptor has a lower affinity for the same ligand, 

indicates that the activating receptor needs to outcompete the inhibiting interaction to 

deliver a stimulatory signal. In such systems, where some paired receptors recognise a set 

of shared ligands, changes in the expression of one molecule can have an impact on the 

overall balance of the receptor-ligand interactions, therefore providing several layers of 

immune regulation, which fine-tune the course, duration and strength of T cell responses 

(Schnell et al., 2020). Having said this, a disruption of the balance between activating and 

inhibitory signals results in perturbation of the immune homeostasis, as witnessed by the 

fact that homozygous deletion of TIGIT in mice leads to hyper-proliferative T cell 

responses and increased susceptibility to autoimmune diseases (Joller et al., 2011) .  

One of the questions that remains unanswered is why T cells would require three 

different receptors for CD155. This ligand promiscuity is reminiscent of T cells, in which 

the co-inhibitory receptor CTLA-4 binds the same ligands (B7-1 and B7-2) as the co-

activating receptor CD28. This ligand competition is resolved partly because CTLA-4 is 

upregulated upon T cell activation and also binds the shared ligand with higher affinity 

compared to CD28, therefore resulting in the inhibition of T cell activation (Sansom, 

2000). The case of redundancy seen in both pathways, could indicate that each pathway 

orchestrates distinct aspects of the immune response, potentially triggering different 

signalling pathways, or even regulating different functional outcomes based on the 
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expression in each compartment, ensuring a more time- and tissue-restricted regulation 

during T cell activation.  

However, the CD226/TIGIT/CD155 pathway appears to be more complex, given 

that TIGIT and CD226 also share CD112 as a ligand and CD112R (PVRIG), a newly 

identified checkpoint receptor expressed on T cells and NK cells, which also competes 

with CD226 and TIGIT for the binding of CD112 (Negishi et al., 2018; Lozano et al., 

2012b).  Furthermore, CD96, which contains both activating and inhibitory motifs in its 

cytoplasmic tail, was initially considered stimulatory in humans, since it was inducing the 

cytotoxicity of NK cells (Liu et al., 2013; Zhang et al., 2018); however, it was later found 

that murine CD96 also has an inhibitory potential that competes against CD226 

stimulatory activity.  Even though, these nectin receptors differ in terms of affinity and 

specificity for their cognate ligands, the molecular basis for these differences remains 

elusive.  Even though TIGIT has been studied primarily in the context of anti-tumour 

immunity, there is ever-growing evidence to support its role in the regulation of 

autoimmunity via its expression on Tregs (Joller et al., 2014). Therefore, a part of this 

thesis aims to elucidate the role of TIGIT on the establishment of central and peripheral 

tolerance and its potential involvement in bystander suppression (see Chapter 3 – 

Results).  
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Figure 1.2 The proposed mechanisms of action for TIGIT. TIGIT can bind CD155 and 

trigger direct inhibitory signals in T cells via its cytoplasmic tail (T cell intrinsic inhibition). 

TIGIT and its activating receptor counterpart CD226 compete for binding of two known 

ligands CD112 and CD155, with TIGIT being able to disrupt the homodimerization of 

CD226 on the cell surface and prevent its interaction with CD155. TIGIT ligation with 

CD155 induces IL-10 production by APCs, which negatively regulates inflammatory 

processes (induction of tolerogenic DCs). TIGIT is often upregulated in Tregs marking a 

highly suppressive phenotype (Treg-mediated suppression). Parts of the figure were drawn 

by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under 

a Creative Commons Attribution 3.0 Unported License 

(https://creativecommons.org/licenses/by/3.0/). 
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1.3.2 The CTLA-4/CD28/CD80/CD86 pathway 

CTLA-4 belongs to the immunoglobulin Ig superfamily and is constitutively 

expressed on Tregs and upon activation on Tconv cells. CTLA-4 competes with CD28 

for binding to the same ligands, CD80 (B7-1) and CD86 (B7-2); however, it binds with 

approximately 20-fold greater affinity and avidity than CD28, transmitting a T cell 

intrinsic inhibitory signal (Krummel and Allison, 1995; Linsley et al., 1991; Walunas et 

al., 1996). Ligation of CD80 and CD86 with CD28 leads to an induction of a positive 

activation signal and competition between CD28 and CTLA-4 essentially attenuates T 

cell activation by limiting the number of available ligands for CD28.  

The downstream signalling pathway of CTLA-4 is predominantly mediated by 

PI3K and AKT and provides a robust signal that is directly proportional to the TCR signal 

strength (Pagès et al., 1994; Kane et al., 2001). CTLA-4 knock out mice suffer from 

severe lymphoproliferative disorders and tissue destruction of multiple organs (Tivol et 

al., 1995). Interestingly, Treg-specific CTLA-4 ablation induced severe 

lymphoproliferation in mice by the age of 3-4 weeks, suggesting that CTLA-4 is 

instrumental for the maintenance of immunological tolerance mediated via Tregs 

(Friedline et al., 2009; Read et al., 2006; Wing et al., 2008).  

The CTLA-4 pathway has been exploited in the context of cancer immunotherapy, 

particularly for the treatment of melanoma patients. Similar to T cell exhaustion seen 

during chronic infections, tumour infiltrating T cells (TILs) express increased levels of 

inhibitory receptors that limit their function and can be targeted with blocking antibodies 

(Ahmadzadeh et al., 2009). CTLA-4 blockade can induce tumour rejection by either 

favouring CD28-mediated positive co-stimulation at sites of T cell activation (Ramagopal 

et al., 2017), or by ripping off CD80 and/or CD86 from the surface of APCs , thereby 
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inhibiting the activation of other naïve or effector T cells since they are not able to receive 

a co-stimulatory signal via the CD28-CD80/CD86 pathway (Qureshi et al., 2011). 

Finally, it has also been suggested that tumour rejection via CTLA-4 blockade can occur 

by depleting Tregs in the tumour microenvironment, therefore removing the burden for 

effective tumour clearance (Simpson et al., 2013; Selby et al., 2013). 

1.4 Thymic T cell development and central tolerance 

The thymus produces multiple T cell types that play instrumental roles in both the 

innate and the adaptive branch of the immune system. In particular, in this primary 

lymphoid organ, T cell receptors (TCR) are generated by gene rearrangement that takes 

place during early T cell development and gives rise to a wide range of antigen receptors 

that target non-self (αβTCR repertoire) (Inglesfield et al., 2019). During TCR gene 

rearrangement, T cell progenitors first undergo somatic rearrangement of the TCR α and 

β loci with insertions of non-coded nucleotides into the hyper-variable regions to produce 

novel TCR genes.  

Pairing of the resulting proteins gives rise to a wide range of TCR sequences with 

novel amino-acid sequences in the complementarity determining regions (CDR) that are 

responsible for the interaction with the antigen (Marrack et al., 2008). It is estimated that 

in humans, each individual possesses approximately 1015 different αβ TCR permutations, 

creating a highly diverse naïve repertoire, which is a critical feature of a functional 

immune system that is capable of controlling a vast range of viral infections and other 

pathogens (Arstila et al., 1999; Keşmir et al., 2000; Fuschiotti et al., 2007). This process 

is of pivotal importance as it ensures that only conventional T cells that both 1) recognise 

self-MHC proteins and at the same time, 2) are tolerant to self-antigens will escape the 

thymus and enter the periphery. The first requirement is achieved during the process of 
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positive selection, where immature thymocytes, which express a TCR with intermediate 

affinity for self-peptide-MHC complexes (MHC restriction), are induced to differentiate 

into mature, single positive, either CD4+ or CD8+ thymocytes according to their affinity 

for MHC class II and I, respectively (Takada and Takahama, 2015). This process takes 

place in the thymic cortex and heavily relies on sustained rather than transient interactions 

between developing thymocytes and thymic stromal cells (cortical thymic epithelial cells, 

cTECs) (Anderson and Takahama, 2012; Anderson et al., 1994; Wilkinson et al., 1995).  

The second requirement is achieved via negative selection, during which process, 

double-positive (CD4+CD8+) or single-positive thymocytes that express TCRs with high 

affinity for self-antigens are eliminated in the thymus before they enter the periphery 

(Klein et al., 2009; Takaba and Takayanagi, 2017). This is achieved when positively 

selected CD4+ or CD8+ T cells express the chemokine receptor CCR7 that allows them to 

migrate into the medulla, where the CCR7 ligands, CCL19 and CCL21 are highly 

expressed by the medullary thymic epithelial cells (mTECs) (Förster et al., 2008). 

 In the medulla, CD4+ or CD8+ T cells interact with APCs such as mTECs or 

dendritic cells (DCs) and that interaction results in the deletion of autoreactive T cells 

(clonal deletion). Given that certain antigens are only expressed in specific tissues, it is 

important that mTECs can present tissue-restricted antigens (TRAs), which in turn 

enables the deletion of cells specific for antigens that would normally be found only in 

peripheral tissues (Derbinski et al., 2001). TRA expression is controlled by transcriptional 

regulators such as Aire and Fezf2 in the mTECs (St-Pierre et al., 2015) (Fig. 1.3). 

Most of the T cells that recognise self-antigen-MHC complexes are deleted by 

mTECs and thymic DCs via apoptosis (negative selection), but a fraction of CD4+ single 
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positive thymocytes differentiates into the regulatory T cell lineage, which express FoxP3 

and specialise in the control of immune tolerance (agonistic selection) (Sakaguchi, 2000). 

Similar to negative selection, both mTECs and thymic DCs play an instrumental role in 

FoxP3+ thymic Treg (tTreg) development (Cowan et al., 2013; Perry et al., 2014). tTregs 

are mainly distributed in the thymic medulla prior to their migration into secondary 

lymphoid organs, where they limit autoreactive responses initiated by T cells that escaped 

central tolerance (Li and Zheng, 2015). 
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Figure 1.3 T cell development in the thymus. Initially, a population of early thymus 

progenitor cells enters the corticomedullary junction in the thymus. At this stage, the 

cells migrate into the cortex, rearrange their TCR genes and undergo multiple stages of 

development as double negative (DN) cells. A TCR is then presented on the surface of 

the cells, which differentiate into a double positive (DP) population, that expresses both 

CD4 and CD8. Subsequently, developing thymocytes interact with cTECs, in a process 

known as positive selection, giving rise to single positive (SP), either CD4+ or CD8+ T 

cells. SP cells can then upregulate CCR7 that allows their migration to the medulla, 

where negative selection takes place. In the medulla, SP cells interact with dendritic 

cells (DCs) or Aire+ and Fezf2+ mTECs that express tissue-restricted antigens (TRA). 

During negative selection, cells that are autoreactive undergo apoptosis, while the rest 

of the cells can successfully pass through the central tolerance screening, fully mature 

and egress from the thymus into the periphery as naïve T cells.  
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There are two alternative mechanisms that give rise to tTregs. The first suggests 

that once the TCR is engaged with its cognate antigen with medium affinity, there is an 

upregulation of the α chain of the IL-2 receptor, also known as CD25, that causes cells to 

become CD25+FoxP3- precursors, which can subsequently mature via IL-2 recognition, 

which drives STAT5 to support FoxP3 expression and development into CD25+FoxP3+ 

fully mature nTreg (Lio and Hsieh, 2008). Alternatively, nTreg can also develop from a 

CD25-FoxP3+ precursor population. FoxP3 is initially acquired via TCR engagement, 

which in turn leads to the phosphorylation of the proapoptotic molecule Bim. 

Furthermore, exposure to the common cytokine receptor γ chain family of cytokines (IL-

7, IL-2, IL-15 etc.) promotes Bcl-2 pro-survival factors, which rescue cells via CD25 

upregulation as they mature into CD25+FoxP3+ nTreg (Tai et al., 2013).  

1.5 Peripheral tolerance 

The primary mechanism that leads to self-tolerance is thymic deletion of 

autoreactive T cells (Kappler et al., 1987). However, thymic deletion can be imperfect 

and as a result, autoreactive T cells that recognise self-antigens, such as myelin basic 

protein (MBP), may escape to the periphery (Burns et al., 1983; Ponsford et al., 2001; 

Zhang et al., 1994), despite expression of such proteins in the thymus (Pribyl et al., 1993; 

Heath et al., 1998). The question that arises is how these autoreactive cells appear in the 

T cell repertoire of healthy individuals without triggering autoimmune responses. The 

answer can be found in the fact that these cells recognise their antigens with low avidity 

(Anderton and Wraith, 2002), and more importantly,  these cells are subject to 

mechanisms of peripheral tolerance that include T cell anergy (Schwartz, 1990) and T 

cell ignorance (Schietinger and Greenberg, 2014) or active mechanism of tolerance 

induction, which is mediated by distinct subset of regulatory T cells. In healthy 
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individuals, these mechanisms suppress the activation and expansion of autoreactive T 

cells that have escaped central tolerance in the thymus (Shevach, 2002).  

1.5.1 FoxP3+ regulatory T cells 

FoxP3+ regulatory T cells (Tregs) were first described by Sakaguchi and co-

workers as a potent CD4+ immunomodulatory T cell population that can be defined by 

the expression of the IL-2R α chain (Sakaguchi, 1995). The initial doubts about their 

existence were dissipated in 2003 by the discovery of the lineage-specific transcription 

factor FoxP3 (Hori et al., 2003; Fontenot et al., 2003; Khattri et al., 2003). Tregs are a 

subset of CD4+ T cells that are pivotal for the maintenance of tolerance and tissue 

homeostasis and are primarily generated in the thymus (tTregs), but can also be generated 

extrathymically at peripheral sites from naïve Τ cells (pTregs) or in vitro-induced 

(iTregs) in the presence of TGF-β (Shevach and Thornton, 2015).  

tTregs differentiate from CD4+CD8+ DP or CD4+ SP thymocytes depending on 

the expression of tissue-restricted self-antigens expressed in medullary thymic epithelial 

cells (Fontenot et al., 2005; Abbas et al., 2013; Hsieh et al., 2012; Klein et al., 2019). 

pTregs differentiate from naïve CD4+ T cells in secondary lymphoid tissue upon antigen 

recognition in the presence of TGF-β (Chen et al., 2003). Helios and neuropilin-1 (Nrp-

1) are the most commonly used markers to distinguish tTregs (Helios+Nrp-1+) from 

pTregs (Helios-Nrp1-) (Yadav et al., 2012; Weiss et al., 2012; Thornton et al., 2019). 

Many of the concepts developed in Treg biology over the last 20 years are based 

on in vitro studies that were aiming to measure the suppressive function of Tregs by co-

culturing them with different ratios of non-Treg cells (responder CD4+ or CD8+ T cells) 

that were triggered by TCR signalling in the presence of APCs (Thornton and Shevach, 
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2000, 1998; Sakaguchi, 1995; Takahashi et al., 1998). Tregs can suppress a wide range 

of immune cells, but primarily they exert their suppressive function by inhibiting the 

activation and expansion of naïve and memory Tconv cells (Levings et al., 2001).  

Several mechanisms have been proposed for the Treg-mediated suppression that 

can have either a direct effect on effector T cells (Piccirillo et al., 2002) or an indirect 

effect by altering the ability of APCs to present antigen or provide co-stimulatory signals. 

In particular, some of the mechanisms include the production of tolerogenic molecules 

(Shevach, 2009; Andersson et al., 2008; Collison et al., 2008; Borsellino et al., 2007), 

consumption of IL-2, since they express the high affinity IL-2R, CD25, thereby acting 

as IL-2 sinks to inhibit Tconv proliferation (Pandiyan et al., 2007), CTLA-4-mediated 

inhibition of co-stimulation (trogocytosis) (Wing et al., 2008; Qureshi et al., 2011) or 

depletion of peptide-MHC II complex of DCs (Akkaya et al., 2019) and contact-

dependant killing of antigen-presentation through granzyme B and perforin (Cao et al., 

2007) (Fig. 1.4). In addition to CTLA-4, the specific functions of other inhibitory 

receptors expressed at high levels by Tregs such as TIGIT, LAG-3, TIM-3 and PD-1 can 

also be involved in cell-contact-dependent suppression by specialised mechanisms 

(Anderson et al., 2016).  

FoxP3+ Tregs are not a uniform population of cells, but rather comprise several 

sub-phenotypes with differences in their differentiation stage and expression of effector 

molecules of suppression (Hori, 2014; Liston and Piccirillo, 2013).  Depending on the 

inflammatory cues, co-stimulatory signals and tissue localisation, there is a network of 

Tregs, which ensures that the timely and efficient T cell immunoregulation will occur 

(Stephens et al., 2007; Shevach, 2006). This high degree of heterogeneity within the Treg 

pool potentially reflects distinct physiological roles that are required throughout the 
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course of an immune response that allow a partial shift towards an effector phenotype 

while maintaining core suppressive functions (Cretney et al., 2013).  
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Figure 1.4 Mechanisms of Treg-mediated suppression. (1) Targeting DCs – 

modulation of APC activity through Treg engagement of co-stimulatory molecules 

such as CD80 and CD86 on the DC surface, leading to weak or abrogated signals to 

naïve/effector T cells; (2) Metabolic disruption includes cytokine deprivation, cyclic 

AMP-mediated inhibition, and adenosine receptor (A2A)-mediated 

immunosuppression; (3) Tregs can compete against effector T cells for critical 

cytokines such as IL-2 and even directly disrupt effector T cell engagement with 

APCs; (4) Cytolysis of effector T cells or APCs via the production of granzyme B 

and perforin that leads to apoptosis; (5) Secretion of anti-inflammatory cytokines 

such as IL-10, IL-35 and TGF-β.  
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In recent years, a new classification system of Treg cells was used based on their 

activation status. tTregs can be subdivided into naïve-like, resting, central Tregs (cTregs), 

versus activated, effector-like Tregs (eTregs) (Hayatsu et al., 2017; Luo et al., 2016; 

Liston and Piccirillo, 2013). In the presence of TCR, CD28 and IL-2 signalling, cTregs 

differentiate into eTregs, which are defined by CD62LlowCD44hi or CCR7loCD44hi 

(Smigiel et al., 2014; Levine et al., 2014; Li and Rudensky, 2016). eTregs express high 

levels of CTLA-4, TIGIT, ICOS, GITR, IL-10 compared to cTregs, which likely 

contributes to the enhanced suppressive capacity of these cells (Koizumi et al., 2018; Wei 

et al., 2017; Dias et al., 2017).  

A central driver of eTreg differentiation is a transcriptional program driven by 

IRF4, which is activated by TCR. Together with BATF, JunB and other AP-1 

transcription factors, IRF4 regulates the majority of eTreg genes such as Blimp-1, which 

in turn promotes the expression of IL-10 (Cretney et al., 2011; Ogawa et al., 2018; Iwasaki 

et al., 2013). Even though eTregs bear a lot of similarities with antigen-experienced 

Tconv, it is not clear whether TCR engagement alone is sufficient to drive eTreg 

differentiation or whether there is a requirement for additional stimuli in vivo, such as IL-

2, inflammatory signals, or co-stimulation (Fig. 1.5).  
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Figure 1.5 Transcriptional Regulation of Differentiation and Functions of Effector T 

Regulatory Cells. Upon antigen stimulation, central Treg (cTregs) cells (CD62Lhi CCR7hi 

CD44lo) differentiate into effector Treg (eTreg) cells (CD62LloCCR7loCD44hi), depending 

on TCR and CD28 signalling. After activation, TCR-dependent transcription factors, such 

as interferon regulatory factor 4 (IRF4), are induced and regulate the eTreg transcriptional 

program. In contrast, Foxo1 is inactivated by Akt-signalling, which downregulates 

expression of cTreg-related molecules. Loss of Id2, transcription factor 1 (TCF1), and 

lymphoid enhancer binding factor 1 (LEF1) expression is a signature of mature eTreg cells. 

Mature eTreg cells highly express immune suppressive molecules, such as cytotoxic T cell 

antigen 4 (CTLA-4), B-lymphocyte-induced maturation protein 1 (Blimp-1), IL-10 and 

inducible T cell co-stimulator (ICOS). Adapted from:  Koizumi, S., & Ishikawa, H. (2019). 

Transcriptional Regulation of Differentiation and Functions of Effector T Regulatory Cells. 
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eTregs can undergo further stimulus-specific differentiation that is regulated by 

transcription factors typically associated with the differentiation of conventional T-helper 

(TH) cells. In particular, naïve CD4+ T cells can differentiate into functionally distinct 

subsets of effector T cells (T helper 1 (Th1), Th2 and Th17) defined by the expression of 

the transcription factors Tbet, GATA3, RORγt, respectively (Zhu et al., 2012). 

Surprisingly, recent findings show that the cytokine signals that polarise Tconv cells, not 

only have an impact on TH cell differentiation, but also on the functional specialisation of 

eTregs under these conditions (model of parallel differentiation) (Fig. 1.6) (Levine et 

al., 2017; Sefik et al., 2016; Koch et al., 2009; Ohnmacht et al., 2015).  

Furthermore, Th2-like Tregs expressing GATA3 and IRF4 have been proposed to 

play a role in controlling all eTregs and not just mirror the Th2 phenotype specifically 

(Wohlfert et al., 2011). It has been proposed that each Th-like phenotype of Tregs may 

enable them to migrate to the inflamed tissue site and suppress the corresponding Tconv 

subgroup (Wing and Sakaguchi, 2012). This division of labour among Tregs, witnessed 

both at immune homeostasis and during inflammatory conditions, may regulate 

specialised regulation of specific T helper cell responses without giving rise to any 

undesired bystander effect (Chaudhry and Rudensky, 2013; Josefowicz et al., 2012). 

Whether expression of these factors indicates the heterogeneity of functionally distinct 

subsets, with stable, terminally differentiated states, or maybe readily reversible, remains 

to be determined (Liston and Gray, 2014). 

In addition to transcription factors, epigenetic modifications are also associated 

with eTreg differentiation (Nakatsukasa et al., 2019; Yue et al., 2019; Obata et al., 2014). 

However, the molecular associations between the transcriptional programming and 

epigenetic modifications of eTregs are not well-defined. Further elucidation of the role of 
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eTreg-related transcription factors in gene expression, chromatin accessibility and histone 

modifications will pave the way towards understanding the crosstalk between 

transcriptional signatures and epigenetic regulators in eTreg biology.   
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Figure 1.6 Differentiation of effector CD4+ T cells and Tregs. Following TCR 

engagement, naïve CD4+ T cells can functionally differentiate into different effector cell 

lineages (Th1, Th2, Th17). The differentiation pathway relies both on the inflammatory 

signals found in the microenvironment of the cells, as well as on transcriptional factors (TF) 

including Tbet (Th1), GATA3 and IRF4 (Th2) and RORγt (Th17). Similarly, upon repeated 

exposure to antigen, naïve Tregs can also differentiate into distinct effector Treg (eTreg) 

lineages, by expressing TFs that were previously thought to be expressed only by 

conventional T cells. Even though eTregs demonstrate a high degree of heterogeneity, 

depending on the tissue they are found in, and the polarising conditions, IL-10 and Blimp-1 

appear to be among the most stably expressed markers. 
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1.5.2 IL-10+FoxP3- Tr1 cells 

In addition to thymically derived Foxp3+ Tregs, there are other types of regulatory 

T cells that can differentiate from naive T cells upon repeated exposure to antigen in the 

presence of anti-inflammatory cytokines. For instance, IL-10-secreting cells that lack the 

expression of FoxP3, also known as Tr1 cells, can be induced in vitro from naïve T cells 

that were stimulated repeatedly via their TCR in the presence of IL-10 (Groux et al., 1997; 

Barrat et al., 2002). Furthermore, Tr1 cells can also be induced in vivo by repeated 

administration of superantigens (Sundstedt et al., 1997; Miller et al., 1999) or soluble 

peptides via a tolerogenic route (Burkhart et al., 1999). These cells are predominantly 

CD25- (Sundstedt et al., 2003), although they can transiently upregulate CD25 upon 

antigen exposure (Anderson et al., 2005). They primarily exert their immunosuppressive 

phenotype via secretion of the immunomodulatory cytokine, IL-10, which dampens the 

function of both antigen-presenting cells, giving rise to tolerogenic dendritic cells 

(tolDCs) and antigen-specific effector T cells (Chihara et al., 2016). 

 tolDCs can also produce lower levels of the pro-inflammatory cytokine, IL-12, 

which in turn potentiates naïve T cells to acquire a Th1 effector phenotype (Gabrysova et 

al., 2009). Furthermore, like FoxP3+ Tregs, Tr1 cells can kill effector and myeloid cells 

through the perforin-granzyme B pathway (Roncarolo et al., 2014). The existence of 

antigen-specific Tr1 cells makes them a very appealing target for antigen-specific 

immunotherapies to treat a wide range of autoimmune diseases in a more effective way, 

by circumventing the side effects associated with immunosuppressive drugs.  

Despite the fact that Tr1 cells lack FoxP3 expression, they exert a similar in vitro 

phenotype to those of Foxp3+ Tregs. In particular, they remain unresponsive in terms of 

proliferation upon antigen recognition, they can mediate suppression that is driven by cell 
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contact, they secrete very low levels of IL-2, and they express activation markers on their 

surface (Vieira et al., 2004). We speculate that FoxP3- Tr1 and Foxp3+ Tregs potentially 

share some suppressive mechanisms in vitro; however, their long-term stability in vivo is 

yet to be determined. 

Previous work by the Wraith lab has shown that presentation of peptide antigens 

on steady state dendritic cells increases the proportion of Foxp3+ T cells in vivo; however,  

the major impact of treatment with tolerogenic peptides, is to convert potentially 

pathogenic T cells that derive from a Th1-skewed murine model, into regulatory Tr1 cells 

(Burton et al., 2014; Burkhart et al., 1999; Sundstedt et al., 2003). In a recent publication, 

Shepard et al., has shown that for effective tolerance induction, peptides must be designed 

to bind the MHC class II molecule on immature, steady-state dendritic cells (ssDCs) in a 

conformation that mimics the naturally processed epitope (antigen-processing 

independent epitopes/apitopes. ssDCs express low levels of MHC II and co-stimulatory 

molecules (CD80, CD86, CD40), therefore the presentation of T cell epitopes by them is 

tolerogenic, leading to T cell death, anergy or the adoption of a regulatory phenotype 

(Steinman et al., 2003).  A critical requirement for that is peptide solubility since peptides 

should be in soluble form in order to be tolerogenic rather than immunogenic and 

distribute throughout the body to bind to their MHC restriction element on ssDCs in 

lymphoid organs (Shepard et al., 2021).  

These Tr1 cells that are generated in response to soluble peptides presented by 

ssDCs are anergic, they produce high levels of IL-10, and lack expression of Foxp3, but 

express a similar tolerance associated gene signature to the IL-10-producing cells that 

control immune pathology in chronic infection (Sundstedt et al., 2003). In particular, they 

express the IL-10 promoting transcription factors c-Maf and NFIL3 and upregulate 
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inhibitory receptors CTLA-4, LAG-3, TIM-3 and TIGIT (Burton et al., 2014). Recent 

publication from our lab has shown that tolerance induction is responsible for the 

preferential epigenetic priming of tolerance-associated genes,  rendering them more 

responsive by allowing them to be induced at a lower threshold of TCR/CD28 signalling 

than that required for immune response genes (Bevington et al., 2020). 

 In particular, Tr1 cells were less inducible at immune response gene sites, such 

as Nr4a3, Il2, Tnf, Cfs2, Cd40Ig, Nfkb1, while becoming more inducible for tolerance-

associated genes, including inhibitory receptors, such as Ctla4, Tigit, Lag3, Havcr2 (TIM-

3), Pdcd1 (PD-1), transcription factors Nfil3 and Maf, and the immunoregulatory cytokine 

genes Il10 and Il21 (Bevington et al., 2020). Even though it has been suggested that Tr1 

cells bear a lot of phenotypic similarities with exhausted T cells found in the tumour 

microenvironment (Chaudhary and Elkord, 2016), in our system, Tr1 cells are highly 

functional upon antigen encounter, which promotes IL-10 production and expression of 

co-inhibitory receptors and their state of anergy is reversible with addition of external IL-

2 (Anderson et al., 2005). 

1.6 Autoimmune Diseases  

Even through there are several levels of immune regulation in place to ensure a 

state of non-responsiveness to specific antigens, immune responses are still raised to 

innocuous antigens from host tissue, the environment, commensal bacteria, or food 

particles due to a loss or dysfunction of tolerance mechanisms. In these cases, detrimental 

chronic inflammation is mounted, and disorders occur, including allergic reactions, such 

as asthma and autoimmune diseases, such as rheumatoid arthritis (RA), systemic lupus 

erythematosus (SLE), type I diabetes (T1D) and multiple sclerosis (MS). In these 

autoimmune diseases, the immune system attacks the host, because the immune cells of 
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the affected individuals are insufficiently tolerant towards certain ‘self’ proteins, and they 

attack them as foreign.  

Most autoimmune diseases are polygenic disorders reflecting the complex 

interface between disease susceptibility and resistance genes and they have been strongly 

associated with genetic, infectious, and environmental predisposing factors. They 

comprise multiple disorders with a wide range of symptoms from organ-specific (e.g., 

Graves’ diseases – thyroid gland, Hashimoto’s – thyroid gland, Goodpasture’s – lungs 

and kidneys, T1D – beta cells of the endocrine pancreas), in which antibodies and T cells 

react to self-antigens localised in a specific tissue, to systemic (SLE, RA), which are 

characterised by reactivity against a specific antigen(s) spread throughout various tissues 

in the body. The aetiology remains largely unknown with more than ¾ of those affected 

being women (Jacobson et al., 1997). Although the underlying mechanisms for this 

predisposition are not well understood, it is known that females produce much higher 

levels of oestrogen and reduced levels of testosterone, and it is well documented that these 

hormones may modify the outcome of the immune response (Cutolo et al., 2004).  

There are a few different mechanisms of tolerance breakdown that lead to 

autoimmunity including, molecular mimicry, bystander activation, and exposure of 

cryptic antigens. In the case of molecular mimicry, exposure to foreign antigens induces 

excessive inflammation due to cross-reactive epitopes that are essentially shared 

immunological epitopes between the pathogen and the host (Fujinami et al., 1983). This 

high degree of homology in sequence or structure between foreign and self-antigens 

epitopes (cross-reactivity) can lead to a persistent proinflammatory cytokine release 

against host tissue and eventually in undesired immune pathology (Cusick et al., 2012). 

Furthermore, bystander activation is characterised by autoreactive T and B cells that 
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undergo activation in the absence of antigen recognition. In that case, self-reactive T cells 

can be activated by a combination of co-signalling ligands and interactions with adjacent 

cells, which spread the inflammatory cues to bystander cells that are found in close 

proximity; this results in additional immunopathology at sites of infection (Pacheco et al., 

2019). Finally, it has been proposed that anatomically sequestered epitopes that are found 

in tissues or cellular locations that are less accessible, such as the immune privileged sites 

(i.e., CNS), are not readily presented for recognition by T cells. These epitopes are termed 

cryptic, and when they become visible to the immune system they can elicit a sustained 

pathogenic response that can propagate autoimmunity (Warnock and Goodacre, 1997).   

There is no cure for autoimmune diseases and the traditional therapeutic strategies 

aim at long-lasting remission with reduction of the symptoms and improvement of the 

quality of life. There is a pressing need to better understand the mechanisms underpinning 

the autoimmune conditions and develop more targeted approaches for their successful 

treatment. In the next paragraph, there is a description of novel approaches in the field of 

immunotherapy that are currently being developed and some of them are already tested 

in the clinic.   

1.7 Antigen-specific immunotherapy for the treatment of autoimmune 

diseases 

Allergen immunotherapy (AIT) has been practised in the field of allergy for over 

a century now (Noon, 1911). In the initial studies, it was shown for the first time that 

repeated inoculation with grass pollen extract using increasing subcutaneous doses led to 

amelioration of the disease symptoms setting the foundations of the allergic 

desensitisation protocols practised today (Patel et al., 2013). Allergic reactions have a lot 
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in common with autoimmune responses, because in both settings there is a population of 

over-active antigen-specific T and B cells that drives the disease development. Therefore, 

the development of antigen-specific immunotherapy (ASI) approaches for the treatment 

of autoimmune diseases has benefited from substantial knowledge transfer between the 

two fields.  

Furthermore, over the past decades, the prevalence of autoimmune diseases has 

risen, with recent estimations reporting that these conditions can impact up to 10% of 

individuals at some point in their life, highlighting the unmet need for a safe, effective 

and long-lasting treatment regime (Lerner et al., 2015). Current immunotherapies use 

non-specific immunotherapeutic drugs that cause systemic immunosuppression and 

have both short- and long-term adverse effects by rendering the patient susceptible to 

infections and cancer. Furthermore, these drugs fail to resolve the underlying cause of the 

immunopathology and the breach in tolerance to self-antigens. Novel approaches in 

antigen-specific immunotherapy aim to reinstate the state of immune tolerance to self-

antigens exclusively in the autoreactive cells that are responsible for the disease 

progression, while leaving the rest of the immune cells intact and capable of fighting 

infectious agents and tumour cells. In that way, the function of disease-causing cells 

would be targeted specifically to become disease-regulating, without compromising the 

entirety of the immune system (Wraith, 2016).  

1.7.1 Platforms used for immunotherapy – the importance of peptide 

immunotherapy 

There are currently several different approaches used for immunotherapies  based 

on four central themes: i) targeting the DC:T cell interaction and generating tolerogenic 

DCs using immunosuppressive agents, ii) administrating self-antigens with peptide MHC 
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II nanoparticles (pMHC-NP), iii) delivering peptide conjugated erythrocytes iv) 

administrating self-antigen derived T cell epitopes optimised for solubility and MHC 

binding, injected directly without carrier or adjuvant (Fig. 1.7) (Wraith, 2018). 

1.7.1.1 Autologous tolerogenic DCs 

Previous studies have shown that it is possible to modify autoimmune phenomena 

in vivo by targeting autoantigens to tolerogenic DCs or by the simultaneous delivery of 

autoantigens with drugs designed to sustain the immature phenotype of DCs in vivo (Bell 

et al., 2017; Martin et al., 2007; Benham et al., 2015). Immature steady-state DCs (ssDCs) 

are tolerogenic since they have low expression of MHC II and low levels of the co-

stimulatory molecules CD80, CD86, CD40, which are upregulated upon encounter with 

inflammatory signals via PAMPs. If antigens are presented by ssDCs, T cells are not 

sufficiently stimulated and either die by apoptosis or divert into an anergic or a regulatory 

phenotype (Perona-Wright et al., 2007). 

Several groups have developed methods to generate monocyte-derived DC 

populations (moDC), which can be treated with vitamin D3 or rapamycin to enhance their 

capacity for tolerance induction. Normally, tolerogenic DCs are pre-loaded with antigen 

prior to re-infusion to direct their function towards specific antigens. In recent studies for 

the treatment of RA, tolerogenic DCs were induced either by using dexamethasone, 

vitamin D3 and monophosphoryl lipid A or by inhibiting the NF-κB pathway. In the first 

case, the resulting cells were anergic and capable of suppressing T cell proliferation and 

production of pro-inflammatory cytokines such as IFN-γ and IL-17 (Harry et al., 2010). 

In the second case, DCs were treated with NF-κB inhibitor, Bay11-7082, and 

subsequently suppressed RA in an antigen-specific manner in mice (Martin et al., 2007). 

Notably, these treatments rendered tolerogenic DCs incapable of responding to any 
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inflammatory signals in vitro, indicating that the effect of the treatment was not readily 

reversible and that the tolerogenic phenotype was well established. 

1.7.1.2 Peptide MHC II – Nanoparticles (pMHC-NP) 

This approach utilises a system where nanoparticles are coated with MHC class 

II and antigenic peptide creating an artificial APC (Clemente-Casares et al., 2016). The 

principle behind this system is very similar to the peptide immunotherapy protocol (see 

section 1.5.2 about IL-10+FoxP3- Tr1 cells) as they both establish immune tolerance by 

the induction of IL-10-producing CD4+ T cells through a negative feedback mechanism 

(Gabrysova et al., 2009; Gabryšová and Wraith, 2010; Metzler and Wraith, 1993). 

However, with this approach the generated Tr1 cells not only express IL-10 and co-

inhibitory molecules, but also express low levels of pro-inflammatory cytokines such as 

TNF-α, IL-5 and GM-CSF (Singha et al., 2017). In two recent studies, it was 

demonstrated that the administration of these nanoparticles to the liver can reinstate 

immune tolerance towards liver autoantigens and interestingly, mediate a strong 

bystander suppression effect between distinct liver autoantigens (Umeshappa et al., 2019, 

2020).  

However, it should be noted that MHC-Ag bearing nanoparticles will suppress 

only ongoing autoimmune diseases, but will not serve as a prophylactic measure to 

prevent disease onset, since they are not able to interact with naïve T cells, which require 

at least low levels of co-stimulatory signals.  

1.7.1.3 Peptide conjugated erythrocytes  

It has been shown that red blood cells (RBC) that are pre-coated with tolerogenic 

peptides bind macrophages in the spleen and Kupffer cells (KC) in the liver, to induce the 
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expansion of FoxP3+ Treg cells (Grimm et al., 2015; Carambia et al., 2015). RBC and 

larger liposomes that target the liver as a site for tolerance induction utilise the ability of 

this organ to establish and maintain a tolerogenic environment despite the constant supply 

of antigens deriving from the blood or gut that even though innocuous, they could 

potentially initiate an undesired immune response. Furthermore, KC can also induce 

localised tolerance since they were the predominant population within the liver to 

internalise  labelled particles and promoted the expansion of OVA-specific FoxP3+ Tregs 

in vivo as shown by tracking OVA-loaded liposomes using intravital microscopy 

(Heymann et al., 2015).  

1.7.1.4 Soluble peptides/Apitopes  

Previous work from the Wraith group has shed light in some of the mechanisms 

of peptide immunotherapy using the Tg4 mouse model, in which approximately 95% of 

CD4+ T cells are specific to the immunodominant peptide of myelin basic protein 

MBPAc1-9 (Liu et al., 1995).  The dose escalation regime that was developed, in which 

increasing doses of the high affinity MBPAc1-9 [4Y] were administered in saline via a 

tolerogenic route over the course of 4 weeks was able to induce IL-10-producing Tr1 cells 

in vivo, which in turn were able to orchestrate IL-10-dependant negative feedback 

pathways that ameliorated EAE pathology driven by MBP (Liu and Wraith, 1995; 

Sundstedt et al., 2003; Gabrysova et al., 2009; Burkhart et al., 1999; Nicolson et al., 

2006). The gradual increase in the antigen concentration is a prerequisite that ensures 

both the safety and efficacy of peptide immunotherapy, and it circumvents adverse events 

(i.e., cytokine storm) that could potentially occur with direct administration of high dose 

and affinity antigen (Sabatos-Peyton et al., 2010; Gabryšová and Wraith, 2010).  
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ASI may form the basis of future therapies in autoimmune disease because it has 

proven efficacious in disease progression as evidenced by induction of long term 

remission in two clinical trials (Streeter et al., 2015; Chataway et al., 2018). A better 

understanding of the mechanistic basis for the use of tolerogenic peptides for the 

generation of Tr1 cells in vivo as well as their functional and phenotypic properties of 

these cells will be of great benefit for the treatment of human autoimmune conditions. 

From a logistical point of view, short peptides can be manufactured in a standardised 

manner with low production costs and are relatively stable in a lyophilised form at room 

temperature (Moldaver and Larché, 2011). Also, cost of production of peptide-based 

therapies is low since mass production of high purity product is achievable making this 

approach the most straightforward and inexpensive for the treatment of autoimmune 

diseases. 

The challenge with each one of these approaches will be to find the optimal dose 

and route of administration for treating patients in a safe and effective manner. As these 

options progress towards clinical trials, it is vital that their mechanisms of action are 

thoroughly investigated so that affected individuals can benefit fully from antigen-

specific immunotherapy for autoimmune disease. At this time, only the soluble peptide 

approach has undergone extensive clinical testing in the field of allergy (Campbell et al., 

2009; Ellis et al., 2017), hypersensitivity (Goel et al., 2017), and autoimmunity, both in 

T1D (Thrower et al., 2009; Ali et al., 2017) and MS (Walczak et al., 2013) and this, the 

most simple and straightforward of the approaches described, has proven safe and well 

tolerated.  

In particular, for the treatment of MS, a phase I clinical trial with ATX-MS-1467, 

a cocktail of 4 MBP epitopes, showed that this treatment is safe and well-tolerated in a 
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group of 6 patients with secondary progressive MS (Streeter et al., 2015). The same 

treatment regime was used in patients with relapsing MS in a phase II clinical trial that 

assessed the efficacy by evaluating MRI parameters and clinical variables. In this study, 

the T1 gadolinium enhancing lesions that are associated with active inflammation in MS 

were significantly reduced in 37 participants upon treatment compared to baseline and 

remained reduced until the completion of the study.  Interestingly, a longer dose 

escalation treatment had a more favourable effect on efficacy, since it provided long-

lasting protection during off-treatment follow-up (Chataway et al., 2018). The data from 

these studies demonstrate that the treatment with increasing doses of MBP epitopes (dose 

escalation) is safe, well-tolerated and effective, and further trials are warranted.  

Furthermore, it was shown that treatment of HLA-DR transgenic mice with 

epitopes of the thyrotropin receptor (TSHR) was sufficient to suppress both the T cell and 

antibody response to TSHR that can lead to the development of Graves’ disease (GD); 

therefore, this study provided the rationale for using antigen-specific immunotherapy for 

treatment of GD (Jansson et al., 2018). In a phase I clinical trial for GD, 12 participants 

with previously untreated mild to moderate Graves’ hyperthyroidism were administered 

intradermally with ATX-GD-59, a combination of two TSHR peptides over an 18-week 

period. Results from this study showed that this treatment was safe and well-tolerated, 

with improvement in free thyroid hormones in 70% of the participants suggesting the 

potential efficacy of this approach (Pearce et al., 2019). Taken together, the clinical trials 

in both MS and GD provide evidence on the clinical relevance and application of peptide 

immunotherapy for the treatment of autoimmunity.  
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Figure 1.7 Summary of antigen-specific immunotherapy approaches in 

preclinical/clinical development. Antigen-specific immunotherapies can vary from the 

simple administration of soluble peptides that bind ssDCs to more complex approaches 

that utilise carrier systems to ensure antigen delivery to the target tissue. A brief 

description of each one of the current approaches is presented with their main principles.  
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1.8 Bystander suppression: proposed mechanisms and relevance to 

peptide immunotherapy 

The complex and multifactorial nature of autoimmune diseases makes the 

identification of disease-initiating autoantigens a significant challenge especially if we 

consider the high degree of variability among the immune responses of patients and at 

different stages throughout the course of disease progression (Mazza et al., 2002; 

Ponsford et al., 2001). For example, for diseases like Graves’ disease, the target antigen 

is well-defined. However, for most autoimmune diseases it is not fully understood which 

antigen is targeted by the immune system to initiate the disease. For many others, 

antibodies specific for self-antigens are associated with disease, but it’s not clear whether 

they play a role in immune pathology. 

 Furthermore, the phenomenon of epitope spreading, where the initial immune 

response towards the dominant epitope is extended to secondary epitopes over the time, 

adds another layer of complexity (Chan et al., 1998). Despite these obstacles, a series of 

studies for different autoimmune disease has led to the design of clinical trials, where 

peptides were tested for the treatment of MS, T1D, SLE and Graves’ disease (Ali et al., 

2017; Chataway et al., 2018; Pearce et al., 2019; Zimmer et al., 2013). 

 The outstanding question that arises is how we can tolerise T cells against all 

(known and unknown) epitopes involved in disease progression. The answer may lie in 

the induction of linked or bystander suppression. In particular, if the autoantigen that is 

initiating the autoimmune response is not well-defined or when the disease is triggered 

by multiple autoantigens, it is possible to modulate the course of the response by targeting 

only one antigen if it is found withing close physical proximity via linked or bystander 
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suppression. Linked and bystander suppression were two terms first coined 30 years ago 

by Miller and colleagues during their studies of oral tolerance induction and initially they 

were used interchangeably to describe the same phenomenon (Miller et al., 1992). 

However, there are some fine differences between the two types, because linked 

suppression refers to the phenomenon where antigen-specific T cells towards antigen A 

can dampen immune responses against antigen B by either inhibiting APCs or adjacent T 

cells if both antigens are presented on the surface of the same APC, while in bystander 

suppression, antigens can be presented on different APCs. Both linked (Hoyne et al., 

1993, 1999) and bystander suppression (Anderton and Wraith, 1998) have been reported 

to be outcomes of ASI in allergic and autoimmune settings.  

 The processes by which this antigen-independent type of suppression occurs 

remain largely obscure, however it has been shown to play a role in murine models of 

peptide tolerance seen in EAE and allergic contexts (Anderton and Wraith, 1998; Miller 

et al., 1991). Anderton and colleagues have demonstrated that there is a certain degree of 

hierarchy in terms of tolerogenicity between three encephalitogenic peptides that were 

associated with EAE and derived from myelin, MBPAc1-9, MBP89-101 and proteolipid 

protein PLP139-151. These three myelin epitopes showed differential abilities to induce 

antigen-specific tolerance as well as bystander suppression to multiple antigens. 

Administration of MBPAc1-9 could induce tolerance in MBPAc1-9-specific T cells and to 

MBP89-101-specific T cells, hence demonstrating linked suppression (Anderton et al., 

2002).  

Conversely, tolerisation with PLP139-151 peptide could control T cell-mediated 

immune responses both towards PLP139-151, and also towards MBP89-101 and MBPAc1-9 due 

to the bystander effect. Tolerance to PLP139-151 peptide could be extended to include the 
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MBP epitopes, only if the PLP139-151-treated mice were immunised with the whole MBP 

antigen, rather than the separate MBP epitopes. This requirement implies that the 

antigenic epitopes of MBP need to be presented within the draining lymph node 

simultaneously as the tolerogenic PLP peptide for the bystander suppression to take place.   

Similarly, another study showed that Treg-derived TGF-β can prevent EAE both 

when disease is initiated via MBP or PLP, indicating a bystander regulation of multiple 

antigen specificities in complex disease (Chen et al., 1994). This phenomenon is also seen 

in the field of allergy, and in particular cat allergy, where tolerance induction using 12 

Fel d1 peptides not only suppressed patient responses to these 12 peptides, but also to 

peptides that were not included in the tolerogenic mixture (Campbell et al., 2009).  

Antigen-specific immunotherapies based on single antigen specificities are not 

very promising when it comes to tackling complex and dynamic multi-antigen diseases 

such as type I diabetes (T1D) and rheumatoid arthritis (RA), unless they are able to 

mediate a strong bystander effect that will be able to control pathogenic T cells of various 

antigen specificities. At present, we know little about the mechanism of action (MoA) of 

novel ASI approaches that are being tested in clinical trials. There is a pressing need to 

define the optimal conditions for induction of tolerance, defining the means of 

establishing efficient desensitisation and duration of the disease suppression while also 

elucidating the molecular basis of effective immunotherapies. Therefore, understanding 

the MoA of bystander suppression and how to incorporate it into current peptide 

immunotherapies in the most effective way will open new avenues of treatment of 

autoimmune disease without the need to target a specific antigen.  
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Figure 1.8 Mechanism of action of peptide immunotherapy using soluble peptides. 

Repeated doses of soluble peptides representing T cell epitopes can bind directly to MHC class 

II molecules on steady-state dendritic cells (ssDCs). These ssDCs are unable to properly prime 

and activate antigen-specific T cells, resulting in T cell anergy and conversion to IL-10+ FoxP3- 

Tr1 cells. These tolerised Tr1 cells are no longer able to respond to the target antigen and are 

able to suppress the expression of co-stimulatory molecules and exert bystander or linked 

regulatory effects on neighbouring DCs or effector T cells to downregulate immune responses 

in a non-antigen specific manner. Myeloid-derived suppressor cells (MDSCs) are also generated 

in large numbers as a result of peptide immunotherapy, and IL-10+ Bregs have been reported. 
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1.9 Thesis aims  

To be able to successfully design tolerogenic peptides that have the ability to 

ameliorate autoimmune diseases, a thorough understanding of T cell responses towards 

autoantigens is required. Previous studies by the Wraith group have shown that T cell 

epitopes delivered as highly soluble peptides can induce antigen specific tolerance by 

giving rise to IL-10-producing Tr1 cells. The analysis after each consecutive dose of 

peptide treatment using a Tg4 IL-10 GFP-reporter mouse revealed a positive correlation 

between inhibitory molecules, including TIGIT and IL-10, as 50% of TIGIT+ cells 

expressed IL-10 (Burton et al., 2014b). This observation indicates that TIGIT could be a 

useful surrogate marker for these antigen specific Tr1 cells and potentially exert a 

functional role on these cells and other regulatory T cells.  

Chapter 3 investigates the role of TIGIT both in the regulation of central tolerance 

by looking at its impact on thymic Tregs and at its involvement in the maintenance of 

peripheral tolerance. For the latter, TIGIT was examined in the context of its ability to 

interfere with the generation and function of different regulatory populations (iTregs, Tr1 

cells, effector Tregs) as well as their potential impact on the maturation of dendritic cells.  

The identification of autoantigens involved in autoimmune diseases can be 

challenging, particularly in complex inflammatory diseases, where multiple antigens, 

potentially unknown, are involved. Multi-antigen suppression has been observed in 

various animal models and has also been inferred in clinical applications of antigen-

specific immunotherapy, whereby tolerance induction to a single epitope/antigen, can 

offer broader protection. Chapter 4 introduces a system that allows the study of the 

mechanisms of bystander suppression both in vitro and in vivo. Antigen-specific 

immunotherapy gives rise to both FoxP3+ Tregs and FoxP3- Tr1 cells that are involved in 
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different aspects of tolerance induction. However, little is known about which cell 

population is the most potent mediator of bystander suppression, their functional 

differences as well as the underlying mechanism of action; the work presented here aims 

to delineate that. Furthermore, this chapter aims to address the hypothesis that peptide 

immunotherapy not only equips in vivo-induced Tr1 cells and Tregs with tolerogenic 

properties, but also has an impact on dendritic cells, potentially rendering them 

tolerogenic. Finally, adoptive transfer experiments aimed to reproduce some of the in 

vitro findings in an in vivo model of bystander suppression to investigate their 

physiological relevance and the future application in a clinical setting. 

Finally, chapter 5 addresses the question of how peptide immunotherapy leads to 

a switch from a non-suppressive to a highly suppressive phenotype among Foxp3+ Treg 

cells. By utilising RNA sequencing techniques, differentially expressed genes were 

identified and molecular pathways associated with the switch in regulatory T cell function 

were revealed.  
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2.1 Experimental animals   

Mice used for this thesis were housed under specific pathogen-free (SPF) 

conditions at the Biomedical Services Unit (BMSU) at the University of Birmingham and 

all the experiments were carried out in accordance with Home Office guidelines and 

followed the Animals (scientific Procedures) Act 1986. Mice were housed with sawdust 

and shredded paper as bedding, with standard laboratory mouse chow and water available 

ad libitum. All breeding, maintenance and procedures were conducted under specific 

regulations as stated by the Home Office Personal and in accordance with the UK Home 

Office Project Licence held by Professor David Wraith (P17E7ABFB). For experimental 

purposes, all mice were sacrificed and culled under Schedule 1 procedure, cervical 

dislocation. Male and female mice were used, aged between 8-12 weeks. No formal 

randomisation was undertaken; but wherever possible, mice were equally distributed 

between groups, based on age and sex.  

2.1.1 Tg4 mice 

  The generation of the Tg4 mouse strain has been previously described (Liu et al., 

1995). These mice, extensively backcrossed onto the B10.PL (H-2 Au) background, 

express the αβ TCR (Vα4, Vβ8.2) of the MBP Ac1-9 specific hybridoma 1934.4, which 

was derived from an encephalitogenic T cell clone. TCR alpha and beta transgenic 

constructs were generated by inserting cDNA containing the leader and coding sequences 

into the human CD2 minigene. RNA splice sites and a polyA signal sequence were 

introduced by ligating a genomic segment of the human beta globin gene 3’ to the TCR 

sequence. The final constructs were injected into (CBA x B10) F2 fertilized eggs and 

founder mice backcrossed onto the B10.PL background. The TCR transgene expression, 

MHC-II haplotype, T and B cell sufficiency was assessed by flow cytometric analysis of 
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Vβ8.2, CD4, CD19, Au levels in the peripheral blood. Approximately 95% of CD4+ cells 

found in the Tg4 mouse are specific for the immunodominant epitope of MBP (4K 

peptide), therefore it serves as a model to study antigen specific CD4+ T cell responses. 

2.1.2 Tg4.TIGIT Crispr knockout mice 

Using this parental Tg4 strain, a TIGIT knock out mouse was generated with the 

CRISPR-Cas9 technology.  Mutation of the TIGIT gene was carried out using 2 guide 

RNAs for either end of exon 2 generated by NHEJ method (Sharma and Raghavan, 2016):  

guide RNA #407: HA10355407_MM0000134136_Tigit 

crRNA_Ex2_oligo#8024098841-100004 (sequence 

AGGCACGAUAGAUACAAAGGUUUUAGAGCUAUGCUGUUUUG) and  

guide RNA #408: HA10355408_MM0000134139_Tigit 

crRNA_Ex2_oligo#8024098841-100005 

(CCUAUCAUACGUAUCCUGGGUUUUAGAGCUAUGCUGUUUUG) (Sigma), 

tracrRNA TRACRRNA05N (Sigma) and Cas9 (EnGen Cas9 NLS, NEB) by 

microinjection into pronucleus of single cell fertilised Tg4 mouse embryos at 0.5 days 

post coitum).  This generated an 8bp deletion in the Crispr1 site of exon 2 of the TIGIT 

gene.  The Crispr2 site at the 3’ end of exon 2 did not show any base changes.  

 

Tg4/Tigit_LN7/8b 

TIGIT intron 1-2, Exon 2, intron 2-3: F primer/ TIGIT Ex 2/ R primer G->C/ Crispr 

sites 1 & 2 

   

Tg4 wildtype sequence 

  -> F primer 
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GAGTCCATGG GAAAGGGACC ATGGCTGGGG CTTCAGGCCT 

CGAGTGACAG GCAGAGGAAG AAAAACTCTG 70 

GAAATCAATG ATGGTCTCTA TGGGGGGCAC CAGGAGAGAC 

TGCAGACTGT GGACATCTGT TCCTAGAGCC 140 AGATCTGGAC 

TCTGAACCCT CTGGGATTCT TCAGGAAGGT TGAAGGGCAG 

CTGCTGGCCA GAGACTCACG 210 

                 ->Ex 2                           Crispr1 

TGTGCTTTTC CCTCACCCAT AGGAGCCACA GCAGGCACGA 

TAGATACAAA GAGGAACATC TCTGCAGAGG 280 AAGGTGGCTC 

TGTCATCTTA CAGTGTCACT TCTCCTCTGA CACAGCTGAA 

GTGACCCAAG TCGACTGGAA 350 GCAGCAGGAC CAGCTTCTGG 

CCATTTATAG TGTTGACCTG GGGTGGCATG TCGCTTCAGT 

CTTCAGTGAT 420 CGGGTGGTCC CAGGCCCCAG CCTAGGCCTC 

ACCTTCCAGT CTCTGACAAT GAATGACACG GGAGAGTACT 490  

      Crispr2 

TCTGTACCTA TCATACGTAT CCTGGTGGGA TTTACAAGGG 

GAGAATATTC CTGAAGGTCC AAGAAAGCTC 560 

 <- Ex 2 

AGGTATGTCC TTTGAGGCAA GGTGGT 586 

                             <- R primer 

Tg4/Tigit_LN7/8b   

  -> F primer 

GAGTCCATGG GAAAGGGACC ATGGCTGGGG CTTCAGGCCT 

CGAGTGACAG GCAGAGGAAG AAAAACTCTG 70 
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GAAATCAATG ATGGTCTCTA TGGGGGGCAC CAGGAGAGAC 

TGCAGACTGT GGACATCTGT TCCTAGAGCC 140 AGATCTGGAC 

TCTGAACCCT CTGGGATTCT TCAGGAAGGT TGAAGGGCAG 

CTGCTGGCCA GAGACTCACG 210 

                 ->Ex 2                           Crispr1                            -8bp del 

TGTGCTTTTC CCTCACCCAT AGGAGCCACA GCAGGCACGA TAGA------ -

-GGAACATC TCTGCAGAGG 280 AAGGTGGCTC TGTCATCTTA 

CAGTGTCACT TCTCCTCTGA CACAGCTGAA GTGACCCAAG 

TCGACTGGAA 350 GCAGCAGGAC CAGCTTCTGG CCATTTATAG 

TGTTGACCTG GGGTGGCATG TCGCTTCAGT CTTCAGTGAT 420 

CGGGTGGTCC CAGGCCCCAG CCTAGGCCTC ACCTTCCAGT 

CTCTGACAAT GAATGACACG GGAGAGTACT 490  

      Crispr2 

TCTGTACCTA TCATACGTAT CCTGGTGGGA TTTACAAGGG 

GAGAATATTC CTGAAGGTCC AAGAAAGCTC 560 

 <- Ex 2 

AGGTATGTCC TTTGAGGCAA GGTGGT 586 

                             <- R primer 

Changes in DNA bases following manipulation with CRISPR -Cas9 method were 

identified initially by DNA sequencing of an ear notch sample of tissue on an ABI 3730 

sequencer (Functional Genomic Laboratory, University of Birmingham) using the 

primers: 

Forward:   5’ GAGTCCATGGGAAAGGGACC 3’ 

Reverse:   5’ ACCACCTTGCCTCAAAGGAC 3’ 
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Following identification of an 8bp deletion in Exon 2 of the TIGIT gene, a small 

sample of whole blood was stimulated with aCD3/aCD28 for 24h, then expression of 

TIGIT was measured by staining with anti-TIGIT-APC and evaluated by flow cytometry.  

Absence of TIGIT expression correlated with the presence of the 8bp deletion site.  Once 

lines became established, some mice were culled, spleens removed and stimulated with 

4K MBP peptide for 72h before staining with anti-TIGIT-APC to confirm the absence of 

TIGIT expression in the KO line.  No TIGIT expression was observed in mice that were 

homozygous for the 8bp deletion in the TIGIT gene. 

A bespoke PCR method developed by Transnetyx Inc to identify homozygote or 

heterozygote mice containing the 8bp deletion site within Exon 2 was implemented to 

maintain the TIGIT knock out gene breeding line. Generation, identification, and 

breeding of the TIGIT KO (Tg4/Tigit_LN7/8b) colonies were performed by Dr. Heather 

Streeter (Wraith lab), Dr. Sky Ng (Wraith lab) and Andrea Bacon (Biomedical Services 

Unit-BMSU).  

For the purposes of genotyping, DNA was extracted from the ear notches of the 

different mouse strains. For the DNA extraction, the DNeasy Blood and tissue kit was 

used (Qiagen, Cat No 69504 and 69506) according to the manufacturer’s instructions. 

Briefly, in each eppendorf tube containing animal tissue, 180μl Buffer ATL and 20μl 

proteinase K were added. The samples were vortexed thoroughly and left overnight at 

56oC for complete lysis. The following day, samples were vortexed again both before 

adding 200μl Buffer AL and before adding 200μl absolute (100%) ethanol. The mixture 

was then transferred into a DNeasy Mini spin column placed in a 2ml collection tube and 

spun at 6000g for 1 minute. Subsequently, the addition of 500μl of Buffer AW1 was 
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followed by a centrifugation step at 6000g for 1 minute, before transferring the spin 

column to a new 2ml micro centrifuge tube. Similarly, the columns were transferred into 

a new collection tube; 500μl of Buffer AW2 was added, followed by a centrifugation at 

6000g for 1 minute. The final step of DNA elution was done by adding 200μl Buffer AE 

to the centre of the spin column membrane. The columns were left for 1 minute at room 

temperature to allow sufficient time for the membrane to soak and increase binding 

efficiency. Finally, samples were spun at 17000g for 4 minutes and kept at 4oC until use.  

The extracted DNA was amplified via Polymerase Chain Reaction (PCR) (Table 

2.1). The PCR products had to be further cleaned and amplified in order to be sent for 

sequencing. More specifically, the micro clean protocol required the loading of 2.4μl of 

PCR products to a 96 well plate with 2.4μl of micro clean solution. Each PCR product 

occupied two wells for separate forward and reverse reactions. The plate was covered 

with an adhesive film lid and spun at 4000rpm for 40 minutes at room temperature. The 

plate was then inverted on a paper towel and spun at lowest speed (500rpm) for 30 

seconds at room temperature, in order to get rid of the residual liquid. Following the micro 

clean, 10μl sequencing reaction mix was added to each well (for both the forward and the 

reverse reactions) (Table 2.2). The plate was covered with an adhesive film lid and 

vortexed to ensure that the reagents were properly mixed.  The plate was spun down and 

ran on a PCR machine.  

Once the fragments were amplified by PCR, the sequencing reactions were then 

cleaned with two ethanol washes. Firstly, 2μl 0.125M EDTA and 30μl absolute ethanol 

(100%) were added to each well, the plate was covered with adhesive film and spun at 

2000rpm for 2 minutes at room temperature. The film was removed, and the plate was 

inverted on paper towel and spun at 500rpm for 30 seconds at room temperature. For the 
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second wash, 30μl of freshly made ethanol (70% made up with PCR grade water) was 

added to each well, the plate was covered and spun at 2000rpm for 10 minutes at room 

temperature.  

The film was then removed; the plate was inverted on a paper towel and spun at 

500rpm for 30 seconds at room temperature. The DNA pellet was left to air dry slightly 

for 1 minute, so minimal ethanol is present in wells the pellet was resuspended in 10μl 

formamide. The plate was covered, placed in a PCR machine, and denatured at 94oC for 

2 minutes and finally placed on ice to snap chill and prevent re-annealing. 

Table 2.1 Initial PCR reaction   

Table 2.2 Sequencing reaction  

 

Reagents Volume 

PCR mix (Promega GoTaq HotStart 

Green Mater Mix M5122) 

12.5μl 

Primers 1.5μl 

Distilled H2O 9μl 

Sample DNA 2μl 

Total volume 25μl per sample 

Reagents Volume 

Big dye reaction mix 0.5μl 

Big dye sequencing buffer (5X) 2μl 

Primers (Forward or Reverse, 

10pmol/ml) 

0.4μl 

PCR grade water 7.1μl 

Total volume 10μl per sample 
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In addition to sequencing, PCR products were run on an agarose gel to confirm in 

a crude way that they have the expected size in terms of base pairs. In order to prepare a 

2% agarose gel, 2g of agarose powder was added to 100ml of 1X TBE Buffer, mixed in 

a flask and placed in microwave for 2-3 minutes, until the agarose was fully dissolved. 

While agarose was still hot and in a liquid form, 10μl Ethidium Bromide was added and 

agarose was poured into mould with combs and tape on. The agarose was left to solidify 

for approximately 15 minutes. Once set, the agarose gel was put into the electrophoresis 

tank containing 1X TBE Buffer, ensuring that the tank was topped up to cover the gel 

properly. Finally, 10μl of each DNA sample was added to each well alongside a 1kb DNA 

ladder (Biolabs N32005). The gel was run at 150V for 90 minutes and visualised under 

UV light.  

2.1.3 2D2 mice  

2D2 TCR (TCRMOG) transgenic mice, originally developed in the lab of Vijay 

Kuchroo (Bettelli et al., 2003), express a myelin oligodendrocyte glycoprotein (MOG)-

specific T cell receptor (TCR) and were purchased from the Jackson Laboratory. 

Transgenic T cells are not deleted or tolerised and are functionally competent. The 

majority of thymocytes in 2D2 TCR mice express high and intermediate levels of the 

receptor, indicating efficient positive selection of transgenic T cells. The majority of 

CD4+ splenocytes express the transgenic TCR (as defined by Valpha3.2 and Vbeta11 

expression). For the development of these mice, a myelin oligodendrocyte glycoprotein 

(MOG) peptide (amino acids 35-55; MEVGWYRSPFSRVVHLYRNGK) was injected 

into C57BL/6 mice. T lymphocytes from lymph nodes of these immunized mice were 

isolated and cells expressing the T cell receptor (TCR) combination (Valpha3.2 and 

Vbeta11) were selected (clone 2D2). The Valpha3.2-Jalpha18 and Vbeta11-DJbeta1.1 
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sequences of 2D2 TCR were cloned into TCR expression cassettes, and the resulting 

constructs were injected into the pronuclei of fertilized C57BL/6 oocytes. 

 Founder mice were bred with C57BL/6J mice for many generations prior to use 

in experiments. Because the spontaneous disease observed in 2D2 TCR mice is similar in 

incidence and manifestations to those developed by multiple sclerosis (MS) patients, 

these mice are useful for the investigation of the role and nature of the MOG-specific, 

self-reactive T cell repertoire. For the typing of these mice, Vβ11 expression was 

measured on CD4+ T cells in peripheral blood samples. 

2.1.4 B10.PL mice  

B10.PL mice, on the Au haplotype background, were originally purchased from 

the Jackson Laboratory. This strain was routinely phenotyped by flow cytometric analysis 

of CD4, CD8, Vβ8.2, CD19, Au levels in peripheral blood samples taken from tail vein 

bleeds after weaning. B10.PL mice display a normal complement of B and T cells and 

<30% CD4+ T cells express the Vβ8 transgene.  

2.1.5 C57BL/6 mice  

C57BL/6 mice, on the Ab haplotype background, were acquired from centralised 

stocks in BMSU, originally obtained from Charles Rivers. 

2.1.6 (B10.PL x C57BL/6) F1 and (Tg4 x C57BL/6) F1 mice  

Both Tg4 and B10.PL mice have the MHC haplotype Au, 

while C57BL/6 has MHC haplotype Ab. Either Tg4 or B10.PL mice were crossed with 

C57BL/6 mice to give rise to an Au x Ab heterozygote in the F1 generation, which allows 

the study of the binding of both MBP and MOG peptides to Au and Ab MHC type, 



65 

 

respectively. These F1 mice were not typed; however, Tg4 mice were typed prior to 

crossing to monitor the frequency of Vβ8 on the CD4+ T cells. 

2.2 Reagents for cell preparations and cell cultures  

2.2.1 RPMI-1640 

Unless stated otherwise, for primary mouse cell culture, complete RPMI-1640 

(Sigma-Merck; R0883) was supplemented with 5mM glutamine (Sigma-Merck; G7513), 

100U/ml penicillin and 0.2μg/ml streptomycin (Sigma-Merck; P4333), 50mM 2-

Mercaptoethanol (Sigma-Merck; M6250), 20nM hydroxyethyla-1-

piperazineethanesulfonic acid (HEPES) buffer (1M, pH 7.0-7.6) (Sigma-Merck; H0887) 

and 5% heat inactivated foetal calf serum (FCS). All media were stored at 4oC until use.   

2.2.2 Cell isolation and staining buffers  

FACS staining buffer: Dulbecco’s PBS (Sigma-Merck; D8537) supplemented 

with 2mM EDTA (Sigma-Merck; 324506) and 2% sterile-filtered, heat-inactivated foetal 

calf serum (FBS) (ThermoFisher; 10270106), filtered through a 0.2μm filter.  

MACS buffer for dendritic cell isolation: Dulbecco’s PBS (Sigma-Merck; D8537) 

supplemented with 0.5% BSA (Sigma-Merck; A9418) and 2mM EDTA (Sigma-Merck; 

324506). 

EasySep buffer for Treg isolation: Dulbecco’s PBS (Sigma-Merck; D8537) 

supplemented with 2% FBS (ThermoFisher; 10270106) and 1mM EDTA (Sigma-Merck; 

324506). 

Magnisort buffer for CD4+ T cell isolation: Dulbecco’s PBS (Sigma-Merck; 

D8537) supplemented with 3% FBS (ThermoFisher; 10270106) and 10mM EDTA 

(Sigma-Merck; 324506). 
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2.2.3 Peptide antigens  

Peptide analogues of MBP that were used for in vitro and in vivo T cell stimulation 

were synthesized as N-terminal acetylated peptides by fluorenylmethoxycarbonyl 

chemistry and were >95% pure by HPLC and mass spectrometry (GL Biochem, 

Shanghai, China), obtained in lyophilized form and stored at 4oC until use. Both the native 

murine acetylated N-terminal peptide Ac1-9 [4K] of MBP (AcASQKRPSQR) and its 

higher affinity MBP analogue Ac1-9 [4Y] (AcASQYRPSQR) were reconstituted at 

4mg/ml in PBS and subsequently stored at -20oC until use. The MOG35-55 peptide 

(MEVGWYRSPFSRVVHLYRNGK) was not N-acetylated and was reconstituted at 4 

mg/ml in PBS and stored at -20oC with minimal freeze-thaw cycles.  

For the initial optimisations, a linked/hybrid peptideMBPAc1-9-HFFK-MOG35-55 

(AcASQKRPSQRHFFKMEVGWYRSPFSRVVHLYRNGK) was tested, but unless 

otherwise stated, in the in vitro assays described in this thesis, separate peptides of 

MBPAc1-9 and MOG35-55 were used for stimulation. 

2.3 In vitro methods  

2.3.1 Isolation of mouse splenocytes for analysis 

Sacrificed adult mice were dissected within the BMSU facility using scissors and 

forceps to remove the spleen, which was then placed into 5ml serum-free RPMI-1640 

medium and kept on ice. All manipulations with cells were carried out under aseptic 

conditions using sterile media, reagents, and plastic ware. Mechanical disaggregation was 

applied using a 2.5ml syringe plunger to get splenocytes suspension. When samples were 

not being used, tubes containing cells were kept on ice for up to 1 hour. 
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 Splenocytes were filtered using a 40μl cell strainer (Corning cell strainer 40μm 

Nylon) and spun at 1500rpm for 6 minutes at 4oC. The cell pellet was lysed by adding 

1ml Red Blood Cell lysing buffer Hybri-Max (Sigma Aldrich) and incubating at room 

temperature for 4 minutes to lyse the murine red blood cells. Brief agitation during this 

time was employed to facilitate the fragmentation and disaggregation of tissue. Once 

lysed, 9ml of medium was added to neutralise the reaction and splenocytes were spun at 

1500rpm for 6 minutes at 4oC. Cell pellet was resuspended in 3.8ml medium and cells 

were counted using a haemocytometer under a microscope. Unless stated otherwise, cells 

were cultured at a density of 1.5x106 cells/ml in a flat 96 well-plate for a naïve cell culture.  

2.3.2 Cell counting using a glass haemocytometer  

The glass haemocytometer and coverslip were cleaned with 70% ethanol before 

use. The coverslip was then moistened and affixed to the haemocytometer. The presence 

of Newton’s refraction rings under the coverslip was indicative of proper adhesion. In 

order to measure the cell concentration of each culture, 10μl of cell suspension were 

mixed with 40μl of 0.4% Trypan blue dye (Sigma). With the coverslip already in place, 

one side of the haemocytometer counting chamber was filled with the cell suspension by 

placing the tip of the pipette at the notch. The cell number was calculated using the 

following formula: 

Total number of cells (x106)/ml = 
𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑥 10000 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 

For each assay, the total number of cells required was calculated as follows: 

 
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠

𝐶𝑒𝑙𝑙𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑛𝑎𝑙 𝑐𝑢𝑙𝑡𝑢𝑟𝑒
 X Volume of resuspended cells = Volume of cell stock  
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The volume of cell stock was then topped up with medium to reach the volume of 

the final cell culture, which was then plated into a well plate. This methodology of cell 

counting, and plating was followed throughout this study.  

2.3.3 Live/dead separation  

In some cases, live cells had to be recovered from a cell culture for further 

treatment, i.e., polarised T cells undergoing additional rounds of stimulation. Therefore, 

the separation between live and dead cells was performed using the Ficoll-PaqueTM 

Premium (Ficoll-Paque Precision 1.084, GE Healthcare). Cells were resuspended in 6ml 

complete medium and transferred carefully on top of 3ml of Ficoll. Cells were centrifuged 

at 1800rpm for 35 minutes with no brake at 20oC. Live cells that were enriched and found 

at the medium/Ficoll-Paque interface, were collected by carefully pipetting the cell 

clamps into a new falcon tube and washed twice in serum-free medium to make sure that 

there was no residual Ficoll in the culture.  

2.3.4 Isolation of mouse thymocytes for analysis  

To allow for T cell analysis of thymic tissue, cleaned tissue was disaggregated 

using cut edge frosted end glass slides (Thermo Scientific) to release the cells into a petri-

dish containing RPMI-1640 medium. The slides were then washed with RPMI-1640 

medium and discarded, leaving cells suspended in medium. The cell suspension was then 

filtered through a membrane-mesh filter into 15ml Falcon tubes (Corning Centistar 

RNAse/DNase free) to allow any remaining clamps to be removed prior to analysis. 

Centrifugation at 1400rpm for 4 minutes at 4oC then occurred and supernatants were 

removed before pellets were resuspended in 2ml media and placed on ice. Cells were 

counted using a haemocytometer and plated in a 96 round-bottom well-plate at a density 

of 5x106 cells/well for staining.  
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2.3.5 Cell culture of naïve T cells  

Splenocytes from naïve mice were cultured at a density of 1.5 x 106 cells/ml in a 

96 well-plate in the presence of a 10-fold titration of MBP Ac1-9 [4K], ranging from 0.1 

to 100μg/ml, unless otherwise stated. Different concentrations of the administered peptide 

were used in order to investigate whether the responses were affected in a dose-dependent 

manner. Unstimulated splenocytes were used as a control.  

2.3.6 Th1/Th2-polarised cell culture  

Naïve splenocytes were plated in a 24 well-plate at a density of 2 x106 cells/ml. 

Cells were incubated for 7 days in humidified incubators at 37oC, 5% CO2 under 

polarising conditions. For the polarisation towards Th1 or Th2 cell lines, rmIL-12, or 

rmIL-4 and anti-IFN-γ (Clone XMG-1) were added in complete RPMI medium at a final 

concentration of 5ng/ml or 10ng/ml and 10ng/ml, respectively (Table 2.3). RhIL-2 was 

added at 20U/ml on day 3 to both Th1 and Th2 cultures. On day 7, live cells were 

recovered from the interface of a Ficoll-Paque density gradient (as described in section 

2.3.3). Cells were then resuspended in 3ml complete RPMI and plated in a 96 well-plate 

that was pre-coated for 2 hours at 37oC with aCD3 (1μg/ml diluted in PBS) for a second 

round of stimulation. Proliferation, cytokine secretion and expression of either surface or 

intracellular markers were analysed after 24, 48 or 72 hours.  
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Table 2.3 Recombinant cytokines  

2.3.7 Generation of iTregs  

For the generation of Tregs in vitro, naïve bulk splenocytes from Tg4 mice were 

cultured in a 48-well plate at a density of 1 x 106 cells/ml and polarised with 4K peptide, 

rhIL-2 (100U/ml), 10ng/ml rhTGF-β in the presence of 10nM of CAL101, a PI3K 

inhibitor, or DMSO control on day 0. Cultures were supplemented with rhIL-2 (20U/ml) 

and rhTGF-β (2ng/ml) on day 2 and day 4 and cells were used on day 7 for assessment of 

FoxP3 expression and downstream in vitro experiments. 

2.3.8 Establishment of a CD4tol primary cell line   

Tg4 mice were subjected to repeated doses of PBS or MBP Ac1-9 [4Y] as 

described under the in vivo methods, section 2.5.1. Spleens were isolated 3 days following 

the last peptide treatment and bulk splenocytes were cultured in complete RPMI medium 

in the presence of 10μg/ml 4K and 20U/ml rhIL-2 for 7 days (Round I) in 6 well-plates 

at a cell density of 2 x 106 cells/ml. For the subsequent rounds of stimulation, cells were 

re-challenged once a week with 10μg/ml 4K. The Au expressing cell line PL8 was used 

as a source of antigen-presenting cells (APCs) and cells were cultured in a 24-well plate 

at a ratio of 1:2 T cells: APCs. PL8 cells were treated with Mitomycin C (Sigma; M4287) 

Recombinant cytokines Supplier Final concentration 

Human IL-2 (rhIL-2) R&D Systems (Abingdon, 

UK) 

20U/ml 

Murine IL-12 (rmIL-12) PeproTech EC Ltd 

(London, UK) 

5ng/ml 

Murine IL-4 (rmIL-4) PeproTech EC Ltd 

(London, UK) 

10ng/ml 

Human TGF-β PeproTech EC Ltd 

(London, UK) 

10ng/ml 
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for 40 minutes at 37oC prior to their addition in culture, as Mitomycin C inhibits the 

proliferation of cells, while leaving their ability to present antigen intact. The culture was 

supplemented with rhIL-2 (20U/ml) 3 days after each stimulation with antigen. CD4tol 

cells were used for further in vitro assays at different rounds of stimulation as indicated.  

2.3.9 Mouse cell isolation from splenocytes  

2.3.9.1 Purification of CD4+ T cells 

For the isolation of CD4+ T cells, the MagniSort Mouse CD4 T cell enrichment 

Kit (Invitrogen; 8804-6821) was used according to the manufacturer’s instructions. In 

this negative selection kit, undesired cells were labelled with a cocktail of biotinylated 

antibodies followed by streptavidin-coated magnetic beads. When cells were placed in 

the MagniSort Magnet, the undesired cells were held in place by the magnetic field, while 

the desired cells remained untouched and free in solution and were isolated by decanting.  

Briefly, a single-cell suspension of lymphocytes at a concentration of 1 x 108 

cells/ml was prepared in MACS buffer and placed in a 5ml FACS tube. 20μl of MagniSort 

Enrichment Antibody Cocktail was added per 100μl of cells followed by a 10-minute 

incubation at room temperature. Cells were then washed by adding Magnisort buffer at a 

final volume of 4ml and spun at 300g for 5 minutes. The supernatant was discarded, the 

cells were thoroughly resuspended to their original volume with MACS buffer and 20μl 

of MagniSort Negative Selection Beads was added per 100μl of cells. After a 5-minute 

incubation at room temperature, MagniSort buffer was added to a final volume of 2.5ml, 

cells were mixed by pipetting and the tubes were inserted into the magnet and incubated 

at room temperature for 5 minutes. After the incubation, the supernatant was collected in 

a 15ml falcon tube, and the procedure was repeated one more time for a total of two 
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separations. The two fractions of unbound cells were pooled together and used for in vitro 

assays.  

2.3.9.2 Purification of CD25+ T regulatory cells 

For the isolation of CD25+ T cells, the EasySepTM mouse CD25 Regulatory T cell 

positive selection kit (StemCell Technologies; 18782) was used according to the 

manufacturer’s instructions. Briefly, a single-cell suspension of lymphocytes at a 

concentration of 1 x 108 cells/ml was prepared in EasySep buffer and placed in a 5ml 

FACS tube. 50μl of FcR blocker was added per 1ml of cells and incubated at room 

temperature for 5 minutes.  50μl of Positive Selection cocktail was added per 1ml of cells 

and incubated at room temperature for 10 minutes. 20μl of PE Selection Cocktail was 

added per 1ml of cells and incubated at room temperature for 5 minutes. 20μl of 

RapidSpheres was added per 1ml of cells and incubated at room temperature for 5 

minutes. The sample was then topped up with EasySep buffer to 2.5ml and placed in a 

magnet for 5 minutes. The supernatant was collected into a new tube (CD25- fraction) 

and the beads were resuspended in 2.5ml EasySep buffer for two more rounds of isolation. 

The isolated CD25+ cells were resuspended in the appropriate medium depending on the 

downstream experiment.  

2.3.9.3 Purification of CD11c+ dendritic cells  

For the isolation of CD11c+ dendritic cells (DCs), the CD11c MicroBeads 

UltraPure kit (Miltenyi Biotec; 130-125-835) was used according to the manufacturer’s 

instructions. Briefly, a single-cell suspension of lymphocytes at a concentration of 1 x 108 

cells/ml was prepared in MACS buffer and placed in a 5ml FACS tube. Cells were 

incubated with TruStain FcX block (BioLegend; 101320) at 1:100 dilution for 10 minutes 

at 4oC. Cells were then centrifuged at 300g for 5 minutes at 4oC and resuspended in 400μl 
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MACS buffer. 100μl of CD11c Microbeads UltraPure antibody cocktail was added per 

108 total cells and incubated for 10 minutes at 4oC in the dark.  

Cells were washed by adding 10ml of buffer per 108 cells and centrifugation for 

5 minutes at 300g (4oC). Cells were resuspended in 500μl MACS buffer and passed 

through a LS column that was previously rinsed with 3ml MACS buffer. The column was 

washed 3 more times with 3ml MACS buffer. The column was then removed from the 

separator and placed into a new collection tube, 5ml of MACS buffer was pipetted into 

the column and the magnetically labelled cells were immediately flashed out by firmly 

pushing the plunger into the column. The isolated CD11c+ cells were resuspended in 

complete medium for use in downstream in vitro experiments. 

2.3.10 Staining of CD4+ T cells with Cell Trace Violet (CTV) 

Purified CD4+ T cells were spun down and washed in PBS. Cells were counted 

and resuspended at 5 x 106 cells/ml in PBS. 1μl of CTV stain was added per 1ml of cells. 

The cell suspension was then incubated for 20 minutes in the dark at 37oC and 5% CO2 

(exposure to light was avoided as much as possible). After 20 minutes, a minimum of 5x 

volume RPMI + 5% FCS was added and cells were incubated for 5 minutes in dark to 

quench staining. Cells were centrifuged at 300g for 5 minutes and resuspended in 

complete medium for downstream in vitro assays. 

2.3.11 In vitro bystander suppression assays  

Splenic CD4+ T cells were isolated from 2D2 mice and stained for Cell Trace 

Violet (CTV) as described in 2.3.10. To assess how different populations of MBPAc1-9 

specific Tg4 regulatory cells could interact with MOG35-55 specific 2D2 cells in vitro, 

1x106 MBPAc1-9 specific Tg4 CD4+ T cells were co-cultured with 1x106 MOG35-55 specific 
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2D2 CD4+ CTV-labelled T cells (1:1 ratio) in the presence of 3x106 (B10.PL x C57BL/6) 

F1 cells that acted as APCs. The number of putative suppressors were reduced by half to 

have different ratios of responder: suppressors (2:1, 4:1, 8:1, 16:1) and investigate 

whether the effect was titrating down based on the number of cells added in culture. Cells 

were stimulated with 100μg/ml MBPAc1-9 [4K] and 100μg/ml MOG35-55 for 3 days in a 

humidified atmosphere at 37oC, 5% CO2 prior to flow cytometric staining and analysis.  

2.3.12 T cell: DC co-cultures  

To assess how different populations of MBPAc1-9-specific Tg4 regulatory cells 

could affect the maturation and phenotype of naïve CD11c+ dendritic cells (DCs), 1x105 

CD11c+ DCs were co-cultured with 1x106 MBPAc1-9-specific Tg4 regulatory cells in 

complete RPMI + 5% FBS for 24 hours in a humidified atmosphere at 37oC, 5% CO2 

prior to flow cytometric staining and analysis. 

2.3.13 Transwell assay  

To investigate whether cell contact was required in order to observe suppression, 

6.5mm transwell inserts (Corning; CC405) were used to separate CD4tol putative 

suppressor cells from 2D2 responders. CD4tol cells were cultured either within the 

transwell or in the bottom of the main well in a 24-well plate while CTV-labelled 2D2 

CD4+ T cells were cultured in the opposite chamber, either in the bottom of the main well 

or within the transwell, respectively. (B10.PL x C57BL/6) F1 splenocytes were added in 

both chambers as antigen-presenting cells and MBPAc1-9 and MOG35-55 peptides were 

added in both chambers at a concentration of 100μg/ml. In that setting, cells were able to 

exchange soluble factors, but they were separated by a semipermeable membrane. Cells 

were cultured for 3 days in a humidified atmosphere at 37oC, 5% CO2 prior to flow 

cytometric staining and analysis. 
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2.3.14 Neutralisation of IL-10R/CTLA-4 using blocking antibodies   

To investigate the role of certain molecules in the suppressive capacity of CD4tol 

cells, two blocking antibodies were used, one against IL-10R (clone 1B1.3a; 10μg/ml) 

and the other one against CTLA-4 (Clone UC10-4F10-11, BD Pharmingen; 1μg/ml). 

Putative suppressors, CTV-stained responders and APCs were incubated in a 48-well 

plate for 2h at 37oC with the blocking antibodies, prior to stimulation with cognate 

antigens. Cells were cultured for 3 days in a humidified atmosphere at 37oC, 5% CO2 

prior to flow cytometric staining and analysis. 

2.3.15 Assessment of cell proliferation by 3H-TdR incorporation  

Tritiated thymidine (3H-TdR) incorporation into the DNA was used as a method 

of measuring the proliferative capacity of CD4+ T cells in response to challenge with 

MBPAc1-9 [4K]. CD4+ T cells were cultured at 1.5x106 cells/ml in complete RPMI medium 

and plated out in triplicates in round-bottomed 96 well-plates at 37oC and 5% CO2 

humidified atmosphere. MBPAc1-9 [4K] ranging from 0.1 to 100μg/ml was added to 

cultures where indicated. After 24h, 48h and 72h, wells were pulsed with 25μl (0.5μCi) 

3H-TdR (PerkinElmer, Cambridge, UK) for 16 hours prior to freezing at -20oC. Plates 

were thawed and harvested onto filter paper (Cox Scientific, Kettering, UK) in ultrapure 

water using a Combi Cell Harvester (Skatron Molecular Devices, Lier, Norway), where 

DNA was trapped onto glass fibre mats. Filter papers were air-dried, sealed in sample 

bags with Beta Plate Scint scintillation fluid (PerkinElmer) and a Microbeta liquid 

scintillation counter (1450 Microbeta; Wallac) was used to measure the incorporation of 

tritiated thymidine.    
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2.3.16 Assessment of cytokine secretion by ELISA 

The levels of certain cytokines, such as IFN-γ and IL-2 from culture supernatants 

were measured with the Enzyme-Linked Immunosorbent Assay (ELISA) and specifically 

for the measurement of IL-10, an ELISA MaxTM Deluxe Set Mouse IL-10 kit (BioLegend; 

431414) was used according to the manufacturer’s instructions. For the measurement of 

IL-12/IL-23 (p40), an ELISA MaxTM Deluxe Set Mouse IL-12 kit (BioLegend; 431604) 

was used according to the manufacturer’s instructions. Briefly, the capture antibody, the 

detection antibody and the standard were reconstituted to the recommended concentration 

in sterile water.  

Firstly, the NuncTM MaxiSorpTM flat-bottom 96-well plates (BioLegend) were 

coated with 100μl of 2μg/ml capture antibody diluted in 1x coating buffer and incubated 

overnight at 4oC. Plates were then washed three times with wash buffer (0.05% Tween-

20 in PBS) and then blocked with 100μl of blocking buffer (1% BSA in PBS) for 1 hour 

at room temperature to block unspecific binding. Plates were again washed three times 

with wash buffer prior to the addition of serially diluted standards in duplicates and 

supernatant test samples in triplicates. To create a standard curve, six 2-fold serial 

dilutions were performed starting from a top standard of known concentration. Plates 

were then incubated at room temperature for at least 2 hours before further washing three 

times with wash buffer. 0.25μg/ml of biotinylated detection antibody was added to each 

well preceding 1-hour incubation at room temperature. Plates were again washed three 

times before the addition of Avidin-HRP, diluted 1:1000 in diluent (1% BSA in PBS).  

Plates were incubated for 30 minutes at room temperature, then washed five times, 

soaking for 30 seconds to 1 minute per wash. A TMB substrate solution diluted in 

phosphate citrate buffer (Sigma) and 30% hydrogen peroxidase (Sigma) was added to 
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each well and incubated in the dark for 4-30 minutes to allow colour development. In the 

final step, to stop the reaction, 100μl of H2SO4 was added to each well. The absorbance 

was read with a SpectraMax 190 microplate reader at 450nm with wavelength corrections 

set at 650nm. Cytokine concentrations were quantified using standard curves generated 

by SoftMaxPro software.   

2.3.17 Gene expression analysis  

2.3.17.1 RNA extraction 

For the extraction of RNA from stimulated T cells, the RNeasy Mini kit was used 

(Cat No 74104; Qiagen) according to the manufacturer’s instructions. Briefly, for the lysis 

of up to 10x106 cells, 350µl buffer RLT was added to the cell pellet and vortexed 

thoroughly. To complete the homogenisation of the starting material, the lysate was 

pipetted into a QIAshredder spin column and centrifuged at full speed (16000g) for 2 min 

at RT.  An equal volume of 70% ethanol was added to the homogenised lysate and mixed 

well by pipetting and transferring into a RNeasy spin column placed in a 2m collection 

tube. Sampled were centrifuged for 15 seconds at 8000g and any genomic DNA 

contamination was eliminated with on-column DNase digestion using a RNase-free 

DNase set (Cat No 79254; Qiagen). 500µl buffer RPE was added to the RNeasy spin 

column and sampled were centrifuged for 15 seconds at 8000g. Another wash with 500µl 

RPE was performed and sampled were spun at 8000g for 2 min to dry the membrane of 

the column. The RNeasy spin column was transferred into a new 1.5ml collection tube. 

For the final elution of RNA, 30µl of RNase-free water was added directly into the 

membrane of the column and sampled were centrifuged for 1 min at 8000g and the 

quantity of RNA was measured using a Qubit RNA HS Assay kit (Cat No Q32852; 

Invitrogen). Samples were stored at -80oC until further use.  
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2.3.17.2 cDNA synthesis and real-time PCR  

For the synthesis of the first strand of cDNA, the Superscript III first-strand 

synthesis system for RT-PCR was used (Cat No 18080-051; Invitrogen) according to the 

manufacturer’s instructions. Briefly, up to 5μg total RNA was mixed with 50ng/μl 

primers (random hexamers) and 10mM dNTP mix and incubated at 65oC for 5 min, then 

placed on ice for at least 1 min. A cDNA synthesis mix, consisting of 10X RT buffer, 

25mM MgCl2, 0.1M DTT, RNaseOUT (40U/μl) and SuperScript III RT (200U/μl) was 

added into the RNA/primer mixture and incubated for 10 min at 25oC, followed by 50 

min at 50oC. The reaction was terminated with a 5 min incubation at 85oC, and the 

samples were snap chilled on ice for 1 minute. 1μl of RNase H was added to each tube 

and incubated for 20 min at 37oC, and cDNA was stored at -20oC until use.  

The cDNA was diluted with ddH20 (1:150) and added into a master mix of 

TaqMan Fast Advanced Master Mix (Cat No 4444557; Applied Biosystems) and primer 

for each target gene examined. The reaction was placed into fast 96-well plates (Cat No 

4346907; Applied Biosystems) and put into a thermocycler for 40 cycles. The analysis 

was done based on ΔΔCT which was normalised with housekeeping gene GAPDH.  

2.3.18 Flow cytometry 

2.3.18.1 Cell surface antibody staining  

For staining, samples were loaded into a 96 round-bottom well plate (Thermo 

Scientific). For the staining of splenocytes, 1.5x106 cells were stained, while for 

thymocytes, 5x106 cells were stained, unless there were fewer to begin with. If this 

occurred, then the entire sample would be stained. Splenocytes were spun at 2000rpm for 

2 minutes at 4oC, while thymocytes were spun at 1400rpm for 2 minutes at 4oC. Surface 

staining was completed at 4oC in the dark for 25-30 minutes using the antibodies 
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described in table 2.4. Once staining was completed, cells were washed with FACS buffer 

twice, the supernatants were flicked off and the cell pellets were resuspended in fresh 

FACS buffer and transferred into polystyrene 5ml FACS tubes (Falcon) to be run on the 

LSR Fortessa (BD).  

Within staining combinations, it was imperative to include samples as controls 

within the combination whereby there were fluorescence minus one sample (FMO). All 

controls were used to set the fluorochrome level for negative staining such that positive 

populations could then be easily identified as levels of fluorescence above this negative 

gate.  

Table 2.4: Antibodies used for surface staining  

Antibody 

specificity  

Clone Fluorochrome  Dilution factor Company  

CD4 GK1.5 

RM4-5 

AF700 

BV711 

1:100 

1:200 

eBioscience 

BioLegend 

CD8 53-6.7 BV786 1:200 BioLegend 

CD25 PC61 

 

BV650 

APC 

PE 

1:800 

1:200 

1:200 

BioLegend 

BioLegend 

BioLegend 

CD69 H1.2F3 PerCP Cy5.5 

PE-Cy7 

FITC 

1:200 

1:200 

1:200 

BioLegend 

BioLegend 

BioLegend 

CD62L MEL-14 APC 1:1500 eBioscience 

CD44 IM7 AF700 1:50 eBioscience 

Vβ8.2 F23.1 PE 1:200 BD Pharmingen 

Vβ11 KT11 FITC 1:200 BioLegend  

CD45.1 A20 APC 1:200 BioLegend  

CTLA-4 UC10-4B9 PE-Cy7 1:200 BioLegend 
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LAG-3 C9B7W PerCP Cy5.5 1:200 BioLegend 

PD-1 29F.1A12 BV421 

BV711 

1:200 

1:200 

BioLegend 

BioLegend 

TIGIT 1G9 PE 

PE-Cy7 

1:200 

1:200 

BioLegend 

BioLegend  

TIM-3 8B.2C12 APC 

BV421 

1:200 

1:200 

eBioscience 

BioLegend 

CD80 16-10A1 FITC 1:200 BioLegend 

CD86 GL-1 BV605 1:400 BioLegend  

CD40 3/23 PE-Cy7 1:200 BioLegend  

MHC II  M5.114.15.2 PE 

AF700 

1:400 

1:200 

BioLegend  

BioLegend 

CD11c N418 BV786 1:200 BioLegend  

CD19 6D5 APC 1:200 BioLegend  

 

2.3.18.2 Intracellular Antibody staining  

Intracellular staining was occasionally required additionally after surface staining 

to identify transcription factors such as FoxP3 or cytokines expressed intracellularly prior 

to their secretion. All staining for this was maintained in a 96 round-bottom well-plate 

following the initial surface staining. 

For the analysis of FoxP3, a Transcription Factor Staining Buffer Set 

(eBioscience) was required. For this technique, cells were surface stained and then 

incubated with the eBioscience Fixation/Permeabilization solution; composed of 1 part 

fixative concentrate to 3 parts diluent with a volume of 150μl added per sample. FoxP3 

staining required that cells were fixed for 40 minutes at 4oC. Following this, cells were 

washed with the permeabilization buffer in the kit which required diluting from the 10x 

stock provided, to a 1Χ diluted working solution made with distilled water. This wash 
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was done twice. The intracellular antibodies were diluted down in 1x permeabilization 

buffer. Following this, cells were stained for FoxP3 for 25 minutes at 4oC. Cells were 

washed twice in permeabilization buffer and prior to FACS analysis (LSR Fortessa) of 

samples, they were ultimately resuspended in FACS buffer.  

For the analysis of intracellular cytokines (ICCS), such as IFN-γ, IL-4, IL-10, and 

IL-2 (Table 2.5), a different treatment was used. Cells were plated in a 96 rounded-bottom 

well plate at a density of 1x106 cells/well. Cells were spun at 2000 rpm for 2 minutes at 

4oC, and stimulated for 3 hours at 37oC with phorbol 12-myristate 13-acetate (PMA), 

Ionomycin and Golgi stop (BD Bioscience) at 1μg/ml, 500ng/ml and 0.57μl/ml, 

respectively. After incubation, cells underwent viability and surface staining as described 

in section 2.3.18.1, after which cells were incubated for 20 minutes at 4oC with 

Intracellular Fixation buffer (eBioscience) to be fixed. Fixed cells were permeabilized 

with Permeabilization buffer (eBioscience), diluted to working solution (1X) with 

distilled water, for 15 minutes at 4oC and stained for intracellular cytokines for 25 minutes 

at 4oC.  Cells were then washed twice with 1X Permeabilization buffer and resuspended 

in 200μl FACS buffer until analysed on the flow cytometer. 

Table 2.5: Antibodies used for intracellular staining   

Antibody 

specificity  

Clone Fluorochrome  Dilution  Company  

IFN-γ XMG1.2 PE-Cy7 1:500 eBioscience 

IL-4 11B11 PE 1:200 eBioscience 

IL-10 JES5-16E3 APC 1:100 BioLegend 

IL-2 JES6-5H4 BV421 1:200 eBiosciences 

FoxP3 FJK-16s PE-Texas Red 1:100 eBioscience 

BrdU MoBU-1 APC 1:50 eBioscience 
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2.3.18.3 Intracellular Antibody staining for FoxP3 and IL-10 

To stain for both FoxP3 and IL-10 in the same reaction, a slightly different 

protocol was followed. Cells were stimulated for 4 hours with PMA/Ionomycin, and 

Golgi stop (containing Monensin) with Brefeldin A were added for the last 3 hours. The 

cell surface and live/dead staining was performed as described before in section 2.3.18.1, 

but then cells were fixed and permeabilized for an hour using 100μl per well in a 96 well 

plate of fixation and permeabilization solution from Cytofix/Cytoperm kit (BD). Cells 

were spun at 2000rpm for 2min at 4oC and incubated with 1X Permeabilization Buffer 

(eBiosciences) for 30 minutes. Cells were washed twice with 1X Permeabilization Buffer 

and stained overnight for FoxP3 and IL-10. The following day, cells were washed twice 

in 1X Permeabilization Buffer and finally, resuspended in 200μl FACS buffer until 

analysed.  

2.3.18.4 Flow cytometric analysis  

All samples that were stained with antibody were ready to be run on the Fortessa. 

The LSR Fortessa (BD) was used for all flow cytometric analysis. The machine used the 

BD FACSDivaTM software (BD Biosciences) and FlowJo 8.7.3 was used for data 

analysis. Because more than one colours were used, there is a need to compensate for the 

spectral overlap (spillover) between the different fluorophores. For the thymus work, 

single colour controls were used for compensation, while for analysis of splenocytes 

compensation beads (OneComp eBeads, Invitrogen) were used instead. In order to 

distinguish between viable and dead splenocytes, a viability dye eFluorTM 780 

(eBiosciences) was used at a ratio of 1:1000. An unlabelled sample was run first to set 

the voltages and then either single colour controls or compensation beads were run to set 

the compensation against the other colours in the panel.  
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2.4 In situ immunofluorescent staining  

Thymi from mice 6-8 weeks of age were frozen in liquid nitrogen immediately 

after removal. Stored sections were removed from the freezer and allowed to dry at room 

temperature for 30 minutes before being rehydrated in Phosphate Buffered Saline (PBS, 

Sigma Aldrich) for 15 minutes. During this time, antibodies were prepared and made up 

in 1% Bovine Serum Albumin (BSA) diluted in PBS (Sigma Aldrich). Rehydrated 

sections were then stained with primary antibodies (anti-CD4-biotin 1:200, anti-CD8-

AF647 1:200, anti-FoxP3-FITC 1:100). All antibody steps occurred in a humidified 

chamber at room temperature for 30 minutes. Slides were then washed in a PBS bath for 

5 minutes before staining with the secondary antibody mix (Streptavidin-AF555 1:1000, 

anti-FITC-AF488 1:200). For the final amplification of FoxP3 signal, slides were 

incubated with anti-Rabbit-AF488 (1:200) antibody for 20 min in the dark. All the above 

antibodies were purchased from ThermoFisher Scientific.  

Following all antibody staining steps, sections were covered with 4',6-diamidino-

2-phenylindole (DAPI) which is a nuclear stain and assists with cellular visualisation 

during immunofluorescence. After another wash in PBS, sections were covered using a 

coverslip (Sigma Aldrich) and sealed using 1,4 diazabicyclooctane (DABCO) in glycerol 

pH 7 to support the vital preservation of the 80 fluorochromes. Coverslips were then 

sealed using clear nail varnish around the edges and once dry, stored at -20°C. Confocal 

imaging was conducted using the Zeiss 780 Zen microscope. Various magnifications 

were used (x10, x25). 
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2.5 In vivo methods  

All in vivo procedures were approved by the University of Birmingham ethical 

review committee and were permitted under Home Office Project License PPL, 

P17E7ABFB, held by Professor David C. Wraith and Personal License PIL, I8692DBAC, 

held by Konstantina Petkou.  

2.5.1 Antigen administration/Dose escalation protocol 

All antigen administration was performed subcutaneously (s.c.), using the high 

affinity MBPAc1-9 [4Y] peptide diluted in PBS. Mice were scruffed and 200μl of diluted 

peptide was administered to un-anaesthetised mice. Antigen was administered at 3–4-day 

intervals for a total of 6 treatments following a dose escalation protocol: 0.08μg, 0.8μg, 

8μg, 80μg, 80μg, 80μg. Spleens were harvested 3 days after the final peptide dose for 

further in vitro analysis.  

2.5.2 Bromodeoxyuridine Proliferation analysis  

To support the detection of proliferating cells, the technique of 

Bromodeoxyuridine (BrdU) incorporation was used. For this purpose, 1.5mg BrdU was 

injected into mice intraperitoneally (i.p.) 1 hour prior to sacrifice. For analysis, tissues 

were harvested and digested as appropriate for the cell type being analysed. Once in a 96 

well plate, cells were surface stained as described in section 2.3.18.1, for the identification 

of the desired target. Following washing of the cells after primary staining, samples were 

resuspended in 150μl Fix/Perm Buffer (eBioscience) for 16 hours at 4oC. Samples were 

then washed with 1X Perm Buffer made with distilled water from 10X stock bottle 

(eBioscience) and resuspended in 100μl of diluted DNase as manufacturer’s instructions 

and kept at 37oC for 1 hour. Following two washes with 1X Perm Buffer, cells could then 

be stained for BrdU, with the antibody being made up in 1X Perm Buffer solution and 
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incubated at room temperature for 1 hour before being washed twice with 1X Perm 

Buffer. Finally, cells were resuspended in 200μl FACS Buffer and then run on the LSR 

Fortessa.  

2.5.3 Preparation of CFA adjuvant  

For the initial optimisations of the adoptive transfer experiments, the efficiency 

of the antigenic challenge with soluble peptide was compared with the antigenic challenge 

with peptide in adjuvant. For the preparation of peptide-containing adjuvant, a 1:1 

mixture was prepared of Complete Freud’s Adjuvant (CFA; Difco; 263810) 

supplemented with 8mg/ml Mycobacterium Tuberculosis H37Ra (MTb; Difco; 231141) 

and PBS (Sigma-Merck; D8537) containing 1mg/ml peptide. Adjuvant mixture was 

sonicated for 20 minutes and physically agitated by repeat pipetting using 1ml syringe 

until emulsified. Adjuvant consistency was checked by releasing a small droplet onto 

water, the droplet should retain its shape on the surface and show minimal dispersion. 

100μg of peptide was delivered to each mouse under anaesthesia by two subcutaneous 

injections of 50μl adjuvant bilaterally at the flank of the mouse. 3 days following 

antigenic challenge, mice were sacrificed by cervical dislocation and spleens were 

collected for in vitro analysis.  

2.5.4 Adoptive cell transfers in Tg4 x C57BL/6 recipients 

Splenic CD4+T cells from naïve 2D2 mice were purified by magnetic bead 

isolation to at least 90% purity. 5 x 106 freshly isolated 2D2 CD4+ T cells were labelled 

with CTV and were injected into (Tg4 x C57BL/6) F1 recipients that were treated with 

either PBS or MBPAc1-9 [4Y]. The adoptive cell transfer was done 3 days after the final 

dose. 24 hours post-cell transfer, recipient mice were challenged with 100μg MBPAc1-9 
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[4K] and 100μg MOG35-55. After 3 days, spleens were harvested, CD4+ T cells were 

purified and stained for activation markers and analysed by flow cytometry.  

2.5.5 Adoptive cell co-transfers in B10.PL x C57BL/6 or B10.PL recipients 

Splenic CD4+ T cells from PBS or MBPAc1-9 [4Y]-treated Tg4 mice were purified 

by magnetic bead isolation to at least 90% purity. 5 x 106 freshly isolated Tg4 CD4+ cells 

were labelled with CTV and co-injected with equal number of either PBS or MBPAc1-9 

[4Y]-treated Tg4 CD4+ T cells via the intraperitoneal cavity into B10.PL mice (Tg4 in 

vivo system). Similarly, 5 x 106 freshly isolated 2D2 CD4+ cells were labelled with CTV 

and co-injected with equal number of either PBS or MBPAc1-9 [4Y]-treated Tg4 CD4+ T 

cells via the intraperitoneal cavity into B10.PL x C57BL/6 mice (2D2 in vivo system). 24 

hours post-cell transfer, recipient mice were challenged with 100μg peptide (either 

MBPAc1-9 [4K] alone (Tg4 system) or MBPAc1-9 [4K] with MOG35-55 (2D2 system)) 

suspended in PBS, unless otherwise stated.  After 3 days, spleens were harvested, CD4+ 

T cells were purified and stained for activation markers and analysed by flow cytometry.  

2.6 Bioinformatic analysis 

2.6.1 Bulk RNA sequencing  

Samples were prepared from either naive (PBS-treated) animals or treated (4Y-

treated) animals. Cells were sorted based on CD4 and CD25 markers creating the 

following 4 biological groups: i) CD4+CD25+ 4Y-treated Tregs, ii) CD4+CD25- 4Y-

treated Tconv, iii) CD4+CD25+ PBS-treated Tregs and iv) CD4+CD25- PBS-treated 

Tconv. Comparison between naive and treated samples (4Y vs PBS) as well as two 

different populations that were sorted from the same treatment (CD25+ and CD25-). The 

pipeline RNA-seek v1.2.1 was used for QC and to obtain RSEM counts for 12 bulk RNA-

seq samples. The RSEM counts created by the RNA-seek pipeline were then used as input 
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for the tool iDEP (Ge et al., 2018) v0.951 for downstream analysis. Differential 

expression analysis was performed in iDEP with DESeq2 (Love et al., 2014) and 

visualised with heatmaps and volcano plots.  

2.6.2 Single-cell RNA sequencing (scRNAseq) 

The sample preparation for the scRNAseq experiment was the same as the one 

described in the previous paragraph 2.6.1. The sequencing of the samples was conducted 

according to the 10x Genomics Chromium Single Cell 3’ workflow, which enables a 

droplet-based encapsulation of single cells using a gel bead in emulsion (GEM) approach. 

In this way, each gel bead is labelled with oligonucleotides that consist of a unique 

barcode, a 10bp unique molecular indices (UMIs), sequencing adapters/primers and an 

anchored 30bp oligo-dT that allows the tracking of each individual cell within the sample 

tested. 

Despite the robustness of this method, poor-quality cells and technical artifacts 

can still be present in high-quality runs. Before any downstream analyses can be 

performed, a quality control (QC) was performed to ensure the integrity of the data. Two 

indicators were used to measure the integrity of the samples; nFeature_RNA that is the 

number of genes detected in each cell, and nCount_RNA that is the total number of 

molecules detected within a cell. Low nFeature_RNA is an indication of a dead/dying 

cell, and high nCount_RNA and/or nFeature_RNA that there is a doublet/multiplet, 

instead of the desired single cell per droplet. Cells with high mitochondrial percentages, 

low nFeature_RNA, and high nFeature_RNA counts were removed with cut-offs specific 

to each sample. Removing the outliers from these groups removes most of doublets, dead 

cells, or empty droplets. Hence, filtering is a critical pre-processing step that ensures that 

there are only viable, single cells in the analysed group. In a way, this step resembles the 
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initial gating strategy in flow cytometry, where there is a need to gate out dead cells and 

doublets before analysing the target population of cells.  

For the bioinformatics analysis, single-cell RNA-seq samples were demultiplexed 

with the Cell Ranger (Zheng et al., 2017) v7.0.0 command mkfastq and feature counts 

generated with the count command using the Cell Ranger reference refdata-gex-mm10-

2020-A. The resultant filtered matrix was used for input to Seurat (Hao et al., 2021) v4.1.1 

to perform the QC mentioned above on an individual sample level. The filtered samples 

were integrated and annotated with SingleR (Aran et al., 2019) v1.8.1 using 

celldex v1.4.0 reference data for mouse to assign cell types. Annotation revealed a small 

cluster of ILC3 cells that were removed prior to differential expression testing. 

Differentially expressed genes were analysed using the model MAST (Finak et al., 2015). 

To be considered for differential expression the gene needed to be present in 10% of the 

cell for the comparison. The default average log2 fold change filter was set to 0.5.   

2.7 Statistical analysis  

Graphs were generated and analysed using GraphPad Prism software version 8.0 

(GraphPad, California, USA) as described in figure legends and text. Grouped data was 

first assessed for normality prior to application of an appropriate parametric or non-

parametric test. Asterisks denote p value significance; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.  All graphs are presented with error bars representing ±SEM. Appropriate 

statistical analysis was carried out as indicated for the individual assays. Paired t tests 

were used when comparing two groups; the corresponding one-way ANOVA was used 

when comparing three or more groups. Multiple comparison analysis was corrected using 

Tukey’s or Dunnett’s post-test as indicated in each figure legend.  
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3.1 Introduction  

The immune system is regulated by a variety of molecular checkpoints, a major 

component of which is a large set of co-stimulatory and co-inhibitory receptors that 

modulate the host response to foreign threats, while avoiding the destruction of host tissue 

(Peggs et al., 2009; Ward-Kavanagh et al., 2016). Although co-stimulation is critical for 

triggering the initial response following the engagement of the TCR, inhibitory pathways 

are equally important for regulating the overall outcome of the immune response. Co-

inhibitory receptors are induced by TCR stimulation and co-stimulation and subsequently 

transduce negative feedback signals to provide a mechanism for ceasing T cell activation.  

Either excessive co-stimulation or inadequate co-inhibition may breach peripheral 

self-tolerance and lead to autoimmune diseases, resulting in deleterious inflammation and 

destruction of self-tissues mediated by the activation of autoreactive T cells and 

autoantibodies (Zhang and Vignali, 2016a). It is worth mentioning that both sets of 

receptors are expressed by all T cell subsets, thus contributing to the net outcome of the 

immune response. For instance, not only are they expressed on effector T cells, but they 

are also expressed and have a crucial impact on regulatory T cells (Tregs) that play a 

critical role in the maintenance of self-tolerance (Lucca and Dominguez-Villar, 2020; 

Chihara et al., 2018).  

In particular, the expression of co-inhibitory receptors on effector T cells ensures 

the appropriate contraction of effector T cell responses, whereas their expression on Tregs 

ensures the proper function of Tregs to control effector cells (Joller and Kuchroo, 2017). 

These receptors play an instrumental role in the functional outcome of T cell activation, 

effectively by regulating the balance between tolerance and immunity in different 

settings, such as autoimmunity, cancer, and viral infections (Schnell et al., 2020). 
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Essentially, the overexpression of these molecules in the tumour microenvironment 

renders T cells dysfunctional (or so-called ‘exhausted’), and therefore they cannot attack 

tumours, while the lack of expression as seen in cases of autoimmune diseases indicates 

the inability of the immune system to maintain the state of tolerance to self-antigens 

(Fuertes Marraco et al., 2015). Even though co-inhibitory receptors have been studied 

extensively in the context of cancer biology, with promising results from clinical trials of 

novel immune checkpoint inhibitors (Qin et al., 2019); however, their role in the control 

of autoimmune  reactions is less understood.  

It has been suggested that there is a hierarchical utilization of co-stimulatory 

and co-inhibitory pathways. In other words, there are ‘first-line’ and ‘second-line’ 

pathways affecting the overall outcome of a T cell response. CD28 co-stimulation falls 

under the category of a ‘first-line’ pathway essential for T cell priming, whereas co-

inhibitory pathways like those involving CTLA-4 and PD-1 have a dominant ‘first-line’ 

inhibitory impact on T cell activation. There are also ‘second-line’ pathways, which 

involve co-inhibitory receptors such as Tim-3, TIGIT and LAG-3, which do not have 

universal impact on all autoimmune disease all the time. Therefore, their contribution is 

more tissue-specific and may affect the outcome in a temporary manner as these 

molecules are activated in a more restricted time window during the priming phase.  

It has been proposed in the literature that activation of DP thymocytes induces 

the expression of CTLA-4, which can counteract, via ligand competition, the CD28-

driven cell death of self-reactive cells following the encounter of high dose, but not low 

dose, specific antigen (Kwon et al., 2004). Furthermore, CD28 signalling is responsible 

for the induction of FoxP3 expression and differentiation of Tregs from DP cells in the 

thymus (Tai et al., 2005). Work from our lab using knock out mice, has demonstrated that 



92 

 

the absence of CTLA-4 results in an enhanced CD28-dependent expression of FoxP3 by 

DP cells in the thymic cortex; that led to increased frequency of self-antigen specific 

Tregs in the thymus as well as the periphery that provided protection against disease 

(Verhagen et al., 2009). A few years later, Verhagen and colleagues also demonstrated 

that CTLA-4 affects not only the thymic selection of FoxP3+ Tregs, but also the 

generation of T conventional cells, by modulating the TCR repertoire (Verhagen et al., 

2013). These studies showed that CTLA-4 has an impact on the generation of both thymic 

and peripheral Tregs and provided the basis for the hypothesis that other co-inhibitory 

receptors can also regulate other aspects of central, as well as peripheral tolerance.  

TIGIT belongs to the next generation of co-inhibitory receptors and even 

though it has been studied more extensively in the context of cancer, its role in the 

regulation of autoimmunity remains obscure. Given that the TIGIT/CD226/CD155 

pathway shares a lot of similarities with the well-characterised CTLA-

4/CD28/CD80/CD86 pathway, primarily the ligand competition amongst others 

(described in paragraphs 1.3.1 and 1.3.2 of the Introduction, respectively), we reasoned 

that TIGIT may be involved in the immune regulation of regulatory T cells both in the 

thymus and spleen.  

This chapter aims to shed light on the role of TIGIT in different regulatory cells 

both in the thymus and in the periphery. Two different knock-out (KO) strains were 

generated on the Tg4 background, using the Crispr-Cas9 technology as described in 

paragraph 2.1.2 from Materials & Methods, in order to test the reproducibility of the data 

and rule out the possibility of technical artefact or off-target effects from the Crispr-Cas9 

method. For the initial experiments and unless stated otherwise, TIGIT KO refers to the 

Tg4/Tigit_LN7/8b strain, in which an 8bp deletion on exon 2 disrupts the expression of 
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TIGIT. The second KO strain was generated by a long insertion (Li) at the same site, and 

it is referred to as Tg4/Tigit_LN6/Li. In both strains, TIGIT is not expressed as evaluated 

by both sequencing and flow cytometry approaches.  

Chapter aims: 

 Characterise the role of TIGIT in central tolerance and T cell development in the 

thymus 

 Investigate the impact of TIGIT in the maintenance of peripheral tolerance by 

examining different regulatory T cells, such as: 

o Total CD4+ T cells from 4Y-treated Tg4 mice (CD4tol cells)  

o In-vitro generated regulatory T cells (iTregs) 

o FoxP3+ Tregs from 4Y-treated Tg4 mice  

 Study the capacity of TIGIT-/- regulatory T cells to modulate DC maturation  
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3.2 TIGIT expression is enhanced on thymic and peripheral Tregs  

To start dissecting the impact of TIGIT on central tolerance, firstly, we investigated 

its expression on the different subsets of T cells in the thymus, by gating on the different 

populations of thymocytes as shown in Fig. 3.1A. During the functional maturation 

process of developing T cells that takes place in the thymus, different cell types arise at 

different stages of development, with the first ones being the CD4-CD8- double negative 

(DN) cells that appear at the early stages of development from early thymus progenitors 

and go through 4 different stages of maturation and express different markers prior to 

TCR rearrangement: CD44+CD25- (DN1), CD44+CD25+ (DN2), CD44-CD25+ (DN3) 

and CD44-CD25- (DN4) (Ceredig and Rolink, 2002).  

After TCR rearrangement, thymocytes mature to double-positive (DP) CD4+CD8+ 

T cells that appear during positive selection in the cortex and subsequently mature into 

single-positive (SP), either CD4+ or CD8+ during negative selection in the medulla. CD4+ 

T cells can be further progress from an immature (CD62LlowCD69high) to a mature 

(CD62LhighCD69low) phenotype (Germain, 2002). In addition to conventional CD4+ and 

CD8+ T cells, CD25+FoxP3+ Tregs, a subset of CD4+ T cells, also mature in the thymus 

from immature CD25-FoxP3+ or CD25+FoxP- precursors (Owen et al., 2019).  

Using the Tg4 mouse model, the expression of TIGIT was analysed on different 

populations of T cells. Fig. 3.1B shows a representative histogram with the gating for 

TIGIT+ and TIGIT- cells as gated on CD4+CD25+FoxP3+ Tregs. Furthermore, total CD4+ 

T cells, total CD8+ T cells, different populations of Tregs (mature and immature), 

different populations of DN cells and DP cells in the thymus (Fig. 3.1C). TIGIT was 

predominantly expressed on fully mature, CD25+FoxP3+ Tregs (approximately 10% of 

total CD4+ T cells), as well as immature CD25+FoxP3- and CD25-FoxP3+ Tregs (5%), 



95 

 

but not on Tconv cells, either CD4+ or CD8+, double-positive cells or double-negative 

(Fig. 3.1C). Interestingly, TIGIT was also expressed by FoxP3+ Tregs in the spleen, but 

not Tconv, indicating that there are either some TIGIT+ thymic Tregs that entered the 

periphery or that TIGIT was also upregulated on peripherally induced Tregs (Fig. 3.1D). 

In either way, the expression of TIGIT of both thymic and peripheral Tregs indicates that 

it can potentially play a role in the function of these cells.   
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3.3 Phenotypic characterisation of the TIGIT KO mice  

To be able to characterise the TIGIT KO mice, we assessed the size and cellularity 

of thymi from TIGIT KO and Tg4 mice. Even though the number of thymocytes was 

slightly lower in the TIGIT KO mice compared to the Tg4 control, this difference was 

not significant (Fig. 3.2A).  Furthermore, the number of total CD8+ T cells (Fig. 3.2B) 

and total CD4+ T cells (Fig. 3.2C) remained unaffected in the absence of TIGIT, as well 

as the number of both mature CD69-CD62L+ (Fig. 3.2D, i) and immature CD69+CD62L- 

CD4+ T cells (Fig. 3.2D, ii). Double positive CD4+CD8+ cells (Fig. 3.2E) and double 

negative CD4-CD8- cells during the different stages of maturation (Fig. 3.2D from i – 

early stage, to iv – latest stage) were not impacted by TIGIT.  
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3.3.1 Tg4 mice lacking TIGIT display increased frequencies of FoxP3+ Tregs  

As mentioned previously, the TIGIT KO was generated on the Tg4 background, 

therefore in this model, approximately 95% of CD4+ T cells express the Vβ8 transgene 

from a T cell specific for the immunodominant peptide of MBP, MBPAc1-9 [4K peptide] 

(Liu et al., 1995). Given that this is an MHC class II-restricted model, most developing 

thymocytes are forced to become CD4+ T cells, compared to a wild-type mouse. As part 

of the characterisation of the new KO strains, thymi from both TIGIT KO and Tg4 mice 

were harvested and stained for lineage markers and Vβ8. As expected, both TIGIT KO 

and Tg4 mice had similar percentages of CD4+, CD8+ and CD4+CD8+ T cells, but the 

percentage of CD4+ SP T cells was much higher (35% of viable, single cells) compared 

to the C57BL/6 wild type control (12%) (Fig. 3.3A, upper panel). Furthermore, in both 

TIGIT KO and Tg4 mice, almost all the CD4+ T cells express the Vβ8 chain of the TCR, 

while in the C57BL/6 wild type control <20% of cells express Vβ8 (Fig. 3.3A, lower 

panel).  

Interestingly, when CD4+Vβ8+ T cells from both TIGIT KO and Tg4 mice were 

analysed for the frequencies of regulatory cells, there was an upregulation in the number 

of Tregs, both in the thymus (Fig. 3.3B, upper panel) and in the periphery (Fig. 3.3B, 

lower panel) of TIGIT KO mice. This difference in cell numbers of thymic Tregs was 

more significant in fully mature CD25+FoxP3+ Tregs and CD25+FoxP3- Tregs, but not in 

the precursor population of CD25-FoxP3+ Tregs, potentially because the percentage of 

these cells was so low that made the detection of any difference challenging (Fig. 3.3C, 

i). Intriguingly, this enhanced percentage of CD25+FoxP3+ Tregs was also observed in 

the spleen (Fig. 3.3C, ii), in line with previous data from the CTLA-4-/- mice (Verhagen 

et al., 2009).  
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Fig. 3.3 (Continued on the next page)   
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3.3.2 Investigation of the proliferative capacity of Tregs from TIGIT KO and Tg4 

mice 

Following the observation that there is a higher percentage of both thymic and 

splenic FoxP3+ Tregs in the TIGIT KO mice, the question that we aimed to address next 

was what the driving force behind the difference seen in numbers might be. One 

explanation would be that FoxP3+ Tregs that lack TIGIT display enhanced proliferative 

capacity. To test this hypothesis, mice were injected intraperitoneally (i.p.) with BrdU, an 

analogue of thymidine that identifies proliferation rates in vivo by incorporating into 

newly synthesised DNA of actively proliferating cells. One hour post injection, tissues 

were harvested, processed, and stained for lineage markers and BrdU (Fig. 3.4A).  

Surprisingly, the levels of BrdU+ cells in thymic Tregs, both mature and immature, 

was quite low and there were no significant differences between the TIGIT KO and Tg4 

control mice (Fig. 3.4B). Similarly, the levels of BrdU+ FoxP3+ Tregs in the spleen were 

at the same levels and any differences were negligible (Fig. 3.4C). Therefore, the 

increased percentage of FoxP3+ Tregs in the TIGIT KO mice in unlikely to be due to 

elevated levels of proliferation.   
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3.3.3 Localisation of TIGIT-/- Tregs in the thymus  

Given that proliferation of FoxP3+ Tregs was not compromised due to TIGIT, we 

reasoned that the discrepancy seen in Treg numbers could be due to altered negative 

selection in the thymic medulla. The localisation of developing thymocytes reflects their 

developmental stage. In wild type mice, during positive selection that takes place in the 

thymic cortex, CD4+ or CD8+ SP developing thymocytes upregulate CCR7, which is 

required for the migration of SP cells to the medulla, where negative selection takes place 

(Kurd and Robey, 2016). We hypothesised that the absence of TIGIT might interfere with 

the ability of T cells to undergo negative selection. To address this, we followed an 

imaging approach, in which frozen sections from thymi of TIGIT KO and Tg4 mice were 

stained for CD4 and CD8 to be able to visualise the areas of cortex (C) and medulla (M) 

that is mostly populated by CD4+ T cells and FoxP3 to detect Tregs and visualised at 

different magnifications under a Zeiss LSM 710 confocal microscope.  

In this way, we wanted to investigate both the localisation of Tregs as well as their 

absolute numbers. Interestingly, at the lower magnification of 10x, in both TIGIT KO 

strains, Tg4/Tigit_LN7/8b (Fig. 3.5A, i) and Tg4/Tigit_LN6/Li (Fig. 3.5A, ii), FoxP3+ 

Tregs were found within the medullary regions, similar to the Tg4 control (Fig. 3.5A, iii). 

Furthermore, using the higher magnification of 25x, we were able to see that the numbers 

of FoxP3+ Tregs were very similar between the Tg4/Tigit_LN7/8b (Fig. 3.5B, i), 

Tg4/Tigit_LN6/Li (Fig. 3.5b, ii) and Tg4 control (Fig. 3.5B, iii). Therefore, with the 

approaches we followed we were not able to give a conclusive answer regarding the 

differences seen in Tregs number between the TIGIT KO and Tg4 mice. Further analysis 

of the involvement of TIGIT on central tolerance was beyond the scope of this thesis, and 

the next paragraphs focus on the role of TIGIT in peripheral tolerance.   
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Fig 3.5: The absence of TIGIT does not interfere with the localisation of Tregs in the 

thymus (Continued on the next page)  
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3.4 Development of protocol for in vitro expansion of CD4+ T cells from 

4Y-treated mice (CD4+tol) 

To investigate the role of TIGIT in the maintenance of peripheral tolerance 

mediated by different regulatory T cells, different approaches were followed. The dose 

escalation protocol, in which Tg4 mice are given increasing doses of the high affinity 

MBP analogue, MBPAc1-9 [4Y] in vivo to give rise to IL-10+ peripherally-induced tolerant 

cells has been studied extensively (Sundstedt et al., 2003; Gabrysova et al., 2009; 

Nicolson et al., 2009; Burton et al., 2014). However, this protocol has not been applied 

to TIGIT KO mice before, therefore a couple of pilot experiments were conducted first to 

ensure the safety of this method as a tool to give rise to tolerant CD4+ T cells, hereafter 

referred to as CD4tol cells.  

 TIGIT KO mice did not exhibit any signs of clinical pathology or development of 

EAE or any other adverse side effect during the course of tolerance induction. Therefore, 

TIGIT KO and Tg4 mice were subjected to subcutaneous administration of increasing 

doses of the 4Y peptide and spleens were harvested 3 days after the final treatment and 

expanded in vitro for subsequent rounds of stimulation (Fig. 3.6A). For the first round, 

bulk splenocytes of tolerant Tg4 mice were expanded in the presence of 4K and IL-2 

because there were some APCs in that bulk population of cells to allow antigen 

presentation to T cells. After 7 days, isolated CD4+ T cells were re-stimulated with 4K 

and PL8 cells, an Au-expressing, antigen presenting B cell lymphoma cell line that was 

used instead of APCs (Wraith et al., 1992). Cell cultures were supplemented with IL-2 

three days after stimulation with 4K and viable CD4+ T cells were used after each 

subsequent round for in vitro assays or further expansion.  
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This protocol was developed in compliance with the 3Rs policy (Replacement, 

Reduction, Refinement), so that we could use CD4tol cells expanded in culture for further 

experiments, instead of repeating the tolerance induction using more mice each time. 

Before using the cells in assays, a quick assessment of their phenotype was conducted to 

ensure the stability of the cell line, primarily to ensure that they maintained the production 

of IL-10, which is the main characteristic of these cells and also the fact that they don’t 

express FoxP3, the main difference between peptide-induced tolerant cells and other 

naturally occurring FoxP3+ Tregs.  

Previous data has shown that CD4tol cells are anergic, fail to produce IL-2, but can 

produce high levels of IL-10 following antigen encounter; however, this state of anergy 

is reversible upon addition of exogenous IL-2 (Anderson et al., 2005). Importantly, 

external IL-2 did not induce the transcription of Il2 gene in these cells, therefore these 

cells remained unable to sustain their survival and proliferation through production of 

their own IL-2, but relied on IL-2 produced by T effector cells, a characteristic also seen 

in FoxP3+ Tregs (Chinen et al., 2016). To confirm these observations in CD4tol cells from 

Tg4 mice and compare the phenotype to their counterparts in the TIGIT KO mice, cells 

were stimulated with either the low [4K] or high [4Y] affinity peptides for three days, 

with or without IL-2, and cells were pulsed with [3H]-thymidine for the last 16h of culture 

to measure the levels of proliferation.  

Interestingly, without external IL-2, CD4tol cells from both TIGIT KO mice and 

Tg4 controls remained undivided (ccpm below 2000) upon stimulation with either 4K 

(Fig. 3.6B, ii) or 4Y (Fig. 3.6B, iv), confirming their state of anergy, which was not 

reversed even with the strong TCR stimulation with 4Y. Naïve CD4+ T cells were used 

as a positive control for proliferation, since they were able to proliferate readily across 
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peptide concentrations. The low levels of proliferation seen upon stimulation with the 

high dose (100μg/ml) peptide, either 4K or 4Y, can be due to the fact that a high 

proportion of cells undergo induced cell death when exposed to strong TCR stimulation 

(Lissy et al., 1998).  However, when IL-2 was added into the cultures, cells were able to 

overcome this state of unresponsiveness and proliferate upon stimulation with 4K (Fig. 

3.6B, i) or 4Y (Fig. 3.6B, iii). Strikingly, the re-stimulation with 4K only partially 

reversed the anergic phenotype (ccpm around 20000), while re-stimulation with 4Y 

provided a strong signal that enhanced the proliferation drastically (ccpm above 60000), 

reaching levels similar to the ones seen with naïve CD4+ T cells. This indicates that this 

state of anergy imprinted to CD4tol cells following peptide immunotherapy is reversible 

and it depends on both TCR signals as well as environmental cues from cytokines, such 

as IL-2.  

Surprisingly, TIGIT did not appear to play a role in the establishment of the anergic 

phenotype of CD4tol cells in the IL-2-free cultures and did not interfere with the reversion 

of this phenotype upon addition of IL-2, since the levels of proliferation between the two 

TIGIT KO strains (8b deletion and long insertion) and the Tg4 control were similar across 

the different conditions tested. There is a trend of slightly higher proliferation in the 

CD4tol cells from TIGIT KO, especially the ones that were re-stimulated with 4K and 

IL-2 (Fig. 3.6B, i); however, the difference seen was not statistically significant. This 

indicates that TIGIT plays a subtle, if any, role in the proliferative capacity of CD4tol 

cells.   
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Fig. 3.6: Protocol for tolerance induction and establishment of anergy (Continued 

on the next page)   
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3.4.1 Assessment of the cytokine profile of CD4+tol from TIGIT-/- and Tg4 mice after 

in vitro re-challenge with MBPAc1-9 analogues 

Even though TIGIT did not seem to play a major role in the proliferative capacity 

of CD4tol cells, we hypothesised that it could play a role in the capacity of these cells to 

produce pro- or anti-inflammatory cytokines, since it was previously shown that there is 

a positive correlation between TIGIT and IL-10 (Burton et al., 2014). Therefore, we 

reasoned that TIGIT may play a role in the ability of CD4tol cells to produce IL-10. 

Furthermore, even though CD4tol cells have differentiated towards an anergic, IL-10-

producing phenotype, they are still able to produce IFN-γ in response to antigen, revealing 

their Th1 origin (Gabryšová et al., 2009); therefore we were keen to investigate the 

implications of the lack of TIGIT on the ability of CD4tol cells to produce both IL-10 and 

IFN-γ.   

Interestingly, upon in vitro re-challenge of CD4tol cells with 4K, there were high 

levels of IL-10 in culture supernatants both with (Fig. 3.7A, i) and without (Fig. 3.7A, ii) 

exogenous IL-2. This effect was dose-dependent and with the addition of IL-2, cells were 

able to produce high levels of IL-10 at lower doses compared to the cultures that did not 

have IL-2. Naïve CD4+ T cells were used as an untreated control for the background levels 

of IL-10 production. Upon re-stimulation with 4Y, there was again a clear, dose-

dependent effect for IL-10 production; however, the strong TCR stimulation potentiated 

CD4tol cells to produce high levels of IL-10 even at low doses (0.1 or even 0.01) in the 

presence of IL-2 (Fig. 3.7B, i) and less so without IL-2 (Fig. 3.7B, ii). In all the conditions 

mentioned above, differences in the levels of IL-10 production between the TIGIT KO 

strains and Tg4 controls were not significant.   
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In addition to IL-10, levels of IFN-γ produced by CD4tol cells in response to 

antigen were measured in cell culture supernatants.  Similar conditions were investigated, 

where CD4tol cells were re-stimulated in vitro with either the high affinity, 4Y, or low 

affinity, 4K peptide, in the presence or absence of external IL-2. Again, in the presence 

of 4K peptide and without IL-2, there was a dose-dependent effect for IFN-γ production 

that was very similar between the two different TIGIT KO strains and the Tg4 control 

(Fig. 3.8A, ii) and the levels of IFN-γ increased in the presence of IL-2, but still the 

absence of TIGIT did not alter the production of IFN-γ (Fig. 3.8A, i).  Re-stimulation 

with 4Y peptide had a similar impact on CD4tol cells; however, the production of IFN-γ 

was quite high even at the low doses of 0.1 and 0.01μg/ml peptide without exogenous IL-

2 (Fig. 3.8B, ii) and these levels were slightly higher at the same peptide doses but with 

exogenous IL-2. In all the cases, it appeared that TIGIT was dispensable and did not 

interfere with the ability of CD4tol cells to produce IFN-γ following peptide stimulation.  

 In a last attempt to test the role of TIGIT on CD4tol cells, a different approach 

was used. After one round of in vitro expansion, CD4tol cells were re-stimulated with 

PMA and Ionomycin for 4h and stained for surface markers and intracellular cytokines. 

Levels of intracellular IL-10, IFN-γ, IL-2, and IL-4 were measured on CD4+ viable cells 

from either 4Y-treated or untreated Tg4 mice (Fig. 3.9A). Data from 4 independent 

experiments showed that there were no significant differences in the % or MFI of IL-10+ 

cells (Fig. 3.9B, i and ii), in the % or MFI of IFN-γ+ cells (Fig. 3.9C, i and ii), in the % or 

MFI of IL-2+ cells (Fig. 3.9D, i and ii) and in the % or MFI of IL-4+ cells (Fig. 3.9E, i and 

ii). From all the experiments presented in this paragraph, it was clear that TIGIT did not 

play a role in the development and phenotype of CD4tol cells.  
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Fig. 3.9: Cytokine profile of tolerant cells deriving from either TIGIT-/- or Tg4 mice 

after stimulation with PMA/Ionomycin.  (Continued on the next page)  
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3.5 The role of TIGIT in the generation of iTregs  

Moving on from CD4tol cells, we were interested to study the role of TIGIT in the 

generation and phenotype of in vitro-generated Tregs (iTregs). For the generation of 

iTregs, bulk splenocytes from TIGIT KO or Tg4 mice were cultured with TFG-β and IL-

2 and CAL101, a PI3K inhibitor that was previously shown from our lab to enhance 

FoxP3 expression (unpublished data) or DMSO control. The role of PI3K pathway in the 

stability of Tregs has been controversial; however, several different publications have 

confirmed that inhibition of this pathway results in increased expression of FoxP3 (Soond 

et al., 2012; Harada et al., 2010; Patterson et al., 2011). Furthermore, a titration of 4K 

peptide was used to define the optimal concentration for the generation of a population 

with a high percentage of FoxP3+ cells in the Tg4 model.  

Firstly, it was clear that CAL101 increased the selective survival of FoxP3+ cells at 

the higher doses of antigen, as evidence by the percentage of FoxP3+ cells across the 

different peptide concentrations compared with the DMSO control (Fig. 3.10A). The low 

peptide concentration of 0.1μg/ml 4K gave rise to the highest percentage of 

CD25+FoxP3+ Tregs in the cultures treated with CAL101 (Fig. 3.10B, i) or DMSO (Fig. 

3.10B, ii); however, the lack of TIGIT did not affect the ability of naïve CD4+ T cells to 

acquire FoxP3 expression under polarising conditions. The same observation was true 

when the MFI of FoxP3 was assessed in cultures with (Fig. 3.10C, i) or without (Fig. 

3.10C, ii) CAL101. Therefore, from the data presented in the paragraphs above, it 

becomes clear that TIGIT does not play a role in the phenotype of either in vivo-generated 

CD4tol cells or in vitro-generated iTregs.  
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Fig 3.10: TIGIT is dispensable for the generation of iTregs (Continued on the next 

page)  
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3.6 TIGIT is dispensable for the suppressive capacity of different 

regulatory T cells 

With the previous experiments, the generation and phenotype of CD4tol and iTregs 

was assessed in relation to TIGIT expression, in a first, exploratory attempt to identify 

the involvement of TIGIT in different pathways implicated in the maintenance of immune 

tolerance. To expand this analysis further, we were keen to assess the function of 

regulatory cells that did not express TIGIT and study their suppressive capacity in an in 

vitro setting.  

Different regulatory T cell populations (CD4tol, iTregs, 4Y-treated FoxP3+ Tregs) 

were co-cultured with Cell Trace Violet (CTV)-stained CD4+ T cells from the 2D2 

mouse, another transgenic mouse, in which CD4+ T cells recognise the MOG35-55 peptide. 

(C57BL/6 x B10.PL) F1 splenocytes that are able to present both MBPAc1-9 and MOG35-

55 were used as APCs and both peptides were added in culture to stimulate both 2D2 

responders and Tg4 putative suppressors. This in vitro system allows the study of 

bystander suppression mechanisms and is described more extensively in Chapter 4. 

However, it is introduced here for the first time since this system allowed us to assess the 

contribution of TIGIT towards bystander suppression mediated by regulatory T cells in 

vitro.   
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3.6.1 Evaluation of the suppressive capacity of TIGIT-/- iTregs, CD4tol and 4Y-

treated FoxP3+ Tregs  

The different putative suppressors were co-cultured with 2D2 responder cells at 

different cell ratios for 3 days, and proliferation and activation of CD4+Vβ11+CTV+ 2D2 

cells were assessed by flow cytometry. In the presence of iTregs from TIGIT KO mice 

(either 8b or Li), around 20% of 2D2 cells remained undivided and this percentage 

dropped proportionally to the number of iTregs added in culture (Fig. 3.11A, i). Similar 

percentages of undivided 2D2 cells were observed in the presence of iTregs from the Tg4 

control and the differences between TIGIT KO and Tg4 iTregs were not statistically 

significant. This effect was also reflected on the activation status as measured by the 

activation markers CD25 (Fig. 3.11B, i) and CD69 (Fig. 3.11B, ii) expressed on 2D2 cells 

in the presence of iTregs. Again, the suppression of the activation markers was 

proportional to the iTreg cell number, since there was a lower percentage of either CD25+ 

or CD69+ 2D2 cells at the highest ratio (1:1) and it titrated out when iTreg:2D2 ratios 

dropped to 1:4; however, the level of suppression observed was not altered in TIGIT-/- 

iTregs. 

Furthermore, the ability of TIGIT-/- CD4tol cells to mediate bystander suppression 

was investigated in the same setting.  Unsurprisingly, in the presence of both TIGIT KO 

CD4tol cells and Tg4 CD4tol cells, around 80% of 2D2 cells remained undivided at the 

highest ratio (1:1) and this percentage dropped down in a proportional manner to the 

number of CD4tol cells added in the culture (Fig. 3.11A, ii). Finally, the percentage of 

CD25+ (Fig. 3.11C, i) and CD69+ (Fig. 3.11C, ii) 2D2 cells was almost identical in the 

presence of either TIGIT KO or Tg4 CD4tol cells.   
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Fig. 3.11: TIGIT is dispensable for the suppressive capacity of CD4tol and iTregs 

(Continued on the next page) 
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In addition to total CD4tol cells, which consist of both FoxP3+ and FoxP3- 

populations of 4Y-treated CD4+ T cells, we wanted to specifically look at the role of 

TIGIT on 4Y-treated FoxP3+ Tregs, which is a subpopulation of CD4tol cells. These cells 

are proven to be highly suppressive, as demonstrated in further detail in the next chapter; 

therefore, we wanted to study a potential role of TIGIT on these potent suppressors.  

To study these cells, a fraction of the culture was stimulated with PMA and 

Ionomycin and stained for surface markers as well as intracellular FoxP3 and IL-10 (Fig. 

3.12A, i). The difference between the levels of FoxP3 (Fig. 3.12A, ii) and IL-10 (Fig. 

3.12A, iii) between TIGIT KO and Tg4 mice was not significant.  When these cells were 

added in co-culture with 2D2 responders, a strikingly high percentage of responder cells 

(approximately 95%) remained undivided both with TIGIT KO and Tg4 Tregs from 4Y-

treated Tg4 mice at a 1:1 ratio (Fig. 3.12B).  

In line with this phenotype, in the presence of 4Y-treated Tregs, only 20% of 2D2 

cells expressed CD25 (Fig. 3.12C, i) and 40% of 2D2 cells expressed CD69 (Fig. 3.12C, 

ii) at different ratios of responder to suppressor cells. Taken together, it appears that 

TIGIT deficiency does not have an impact on the suppressive capacity of CD4tol, iTregs 

or 4Y-treated Tregs in the context of bystander suppression.  
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3.6.2 Impact of TIGIT on the ability of responder cells to produce pro- or anti-

inflammatory cytokines in vitro  

To be able to give a complete functional characterisation of TIGIT-/- regulatory T 

cells, we were keen to assess the ability of Tg4-derived TIGIT-/- Tregs to influence 

cytokine production by T effector cells of different antigen specificity (2D2 cells). We 

chose the 4Y-treated Tregs as a representative population of regulatory T cells since this 

population was highly suppressive in vitro. The level of each cytokine was measured by 

both sandwich ELISA in the culture supernatants following peptide stimulation with 

MBPAc1-9 and MOG35-55 (Fig. 3.13, right column), and intracellular cytokine staining 

following stimulation of cells with PMA and Ionomycin (Fig. 3.13, left column).  

In the presence of either TIGIT KO or Tg4 FoxP3+ Tregs, the levels of pro-

inflammatory cytokines, IFN-γ (Fig. 3.13A, i and ii) and IL-2 (Fig. 3.13B, i and ii), as 

well as the levels of anti-inflammatory cytokine, IL-10 (Fig. 3.13C, i and ii) were very 

similar. The condition where 2D2 responders were cultured with F1 APCs and medium 

alone (dotted line in the graphs) was used as a control to set the threshold for cytokine 

production following TCR stimulation. Even though there was a clear titration in the 

production of IFN-γ and IL-2, which was inversely proportional to the number of FoxP3+ 

Tregs added in culture, while for IL-10 the correlation was directly proportional, the 

difference between TIGIT-deficient and TIGIT-sufficient 4Y-treated FoxP3+ Tregs was 

not significant.   
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3.7 The role of TIGIT in the T-cell mediated inhibition of dendritic cell 

maturation  

Regulatory T cells can exert their suppressive phenotype either directly on other T 

cells or indirectly by modulating the maturation of dendritic cells and compromising their 

ability for antigen presentation that would subsequently initiate an immune response. To 

investigate the impact of TIGIT-deficient regulatory T cells on DC maturation, an 

overnight co-culture of the putative suppressors with splenic CD11c+ DCs was set up. 

The following day, levels of co-stimulatory molecules, such as CD80, CD86, CD40 and 

MHC II were assessed on the surface of CD3-CD19-CD11c+MHC II+ viable DCs (Fig. 

3.14A), and pro- or anti-inflammatory cytokines were measured in culture supernatants 

(Fig. 3.15).  

Interestingly, in the presence of CD4tol cells, both CD80 (Fig. 3.14B, i) and CD86 

(Fig. 3.14B, ii) were significantly downregulated compared to naïve CD4+ T cells that 

acted as a positive control; however, there was no difference in the levels of suppression 

between TIGIT KO and Tg4 CD4tol cells or iTregs. Furthermore, MHC II (Fig. 3.14B, 

iii) and CD40 (Fig. 3.14B, iv) were not influenced by the presence of CD4tol cells or 

iTregs coming from either TIGIT KO mice or Tg4 controls. Finally, the levels of IL-10 

or IL-12 were measured in the cell culture supernatants in the presence of different 

regulatory T cell populations. Consistent with all the previous data shown in this chapter, 

no difference was observed between TIGIT KO and Tg4 CD4tol or iTregs in terms of IL-

10 production, both after stimulation with 100μg/ml 4K (Fig. 3.15A, i) or without antigen 

(Fig. 3.15A, ii). Moreover, levels of the pro-inflammatory cytokine, IL-12 were very 

similar between the TIGIT-deficient iTregs and CD4tol cells and Tg4 controls after 

stimulation with 100μg/ml 4K (Fig. 3.15B, i) or without antigen (Fig. 3.15B, ii).  
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Fig. 3.14 (Continued on the next page) 
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3.8 Discussion  

                    Co-inhibitory receptors play a pivotal role in the negative feedback 

regulation of immune responses and the perturbation in their expression can give rise to 

immune-mediated pathologies (Zhang and Vignali, 2016; Nagai, 2020). While it is well 

established that prolonged expression of co-inhibitory receptors can result in the 

progression of chronic inflammatory diseases, the downregulation of T cell activation 

mediated by these co-inhibitory pathways can also function as a safety switch to provide 

protection against excessive immune responses (Thaventhiran, 2013). TIGIT belongs to 

the family of co-inhibitory receptors and acts as a critical immune checkpoint for limiting 

both CD4+ T cell-driven inflammation and CD8+ T cell-dependent anti-tumour immunity 

(Johnston et al., 2014).  

                    TIGIT has been studied extensively as a promising target in cancer 

immunotherapy, since it is an instrumental inhibitor of anti-tumour responses that can 

hinder multiple steps of the cancer immunity cycle (Ge et al., 2021). In particular, TIGIT 

overexpression was found in the tumour microenvironment and was strongly associated 

with immune escape and poor prognosis in several types of tumours, such as lung (Sun et 

al., 2020), kidney (Dai et al., 2021), liver (Liu et al., 2019), glioma (Hung et al., 2018), 

melanoma (Chauvin et al., 2015), colorectal carcinomas (Masson et al., 2001), 

neuroblastomas (Tahara-Hanaoka et al., 2006), and gastric cancer (Castriconi et al., 

2004). 

                   Intriguingly, utilising a transgenic mouse that has cells that specifically 

recognise the hepatitis B surface antigen (HBsAg), Zong and colleagues showed that the 

absence of TIGIT can result in a breach in peripheral tolerance that can eventually lead 

to chronic hepatitis and liver fibrosis mediated by CD8+ cytotoxic T lymphocytes (CTLs) 
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(Zong et al., 2019). Conversely, overexpression of TIGIT on PBMCs marked a state of T 

cell dysfunction or exhaustion, characterised by significantly high numbers of 

TIGIT+PD-1+CD8+ T cells in patients suffering with chronic lymphocytic leukaemia 

(CLL) compared to healthy controls (Hajiasghar-Sharbaf et al., 2021). Interestingly, in 

the field of cancer immunotherapy, several clinical trials have studied blocking 

monoclonal antibodies (mAbs) against TIGIT either as a monotherapy (Sanchez-Correa 

et al., 2019), or in combination with anti-PD1/PD-L1 mAbs for the treatment of solid 

malignancies (Raphael et al., 2021; Xiao et al., 2021; Banta et al., 2022), with a promising 

recent first-in-human phase 1 study in non-small-cell lung cancer patients (Niu et al., 

2022). In addition to its well-documented role in cancer immunity, TIGIT has been also 

implicated in the control of immune pathology during influenza and chronic viral 

infection with LCMV (Schorer et al., 2020), HIV-1 (Holder and Grant, 2020) or human 

retrovirus (Yasuma-Mitobe and Matsuoka, 2018).  

                     Even though there is a solid body of evidence in the literature to support the 

implications of TIGIT in cancer and viral immunity, there is still a gap of knowledge on 

its role in CD4+ T cells and its implications in the regulation of autoimmunity. It has been 

previously shown that TIGIT is constitutively expressed on Tregs even at steady-state 

(Kurtulus et al., 2015), enabling them to acquire a highly suppressive phenotype and 

suppress effector T cell responses either in a direct (T cell intrinsic) or indirect (T cell 

extrinsic, via APCs) manner. Joller and colleagues, by using agonistic anti-TIGIT mAbs 

in the absence of any APCs, demonstrated that T cell intrinsic TIGIT signalling can 

directly inhibit T cell activation and proliferation, by attenuating TCR signalling, (Joller 

et al., 2011). Interestingly, in these experiments, TIGIT engagement affected the 
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expression of molecules upstream in the T cell activation process, thus preventing T cell 

expansion without inducing cells to undergo anergy or deletion from the repertoire.  

                  To further expand on the characterisation of TIGIT on CD4+ T cells, we aimed 

to study the impact of TIGIT deletion on the development, phenotype, stability, and 

function of different regulatory T cell populations, such as IL-10highFoxP3low CD4tol cells 

generated in vivo by peptide immunotherapy, iTregs generated in vitro, and in naturally 

occurring peripheral FoxP3+ Tregs generated in vivo by the same protocol as CD4tol cells. 

Previous studies with CTLA-4 KO mice in the Tg4 background have shown that CTLA-

4 reduces the signalling via TCR and CD28 on developing thymocytes leading to a change 

in the repertoire of cells selected and in particular, altering the percentage of FoxP3+ cells 

(Verhagen et al., 2009, 2013). This work has provided the rationale to study the 

implications of TIGIT deficiency in central tolerance.  

                   Our initial findings confirmed the expression of TIGIT on both thymic and 

peripheral Tregs. Interestingly, in the TIGIT KO mice, there was a slight upregulation of 

FoxP3+ Tregs; however, the percentage of these cells was quite low in both TIGIT KO 

and Tg4 controls (<5% within the CD4+ viable gate), indicating that this difference seen 

in numbers, even though consistent between different experiments, could be due to 

limitations of the sensitivity of the staining method. To investigate the properties of 

thymic Tregs in the TIGIT KO and Tg4 controls, we looked at their proliferative capacity 

and localisation in the thymus and found no differences that could be attributed to the 

absence of TIGIT.  At that point, the focus of the project was shifting towards a different 

direction, focusing mainly on studying TIGIT on peripheral tolerance; therefore, 

additional work on the involvement of TIGIT on thymic selection was not possible.  
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               Notably, ablation of TIGIT can lead to hyperproliferation, inflammation and a 

significant reduction in IL-10 levels produced by T cells (Lozano et al., 2012). To further 

understand the impact of TIGIT on T cell intrinsic inhibition of peripherally induced 

regulatory T cells, we investigated the proliferative capacity and cytokine profile of IL-

10-producing CD4tol cells in the Tg4 transgenic model.  Previous work from our lab 

using an Tg4Il10/GFP reporter mouse, established a strong link between the different co-

inhibitory receptors, including TIGIT, and IL-10 (Burton et al., 2014). To build upon 

these observations, we generated CD4tol cells from either TIGIT KO or Tg4 mice and 

investigated their proliferative capacity upon in vitro re-challenge with either the high- or 

low-affinity MBP analogues, 4Y or 4K, respectively. Addition of external IL-2 also was 

used as a tool to examine whether TIGIT interferes with TCR signalling in this system 

and the ability of these cells to restore their state of anergy. Even though it has been 

reported that TIGIT interferes with TCR signalling (Josefsson et al., 2018), in our system, 

it appears  that TIGIT did not play a role in the proliferative capacity or cytokine profile 

of expanded CD4tol cells and it did not affect their ability to suppress other T effector 

cells.  

                 Additionally, TIGIT was studied in the context of iTreg generation, a process 

dependent both on TCR stimulation and environmental cues, such as provision of TGF-β 

and IL-2. Again, bulk splenocytes were able to give rise to iTregs, regardless of TIGIT 

expression and these iTregs had very similar properties in terms of suppressive capacity 

against other T cells or even DCs.  Finally, it has been proposed in the literature that 

TIGIT is involved in both the establishment and restoration of the suppressive capacity 

of FoxP3+ Tregs (Lucca et al., 2019); therefore, we were keen to study its role in the 

highly suppressive population of peptide-treated FoxP3+ Tregs. Data presented in this 
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chapter demonstrated that both TIGIT-deficient and TIGIT-sufficient 4Y-treated Tregs 

were able to exert a highly suppressive phenotype in vitro. Taking these results together, 

we can conclude that TIGIT does not play a role in T cell intrinsic suppression mediated 

by a wide array of regulatory T cell populations derived from the Tg4 mouse.  

                 Moreover, in vivo engagement of TIGIT to one of its ligands, CD155, on APCs 

can result in indirect suppression of T cells mediated by a marked increase in IL-10 

production by tolerogenic DCs (Zhang et al., 2018; Wang et al., 2018; Yu et al., 2008) , 

with a concomitant reduction in IL-12, a pro-inflammatory cytokine secreted by APCs 

upon activation (Chen et al., 2016; Noguchi et al., 2019). TIGIT-deficient regulatory cells 

were co-cultured with DCs to confirm the hypothesis that TIGIT might interfere with the 

ability of regulatory T cells to inhibit the maturation of DCs, since it was previously 

shown that TIGIT+ Tregs are functionally distinct from their TIGIT- counterparts in terms 

of in vitro suppressive capacity (Joller et al., 2014). To our surprise, TIGIT-deficient 

CD4tol or iTregs had the same suppressive capacity as their Tg4 counterparts both in 

terms of ability to suppress CD80 and CD86 on DCs and influence the production of pro-

inflammatory cytokine, IL-10, and anti-inflammatory cytokine, IL-12, by DCs. 

Although TIGIT deficiency does not lead to spontaneous autoimmunity or tissue 

inflammation, loss of TIGIT in a genetically susceptible background can result in 

autoimmune disease as observed in 2D2 X TIGIT-/- mice that developed EAE (Lozano et 

al., 2012). However, we have not observed any significant difference in the incidence of 

EAE in the TIGIT knockout Tg4. The difference between our results and those in the 2D2 

mouse suggest that TIGIT has a subtle impact on the threshold for T cell activation, which 

impacts disease susceptibility in the 2D2 mouse but not the Tg4. The extensive work 
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described in this chapter further shows that TIGIT does not have an essential role in either 

the differentiation or function of different Treg subsets.  
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CHAPTER 4:  

CHARACTERISATION OF THE ROLE OF DIFFERENT 

REGULATORY T CELLS IN BYSTANDER SUPPRESSION 
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4.1  Introduction  

Bystander suppression refers to the phenomenon where T cells specific for antigen 

A can suppress responses of T cells specific for antigen B either in either a cell-contact 

mediated (direct) or cytokine mediated (indirect) manner. Suppression against multiple 

antigens has been observed in various murine models (Miller et al., 1991; Anderton and 

Wraith, 1998)  and has also been reported in clinical setting, where induction of tolerance 

towards a single antigen can be ‘spread’ and provide protection against other antigens. 

However, even though this has been reported as a phenomenon, little is known about the 

cellular and molecular mechanisms underlying the bystander effect.  

Understanding bystander suppression as a means of reducing immune responses to 

multiple antigens by inducing tolerance to a small number of immunodominant ones 

would be an extremely powerful tool, which will provide the basis for the application of 

peptide immunotherapy to a wider range of autoimmune and autoinflammatory 

conditions. Although several autoantigenic epitopes are well-defined in some 

autoimmune diseases, including multiple sclerosis (MS), there are other conditions, 

where we do not know which (if any) of these epitopes are the key targets recognised by 

T cells initiating and subsequently driving the disease. Therefore, a suppressive T cell 

population recognising a defined myelin epitope could suppress a proinflammatory 

population recognising other (perhaps unknown) myelin epitopes if their localisation was 

sufficiently close. In this way, the need to induce antigen-specific tolerance to each and 

every antigen involved in the initiation and progression of complex autoimmune diseases 

can be bypassed.  

Transgenic Tg4 mice serve as a good model for studying antigen-specific responses 

in CD4+ T cells in vivo, since the precursor frequency of antigen-specific cells is 
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sufficiently high to measure the effect of antigen administration directly. Particularly in 

this murine model, virtually all CD4+ T cells (approximately 95%) can recognise the 

immunodominant peptide MBPAc1-9. Repeated exposure to increasing doses of the high 

affinity soluble analogue of this epitope MBPAc1-9 [4Y] can render them tolerant to both 

MBPAc1-9 and MBP as a whole protein. In addition to the Tg4 model, the transgenic 2D2 

model was also used in the experiments described in this chapter, which allowed the 

assessment of T cell responses towards the immunodominant MOG35-55 peptide.  

To investigate bystander suppression both in vitro and in vivo, the F1 generation of 

wildtype B10.PL and C57BL/6 mice was used. These (B10.PL x C57BL/6) F1 mice, 

hereafter referred to as F1 strain, carry both MHC Class II molecules Au and Ab. Due to 

MHC restriction, expression of Au allows the presentation of the immunodominant 

epitope of myelin basic protein MBPAc1-9, while Ab expression allows the recognition of 

the immunodominant epitope of myelin oligodendrocyte glycoprotein epitope MOG35-55. 

Moreover, MBPAc1-9-specific T cells are restricted exclusively to Vβ8+ T cells; however, 

not all Vβ8+ T cells are specific for MBPAc1-9. Similarly, MOG35-55-specific T cells in 2D2 

mice all express Vβ11, but not all Vβ11+ T cells are specific for MOG35-55. In addition to 

the wild type (B10.PL x C57BL/6) F1 mice, Tg4 mice were also crossed with C57BL/6 

mice to be able to generate a transgenic mouse (Tg4 x C57BL/6) that can be tolerised 

against MBPAc1-9 and at the same time can recognise MOG35-55.  

To confirm that in the (B10.PL x C57BL/6) F1 mice there are T cells that recognise 

both MBPAc1-9 and MOG35-55 peptides, tail vain bleeds were stained for TCR Vβ8 and 

Vβ11 chains, an indication on the existence of cells that carry compatible TCRβ chains 

for MBPAc1-9 and MOG35-55 reactive T cells, respectively. A linked hybrid peptide that 

contained both MOG35-55 and MBPAc1-9 epitopes covalently linked together using a HFFK 
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linker region, hereafter called MBPAc1-9-MOG35-55, was synthesised in order to deliver 

both antigens on the same APC. This is a great tool to compare T cell responses to 

MBPAc1-9-MOG35-55 where both epitopes are presented to the same APC (linked 

suppression), vs MBPAc1-9 and MOG35-55 delivered separately (bona fide bystander 

suppression). However, it should be noted that even when peptides are given separately, 

there is a chance that some APCs can capture and present both on their surface.   

 

Chapter aims: 

 Establishment of an in vitro system to study bystander suppression   

 Characterisation of the molecular mechanisms underpinning bystander 

suppression 

o Does bystander suppression rely on antigens being presented in proximity 

(contact-dependant) 

o Identification of molecules that could contribute to the suppressive 

capacity  

 Assessment of the impact of regulatory T cells on the maturation of DCs in vitro 

 Establishment of an in vivo system of bystander and antigen-specific suppression   

 Phenotypic assessment of CD11c+ DCs after tolerance induction in vivo 
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4.2 Introduction to the in vitro model of bystander suppression: co-

cultures of putative suppressive Tg4 T cell populations and 2D2 

CD4+ T responder cells 

To assess whether we could observe bystander suppressive effects between T cells 

of different antigen specificities in vitro, a series of co-culture experiments was 

conducted, in which transgenic Tg4 CD4+ T cells (MBPAc1-9-specific) and transgenic 2D2 

CD4+ T cells (MOG35-55-specific) can be monitored. Figure 4.1A summarises the protocol 

schematic. Putative suppressor cells were derived from Tg4 mice that were naïve or had 

been tolerised with repeated s.c. injection of MBPAc1-9 [4Y] peptide prior to splenic CD4+ 

T cell isolation (hereafter called CD4tol cells) or CD4+CD25+ T cells isolation (FoxP3+ 

Tregs). 

Alternatively, splenocytes from naïve Tg4 mice were cultured in the presence of 

TGF-β and IL-2 for one week to give rise to in vitro-generated Tregs (iTregs). 

Furthermore, naïve splenic CD4+ T cells were isolated from 2D2 mice, stained using 

proliferation dye Cell Trace Violet (CTV) and acted as responder T cells with bulk 

splenocytes from (B10.PL x C57BL/6) F1 mice used as antigen-presenting cells (APCs). 

Proliferation of 2D2 CD4+ T cells can be assessed alongside additional activation 

markers, such as CD25 and CD69, in response to stimulation with antigen (Figure 4.1B). 
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Tg4 and 2D2 cells can be distinguished by the presence of TCR genes Vβ8 and 

Vβ11, respectively. To confirm the antigen-specificity of the cells deriving from these 

transgenic mice, CD4+ T cells from Tg4 mice were cultured with either MBPAc1-9 or 

MOG35-55 for 3 days in the presence of F1 APCs. As expected, Tg4 cells did not respond 

to MOG35-55 (Fig. 4.2A, i), but did respond by proliferation and upregulation of CD69 

when they were stimulated with MBPAc1-9 (Fig. 4.2A, ii). On the other hand, 2D2 cells 

were able to respond to MOG35-55 and proliferate (Fig. 4.2B, i), while they remained 

undivided upon encounter with MBPAc1-9 (Fig. 4.2B, ii). This indicates that the responses 

mounted by these cells are antigen specific.  

Furthermore, CD4+ T cells from 2D2 mice were cultured with a titration of both the 

linked MBPAc1-9-MOG35-55 peptide (Fig. 4.2C, i) or separate peptides (Fig. 4.2C, ii) to 

define the optimal dose to use for subsequent in vitro assays. It appears that the highest 

dose (100μg/ml) was optimal for both peptides, since this stimulation allowed the highest 

percentage of CD4+Vβ11+ 2D2 T cells to respond and proliferate. Once the peptide dose 

was defined, both the linked and separate peptides were used in co-cultures with CD4tol 

putative suppressors and CTV-stained 2D2 responders and F1 APCs to examine whether 

this in vitro system can be used as a reliable readout for suppression. 

It was clear that with either linked (Fig. 4.3B, i) or separate (Fig. 4.3B, ii) peptides 

alone, 2D2 cells were able to proliferate, while upon encounter with CD4tol cells, a great 

proportion of 2D2 cells remained undivided, especially when stimulated with the linked 

peptide at the highest CD4tol:2D2 ratio (Fig. 4.3A). For the purposes of this thesis, the 

focus was to study the mechanisms of bystander rather than linked suppression; therefore, 

for all the experiments that are described in this chapter, the two separate MBPAc1-9 and 

MOG35-55 peptides were used instead of the linked peptide.  



147 

 

  



148 

 

  



149 

 

4.3 CD4tol cells are potent mediators of bystander suppression in 

vitro 

Our working hypothesis was that regulatory T cells that derive from the Tg4 mouse 

model and are specific for MBPAc1-9 can exert their suppressive phenotype once activated 

by their cognate antigen and can subsequently suppress either T cells of different 

specificity, such as 2D2 cells that are specific for a different myelin epitope, MOG35-55 

and may modulate the function of dendritic cells (DCs). To test this hypothesis, MBP- 

specific regulatory T cells (either CD4tol cells or iTregs) were co-cultured with MOG-

specific CTV-stained 2D2 cells in the presence of MBPAc1-9 and MOG35-55 peptides and 

F1 APCs that can present both peptides. The impact of each regulatory cell type on 2D2 

cells was assessed on day 3 by measuring the levels of proliferation by CTV dilution and 

activation by measuring the expression of CD25 and CD69.  

Interestingly, in the presence of Tg4 CD4tol cells, most of the 2D2 cells 

(CD4+Vβ11+CTV+) remained undivided and this was proportional to the number of 

CD4tol cells added in culture (Fig. 4.4A – blue line), with the highest ratio of CD4tol 

cells (i) giving the strongest effect of suppression that titrated down when the number of 

CD4tol cells was reduced by 2-fold (ii) or 4-fold (iii). In the presence of FoxP3+ iTregs 

(Fig. 4.4A – red line), 2D2 cells were able to undergo up to 4 cell divisions and only a 

small percentage remained undivided, and this phenotype was very similar to Tg4 Th1 

cells (Fig. 4.4 – green line), which possess effector rather than suppressive properties and 

were used as a control for the measured effect (suppression). This indicates that CD4tol 

cells were more successful at mediating bystander suppression compared to iTregs even 

at lower cell number (Fig. 4.4B). This observation was also reflected by the expression 
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of CD25 (Fig. 4.4C, i and ii) and CD69 (Fig. 4.4D) whose expression was suppressed on 

the surface of 2D2 cells that were co-cultured with CD4tol cells, but not iTregs.  
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Fig. 4.4 CD4tol cells are potent mediators of bystander suppression (Continued on 

the next page)   
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4.4 Requirement for cell-contact for bystander suppression mediated 

by CD4tol cells in vitro  

From the initial in vitro suppression assays, it was clear that Tg4 CD4tol cells are 

potent mediators of bystander suppression as they can successfully inhibit the 

proliferation and activation of effector 2D2 cells. To further elucidate the mechanisms 

underpinning this phenomenon, a series of experiments was performed to address whether 

this type of suppression is cell contact-dependent, and which molecules are involved.  

4.4.1 Antigen presentation by a central APC versus separate APCs  

Initially, the bystander assays were set up in the presence of either APCs that can 

present both antigens on the same, central APC, or separate APCs to examine whether 

there is a more profound suppressive effect when suppressors and responders come in 

proximity during antigen-presentation. As a negative control for this experiment, B10.PL 

(Au) splenocytes were used as APCs, since they can present MBPAc1- 9 and activate CD4tol 

cells; however, they are not able to present MOG35-55, therefore 2D2 cells cannot 

recognise their cognate antigen and remain undivided. (Fig. 4.5A, i).  

On the other hand, C57BL/6 (Ab) splenocytes can present MOG35-55 and activate 

2D2 responder cells, but they are unable to present MBPAc1-9 and give a stimulatory signal 

for CD4tol cells (Fig. 4.5A, ii). This condition was used as a positive control since 2D2 

cells were activated and able to proliferate without being influenced by the impact of 

CD4tol cells. Furthermore, F1 APCs (Au x Ab) can present both peptides on their surface 

(central APC), bringing 2D2 responders and CD4tol suppressors in proximity during 

antigen presentation and subsequent activation (Fig. 4.5A, iii). Finally, a combination of 

B10.PL and C57BL/6 APCs was used to stimulate both suppressors and responders, with 
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antigen presentation taking place on separate APCs (Fig. 4.5A, iv). In that way, both 

CD4tol and 2D2 effector cells receive a stimulus, without having to come into contact 

during TCR activation.  

In the presence of B10.PL APCs, most of the 2D2 responder cells remained 

undivided, regardless of the number of CD4tol cells added in culture (Fig. 4.5B, i) as 

expected, since CD4tol cells were not able to recognise their cognate antigen. The fact 

that in the presence of CD4tol cells, there was a slightly higher percentage of undivided 

cells compared to the control (0:1 - no CD4tol cells added), can be explained by the fact 

that CD4tol cells can have a residual activity and exert some minor suppressive effect 

even without TCR stimulation. This observation was also reflected by the activation 

status, where expression of CD69 on 2D2 cells was only slightly downregulated at a 

highest ratio of 1:1 (Fig. 4.6A, i), while CD25 expression on 2D2 cells was not affected 

(Fig. 4.6B, i).  

In the presence of C57BL/6 APCs, 2D2 cells were able to respond to MOG35-55 

and readily start to proliferate since their function was not altered by CD4tol cells, who 

remained inactivated. Therefore, only a small percentage of 2D2 cells remained 

undivided in that condition and again, that could be due to some suppressive effect 

coming from CD4tol cells even when they are not stimulated via their TCR (Fig. 4.5B, 

ii). Similarly, expression of CD69 was not affected by the presence of CD4tol cells (Fig. 

4.6A, ii), while CD25 expression was only inhibited at the highest ratio of CD4tol cells 

added in culture (Fig. 4.6B, ii). 

Interestingly, when both MBPAc1-9 and MOG35-55 were presented on the same 

APC, a great percentage of 2D2 cells remained undivided especially at the highest ratio 
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of CD4tol cells (>80%) and this effect was directly proportional to the number of CD4tol 

cells added in culture (Fig. 4.5B, iii). This suppressive effect was also mirrored on the 

expression of CD69 (Fig. 4.6A, iii) and CD25 (Fig. 4.6B, iii), which were significantly 

downregulated, highlighting that in the presence of F1 APCs, 2D2 cells can proliferate, 

as shown by the small percentage of undivided cells in the absence of CD4tol cells (ratio 

CD4tol: 2D2 0:1), but when 2D2 cells are close to CD4tol cells which have also been 

activated, a strong suppressive effect occurs (linked suppression).  

Intriguingly, when MPBAc1-9 and MOG35-55 peptides were presented on different 

APCs (bona fide bystander suppression), there was a significant percentage of 2D2 cells 

that remained undivided at the highest ratio (approximately 60%) (Fig. 4.5B, iv), and 

these cells also downregulated both CD69 (Fig. 4.6A, iv) and CD25 (Fig. 4.6B, iv). 

However, the suppressive effect seen with F1 APCs was much stronger, highlighting that 

in addition to soluble factors that may be involved in this phenomenon, there is also an 

element of cell-contact that is required for successful suppression to occur.   
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Fig 4.5 (Continued in the next page) 
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4.4.2 Co-cultures of CD4tol suppressor cells and 2D2 responders in a transwell 

setting 

 To be able to conclusively determine whether contact between suppressor and 

responder cells was required for the bystander effect to occur, a transwell assay was 

developed. This assay allows the separation of the regulatory T cells from the responder 

cells via a semi-permeable membrane and one lineage is placed in the cultured well and 

the other one in the inserted transwell, referred to hereafter as the transwell system (Fig. 

4.7A). In this setting, cells were able to exchange soluble factors, such as cytokines, but 

contact was prevented. 

In the transwell system, MBP-specific CD4tol cells were co-cultured with MOG-

specific CTV-stained 2D2 cells in the presence of both MBPAc1-9 and MOG35-55 peptides 

and F1 APCs that can present both peptides. CD4tol cells were cultured either within the 

transwell or within the main well, with the 2D2 cells being on the opposite side of the 

membrane. On both sides of the membrane, F1 APCs were added together with the two 

peptides. The impact of CD4tol cells on 2D2 responder cells was assessed on day 3 by 

measuring the levels of proliferation. When suppressor CD4tol cells were separated from 

responder 2D2 cells, there was a clear reversion in suppression as 2D2 cells were able to 

proliferate both when they were placed within the transwell or within the main well with 

CD4tol cells on the opposite side of the membrane (Fig. 4.7B, i).  

However, 2D2 proliferation was inhibited when the two cell populations were in 

contact either within the transwell (Fig. 4.7B, ii) or within the main well (Fig. 4.7B, iii). 

In addition to the impact on the proliferation of 2D2 cells (Fig. 4.7C, i), cell contact was 

also required for CD4tol cells to downregulate activation markers on 2D2 cells, such as 

CD25 (Fig. 4.7C, ii) and CD69 (Fig. 4.7C, iii).  
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Fig 4.7 Cell contact is required for the suppressive function of CD4tol cells 

(Continued on the next page) 
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Even though with the transwell system, in theory, it is presumed that cytokines 

can travel readily through the semi-permeable membrane and impact the population on 

the opposite side of the membrane, it must be noted that this is an artificial system and 

can be limited in terms of how physiologically relevant this setting can be. Therefore, to 

validate the results from the transwell experiments showing that cell-contact was essential 

for the suppressive phenotype of CD4tol cells, a different experiment was developed to 

address the same hypothesis from a different angle.  

In this experiment, CTV-stained responder 2D2 cells were co-cultured with 

different ratios of CD4tol cells as before (Fig. 4.8A – left), or with cell culture 

supernatants of optimally stimulated CD4tol cells (Fig. 4.8A – right). CD4tol cells or 

supernatants were co-cultured for further 3 days with 2D2 cells before analysis by flow 

cytometry. It was clear that with CD4tol cells, 2D2 cells remained undivided, while with 

CD4tol supernatants there was no effect (Fig. 4.8B, i). 

Similarly, CD4tol supernatants alone were not able to suppress CD25 (Fig. 4.8B, 

ii) or CD69 (Fig. 4.8B, iii). This result shows that the soluble factors found in CD4tol 

supernatants such as IL-10 and TGF-β, are not sufficient to drive the suppressive effect. 

Potentially there is a requirement for the cells to be the source of constant and localised 

secretion of certain cytokines that will establish a successful suppression together with 

other potentially contact-dependent mechanisms, such as ligation of inhibitory receptors 

found of the cell surface of CD4tol cells.   
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4.4.3 A role for CTLA-4 and IL-10 in bystander suppression mediated by CD4tol 

cells in vitro 

To further dissect the factors that make CD4tol cells potent suppressors, blocking 

antibodies were used against IL-10R, CTLA-4 or both and incubated with suppressor and 

responder T cells and APCs for 2h at 37oC before stimulating with MBPAc1-9 and MOG35-

55. Intriguingly, the suppression of 2D2 proliferation was only reversed when both 

molecules were neutralised at the same time (Fig. 4.9A), and in particular, at the highest 

CD4tol ratios of 1:1 (i) or 1:2 (ii) suppressors: responders.  

However, there was still an effect on the expression of CD25 (Fig. 4.9B, i) and 

CD69 (Fig. 4.9C, i) when either IL-10R or CTLA-4 was blocked individually. This effect 

was again more profound after simultaneous blockade even at lower CD4tol numbers (1:2 

and 1:4 suppressors: responders) as measured by CD25 (Fig, 4.9B, ii and iii) and CD69 

(Fig. 4.9B, ii and iii), respectively. Therefore, it appears that there is an additive effect 

between IL-10 and CTLA-4, as they both play a role in the suppressive phenotype of 

CD4tol cells individually, but this effect was amplified when both molecules were 

neutralised at the same time. 
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4.5 Evidence of bystander suppression in vivo 

To recapitulate the in vitro findings of bystander suppression in an in vivo setting, 

two different approaches were followed.  Firstly, we wanted to address the impact of 

tolerance induction on the ability of the recipient mice to suppress the adoptively 

transferred cells using the (Tg4 x C57BL/6) F1 model. Secondly, we aimed to investigate 

the ability of tolerant CD4+ T cells to mediate bystander (antigen nonspecific) or antigen-

specific suppression in vivo. To do that, tolerant Tg4 CD4+ T cells were co-transferred 

with either CTV-stained responder CD4+ 2D2 T cells into (B10.PL x C57BL/6) F1 mice 

(bystander model) or CTV-stained responder CD4+ Tg4 T cells into B10.PL mice 

(antigen-specific model).  

4.5.1 (Tg4 x C57BL/6) F1 model 

The advantage of the (Tg4 x C57BL/6) F1 model lies in the fact that it can be 

tolerised against MBPAc1-9 and at the same time, be able to recognise both MBPAc1-9 and 

MOG35-55. To investigate the effect of peptide-immunotherapy on recipient mice, (Tg4 x 

C57BL/6) F1 mice were treated with increasing doses of 4Y peptide (tolerance 

induction), or PBS as described previously. Three days after the final dose, CTV-stained 

CD4+ T cells from the 2D2 mice were administered s.c. and 24h later mice were 

challenged with 100μg/ml of the low-affinity peptide analogue of MBPAc1-9 [4K peptide] 

and 100μg/ml MOG35-55. Three days after the peptide challenge, spleens were harvested 

and analysed in vitro to assess the proliferation and activation status of transferred 2D2 

cells (Fig. 4.10A). 

Cells were gated on CD4+Vβ11+CTV+ to be able to track only the labelled 2D2 

cells that were transferred and distinguish them from the endogenous cells of the recipient 

mice that express the Vβ11 chain. Interestingly, when 2D2 cells were transferred into 4Y-
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treated recipients, a significantly higher percentage remained undivided (approximately 

85%) compared to PBS treated recipients (around 70%) (Fig. 4.10B, ii). This was shown 

qualitatively with the overlays of CTV peaks of 2D2 cells transferred into either 4Y-

treated (blue line), where they remained mostly undivided, or PBS-treated (red line) 

recipient mice, where they were able to undergo up to three divisions (Fig. 4.10B, i).  

This phenotype was also reflected by the activation status of the 2D2 cells. When 

these responder cells were transferred into 4Y-treated recipients, the expression of CD69 

was significantly suppressed on the surface of 2D2 cells as measured by both percentages 

of CD4+Vβ11+CTV+CD69+ cells (Fig, 4.11A, i) as well as MFI (Fig. 4.11A, ii). The 

expression of CD25 was also suppressed even though to a lesser extend (Fig. 4.11B). 

CD69 seems to be a more reliable marker in this system since there is a good proportion 

of cells expressing this marker (>10% within the CD4+Vβ11+CTV+ gate), while there is 

a much lower proportion of 2D2 cells expressing CD25 (<5%) and this may be due to the 

kinetics of CD25 that potentially goes down much quicker than CD69, therefore it reaches 

a very low level by day 3 post antigenic challenge in vivo. Even so, it is clear that there is 

a downregulation of both activation markers on 2D2 cells when these were administered 

to recipient mice that were previously subjected to treatment with increasing doses of 4Y 

peptide.  

Taken together, these data indicate that peptide immunotherapy established a 

highly tolerogenic environment in recipient mice, by either giving rise to regulatory 

populations such as CD4tol cells and FoxP3+ Tregs, which actively suppress the 

transferred 2D2 cells, or also by giving rise to tolerogenic DCs that are unable to activate 

the adoptively transferred 2D2 cells that subsequently, remained undivided. 
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4.5.2 Adoptive co-transfers of 2D2 responder cells with Tg4 CD4tol cells into 

(B10.PL x C57BL/6) F1 recipient mice 

To investigate whether CD4tol cells were able to mediate bystander suppression 

in vivo, CTV-stained CD4+ 2D2 responder T cells were co-transferred with an equal 

number of CD4tol cells from Tg4 mice into (B10.PL x C57BL/6) F1 recipient mice. 24h 

post adoptive transfer, mice were challenged with the low affinity MBPAc1-9 peptide [4K] 

and MOG35-55 and three days later, spleens were harvested and analysed in vitro (Fig. 

4.12A). Cells were gated on CD4+Vβ11+CTV+ to track the transferred 2D2 responder 

cells in the recipient mice.  

In line with the in vitro data, it was clear that in the presence of CD4tol cells from 

Tg4 mice, a higher percentage of 2D2 responder cells remained undivided (blue line), 

while in the presence of PBS-treated CD4+ cells, 2D2 responders were able to undergo 

up to 3 cell divisions (Fig. 4.12B, i – red line). Collective date from two independent 

experiments, showed that around 65% of 2D2 cells were not able to proliferate in the 

presence of CD4tol cells, while this percentage dropped to just below 60% in the presence 

of PBS-treated CD4+ cells. Furthermore, the expression of CD69 was suppressed on the 

surface of 2D2 cells as measured by both % of CD69+ 2D2 cells as well as at the 

population level with the measurement of MFI (Fig. 4.12C, i). Expression of CD25 was 

also suppressed on 2D2 cells that were co-transferred with CD4tol cells (Fig. 4.12C, ii). 

Taken together, this data indicates that CD4tol cells from the Tg4 mice can suppress the 

proliferation and activation of 2D2 responder cells and mediate bystander suppression in 

vivo.  
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4.5.3 Adoptive co-transfers of Tg4 responder cells with Tg4 CD4tol cells into 

B10.PL recipient mice 

In a similar setting, CTV-stained CD4+ Tg4 responder T cells were co-transferred 

with an equal number of tolerant CD4+ Tg4 T cells into B10.PL recipient mice. 24h post 

adoptive transfer, mice were challenged with the low affinity MBPAc1-9 peptide [4K] and 

three days later, spleens were harvested and analysed in vitro (Fig. 4.13A). Cells were 

gated on CD4+Vβ8+CTV+ to track the transferred 2D2 responder cells in the recipient 

mice.  

In this experiment, both responders and putative suppressors come from the same 

Tg4 mouse strain; however, they can easily be distinguished because the naïve Tg4 

responder cells were labelled with CTV to track proliferation. A way to improve this 

system, would be to use CD45.1 Tg4 responders and CD45.2 tolerant CD4+ Tg4 T cells 

as putative suppressors to have an additional marker to track the responders. For the 

purposes of this experiment, CTV staining would suffice for the distinction between the 

different populations.  

As expected, tolerant CD4+ Tg4 T cells were able to supress the proliferation of 

other T cells with the same antigen-specificity (both coming from the Tg4 mouse strain), 

as shown by the fact that there was a higher percentage of undivided CD4+Vβ8+CTV+ 

Tg4 responder cells (Fig. 4.13B, ii). Overlays from CTV peaks show that in the presence 

of CD4tol cells from Tg4 mice, a higher percentage of Tg4 responder cells remained 

undivided, with only a few cells undergoing one division (blue line), while in the presence 

of PBS-treated CD4+ cells, Tg4 responders were able to undergo up to 4 cell divisions 

(Fig. 4.13B, i – red line).  



173 

 

Furthermore, on those cells the expression of both CD69 (Fig. 4.13C, i) and CD25 

(Fig. 4.13C, ii) was suppressed as shown by both % expression of each marker and MFI. 

Therefore, CD4tol cells can successfully mediate both bystander and antigen-specific 

suppression in vivo.  
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4.5.4 Dendritic cells are modulated by tolerance induction in vivo  

To assess whether antigen-presenting cells from (Tg4 x C57BL/6) F1 mice were 

affected by tolerance induction, 4Y- or PBS-treated Tg4 mice were culled 3 days after 

their last in vivo dose of peptide treatment and spleens were collected. Splenocytes were 

stained for dendritic cell markers (CD11c, MHC II), in addition to co-stimulatory 

molecules CD80, CD86 and CD40. Expression of MHC II and CD40 by MFI was not 

significantly different between naïve and peptide-treated mice (data not shown); however, 

CD80 (Fig. 4.14A) and CD86 (Fig. 4.14B) were significantly suppressed in tolerised 

mice. That is in line with the in vitro co-culture data (paragraph 4.7.1), and it indicates 

that DCs in tolerised mice may provide co-stimulatory molecules at a level that is below 

the threshold required to fully activate subsequent T cells  

Taken together, it can be concluded that repeated antigen stimulation sufficient to 

induce antigen-specific T cell tolerance is able to affect the T cell priming capacities of 

DCs. This in turn may be an effective means of mediating bystander suppression.  
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4.6 Peptide immunotherapy licenses FoxP3+ Tregs to acquire a highly 

suppressive phenotype in vitro 

All the experiments described previously, both in vitro and in vivo, tested the 

capacity of total CD4+ T cells from 4Y-treated Tg4 mice, referred to as CD4tol cells in 

previous paragraphs, to mediate suppression. There are some discrepancies with the 

nomenclature of these cells, as they have been also named peptide-induced tolerant cells 

(PItol) (Sundstedt et al., 2003) or even Tr1-like T cells (White and Wraith, 2016) in the 

past. In this thesis, they were called CD4tol cells, rather than Tr1 cells, which are defined 

as IL-10+ cells. In the Tg4 mouse, only 30-40% of the CD4tol cells express IL-10 (data 

not shown).  

Furthermore, CD4tol cells consist of both FoxP3-IL-10+ Tr1 cells and FoxP3+ 

Tregs. Historically, our lab has investigated extensively the properties of Tr1 cells, but 

the impact of peptide immunotherapy on FoxP3+ Tregs was far less understood. Previous 

work has shown that during the course of tolerance induction the expression of FoxP3 is 

upregulated (Burton et al., 2014); however, it was not clear whether this means there was 

an expansion of the initial population of Tregs, or whether there was de novo generation 

of Tregs. Intriguingly, the properties, phenotype, and function of these Tregs coming from 

4Y-treated mice have not been studied before, and we were keen to start teasing apart the 

impact of peptide immunotherapy on this specific population of regulatory T cells.  

To address the function of these cells, naïve FoxP3+ Tregs were isolated from Tg4 

mice using a CD4+CD25+ positive selection kit (see Materials and Methods, section 

2.3.9.2) and added in co-culture with 2D2 cells in the presence of F1 APCs and MBPAc1-

9 and MOG35-55 peptides to investigate their capacity to mediate bystander suppression. 
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Interestingly, the proliferation of 2D2 cells was not affected in the presence of naïve 

FoxP3+ Tregs, since there was a low proportion of CD4+Vβ11+CTV+ 2D2 cells that 

remained undivided, and the levels were similar to the ones seen in the presence of Th1 

cells that were used as a negative control for suppression (Fig. 4.15A, i). Similarly, the 

expression of CD69 (Fig. 4.15A, ii) and CD25 (Fig. 4.15A, iii) on 2D2 cells remained 

unaltered when in culture with naïve FoxP3+ Tregs. 

We then moved on to test the suppressive capacity of FoxP3+ Tregs that derived 

from Tg4 mice that were treated with increasing doses of 4Y peptide. Interestingly, when 

2D2 cells were co-cultured with tolerised FoxP3+ Tregs, virtually all the responder 2D2 

cells remained undivided, not only at the highest ratio but even when the number of 

putative suppressors was reduced by 4-fold (Fig. 4.15B, i). This striking effect was even 

more profound than the one seen with CD4tol cells (4Y-treated total CD4+ T cells) before, 

indicating that potentially the main driver for bystander suppression is the population of 

FoxP3+ Tregs rather than CD4tol cells, despite the fact that they only comprise a small 

proportion of total CD4+ T cells (<10%). This strong suppressive effect of tolerant FoxP3+ 

Tregs was also confirmed by the significant downregulation of CD69 (Fig. 4.15B, ii) and 

CD25 (Fig. 4.15B, iii) on 2D2 cells following a 3-day co-culture with tolerised FoxP3+ 

Tregs. 

Furthermore, the impact of the different regulatory T cells on cytokine production 

was investigated. To do that, two different methods were used; either total levels of the 

pro-inflammatory cytokine, IFN-γ, and anti-inflammatory cytokine, IL-10, were 

measured on the cell culture supernatants by ELISA (section 2.3.16 from Materials & 

Methods), or cells were stimulated with PMA and Ionomycin and stained intracellularly 

for IFN-γ and IL-10 and analysed by flow cytometry (section 2.3.18.2). The advantage of 
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the latter method is that enables us to look specifically at the production of each cytokine 

by CD4+Vβ11+CTV+ 2D2 cells only and exclude any other cell type that was in the initial 

co-culture.  

Strikingly, in the presence of tolerised FoxP3+ Tregs, the production of IFN-γ was 

completely switched off following antigenic stimulation in the co-culture with 2D2 cells, 

even at very low number of Tregs (1:16, Suppressors: 2D2 Responders) (Fig. 4.16A, i). 

This downregulation of IFN-γ production was significantly more profound with 4Y-

treated FoxP3+ Tregs, followed by total 4Y-treated CD4+ T cells, and lastly PBS-treated 

FoxP3+ Tregs. As expected, IFN-γ levels were high in the control culture of effector Th1 

cells. This phenotype was also mirrored in the intracellular staining results, since a 

significantly lower proportion of 2D2 cells secreted IFN-γ when co-cultured with 4Y-

treated Tregs (<%5 across the different ratios), as opposed to PBS-treated Tregs 

(approximately 15%) (Fig. 4.16A, ii).  

On the other hand, the expression of IL-10 follows the opposite trend. In the co-

cultures of 2D2 cells with 4Y-treated FoxP3+ Tregs, there was a significant upregulation 

of IL-10 production, compared to PBS-treated FoxP3+ Tregs, following peptide 

stimulation (Fig. 4.16B, i). IL-10 levels were also high in the presence of 4Y-treated total 

CD4+ T cells, and relatively low with Th1 cells, as expected. Moreover, when 2D2 cells 

were stimulated with PMA and Ionomycin, there was a higher percentage of IL-10+ 2D2 

cells across the decreasing ratios of 4Y-treated FoxP3+ Tregs (>10% of the 

CD4+Vβ11+CTV+ 2D2), while this percentage was significantly lower with PBS-treated 

FoxP3+ Tregs (<10% for the higher ratios, approximately 10% for the lower Treg ratio) 

(Fig. 4.16B, ii). In the presence of total 4Y-treated CD4+ T cells, there was a high 
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percentage of 2D2 cells expressing IL-10, slightly higher than the one seen with 4Y-

treated FoxP3+ Tregs across the different rations.  

This indicates that the different regulatory T cell populations can have an imprinting 

effect on naïve 2D2 cells and potentiate them to produce more IL-10 and acquire a 

tolerogenic phenotype (infectious tolerance). It appears that the total CD4+ T cells from 

4Y-treated mice are the major drivers for IL-10 production, even though it was shown 

previously that 4Y-treated FoxP3+ Tregs are the most potent mediators of bystander 

suppression, and this highlights the fact that in addition to IL-10, there are other molecules 

that make FoxP3+ Tregs superior suppressors. 

Taken together, there is a certain degree of hierarchy in terms of suppressive 

capacity amongst regulatory T cells following peptide immunotherapy. FoxP3+ Tregs 

from 4Y-treated mice are the most potent mediators of bystander suppression in vitro, 

followed by total CD4+ from 4Y-treated mice (CD4tol), with PBS-treated FoxP3+ Tregs 

and iTregs being the least suppressive populations.  
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Fig 4.15 (Continued on the next page)  
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The previous data clearly demonstrated that 4Y-treated Tregs were more 

suppressive compared to their PBS-treated counterparts. The question that arises from 

that observation is whether the full course of tolerance induction is required for the 

licensing of Tregs, or whether a single dose of 4Y peptide in vivo would suffice for Tregs 

to acquire their tolerogenic properties. In other words, is it the repeated exposure to 

antigen (tolerisation) that makes FoxP3+ Tregs highly suppressive or would a single 

encounter with the antigen (priming) be enough to achieve the same phenotype? 

To answer this question, Tg4 mice were given either 80μg 4Y s.c. or PBS and 3 

days later spleens were harvested, FoxP3+ Tregs were isolated and placed in culture with 

2D2 cells, F1 APCs and MBPAc1-9 and MOG35-55 peptides for 3 days. A fraction of isolated 

Tregs were kept aside, stimulated with PMA and Ionomycin and stained intracellularly 

for FoxP3 and IL-10 to assess the effect of the in vivo priming on these markers. 

Interestingly, even with one single dose of 4Y peptide, expression of IL-10 was 

upregulated (approximately 15% of total live CD4+ cells) compared to the levels seen in 

PBS-treated mice (2%) (Fig. 4.17A). In the presence of primed Tregs, there was a slightly 

higher percentage of 2D2 cells that remained undivided, especially at the higher ratio of 

suppressors to responders (Fig. 4.17B and 4.17C, i). Furthermore, primed FoxP3+ Tregs 

were more potent at suppressing CD25 (Fig. 4.17C, ii) and CD69 (Fig. 4.17C, ii) on the 

surface of 2D2 cells compared to naïve FoxP3+ Tregs, but only at the highest ratio. This 

shows that the initial encounter with antigen in vivo, initiates the re-programming of Tg4 

CD4+ T cells to upregulate IL-10 and become suppressive. However, the phenotype of 

primed Tregs is far less profound compared to fully tolerised Tregs, in which around 40% 

express IL-10 and are suppressive even at lower ratios. Therefore, the full course of 

peptide immunotherapy is required for the more effective licensing of FoxP3+ Tregs.  
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4.7 Naïve antigen-presenting cells are modulated by co-culture with 

different regulatory T cells in vitro 

The data presented in previous paragraphs investigated the capacity of different 

regulatory T cells to suppress other T cells of different antigen specificity. To better 

characterise the function of these cells, we aimed to study their ability to exert their 

suppressive effects on DCs. To do that, a series of co-culture experiments was devised in 

which specific pathways could be manipulated. In that system, naïve CD11c+ DCs from 

B10.PL mice were cultured together with different regulatory T cells (CD4tol, iTregs, 

4Y-treated Tregs, PBS-treated Tregs) and naïve CD4+ T cells (CD4_PBS) were used as 

a positive control for suppression. Purity of isolated CD11c+ DCs was > 90% (data not 

shown).  

Cells were stimulated overnight with different concentrations of 4K peptide (either 

100μg/ml or 10μg/ml) to assess any dose-dependent effect or medium alone (0μg/ml 4K) 

as a control and expression of co-stimulatory molecules, such as CD80 and CD86, was 

assessed by flow cytometry the following day and cells were gated on CD3-CD19-

CD11c+MHC II+ DCs, based on the gating strategy shown in Figure 4.18A. 

4.7.1 Dendritic cell modulation by co-culture with different regulatory T cells 

in vitro 

For the generation of the different regulatory T cells, different approaches were 

used. For the generation of CD4tol cells (4Y-treated total CD4+ T cells), Tg4 mice were 

administered s.c. increasing doses of the high affinity [4Y] peptide in vivo as described 

previously, and three days after the final dose, CD4+ T cells from peptide-treated mice 

were isolated and used as CD4tol cells. It is worth noting that tolerant CD4+ T cells consist 



187 

 

of both FoxP3+ Tregs (<5%) and FoxP3-IL-10+ CD4tol cells (approximately 25-30% of 

total CD4+), even though proportionally CD4tol cells outnumber Tregs in the total CD4+ 

T cell pool.  

Furthermore, iTregs were generated from naïve Tg4 splenocytes after in vitro 

differentiation with TGF-β and IL-2 and approximately 90% of total cells that were used 

for the co-cultures with DCs were FoxP3+ (data not shown). For the purification of 

naturally occurring, peripheral FoxP3+ Tregs from either PBS- or 4Y-treated mice were 

enriched based on CD4 and CD25 expression and approximately 85% of the cells used in 

the co-cultures were FoxP3+. Naïve CD4+CD25- T cells do not express FoxP3. 

Each regulatory population was co-cultured with DCs at a ratio of 2:1 in a 96 well 

plate for 24h. Figure 4.18B summarises the MFI of CD80 on DCs following stimulation 

with 100μg/ml 4K (i), 10μg/ml (ii) or without antigen (iii), and Figure 4.18C summarises 

the expression of CD86 following stimulation with 100μg/ml 4K (i), 10μg/ml (ii) or 

without antigen (iii). DC expression of both CD80 and CD86 were very potently inhibited 

when exposed to 4Y-treated FoxP3+ Tregs, followed by CD4tol cells and PBS-treated 

FoxP3+ Tregs. Expression of CD40 and MHC II were not impacted significantly (data 

not shown).  

In the presence of naïve CD4+ T cells, there is an upregulation of both CD80 and 

CD86 upon activation with antigen as compared to the background level (untouched DC) 

that indicates DC maturation, which was abrogated when DCs were exposed to 4Y-

treated Tregs, with the levels of expression being lower than the background showing the 

strong suppressive effect. Expression of CD86 follows a very similar pattern; DCs co-

cultured with naïve CD4+ T cells upregulate CD86 expression, yet when those DCs were 
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exposed to either 4Y-treated Tregs or CD4tolcells this upregulation was completely 

prevented.  

These data repeat key experiments published previously on the in vitro effect of 

tolerised CD4+ T cells on DC phenotype and very closely resembles the suppression 

observed (Gabrysova et al., 2009). However, the novelty of this new finding relies on the 

fact that it demonstrates that the main driver of the suppression is tolerised FoxP3+ Tregs 

rather than IL-10+ Tr1 cells. 
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Fig 4.18 (Continued on the next page)   
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4.7.2 Production of IL-10 and IL-12 by DC co-culture with regulatory T cells 

in vitro  

To investigate the impact of each regulatory T cell population on cytokine 

production, cell culture supernatants from T cell: DC co-cultures were collected, and 

levels of secreted anti-inflammatory cytokine, IL-10, and pro-inflammatory cytokine, IL-

12p70 were measured by sandwich ELISA. It should be noted that with ELISA, it is not 

possible to identify the cellular source of measured cytokine; therefore, it cannot be 

determined whether the expression of these cytokines derived from the DC or T cell 

component of the co-culture.  

Ideally, intracellular staining for IL-10 and IL-12 within DCs, both with and 

without stimulation with exogenous peptide antigen and/or LPS would be the best way to 

define whether these cytokines are deriving from DCs. However, by including DCs in 

medium alone as a control for background cytokine production and DC stimulated with 

LPS as a measurement for secretion of these cytokines upon activation, we can infer some 

information about the impact of each regulatory population on the overall cytokine profile 

of the co-culture.  

In the presence of CD4tol cells, there was a significantly high production of IL-

10 upon stimulation with 100μg/ml 4K (Fig. 4.19A, i), 10μg/ml 4K (Fig. 4.19A, ii) and 

even without antigen (Fig. 4.19A, iii). 4Y-treated Tregs also produced high levels of IL-

10 both with and without antigen. IL-10 can come from the regulatory cells themselves, 

or it can come from their increased capacity to potentiate DCs to produce IL-10, rendering 

them tolerogenic and establishing a negative feedback mechanism that prevents further 

activation of naïve and effector T cells by DCs.  
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IL-12 production is restricted to DCs, and it relies on CD40-CD40L interaction 

(Heufler et al., 1996). Co-culture of DCs with naïve CD4+ T cells secreted very high 

concentrations of IL-12, similar to that seen upon stimulation with LPS, promoting in turn 

the expansion of Th1 cells in response to MBPAc1-9 (Fig. 4.19B). However, in the presence 

of CD4tol cells and 4Y-treated Tregs, there was a significant downregulation of IL-12 

production both after stimulation with 100μg/ml 4K (Fig. 4.19B, i) and 10μg/ml 4K (Fig. 

4.19B, ii) and even to some degree without antigen (Fig. 4.19B, iii). This is not surprising, 

since both CD4tol and 4Y-treated Tregs produce IL-10 in the absence of antigen, 

potentially due to previous TCR signals they received in vivo during 4Y-treatment, and 

hence are able to subsequently suppress DC maturation and IL-12 production in vitro. 

iTregs and naïve peripheral Tregs are also able to downregulate IL-12, but not as 

efficiently as CD4tol and 4Y-treated Tregs. 

Taken together, the data presented in the previous paragraphs demonstrate that 

peptide immunotherapy gives rise to superior suppressive cells, both FoxP3+ Tregs and 

FoxP3- CD4tol cells that can exert their inhibitory effect either by modulating other T 

cells of different antigen specificity, or by modulating the ability of dendritic cells to 

prime other T cells by downregulating CD80 and CD86, secrete high levels of IL-10, 

which can then in turn lead to downregulation of IL-12. It will be useful to also have an 

APC-free system, where T cells can be stimulated with monoclonal antibodies against 

CD3 and CD28 to be able to demonstrate direct suppression between T cells, which is not 

mediated via APCs. 
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4.7.3 Requirement for cell-contact for inhibition of DC maturation by 

regulatory T cells  

Having shown that both 4Y-treated FoxP3+ Tregs and total CD4+ from 4Y-treated 

mice (CD4tol cells) were able to downregulate CD80 and CD86, the question we aimed 

to address next was whether this suppression was mainly driven by cell contact or by 

soluble factors secreted by the regulatory cells. To do that, CD4tol cells were chosen as 

a representative regulatory population and were put in co-culture with CD11c+ DCs as 

previously described, with or without antigen for 24h. Furthermore, CD4tol supernatants 

from optimally stimulated cultures (see section 4.4.2 of this chapter) were also added in 

culture with DCs to investigate whether soluble factors found in the supernatants were 

sufficient to drive the downregulation of co-stimulatory molecules on DCs. Naïve Tg4 

CD4+ T cells were used as a positive control for suppression. 

It was clear that CD4tol supernatants alone were not able to downregulate CD80 

either after stimulation with 100μg/ml 4K (Fig. 4.20A, i) or 10μg/ml 4K (Fig. 4.20A, ii) 

or without antigen (Fig. 4.20A, iii) as measured by MFI. CD86 MFI was similar when 

CD4tol supernatants or naïve CD4+ T cells were added in culture and stimulated with 

100μg/ml 4K (Fig. 4.20B, i) or 10μg/ml 4K (Fig. 4.20B, ii) or without antigen (Fig. 4.20B, 

iii). Therefore, soluble factors found in the supernatants of regulatory T cells are not 

sufficient to mediate the downregulation of CD80 and CD86 and there is a requirement 

for cell contact for this type of suppression to occur.   
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4.7.4 Role of CTLA and IL-10 in the suppressive effect of regulatory T cells 

on DCs 

Prior data using the Tg4 IL-10-/- revealed that suppression of CD80 and CD86 in 

vivo was reliant on the presence of IL-10, and that without IL-10 mice are not able to 

control EAE development when treated with tolerogenic peptide (Gabrysova et al., 2009; 

Burkhart et al., 1999; O’Neill et al., 2006). To assess the role of IL-10 together with 

CTLA-4, we used blocking antibodies against IL-10R and CTLA-4, respectively. CD4tol 

cells were co-cultured with DCs, with or without antigen as before (control) and CD4tol 

cells were also co-cultured with either anti-IL-10R or anti-CTLA-4 antibodies or both for 

2h at 37oC prior to antigenic stimulation.  

Interestingly, the in vitro results from the DC co-cultures confirmed the previous 

in vivo results, since suppression of CD86 was reversed when IL-10R was blocked, while 

antibodies against CTLA-4 alone did not have a significant effect on the capacity of 

regulatory T cells to downregulate CD86 on DCs, both with (Fig. 4.21A, i) or without 

antigen (Fig. 4.21A, ii). Similar phenotype was seen with CD80, since its expression was 

restored only when IL-10R was blocked but not when CTLA-4 was blocked, in the 

presence (Fig. 4.21B, i) or absence of antigen (Fig. 4.21B, ii).  

Taken together, all the results from the blockade of IL-10R and CTLA-4, 

demonstrate the ability of regulatory T cells to mediate bystander suppression against 

other cells is driven by both IL-10 and CTLA-4, while the ability of the same cells to 

inhibit the maturation of DCs, relies mostly on IL-10 expression.  
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4.8 Discussion  

The work that was done previously in the Wraith lab has mainly focused on 

understanding the mechanisms of action of antigen specific immunotherapy by studying 

the impact on IL-10+ Tr1 cells, which is the predominant population in tolerant CD4+ T 

cells. Analysis of the transcriptome has shown that during the dose escalation, there are 

certain transcription factors, such as c-Maf, NFIL3, and co-inhibitory receptors, including 

TIGIT, TIM-3 and LAG-3, whose expression was strongly linked to the 

immunoregulatory cytokine, IL-10 (Burton et al., 2014). However, there was an unmet 

need to study the functional properties of these cells, by examining both their capacity to 

mediate bystander suppression on T cells with different antigen specificity and by also 

dissecting the mechanism of action.   

The data presented in this chapter provides an in-depth analysis of the ability of 

different regulatory T cells to mediate bystander suppression in vitro. CD4tol cells were 

highly suppressive as they strongly inhibited the proliferation and activation of other T 

cells in co-culture experiments. It was demonstrated that their mechanism of action relies 

predominantly on cell contact, with CTLA-4 being involved in their suppressive 

mechanism of action on other T cells, but not on DCs. It appeared that their ability to 

modulate DC maturation was IL-10-dependent, in line with previous in vivo data 

(Gabryšová et al., 2009). IL-10 was critical for the ability of these cells to exert both 

bystander suppression as well as inhibition of CD80 and CD86 on DCs, highlighting the 

already established importance of this cytokine for the function of these cells (Brockmann 

et al., 2017). 

 Interestingly, it was also shown that these cells can mediate both linked and 

bystander suppression, because in the initial experiments, the suppression mediated by 
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CD4tol cells was more profound with the peptides that are covalently linked, rather than 

the separate peptides, consistent with the work from Bullock and colleagues who were 

amongst the first ones to describe this phenomenon almost 4 decades ago (Bullock et al., 

1975). Intriguingly, when antigen presentation was taking place on the same F1 APC, that 

allows responders and suppressors to come in proximity, a stronger suppressive effect 

was observed, further reinforcing the hypothesis that cell contact is a prerequisite for 

suppression. This hypothesis was confirmed with transwell experiments and it was in line 

with previous work, which demonstrated that this state of induced tolerance can be self-

perpetuating and long-lasting, as long as the putative suppressors and responders are in 

the vicinity of one another (Turley and Miller, 2007; Navarro et al., 2014). This state of 

infectious tolerance, holds great therapeutic potential for the fields of autoimmunity, 

allergy and transplantation (Kendal and Waldmann, 2010; Qin et al., 1993).  

Furthermore, we wanted to recapitulate some of these findings in a more 

physiologically relevant environment. This was done by two different approaches; firstly, 

by assessing whether the APC populations are affected by the tolerance induction 

protocol themselves to exert bystander suppression in vivo, or by investigating whether 

introduction of tolerant CD4+ T cells using adoptive transfers was sufficient to mediate 

bystander suppression when given together with naïve 2D2 cells into naive F1 mice. With 

the first set of experiments in the (Tg4 x C57BL/6) F1 mouse, it was clearly shown that 

induction of tolerance established a highly suppressive environment, which does not 

allow the adoptively transferred, CTV-labelled naïve responders to proliferate. In that 

model, it was also shown that the expression of CD80 and CD86 was suppressed on DCs 

in vivo, and that can partially explain the suppression seen. In addition to the impact of 

peptide treatment on DCs, another reason for the suppression would be the involvement 
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of the different populations of regulatory T cells that expand after tolerance induction and 

can exert their suppressive phenotype via different mechanisms, such as killing of 

neighbouring APCs or T cells via granzyme B (Cao et al., 2007), consumption of IL-2 

that prevents the survival and expansion of T effector cells (Höfer et al., 2012), IL-10-

mediated inhibition of either T cells directly (Taylor et al., 2009) or indirectly via 

induction of tolerogenic APCs (Bhattacharyya et al., 2004),  amongst others. Their 

phenotype is explained more extensively in the Tg4 model in the following chapter.  

Therefore, by inducing tolerance to the recipient mice, both T cells and APCs 

acquire a more tolerogenic phenotype that prevents the expansion of naïve T cells. It 

would be interesting to investigate whether bystander suppression is driven by IL-10 in 

vivo, and follow up previous observations which showed that suppression of proliferation 

of naïve Tg4 T cells transferred into tolerised Tg4 recipients was reversed by 

neutralisation of IL-10 (Sundstedt et al., 2003). 

It is easier to observe suppression in the (Tg4 x C57BL/6) F1 model, since there is 

a great number of regulatory T cells and tolerogenic DCs that can orchestrate the 

suppression. Therefore, we were keen to devise a series of co-transfer experiments, where 

naïve recipient mice were given 5x106 tolerant Tg4 CD4+ (CD4tol cells), with an equal 

number of responder cells, either 2D2 responders (bystander model) or Tg4 responders 

(antigen-specific model). It was shown in both models that this cell number is sufficient 

to drive the suppressive phenotype in an otherwise naïve recipient mouse that does not 

have any other IL-10+ CD4tol cells. This experiment clearly shows that the strong 

suppressive capacity of these cells is sufficient to establish bystander suppression in vivo.  
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The shortcoming of the previous experiments is the purity of CD4tol cells used. In 

our system, tolerant CD4+ T cells were referred to as CD4tol cells since there was a high 

percentage of cells (around 40%) expressing IL-10. Previous studies on CD4tol cells (also 

referred to PItol since they derive from peptide-induced, ‘tolerised’ mice) have shown 

that CD4+ T cells from the tolerant Tg4 mouse were predominantly CD25-FoxP3-, 

highlighting that CD4tol cells are distinct both in origin and function to the natural 

CD4+CD25+FoxP3+ Tregs (Nicolson et al., 2006). Furthermore, FoxP3+ Tregs were not 

required for the generation of the CD4tol populations. However, in that population of 

CD4tol cells, there will still be a small population of cells that express FoxP3 following 

tolerance induction (Burton et al., 2014).  

To be able to isolate different regulatory T cell populations at higher purity, an IL-

10 reporter Tg4 mouse would be the best model to use to be able to isolate a pure 

population of IL-10+ Tr1 cells. Ideally, to be able to successfully define CD4tol cells and 

differentiate them from Tregs, we would need to generate an IL-10 and FoxP3 double-

reporter as described by other groups (Brockmann et al., 2018; Rubtsov et al., 2008) and 

cross it with the Tg4 background to generate FoxP3+IL-10- or FoxP3+IL-10+ Tregs and 

FoxP3-IL-10+ Tr1 cells at high purities and compare their phenotypic and functional 

differences.  

Despite the limitations arising from the models used and the inherent heterogeneity 

that characterises the regulatory T cell populations, it was clearly demonstrated that 

peptide immunotherapy is responsible not only for giving rise to the suppressive 

population of CD4tol cells, but also for the licensing of FoxP3+ Tregs. Tregs from 4Y-

treated mice were the most potent mediators of bystander suppression, followed by total 

CD4+ T cells from tolerant mice, which comprised both FoxP3+ Tregs and FoxP3- CD4tol 
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cells, and lastly naïve FoxP3+ Tregs and iTregs, which were not suppressive in our in 

vitro system. Both tolerised CD4tol and Tregs express high levels of IL-10; however, 

CD4tol cells are the more dominant source numerically.  

Despite the high levels of IL-10 found in CD4tol cultures, it was interesting to show 

that the supernatants from CD4tol cultures failed to block the upregulation of CD80 and 

CD86 on naïve DCs and had no effect on T cell proliferation. Hence, even though IL-10 

is a critical cytokine that can partially account for the highly suppressive phenotype of 

regulatory T cells, it is not the only molecule involved in bystander suppression, since 

there are other pathways that are involved in this type of suppression. For example, 

Homann and colleagues showed that  T cells specific for one antigen in insulin B chain, 

can suppress autoreactive T cells specific for a different self-antigen (LCMV-NP) in a 

mechanism that was highly dependent on the IL-4/Stat6 pathway  (Homann et al., 1999).  

Notably, the hierarchy in terms of suppressive capacity amongst the different 

populations of regulatory T cells highlights the heterogeneity and plasticity seen in Tregs 

that reflects their diverse functions under inflammatory conditions or in specific tissues 

(Cretney et al., 2013). Upon first encounter with the antigen, Tregs retain a naïve-like 

phenotype, but they start to produce low levels of IL-10 and gradually differentiate into 

effector, fully mature Tregs; however, they only acquire their highly suppressive 

phenotype after repeatedly encountering their cognate antigen. This indicates that during 

chronic exposure to antigen, when there is a persistent triggering of the TCR, Tregs 

undergo a re-programming process that makes them acquire a more tolerogenic 

phenotype to be able to suppress excessive immune pathology and restore immune 

homeostasis.  
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Furthermore, prior data using the Tg4 IL-10-/- model revealed that the expression 

of CD80 and CD86 in vivo was reliant on the presence of IL-10 and that without IL-10, 

mice were not able to control EAE development when treated with tolerogenic peptide 

(Burkhart et al., 1999a; O’Neill et al., 2006b; Gabrysova et al., 2009). Our in vitro data 

using a blocking antibody against IL-10R, confirmed that observation. It will be 

interesting to investigate the role of inhibitory receptors on this phenomenon by either 

using blocking antibodies against the different receptors or by generating knock out mice 

on the Tg4 background and testing the suppressive capacity of the relevant regulatory T 

cells to further dissect the mechanisms and pathways involved in bystander suppression.  

In conclusion, the analysis of T cell populations (CD4tol and Treg cells) and DCs 

from the Tg4 mouse represents a novel view of how diverse subsets of lymphocytes are 

modified as a result of peptide immunotherapy using MBPAc1-9 [4Y] and suggests multiple 

avenues for the bidirectional interaction between T cells and DCs, which is central for 

bystander suppression. 

 

Concluding statement  

The data presented on this chapter demonstrate that repeated exposure to tolerogenic 

antigen stimulation mimics the course of chronic infection and it gives rise to different 

regulatory T cell populations, each one of them having a distinct capacity to mediate 

bystander suppression. This type of suppression is cell-contact dependent, with CTLA-4 

being one of the cell surface molecules that is involved in the inhibition of responder 

cells. IL-10 also played a role in driving the bystander effect, by enabling regulatory T 

cells to inhibit the expression of CD80 and CD86 on DCs. The influence of IL-10 on DC 
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function reveals a classical, negative feedback loop that has evolved to control the 

immune response to antigen and limit immune pathology. Finally, some of these findings 

were also reproduced in vivo, showing that during the course of tolerance induction, 

peptides delivered in a highly soluble form that are known to bind steady-state DCs 

(Shepard et al., 2021) and present antigen in a tolerance-inducing manner can give rise to 

both CD4tol cells and tolerant Tregs as well as tolerogenic DCs. In this way, T cell 

responses can be self-limiting in the context of peripheral tolerance to a self-antigen. 
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5.1 Introduction 

In chapter 4, it was shown that Tregs derived from peptide-treated mice were able 

to inhibit the proliferation of responder cells even at low ratios of suppressors: responders 

(1:16), while naïve Tregs were not functionally suppressive in vitro. The critical question 

that we aim to address in this chapter is how peptide immunotherapy leads to a switch 

from a non-suppressive to a highly suppressive phenotype among FoxP3+ Tregs. We 

hypothesise that the change in phenotype was a result of repeated cell activation, which 

subsequently results in differential expression of genes associated with the differentiation 

and function of Tregs following repeated exposure to antigen.  

Previous work from the Wraith lab has not focused heavily on the phenotype of 

FoxP3+ Tregs following tolerance induction, since the generation of FoxP3- Tr1 cells was 

a more striking effect of peptide immunotherapy. Furthermore, using a RAG-/- Tg4 mouse 

model that lacks endogenous FoxP3+ Tregs, it was shown that peptide immunotherapy 

can induce Tr1 cells in vivo independently of Tregs, (Nicolson et al., 2006). Burton and 

colleagues (Burton et al., 2014) have performed detailed immunophenotyping during 

dose escalation immunotherapy using MBPAc1-9 [4Y] and shown that antigen-specific 

CD4+ T cells undergo a progressive transcriptional re-programming, rendering them 

resistant to production of inflammatory cytokines.  

Furthermore, Bevington and colleagues (Bevington et al., 2020) have shown that 

dose escalation has an effect not only on the transcriptome, but also in the epigenome of 

tolerant CD4+ T cells, where epigenetic priming creates an accessible chromatin 

environment for immunosuppressive genes, while for immune response genes the 

threshold of TCR/CD28 signalling for activation remains high, rendering these loci less 

responsive to stimulus. 
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The studies described above focused on tolerance induction in the total CD4+ 

population of tolerant cells, which mainly consists of FoxP3- Tr1 cells; however, in RAG-

sufficient Tg4 mice there is also a small percentage of FoxP3+ Tregs (5-10% of total CD4+ 

T cells) that undergo phenotypic changes following repeated exposure to antigen. 

Therefore, this chapter attempts to shed light on both FoxP3- Tr1 and FoxP3+ Treg cells 

to delineate how these regulatory T cell subsets compare in their ability to mediate 

immune suppression and to define whether they share phenotypic and functional markers 

of tolerance induction.  

It should be acknowledged that the bulk RNA sequencing described in this chapter 

was done in collaboration with Azenta Life Sciences and the initial bioinformatics 

analysis of the raw data was kindly done by Dr Sky Ng from the Wraith lab. For the 

single-cell RNA sequencing, I spent three months of my PhD at the National Institutes of 

Health (NIH) in Bethesda, USA under the supervision of Dr Ethan Shevach. During that 

time, I was able to observe part of the sequencing and subsequent bioinformatics analysis, 

which was done at a core facility of the National Institute of Allergy and Infectious 

Diseases (NIAID). Finally, the DNA demethylation analysis was done in collaboration 

with Dr Shimon Sakaguchi’s lab in Osaka University, Japan.   

Chapter aims: 

o Phenotypic characterisation of Tregs and Tr1 cells  

o Analysis of the differentially expressed genes amongst the different regulatory 

populations using bulk and single-cell RNA sequencing techniques 

o Epigenetic analysis of the CNS2 region   
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5.2 Characterisation of the phenotype of tolerised CD4+ T cells  

In the previous chapter, we were able to dissect the suppressive capacity of both 

total tolerised CD4+ T cells (CD4tol) and to delve into the enriched population of FoxP3+ 

Tregs from either naïve or peptide treated Tg4 mice and study them in the context of 

bystander suppression. In addition to the functional studies, to be able to fully understand 

the heterogeneous nature of both FoxP3+ Tregs and FoxP3- Tr1, a thorough 

characterisation of the phenotype and genotype of these cells was done to further elucidate 

the pathways that are affected by peptide immunotherapy.  

5.2.1 Expansion of IL-10+FoxP3- Tr1 cells and FoxP3+ Tregs following peptide 

treatment 

To be able to characterise the immunophenotype of Tregs and Tr1 cells, Tg4 mice 

were subjected to the tolerance induction protocol, as described previously in section 

2.5.1 of Materials & Methods, and spleens were harvested three days after the final 4Y 

treatment. CD25+ cells were purified from either the 4Y- or PBS-treated group and used 

as the Treg fraction of the bulk CD4+ T cell population. The CD25- fraction, essentially 

the Treg-depleted population, from the 4Y-treated mice was called 4Y-treated T 

conventional cells, while the CD25- fraction from PBS-treated mice was referred to as 

PBS-treated T conventional cells. These 4 groups were stimulated with PMA and 

Ionomycin (P/I) prior to staining for surface and intracellular markers.  

There was a good correlation between CD25 and FoxP3 expression, since both in 

the peptide-treated and naïve mice, most of the CD25+ cells also expressed FoxP3 (Fig. 

5.1A). This confirms that the purification process was successful because the CD25+ 

fraction consists almost entirely of FoxP3+ Tregs. On the other hand, in the CD25- fraction 

of 4Y-treated cells, there was still a small percentage of FoxP3+ cells (around 10%), while 
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this was not the case in PBS-treated cells, indicating that during 4Y-treatment, there are 

some cells that downregulate CD25 even though they still express FoxP3 (Fig. 5.1A). 

This should be accounted for when analysing these cells, which even though they are 

primarily FoxP3- and they would otherwise be referred to as Tr1 cells, we prefer to call 

them 4Y-treated T conventional cells, due to the impurities deriving from our 

methodology.  

Furthermore, in the 4Y-treated cells, there was enhanced expression of IL-10, both 

in Tregs and T conventional cells (approximately 37% IL-10+ cells within the CD4+ gate), 

while there was only a small percentage of IL-10+ cells in the PBS-treated Tregs (12%) 

and virtually no expression of IL-10 in the PBS-treated T conventional cells (Fig. 5.1B). 

To better define the subpopulations of regulatory T cells within each one of the 4 groups 

that were analysed, the percentage of FoxP3+IL-10+, FoxP3+IL-10- or FoxP3-IL-10+ cells 

was measured by flow cytometry.  

As expected, in the PBS-treated T conventional group, there were very low 

percentages (<5% of CD4+ T cells) of any regulatory population, while in the 4Y-treated 

T conventional group, the dominant population of cells was IL-10+FoxP3- (around 35% 

of CD4+ T cells) (Fig. 5.1C). In the PBS-treated Tregs, the main population of cells was 

FoxP3+IL-10-, with low percentages of IL-10-producing cells, while in the 4Y-treated 

Tregs, the predominant population was again FoxP3+IL-10- (45-50% of CD4+ T cells); 

however, there was a substantial increase in the proportion of cells that were expressing 

both FoxP3 and IL-10 (35%) (Fig. 5.1C). 
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It is clear from previous experiments (sections 4.6, 4.7.1 and 4.7.2  of Chapter 4) 

that Tregs from 4Y-treated mice have superior suppressive capacity and we reasoned that 

one of the molecules responsible for this function would be the immunoregulatory 

cytokine IL-10, which also plays a fundamental role in the function of Tr1 cells 

(Sundstedt et al., 2003). Following tolerance induction, there was a clear expansion of IL-

10+ T cells within the bulk population of CD4+ T cells (Fig. 5.2A) in line with previous 

data in the literature (Gabrysova et al., 2009); however, it is not clear whether this IL-10 

is coming primarily from FoxP3+ Tregs or FoxP3- Tr1 cells.  

To start teasing this apart, IL-10 levels were measured both in the CD4+FoxP3+ 

and CD4+FoxP3- gated populations found within the 4 groups analysed (4Y-treated Tregs, 

PBS-treated Tregs, 4Y-treated Tconv, PBS-treated Tconv) (Fig. 5.2B). Interestingly, 

there was an expansion of IL-10+ cells both in the FoxP3+ and FoxP3- population of cells 

following peptide treatment; however, this expansion was more profound in the FoxP3+ 

population both in terms of percentage of IL-10+ cells (Fig. 5.2C, i), as well as mean 

fluorescence intensity (MFI) (Fig. 5.2C, ii), indicating that there is a positive correlation 

between FoxP3 and IL-10.  

In summary, tolerance induction expands the IL-10+ populations within both 4Y-

treated Tconv and 4Y-treated Tregs. The fact that antigen-specific immunotherapy can 

potentiate FoxP3+ Tregs to produce IL-10 in the Tg4 mouse has not been revealed 

previously. This novel finding highlights the significant impact of peptide treatment on a 

diverse subset of immune cells.  
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5.2.2 The expression of co-inhibitory receptors is upregulated both in Tr1 and Tregs 

following tolerance induction  

It was previously shown that CD4+ T cells from tolerised Tg4 mice express higher 

levels of co-inhibitory receptors (IRs) as measured by both mRNA levels and protein 

expression and that the expression of these IRs strongly correlates with IL-10  (Burton et 

al., 2014). To confirm this observation at the protein level and to assess IR cell surface 

expression of Tregs alongside Tr1 cells, spleens from Tg4 mice were harvested 3 days 

after the final treatment with 4Y peptide and Tregs from the different treatment groups 

were enriched based on CD25 expression as before, giving rise to the 4 biological groups 

mentioned in the previous paragraph. Cells were then treated with P/I and stained for 

FoxP3 and IL-10 together with the IRs, TIGIT, CTLA-4, TIM-3, LAG-3, and PD-1.  

It was shown in the previous paragraph (section 5.2.1) that there is an expansion of 

IL-10+ cells both in 4Y-treated Tregs and Tconv. There were two distinct questions that 

we wanted to address; firstly, whether tolerance induction enhances the expression of IRs 

on Tregs, since it was previously shown that it does on Tr1 cells (Burton et al., 2014); 

secondly, whether there is a strong correlation with the expression of IRs and IL-10 in 

each of the regulatory T cell populations, in an effort to investigate the molecular 

pathways that are involved in the function of these cells. To do that, CD4+ T cells from 

4Y-treated Tregs or Tconv were divided into IL-10+ and IL-10- populations and 

expression of IRs was evaluated on each fraction (Fig. 5.3A).  

Interestingly, the expression of CTLA-4 was increased in the IL-10+ fraction of 4Y-

treated Tregs (30% of total CD4+ T cells) compared to the IL-10- fraction (20%), but it 

was not significantly affected in 4Y-treated Tconv (Fig. 5.3B, i). Surprisingly, the levels 

of TIGIT were not upregulated in the IL-10+ fraction of either Tregs or Tconv compared 
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to their IL-10- counterparts, following tolerance induction (Fig, 5.3B, ii). TIM-3 

expression was strongly upregulated in the population of IL-10+ cells found in 4Y-treated 

Tregs (45%) compared to IL-10- Tregs (20%); however, a similar difference was not seen 

in 4Y-treated Tconv, where levels of TIM-3 were below 20% both in IL-10+ and IL-10- 

cells (Fig. 5.3B, iii). Furthermore, the expression of LAG-3 was significantly upregulated 

on the IL-10+ cells of 4Y-treated Tconv, and this observation is in line with the literature 

where LAG-3 has been proposed to be a good marker for FoxP3-Il-10+ Tr1 cells (Gagliani 

et al., 2013). An even higher proportion of CD4+LAG-3+ cells was found within the IL-

10+ population of 4Y-treated Tregs (Fig. 5.3B, iv). Finally, expression of PD-1 was 

upregulated in the IL-10+ subpopulation of cells found within the 4Y-treated Treg 

biological group (90%) compared to IL-10- cells within the same group (65%) (Fig. 5.3B, 

v). Similar differences, but even more profound (80% versus 40%), were found between 

IL-10+ and IL-10- cells in the 4Y-treated Tconv, respectively.  

Taken together, there was a clear correlation between IL-10 and all the IRs, except 

TIGIT, and this was quite profound on 4Y-treated Tregs and less so on Tconv.  
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5.3 Optimisation of the in vitro conditions for stimulation of regulatory 

T cells  

The previous paragraphs of this chapter aimed to investigate the impact of peptide 

immunotherapy on the phenotype of Tregs and Tconv cells by analysing the expression 

pattern of FoxP3 and IL-10 within each group and correlating these two intracellular 

markers with the surface expression of different IRs. To further build upon the 

characterisation of the different regulatory T cells, we aimed to analyse the transcriptional 

signatures that distinguish naïve from peptide-treated Tregs as well as naïve Tconv from 

peptide-treated Tconv to explain the functional differences seen previously in terms of 

suppressive capacity. To be able to do this, the optimal conditions for stimulation of these 

regulatory T cells had to be established before proceeding into the analysis of the RNA 

profile of the cells. The conditions had to closely resemble the ones used for the in vitro 

bystander assays to be able to associate the functional profile of these cells with certain 

changes in the RNA transcripts. 

In the suppression assays, each putative suppressor was able to recognise their 

cognate antigen and stay in culture with the responder cells for three days to exert their 

suppressive function. However, in this case we want to study the regulatory T cells alone; 

therefore, an antigenic stimulation in vitro would not be possible, since it requires the 

presence of APCs for the antigen presentation and subsequent activation. Hence, the 

resulting mixed population of regulatory T cells and APCs would need further 

purification prior to RNA extraction, which creates technical problems because the 

numbers of Tregs isolated using magnetic beads for positive selection had low yield of 

Tregs. This limitation created the need for minimum manipulations to avoid further losses 

in cell numbers.  
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To circumvent this, we reasoned that the regulatory T cells could be activated in 

vivo; instead of harvesting the spleens 3 days after the final 4Y treatment, it could be done 

2h following the final dose. This time point was previously shown to fall within the 

optimal time window for in vivo activation of T cells in the Tg4 model, since the APC 

loading following peptide administration reached a peak between 1h and 4h using either 

the intranasal (Metzler et al., 2000) or subcutaneous route (Burton et al., 2014; Shepard 

et al., 2021).  

To examine whether the same regime would work for optimal stimulation of Tregs 

in vivo, Tg4 mice were given either a single dose of 80μg of 4Y or PBS and 2h later, 

spleens were harvested and stained for CD25 and FoxP3. Previous data from our lab 

showed that 2h after in vivo administration of 4Y, the expression of all three chains of the 

IL-2 receptor was upregulated at the RNA level (Fig. 5.4A). The high affinity IL-2 

receptor consists of all three subunits, IL-2Rα (CD25), IL-2Rβ (CD122) and γc (CD132) 

that are readily found on Tregs and recently antigen-activated T conventional cells (Malek 

and Castro, 2010). Given that CD25 is constitutively expressed on Tregs and on T conv 

upon activation, we were keen to examine whether 2h post antigen administration would 

be sufficient time to upregulate CD25 on CD4+FoxP3- T conv.  

To confirm the RNA data at the protein level, we measured CD25 expression by 

flow cytometry 2h post 4Y administration. Bulk CD4+ T cells in 4Y-treated Tg4 mice 

upregulated both CD25 (8% of CD4+ T cells) and CD69 (94.5%) compared to PBS-

treated Tg4 mice (4% and 8% for CD25 and CD69, respectively) (Fig. 5.4B). Intriguingly, 

only 47% of CD4+CD25+ cells in the 4Y-treated mouse expressed FoxP3 compared to 

83% in the PBS-treated mouse (Fig. 5.4C). This result clearly shows that almost half of 

the CD4+CD25+ cells in the 4Y-treated mouse are FoxP3-, indicating that this is a mixed 
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population of both CD25+FoxP3+ Tregs and CD25+FoxP3- activated, effector T cells. For 

consistency purposes, we need to utilise the expression of CD25 for the isolation of Tregs 

in line with the method used previously, therefore in this case, CD25 is not a good marker, 

since it is expressed not only on Tregs but also on activated T cells. Due to the 

aforementioned limitations, the in vivo stimulation of Tregs was not the best approach to 

follow.  

An alternative option for in vitro stimulation that does not require antigen, would 

be the use of functional, monoclonal antibodies against CD3 and CD28 for TCR 

triggering (Bashoura et al., 2014).  To be able to determine the optimal conditions for 

stimulation in our system, different time points were examined (4h or 6h) as well as 

different combinations of antibody delivery (soluble or plate-bound). Treatment of cells 

with P/I for 4h was used as a positive control since it gives a potent stimulus for T cell 

activation. For optimisation purposes, CD4+ T cells were used due to cell number restrains 

and mice availability at the time. Cells were stimulated with the different conditions tested 

and expression of CD25 and CD69 were used as a readout for their activation status (Fig. 

5.5A).  

In addition to the activation profile, the amount of RNA extracted after each 

condition as measured by Qubit assay was also taken into account, since we aimed to 

achieve not only optimal activation, but also high yields of extracted RNA (Fig. 5.5D). 

In addition to the quantity of RNA, the quality of RNA was assessed by measuring the 

RNA integrity number (RIN), which ranges between 1(totally degraded) and 10 (intact) 

(Fig. 5.5E). Any number above 6 corresponds to a decent quality of RNA (Schroeder et 

al., 2006).  
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Based on the expression of CD25 (Fig. 5.5B) and CD69 (Fig. 5.5C), as well as the 

quantity and quality of RNA, the optimal conditions for T cell stimulation involved 

stimulation with soluble anti-CD3 and anti-CD28 antibodies for 4h. These were the 

conditions used for the in vitro stimulation of Tregs and T conv cells prior to RNA 

sequencing (bulk and single cell) as well as epigenetic analysis (DNA demethylation) 

described in later paragraphs of this chapter.  
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5.4 Bulk RNA sequencing 

Three days after the final peptide treatment, spleens were harvested, CD25+ and 

CD25- fractions were isolated from either the 4Y- or PBS-treated groups and cells were 

stimulated in vitro, prior to RNA extraction (see section 2.3.17.1 from Materials and 

Methods). The RNA was kept at -80oC before sending to GeneWiz Azenta Life Sciences 

for sequencing. The initial bioinformatics analysis was performed with the help of Dr Sky 

Ng from our lab, and the pipeline is described in section 2.6.1 of Chapter 2.  

5.4.1 Hierarchical clustering and pathway analysis 

Initially, we wanted to investigate how peptide treatment affects the global 

transcriptional signatures of the 4 different samples tested. In this initial exploratory 

analysis, a Principal Component Analysis plot (PCA) and a hierarchical clustering tree 

were generated using the iDEP software. The PCA plot is used to reduce the dimension 

of the data, simplify and achieve a better visualisation in two dimensions, assuming that 

there is a linear relationship between the samples (Jollife and Cadima, 2016). It reflects 

the variance of the whole dataset, with Principal Component 1 (PC1) capturing most of 

the variability in the data, while the residual variability is captured by Principal 

Component 2 (PC2), which is independent of PC1. Each dot in the PCA plot essentially 

represents the entirety of the data from each individual mouse (3 mice per biological 

group).  

Surprisingly, it appears that 4Y- and PBS-treated Tregs are clustered together, 

while 4Y Tconv and PBS Tconv occupied separate areas of the plot and were not clustered 

together (Fig. 5.6A). This indicates that peptide immunotherapy primarily has an impact 

on Tconv cells, since there are more transcriptional signatures that differentiate 4Y from 

PBS Tconv cells; however, this is not a case for Tregs in this particular analysis. It is also 
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interesting to note that Tregs and Tconv fall into two distinct populations, indicating a 

high degree of variability that confirms that these populations are independent and have 

different determining pathways for their growth, differentiation and function as 

demonstrated previously in humans (Kunicki et al., 2018), mice (Maynard et al., 2007) 

and more specifically in the Tg4 mouse (Nicolson et al., 2006).  

A similar observation was seen in the hierarchical clustering tree, where there was 

a higher degree of similarity between 4Y and PBS Tregs and between 4Y and PBS Tconv 

and a divergence between Tregs and Tconv from both treatment groups (Fig. 5.6B). The 

triplicates within each group were clustered together in both types of analysis, ensuring 

the robustness and reproducibility of the results.  

Furthermore, additional clustering analysis using a heatmap as a readout revealed 

the existence of 4 clusters amongst the biological groups. Red colour denotes upregulated 

genes, while green colour is indicative of downregulated genes. In cluster A and B, it 

appears that the upregulated genes are those relevant to the identity of the cell subset 

rather than the impact of peptide immunotherapy as there are 746 upregulated genes in 

Tregs (both 4Y and PBS) in cluster A, and 343 upregulated genes in Tconv (both 4Y and 

PBS) within cluster B (Fig. 5.6C). In cluster C and cluster D, there are 344 and 567 

upregulated genes, respectively, found in the 4Y Tconv group. In cluster D but not cluster 

C, there appears to be a minor upregulation of the relevant genes in 4Y Tregs (Fig. 5.6C).  

Fig. 5.6D shows a summary of the biological processes that are involved in each 

cluster, with cluster A and B mainly include pathways that determine the identity of Tregs 

versus Tconv cells (i.e., development, cell adhesion, chemotaxis, locomotion) as well as 

response to stimulus (i.e., activation or regulation of immune response). Cluster C 
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includes responses against external inflammatory stimuli (bacterial origin), stress and 

innate immune responses, while cluster D again includes similar pathways to cluster C, 

with the additional responses to cytokine stimulus (interferon-beta) as well as mitotic cell 

cycle processes (division) (Fig. 5.6D).   
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5.5 Single-cell RNA sequencing  

In addition to bulk RNA sequencing (RNAseq), a single-cell RNAseq (scRNAseq) 

approach was used to validate the results and to provide further insight into the 

transcriptional signatures of each biological group not only at the populational level, but 

also at the single cell level. Bulk RNAseq essentially studies the average global gene 

expression, while scRNAseq allows a high resolution study of the heterogeneity within 

each sample, taking into account the cell-to-cell variability, thus enabling the exploration 

of more complex biological systems and inferring regulatory networks across the samples 

(Hwang et al., 2018).  

5.5.1 Expression of selected genes  

Initially, the first genes to be analysed were Il10 and FoxP3, to confirm the flow 

cytometry data shown in section 5.2.1 at the single-cell RNA level and ensure the purity 

of the populations. As expected, Il10 is mainly expressed in cells that have been subjected 

to peptide treatment, primarily the FoxP3+ Treg population and less so in the 4Y-treated 

Tconv as shown in the UMAPs for each sample (Fig. 5.10A). Also, PBS-treated Tregs 

express Il10 at lower levels and this is clearer in the violin plots shown in Fig. 5.11A. 

Therefore, we can conclude that Tregs express Il10, even when they are not stimulated, 

but the levels are much higher once they encounter their cognate antigen repeatedly.  

However, intracellular expression of IL-10 as measured by flow cytometry showed 

similar levels of expression in 4Y-treated Tregs and Tconv (around 35-40% of total CD4+ 

T cells), while the first group has higher RNA expression. This would indicate that the 

chromatin encompassing the IL-10 locus may be uniquely modified in each of the 

different cell types and the post-transcriptional modifications may also be cell specific, 
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resulting in different degrees of RNA degradation amongst regulatory T cells (Mosser 

and Zhang, 2008).  

Furthermore, FoxP3 was predominantly expressed in Tregs (PBS- and 4Y-treated) 

as shown by the frequency of the blue-coloured dots on the UMAP plot (Fig. 5.7B); the 

darker the colour of each dot, the higher the expression of FoxP3 in that cell. However, 

there were some cells that expressed FoxP3 even in the Tconv group (both PBS and 

slightly more in 4Y group) (Fig. 5.8B), confirming the minor impurities found within the 

samples that were first picked up with the flow cytometry staining (section 5.2.1). 

Similarly, Il2ra, the gene for CD25, which was used as a marker for positive selection of 

Tregs was also found to be expressed also on PBS-treated Tconv and less so in 4Y-treated 

Tconv (Fig. 5.8E). Even though the gene is transcribed in Tconv cells (4Y and PBS), it is 

barely expressed on the surface of the cells as shown by flow cytometry data; therefore, 

it could be argued that this minor discrepancy does not interfere with the eligibility of 

CD25 to be used as a selective marker for Tregs, both naïve and 4Y-treated.   

Interestingly, Maf was also expressed in Tregs, particularly the 4Y-treated Tregs as 

shown by the UMAPs (Fig. 5.7C). The expression pattern of Maf is clearer in the violin 

plots where there is a high expression in 4Y-treated populations, predominantly Tregs, 

but also Tconv and it is less expressed in PBS-treated Tregs and at very low levels in 

PBS-treated Tconv (Fig. 5.8C). This transcriptional profile is reminiscent of Il10 

expression, since Maf has been shown to positively regulate Il10 gene expression in CD4+ 

T cells both in vitro (Rutz et al., 2011; Xu et al., 2009; Apetoh et al., 2010) and in vivo 

(Gabryšová et al., 2018).  
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Finally, Prdm1 was predominantly expressed in 4Y-treated FoxP3+ Tregs, followed 

by PBS-treated Tregs and finally 4Y-treated Tconv as shown in the UMAP plots (Fig. 

5.7D), as well as the violin plots (Fig. 5.8D). It was previously shown that in Tregs, 

Blimp-1, the zinc finger protein that is the product of the transcription of Prdm1, 

cooperates with interferon regulatory factor 4 (IRF4) to establish a Treg cell effector 

program, including the expression of IL-10 and Granzyme B, particularly in non-

lymphoid tissues (Cretney et al., 2011; Vasanthakumar et al., 2015).  

Taken together, from the analysis of the first regulatory genes in our data set, it 

appears that peptide immunotherapy drives the transcriptional re-programming of Tregs, 

converting them from a population of naïve, non-suppressive cells to a population of 

highly suppressive, effector Tregs (eTregs).  
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5.6 Analysis of differentially expressed genes (DEGs) by bulk and single-

cell RNAseq  

In addition to the initial genes identified by scRNAseq as described in the previous 

paragraph, we were keen to expand our study to the global transcriptome of the samples 

by analysing the differentially expressed genes (DEGs) using both bulk and scRNAseq 

approaches.  

The term ‘effector regulatory T cells (eTregs)’ is already established in the literature 

(Ohkura and Sakaguchi, 2011; Cretney et al., 2013). The differentiation of these cells 

relies on transcription factors, with FoxP3 directly regulating the expression of Blimp-1 

and IRF4, which in turn upregulate Blimp-1 expression, a major player for the function 

of these cells (Ogawa et al., 2018). Prdm1 was highly upregulated in peptide treated 

Tregs; however, Irf4 was not significantly affected by the treatment, indicating the 

intricate, multiple, and potentially redundant pathways that are involved in the 

differentiation of these cells.  

To begin to tease this apart, we were keen to investigate the wider network of 

pathways that are involved in the function of eTregs and are also impacted by peptide 

immunotherapy. To do that, an analysis of differentially expressed genes (DEGs) between 

naïve versus treated Tregs (Fig. 5.9) or naïve versus treated Tconv (Fig. 5.10) was 

conducted using the DESeq2 software in R package for bulk RNAseq data or for 

scRNAseq data the analysis was done in Seurat software using the model MAST. The 

data are visualised in the form of a volcano plot, with the x axis showing the logarithm of 

the fold change between treated and untreated groups, and the y axis showing the reverse 

logarithm of the adjusted p value. The higher the log2FoldChange between samples, the 
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bigger the difference seen in the expression of the gene of interest, and the higher the 

value on the y axis, then the more this difference becomes statistically significant. Dots 

in red show genes that are upregulated in the treated group, while dots in blue show genes 

that are downregulated in the same group.  

In the first comparison between PBS- and 4Y-treated Tregs, we were able to 

confirm the upregulation of Il10, Maf, and Prdm1 in 4Y-treated Tregs, which was 

previously shown based on the raw counts in scRNAseq data (paragraph 5.5.1) and 

establish the statistical significance of this upregulation; the differential expression of Il10 

had the highest statistical significance (higher value in the y axis), followed by Prdm1 

and maf (Fig. 5.9A). Another transcription factor, Nfil3, was also upregulated in FoxP3+ 

Tregs following peptide immunotherapy. This is surprising, because it was previously 

shown that Nfil3+ Tregs exert impaired immunosuppressive activity, because Nfil3 

directly binds and negatively regulates the expression of Foxp3, which in turn 

compromises Treg stability (Kim et al., 2019).  However, work from our group (Ng et al., 

2013) and others (Zhu et al., 2015; Solé and Santamaria, 2021) has shown that Nfil3 is 

associated with the transcriptional regulation of Tr1 cells and upregulation of IL-10. 

Therefore, in our setting Nfil3 could play a role in the regulation of IL-10 expression by 

Tregs, leaving FoxP3 expression unaltered. 

Moreover, the genes for co-inhibitory receptors, such as Lag3 and Havcr2, which 

encode Lag-3 and Tim3, respectively, were upregulated in 4Y-treated Tregs and this is in 

line with previous data on Tr1 cells in the Tg4 model (Burton et al., 2014). The expression 

of Ctla4 and Tigit showed a slight increase in the 4Y-treated Tregs; however, this increase 

was below the cut-off threshold (log2FoldChange < 1) and, therefore, was considered 

negligible.  
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Furthermore, genes encoding chemokine receptors, such as Ccr2 and Ccr5 were 

also found to be upregulated in 4Y-treated Tregs, both in the bulk RNAseq data (Fig. 

5.9A), as well as in the scRNAseq data (Fig.5.9B), indicating the significance and 

reproducibility of this observation. These receptors promote cell trafficking and in 

particular the CCR5-CCL5 axis plays an active role in recruiting T cells into target sites. 

It has previously been studied in the context of TIL-mediated immune responses in the 

tumour microenvironment (Aldinucci and Casagrande, 2018; Nagase et al., 2017; 

Aldinucci et al., 2020).  This pathway has also been studied in viral infections and other 

chronic inflammatory conditions (Zeng et al., 2022); however, its role in the Treg-

mediated control of autoimmunity has not been studied extensively.  

Interestingly, the expression of the inducible T cell co-stimulator (ICOS) was 

upregulated in peptide treated Tregs in the bulk RNAseq dataset (Fig. 5.9A). Both in 

humans and mice, it was shown in CD4+ T cells that the highest levels of ICOS had a 

positive correlation with the expression of IL-10, demonstrating the central role of ICOS 

in the differentiation and function of FoxP3+ Tregs (Löhning et al., 2003; Ito et al., 2008). 

Expression of ICOS is of pivotal importance for Tregs, because when interacting with its 

ligand ICOS-L, it enables Tregs to survive and suppress more efficiently. In addition, 

Cd38 was another upregulated gene in the 4Y-treated group, which has previously been 

associated with a highly suppressive phenotype amongst Tregs (Feng et al., 2017). 

Interestingly, expression of  epidermal growth factors, Areg (amphiregulin) and Entpd1 

(CD39), genes associated with tissue repair were also upregulated in peptide-treated 

Tregs, highlighting the multifaceted nature of these cells, which are not only involved in 

immune regulation as previously thought, but may play a role in tissue remodelling and 

homeostasis (Zhang et al., 2017).   
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At the same time, genes associated with TCR activation, such as Nr4a2 and Nr4a3, 

Ifng and INF-γ-associated genes, such as Ift80, Ifi208, Ifit3b were downregulated in the 

bulk RNAseq dataset (Fig. 5.9A). Cd40Ig, the gene for CD40 ligand, was also 

downregulated in 4Y-treated Tregs, implying that the CD40-CD40L pathway, involved 

in the T cell-mediated activation of antigen-presenting cells, is disrupted. Klf2, a gene 

associated with Treg proliferation (Pabbisetty et al., 2014), together with Lrig and Mctp1, 

which function on regulatory cells remain obscure, were downregulated in 4Y-treated 

Tregs with both sequencing methods (Fig. 5.9). Table 5.1 summarises the most 

significantly upregulated and downregulated genes found in Tregs with both bulk and 

scRNAseq. Fig. 5.11A shows the inter-section of both sequencing methods using a Venn 

diagram to illustrate the up- or down-regulated genes.   

 We were also very keen to study the impact of peptide immunotherapy on 4Y-

treated Tconv and compare that to Tregs. Interestingly, Ctla4, Maf, were also upregulated 

to 4Y-treated Tconv in both the bulk RNAseq (Fig. 5.10A) and scRNAseq data (Fig. 

5.10B), while Il10 was only upregulated in the bulk RNAseq. Pdcd1, a gene encoding the 

inhibitory receptor PD-1 was also upregulated on 4Y-treated Tconv as shown by both 

sequencing methods (Fig. 5.10). Surprisingly, genes such as Nrp1 and Ikzf2, which have 

been strongly associated with FoxP3+ Tregs, were upregulated in this population of 4Y-

treated Tconv. This could potentially be due to the fact that there is a small percentage of 

FoxP3+ cells in this biological group; whether this is because of limitations in the 

purification or whether the 4Y-treated Tconv cells acquire some Treg-like characteristics 

following peptide treatment is not clear.  

 Furthermore, based on the bulk RNAseq results, there is an upregulation of Ifng 

and IFN-γ related genes, such as Irf1 and immunity related GTPases produced in cells 
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exposed to IFN-γ, Irgm1 and Irgm2, activation-related genes, i.e., Nr4a3 and Il2 and 

genes of the tumour necrosis factor receptor superfamily, Tnfrsf4 (OX40), Tnfrsf8, 

Tnfrsf9 (4-1BB) (Fig. 5.10A). Expression of genes associated with Th17 cytokines, such 

as Il17a, Il17f, and Il21 was also increased in 4Y-treated Tconv, as well as Cxcl9, Cxcl10 

and Cxcl11, which together with their receptor CXCR3 form an axis implicated in 

immune migration, differentiation and activation (Tokunaga et al., 2018).  

Taken together, the overall transcriptional profile of the 4Y-treated Tconv group 

indicates that this is a quite heterogeneous and diverse population of cells that has been 

highly activated and even though it possesses some effector genes, there are also some 

other genes that are linked to their regulatory potential, making the classification of these 

cells quite challenging. Because most of the genes that were upregulated in the 4Y-treated 

group are associate with T cell activation, it is hard to discriminate whether this effect is 

due to tolerance induction or the stimulation prior to RNA analysis. Therefore, it will be 

useful to include a resting population of PBS- and 4Y-treated Tregs and Tconv, alongside 

the in vitro-stimulated ones, to be able to draw more conclusive results. 

 However, these controls were included in previous work from our lab that aimed 

to assess the impact of tolerance induction on the transcriptional profile of total CD4tol 

cells from the Tg4 model (Bevington et al., 2020) providing some insight on the 

background levels of gene expression at the steady state. Due to limitations in the 

experimental design (i.e., mice availability and cost of sequencing), we were able to 

examine only 4 biological samples and we were keen to compare 4Y-treated Tregs and 

Tconv alongside their PBS counterparts.  
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Most of the genes that were identified by the bulk RNAseq were also confirmed 

by scRNAseq (Fig. 5.10B) and table 5.2 summarises the most significant upregulated and 

downregulated genes found in 4Y-treated Tconv with both bulk and scRNAseq. Finally, 

fig. 5.13B shows the inter-section of both sequencing methods using a Venn diagram to 

illustrate the up- or down-regulated genes.   
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Table 5.1: Summary of differentially expressed genes between PBS-treated and 4Y-

treated Tregs. A combined analysis of bulk RNA-seq and single-cell RNA-seq was 

performed by intersecting differential expression testing comparison results. There were 

4 genes that were significantly upregulated and 3 genes that were significantly 

downregulated in 4Y-treated Tregs compared to PBS-treated Tregs with both methods.  

  

Category Gene Bulk log2Fold 

Change 

Bulk 

adjusted p 

value 

Single cell 

(sc) log2Fold 

Change 

Single 

cell (sc) 

adjusted 

p value 

bulk up/ 

sc up 

Ccr2 2.7033446894542 2.98564E-08 

 

0.548678944 

 

2.63686E-

81 

 

bulk up/ 

sc up 

Il10 2.62341963013484 3.62157E-11 

 

0.735483523 

 

1.2811E-

117 

 

bulk up/ 

sc up 

Ccr5 1.80288923334093 1.07667E-25 

 

0.557310003 

 

2.9408E-

124 

 

bulk up/ 

sc up 

Ccl5 0.857600303314105 0.017722114 

 

0.802024344 

 

2.39183E-

52 

 

bulk 

down/ sc 

down 

Klf2 

 

-0.740126047 

 

8.10433E-21 

 

-

0.570761592 

 

1.441E-

215 

 

bulk 

down/ sc 

down 

Mctp1 

 

-1.109709506 

 

0.019715533 

 

-

0.509561383 

 

3.93174E-

26 

 

bulk 

down/ sc 

down 

Lrig1 

 

-1.523480364 

 

1.27925E-30 

 

-

0.502725922 

 

6.2228E-

181 
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Table 5.2: Summary of differentially expressed genes between PBS-treated and 4Y-

treated Tconv. A combined analysis of bulk RNA-seq and single-cell RNA-seq was 

performed by intersecting differential expression testing comparison results. There were 

8 genes that were significantly upregulated and 1 gene that were significantly 

downregulated in 4Y-treated Tconv compared to PBS-treated Tconv with both methods.  

  

Category Gene Bulk log2Fold 

Change 

Bulk 

adjusted p 

value 

Single cell 

(sc) 

log2Fold 

Change 

Single cell 

(sc) 

adjusted p 

value 

bulk up/ 

sc up 

Maf 

 

2.407069788 

 

6.23084E-21 

 

1.056415495 

 

1.056415E-

495 

 

bulk up/ 

sc up 

Ctla4 

 

1.380506617 

 

8.87711E-17 

 

0.709801475 

 

2.709801E-

475 

 

bulk up/ 

sc up 

Pdcd1 

 

2.161495838 

 

1.01631E-36 

 

0.525597333 

 

3.525597E-

333 

 

bulk up/ 

sc up 

Runx2 

 

0.528308603 

 

0.005213019 

 

0.741076688 

 

5.741076E-

688 

 

bulk up/ 

sc up 

Ikzf2 

 

1.091026423 

 

1.72468E-19 

 

0.71488544 

 

3.71488E-

544 

 

bulk up/ 

sc up 

Nrp1 

 

2.128222135 

 

1.5932E-14 

 

0.690977757 

 

7.1632E-171 

 

bulk up/ 

sc up 

Tnfrsf4 

 

2.216325936 

 

2.29841E-37 

 

0.589001004 

 

2.03213E-22 

 

bulk up/ 

sc up 

Tnfrsf8 

 

1.601420216 

 

1.59719E-20 

 

0.768700941 

 

4.4089E-117 

 

bulk 

down/ sc 

down 

Itm2a 

 

-0.822850961 

 

0.000487642 

 

0.605624702 

 

1.0172E-81 
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5.7 Correlation of IL-10 with other genes associated with immune 

tolerance using scRNAseq 

From the previous data, it was clear that bulk RNAseq was able to provide a more 

in-depth analysis, since more gene targets were revealed with this method compared to 

scRNAseq, which was used primarily for validation at a single cell level. However, the 

advantage of scRNAseq data set was the fact that it allows the analysis of the 

transcriptional profile of a selected population of cells, i.e., IL-10+ cells. Therefore, it 

enables the targeted evaluation of a selected group of cells and in that way, it circumvents 

potential issues with the purity of the samples tested.  

 To be able to correlate IL-10 with other tolerance associated genes in Tregs, two 

approaches were followed for the analysis of the scRNAseq data. Firstly, IL-10+ cells 

across the 4 biological samples were pooled together and differentially expressed genes 

between IL-10+ and IL-10- cell populations was analysed, regardless of FoxP3 expression 

(Fig. 5.12A). Interestingly, in the IL-10+ group of cells, there was an upregulation of 

genes also found to be upregulated in 4Y-treated Tregs, such as Maf, Ccr2, Ccr5, Ccl5, 

Ctla4, and Icos amongst others and this is consistent with previous findings on IL-10+ 

Tr1 cells in the Tg4 model (Burton et al., 2014; Bevington et al., 2020). 

 Furthermore, we also analysed the differentially expressed genes found exclusively 

in IL-10+ cells between PBS- and 4Y-treated Tregs (Fig. 5.12B). As expected, the genes 

that were upregulated in the IL-10+ population of 4Y-treated Tregs (Fig. 5.12B) were 

overlapping with the ones found in the total population of 4Y-treated Tregs (Fig. 5.9B), 

with the key upregulated genes being Il10, Ccr2, Ccr5, while the downregulated ones 

being Klf2 and Taf10, whose association with Treg biology has not been established yet.  
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Another advantage of scRNAseq over bulk RNAseq, is the ability to study the co-

expression of selected target genes in the chosen populations of cells. This is a very useful 

tool, since it enables us to draw some associations between the genes that are affected at 

the same time by peptide treatment, and therefore may be part of the same pathway of 

regulatory genes that govern the function either 4Y-treated Tregs (Fig. 5.13) or 4Y-treated 

Tconv (Fig. 5.14). Cells expressing one or the other marker are visualised in the UMAP 

with a single-coloured dot (either pink or green), while cells that express both markers 

are displayed as white dots.  

Surprisingly, it appears that there is very low level of co-expression at the RNA 

level between FoxP3 and IL-10 in Tregs both before (Fig. 5.13A, i) and after peptide 

treatment (Fig. 5.13B, i); contrary to what has been previously shown with flow 

cytometry data, where approximately 30% of total CD4+ T cells from 4Y-treated Tregs 

expressed both FoxP3 and IL-10. This can be due to the fact that this percentage of 

double-positive cells is not high enough to be detected with the scRNAseq analysis. 

Notably, there was some degree of co-expression between Maf and Il10 in 4Y-treated 

(Fig. 5.13B, ii), but not PBS-treated (Fig.5.13A, ii) Tregs. The strongest correlation was 

seen between Foxp3 and Maf (Fig. 5.13, iii) and Foxp3 with Prdm1 (Fig. 5.13, iv) in 4Y-

treated Tregs, while Prdm1 was not co-expressed with Il10 as much in the same biological 

group (Fig. 5.13, v). Therefore, expression of Maf correlated both with Foxp3 and less so 

with Il10, and similar pattern was also true for Prdm1.  

For the 4Y-treated Tconv, again, there were barely any cells co-expressing Foxp3 

and Il10; however, the strongest correlation was observed between Maf and either Il10 

(Fig. 5.14, ii) or Foxp3 (Fig. 5.14, ii). 
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5.8 Validation of selected DEGs by RT-PCR 

Despite the QC methods applied in the RNA sequencing data, there is still a small 

chance of getting some artifacts with these methods. Real-time PCR (RT-PCR) is still 

considered the gold standard for gene expression analysis, particularly when the copy 

number of the template is low. Therefore, even though RNA sequencing provides a great 

tool for analysing a wide array of genes in one go to be able to narrow down the research 

interest, RT-PCR provides a fast, reliable, and affordable way to validate sequencing 

results using a different methodology. The results are presented as ΔΔCT, which 

calculates the relative fold change in gene expression of samples, and it was normalised 

to the chosen reference gene, GAPDH that was used as an endogenous control.  

As expected, the IL-10-related genes, Prdm1, Nfil3 and Maf were upregulated 

predominantly in 4Y-treated Tregs and less so in 4Y-treated Tconv as compared to their 

PBS counterparts (Fig. 5.15A). Expression of Il10 was significantly upregulated in 4Y-

treated Tregs or Tconv compared to their PBS-treated counterparts (Fig. 5.18B, middle); 

while Ifng was upregulated predominately in 4Y-treated Tconv and less so in 4Y-treated 

Tregs (Fig. 5.15B, left). This is not surprising since these cells come from a Th1-skewed 

model, and they can produce IFN-γ upon TCR stimulation (Gabrysova et al., 2009). 

Notably, Il2 was only found in 4Y-treated Tconv, but not FoxP3+ Tregs, either treated or 

untreated (Fig. 5.15B, right). This is consistent with the literature, since it has been 

demonstrated that even though Tregs have abundant expression of the interleukin 2 

receptor α-chain (IL-2Rα; CD25), and they can respond to IL-2 produced by Tconv, they 

are unable to produce IL-2 themselves (Chinen et al., 2016).  

Finally, the genes encoding the co-inhibitory receptors, Ctla4, Tigit, Lag3, were all 

upregulated both in Tregs and Tconv following peptide treatment (Fig. 5.15C).  
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5.9 Demethylation analysis of FoxP3 CNS2 region  

Epigenetic changes in the DNA can play a critical role on Treg cell stability. 

Upregulation of FoxP3 that determines Treg lineage, depends on complete demethylation 

of the Treg cell-specific demethylated region (TSDR), also known as CNS2, a CpG-rich 

region in the Foxp3 locus (Floess et al., 2007).  Poor demethylation of the CNS2 region 

can result in reduced transcription of the Foxp3 gene, that, in turn, leads to loss of Treg 

stability and function (Ohkura et al., 2012; Polansky et al., 2008).  

To assess Treg stability following peptide immunotherapy, we aimed to investigate 

the methylation status in TSDR by bisulfite sequencing according to the protocol 

developed by Arai and colleagues in Shimon Sakaguchi’s lab (Arai et al., 2022). Briefly, 

spleens from Tg4 mice were harvested three days after the final dose and Tregs were 

isolated as described previously in this chapter (CD25+ vs CD25- fraction from treated 

and untreated mice), giving rise to the 4 biological groups tested: 4Y-treated Tregs, PBS-

treated Tregs, 4Y-treated Tconv, PBS-treated Tconv. Cells were stimulated in vitro and 

subsequently placed into the indicated lysis buffer to be able to disrupt the cell membrane 

and extract the DNA. Samples were kept at -80oC until shipped to Osaka University for 

the bisulfite sequencing experiment.  

The FoxP3 CNS2 region was amplified by PCR, cloned, and sequenced. The results 

show that the demethylation of the FoxP3 CNS2 region was approximately 50% in Tregs 

(either PBS- or 4Y-treated). This observation was a bit surprising since it has been 

previously established that 80-90% of Tregs are demethylated. There are two possible 

explanations for this discrepancy; either the Treg sample may contain cells other than 

Tregs, since the purity obtained was less than 100%, or this can be due to the fact that 

some of the Tg4 mice used for this experiment were females. In female cells, X-
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chromosome inactivation controls the activation status on X chromosomes, both 

structurally and functionally (Loda et al., 2022; Bacher et al., 2006). Foxp3 is on the X 

chromosome, and regulated by the same mechanism; therefore, in this analysis, the 

demethylation rate is around 50% because of the inactivated X chromosome. For this type 

of analysis, male mice are preferred, but when this is not possible, it may be better to 

examine methylation of other genes such as Ctla4, Ikzf2 (Helios), and Ikzf4 (Eos). 

Despite the limitations, we were still able to draw some conclusions regarding the 

impact of peptide immunotherapy on the demethylation status of the FoxP3 CNS2 region. 

Interestingly, it appears that 4Y-treated Tregs have similar % demethylation to PBS-

treated Tregs (Fig. 5.16A, i and ii). Furthermore, the levels of demethylation in the 4Y-

treated and PBS-treated Tconv were very similar to each other, but significantly lower 

compared to 4Y-treated and PBS-treated Tregs (Fig. 5.16B, i and ii). This is not surprising 

since demethylation of the CNS2 region is a hallmark of FoxP3+ Tregs.  

This is expected, since Tconv do not normally express Foxp3, therefore the % 

demethylation should be <10%. In our samples, there were some impurities in the Tconv 

populations that could account for the higher percentage of demethylation; however, it 

remains clear that peptide treatment did not affect the demethylation, hence the stability 

of Tregs. Therefore, whether the differences seen in terms of the suppressive capacity of 

these cells is due to other signalling processes, post-transcriptional or other type of 

epigenetic modifications remains to be determined.  
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5.10 Discussion  

In this chapter, a comprehensive gene expression profiling analysis combined with 

flow cytometric characterisation of different regulatory T cell populations was presented. 

It is very clear from these data that peptide treatment has an impact on FoxP3+ Tregs by 

inducing them to upregulate certain genes associated with tolerance with concomitant 

downregulation of effector genes; therefore, this transcriptional re-programming 

essentially licenses Tregs to acquire a highly tolerogenic phenotype, as shown in Chapter 

4.   

Although previously thought to be a relatively homogeneous population, it has 

become increasingly accepted that Tregs are comprised of multiple subsets with unique 

functions. Inherent heterogeneity in seemingly pure Treg populations requires a single 

cell expression analysis in addition to bulk RNAseq approaches to be able to define the 

target populations more precisely before analysing their transcriptional signatures. 

Although bulk RNAseq aims to identify differences between sample conditions at the 

population level, scRNAseq allows the identification of differences between cell types at 

a single cell level. The complementary data generated from both sequencing methods has 

demonstrated that peptide immunotherapy gives rise to a population of regulatory T cells 

that has the transcriptional signature of effector and potentially memory Tregs, driven 

by the expression of IL-10, Blimp-1, ICOS, c-Maf, TIGIT, CTLA-4 amongst others. 

These markers have been well established as markers of eTregs (Miragaia et al., 2019).  

The idea that there is a population of suppressor cells that could have an important 

role in ‘remembering’ the self-antigen they encountered and maintain long-lived 

tolerance was first introduced by Loblay and colleagues more than 4 decades ago (Loblay 

et al., 1978), but the lack of tools to define this cell population at that time hampered the 
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progress that could have been made in the field. In recent years, Rosenblum and 

colleagues have shown that upon expression of self-antigens in peripheral tissues, 

thymus-derived regulatory T cells become activated, proliferate and can differentiate into 

more potent suppressors which can orchestrate the resolution of organ-specific 

autoimmune or inflammatory responses. 

 Following the resolution of the immune response, activated Tregs can persist and 

continue to reside in the target tissue, where they are readily available to attenuate 

secondary autoimmune reactions upon re-encounter with the autoantigen that initially 

primed them. In this way, tissues that have undergone autoimmune inflammatory 

reactions develop ‘regulatory memory’ conferred by Tregs (Rosenblum et al., 2011). 

Gratz and colleagues have shown that these memory Tregs are dependent on IL-7 and not 

IL-2 for their maintenance in peripheral tissues (Gratz et al., 2013), unlike resting Tregs 

that are highly dependent on IL-2 for survival and effector Tregs that primarily rely on 

ICOS signalling (Smigiel et al., 2014). Our results show that 4Y-treated Tregs upregulate 

ICOS, indicating that this is a population of effector Tregs; however, it will be interesting 

to investigate their dependence on IL-7 to examine the potential of these cells to obtain a 

more memory-like phenotype.   

Furthermore, memory Tregs have several characteristics of effector memory T conv 

cells, including survival in the absence of TCR stimulation, residence in non-lymphoid 

tissues, expression of markers indicative of prior activation, and enhanced functional 

activity upon antigen re-exposure (Akbar et al., 2007). They can migrate to antigen-

expressing tissues where they stably reside (tissue-resident memory Tregs) or 

recirculate between blood and non-lymphoid tissues (effector memory Tregs). A recent 

publication from Brull and colleagues has proposed some markers to distinguish between 
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naïve, effector and memory Tregs; however, there is an extensive overlap between them, 

making the characterisation of these cells quite challenging  (Estrada Brull et al., 2022). 

 In our data set, 4Y-treated Tregs have high expression of CTLA-4 and chemotactic 

molecules such as Ccr2 and Ccr5, which are indicative of an active, effector phenotype; 

however, they do not express CD44 or CD103 that are strongly linked to effector and 

memory Tregs (Liston and Gray, 2014; van der Veeken et al., 2016). This highlights that 

the current understanding of eTreg biology is rudimentary compared with that of effector 

T conv cells primarily due to the lack of lineage-specific markers. The identification of 

these markers in the future will pave the way for the precise phenotypic characterisation 

of Tregs that derive from peptide treatment.  

Furthermore, it is becoming increasingly clear that tissues play a major role in 

regulating the immune responses that occur within them in an attempt to mitigate damage 

caused by inflammation and preserve organ function. It has been proposed that 

amphiregulin+ Tregs may play a key role in tissue repair and maintenance of immune 

homeostasis in peripheral organs by elaborating mediators acting on parenchymal cells 

(Arpaia et al., 2015). Intriguingly, Tregs from peptide treated Tg4 mice upregulated the 

expression of Areg, the gene that encodes amphiregulin, which promotes repair under 

inflammatory conditions and organ injury (Estrada Brull et al., 2022; Berasain and Avila, 

2014). Notably, expression of Ccr5, another significantly upregulated gene on 4Y-treated 

Tregs, has been associated with Treg recruitment as knock out mice show impaired Treg 

infiltration as well as adverse remodelling and cardiac deterioration after myocardial 

infarction (Dobaczewski et al., 2010). This striking observation highlights that peptide 

treatment gives rise to Tregs that are not only able to supress inflammatory response but 
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can also be involved in the subsequent restoration of immune homeostasis and tissue 

repair.  

It has been established in the literature that persistent exposure to antigen can result 

in T cell exhaustion, a state of functional hypo responsiveness best characterised in the 

context of chronic viral infection (Wherry and Kurachi, 2015). Therefore, someone could 

argue that the cells that are generated via the dose escalation protocol are exhausted, since 

they also express high levels of inhibitory receptors, a common feature of exhausted T 

cells. However, it was clearly shown that these cells are highly functional and responsive 

upon antigen encounter; hence, they exert an effector phenotype and fall under the general 

characteristic of eTregs, based on their transcriptional profile and suppressive potential.   

Finally, it has been hypothesised that this state of increased suppressive capacity seen 

in eTregs is reversible depending on environmental signals, otherwise it would lead to 

undesired, generalised immunosuppression. There is still an unmet need for identification 

of markers to determine lineage-defining indicators of cell fate/identity versus those that 

reflect a transient cell state influenced by local inflammatory cues – a task plaguing also 

the more extensively studied field of CD8 memory T cells (Chang et al., 2014). It remains 

to be determined whether peptide treatment has a permanent, imprinting effect on Tregs 

making them acquire a highly tolerogenic phenotype, or whether this effect is reversible, 

and stability of this lineage depends on environmental cues together with continuous TCR 

stimulation.  

Concluding statement 

 The data presented in this chapter demonstrate that repeated exposure to 

tolerogenic antigen stimulation expands the population of IL-10+ cells by giving rise not 
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only to Tr1 cells, which have been studied extensively in the past, but also to 

effector/memory Tregs that upregulate tolerance-related genes, such as Il10, Maf, 

Prdm1 and importantly, are potent mediators of bystander suppression. IL-10 has been 

strongly linked to the expression of inhibitory receptors on Tregs, in line with what was 

previously shown on Tr1 cells (Burton et al., 2014). Demethylation of FoxP3 CNS2 locus 

remains unaltered by this treatment, but other epigenetic changes have yet to be 

determined. 

This work paves the way for identifying and harnessing the network of regulatory 

pathways that serve to limit tissue inflammation and are of pivotal importance for 

controlling autoimmune reactions and preserving end-organ function. The suppressive 

phenotype of these eTregs, together with their potential capacity to mediate long-term, 

peripheral tolerance as memory Tregs, make them attractive targets for therapeutic 

intervention in a variety of clinical areas, such as autoimmunity and transplantation, 

where the balance between immunity and tolerance requires more tight regulation. 
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CHAPTER 6:  

GENERAL DISCUSSION 
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Even though the concept of antigen-specific desensitisation has been known for 

over a century, the mechanism of action is still not fully understood (Noon, 1911). Weiner 

and colleagues first described the phenomenon of bystander suppression in 1991 

demonstrating that oral administration of antigen can give rise to CD8+ T cells, which 

once they get activated via their TCR, hence in an antigen-specific manner, they can then 

exhibit their suppressive effect in an antigen-independent manner (Miller et al., 1991). 

This observation was shown both in vitro and in vivo in the EAE model, highlighting the 

potential of ‘antigen-driven bystander suppression’, to downregulate a T cell-driven 

autoimmune inflammatory response in a physiological environment.  

A few years later, data from our lab using the (B10.PL x SJL) F1 murine model 

supported the hypothesis that intranasal administration of antigen can control EAE and 

the degree of T cell tolerance mediated by CD4+ T cells was dependent on the myelin 

antigen, with different epitopes (MBPAc1-9, MBP89-101, and PLP139-151), exhibiting 

different suppressive potential (Anderton and Wraith, 1998). In more recent years, 

Santamaria and colleagues showed that administration of nanoparticles (NP) coated with 

epitopes that are relevant to disease and bound to major histocompatibility complex II 

(pMHC II) molecules can generate antigen-specific CD4+ Tr1 cells that can ameliorate 

autoimmune responses in murine models regardless of the genetic background 

(Clemente-Casares et al., 2016). These Tr1 cells are capable of blunting both their cognate 

autoantigen as well as other disease-associated antigens; therefore, the ability of these 

cells to respond to disease-relevant and irrelevant NP-pMHC II therapies demonstrates 

the potential capacity of these cells for bystander suppression (Singha et al., 2017).  

However, despite the evidence describing bystander suppression in the last 30 

years summarised in figure 6.1, there remains the need for a better understanding of the 
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mechanism of action of the different regulatory T cells underpinning this phenomenon 

especially in the context of autoimmunity.  
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In this thesis, chapter 4 aimed to provide some insight into the functionality of 

the different regulatory T cells that arise from antigen-specific immunotherapy, with a 

particular focus on their ability to mediate bystander suppression. Following tolerance 

induction, there was a clear expansion of IL-10+ cells, both FoxP3+ Tregs and FoxP3- Tr1 

cells in line with previous work from the Wraith lab (Gabryšová et al., 2009; Anderton 

and Wraith, 1998; Burkhart et al., 1999; Gabryšová and Wraith, 2010). However, the 

impact of tolerance induction had been studied mainly in the context of Tr1 cells in the 

past since these cells greatly outnumber FoxP3+ Tregs in the Tg4 model. The work 

presented herein provides a novel understanding on the hierarchy amongst regulatory T 

cell populations to mediate bystander suppression, with peptide treated FoxP3+ Tregs 

being the most potent cells. This finding was quite significant, since it illustrates, for the 

first time, that peptide immunotherapy can license FoxP3+ Tregs to acquire an 

effector phenotype and mediate bystander suppression in vitro. Importantly, these 

findings were recapitulated in an in vivo environment, demonstrating the physiological 

relevance of this observation.  

Furthermore, it was shown that inducing tolerance to recipient (Tg4 x C57BL/6) 

F1 mice established a tolerogenic environment that prevented the proliferation and 

activation of newly transferred 2D2 responder cells. The tolerance induction witnessed in 

this system was more profound compared to the induction of bystander suppression of 

2D2 cells that was mediated by the adoptive co-transfer of CD4tol cells in vivo. We 

speculate that this was due to the fact that in the first case, the regulatory T cells massively 

outnumber the responders, whereas in the latter there is a 1:1 ratio of responders to 

putative suppressors. This observation indicates that applying peptide-based 

immunotherapies to patients with autoimmune conditions could induce an antigen-
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specific tolerogenic environment in an easier, more straightforward, and much more 

affordable way compared to adoptive T cell transfers, since it may prove difficult to 

transfer enough regulatory T cells to have an impact.  

Treg-based therapies has become quite popular in recent years with a few clinical 

trials showing promising results in the field of liver (Levitsky et al., 2009) and kidney 

transplantation (Roemhild et al., 2020; Sawitzki et al., 2020), as well as autoimmune 

diseases (Bluestone et al., 2015; Dong et al., 2021); however, the high cost and the 

challenges arising from their manufacture, administration, stability, trafficking and 

durability impose significant limitations when considering this therapeutic option (Raffin 

et al., 2019). Further research on the optimal delivery system and dosing strategy used 

in antigen-specific immunotherapies will bring this approach into wider clinical use for 

the treatment of autoimmune diseases.  

Historically, in certain autoimmune conditions, such as multiple sclerosis (MS), 

T cells appeared to be the driving force in the pathogenesis of the diseases however, recent 

evidence support the active contribution of B cells in the establishment and progression 

of relapsing-remitting MS (RRMS) through autoantibody responses driven by antigen 

recognition and via cross regulation of T cells (Roach and Cross, 2021). In particular, 

proinflammatory B cells found in MS patients regulate the polarisation of T cells towards 

a proinflammatory phenotype through secretion of cytokines, such as IL-6, IL-12, TNF-

α and GM-CSF (Piccio et al., 2010).  B cell depletion therapies utilise monoclonal 

antibodies against anti-CD20, a surface marker expressed by B cells, to convert B cells 

from proinflammatory to regulatory (Bregs). Three major anti-CD20 antibodies have 

been developed for the treatment of MS: rituximab, ocrelizumab and ofatumumab (Florou 

et al., 2020). All three of these drugs showed encouraging results in clinical trials for 
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RRMS with reduced disease progression and radiographic findings as evidenced by 

magnetic resonance imaging (MRI) results (Hawker et al., 2009; Kappos et al., 2011; 

Sorensen et al., 2014), demonstrating the therapeutic potential of this approach; however, 

they have yet to be evaluated in other forms of MS.  

In a similar approach, monoclonal antibodies against CD3 have been developed 

for the treatment of type I diabetes (T1D), an autoimmune disease in which the 

dysfunction of β cells of the pancreas leads to reduced insulin production (Ke et al., 2021). 

These antibodies can either deplete the targeted cell population, with potential side effects 

deriving from the compromised protective adaptive immunity, or modulate the function 

of T effector cells to regain their regulatory capacity (Skyler, 2013). Results from a 

clinical trial showed that patients with new-onset T1D treated with teplizumab, an anti-

CD3 monoclonal antibody, had reduced decline in C-peptide levels even after 2 years of 

disease onset, and decreased frequency of IFN-γ-producing, Th1-like T cells highlighting 

the efficacy of this immunotherapeutic approach (Herold et al., 2013). It would be 

interesting to develop a therapeutic regime that would combine monoclonal antibodies 

against T or B cells, together with tolerogenic peptides. As demonstrated in this thesis, 

peptide treatment establishes a tolerogenic phenotype by inducing potent regulatory T 

cells and also by modulating DCs; therefore, harnessing its potential to develop robust 

combinatorial therapies with monoclonal antibodies against CD3, CD20 or both could 

provide long-lasting protection and potentially establish a novel, more robust and 

efficacious therapeutic approach for the treatment of autoimmune diseases. 

Furthermore, initial in vitro data using the linked peptide versus separate MOG35-

55 and MBPAc1-9 peptides demonstrated an increased potency of linked suppression versus 

bona fide bystander suppression and the importance of relevant epitopes being expressed 



265 

 

in a close physiological context (i.e., on the same APC), for suppression to occur. As 

observed in EAE, tolerance towards PLP139-151, was sufficient to control T cell responses 

to not only PLP but also MBP by bystander effects that were sufficient to control disease 

development (Anderton and Wraith, 1998). These autoantigens are myelin sheath 

proteins; hence, they are expressed within the same tissue. Therefore, antigen-specific 

immunotherapies are more effective if the target antigens are expressed in close proximity 

in a physiological environment and therefore are more permissible to bystander 

suppression.  

It could be argued that the Tg4 model, a TCR transgenic mouse, is artificial, 

hence raising doubts regarding the general applicability of peptide immunotherapy to 

humans. In non-transgenic mice, the TCR diversity is far greater and not every antigen 

can be presented in the thymus at sufficient levels to induce the selection of adequate 

numbers of T cells specific for each antigen. Therefore, TCR transgenic models can be a 

powerful tool to study antigen-specific immune responses since the frequency of antigen-

specific cells is sufficiently high to measure the effect of antigen administration directly. 

Unpublished data from our lab has also shown that tolerance induction gives rise to a 

population of IL-10+ cells in (B10.PL x C57BL/6) F1 non-transgenic mice. These cells 

showed a similar phenotype to CD4+ T cells from the Tg4 mouse (correlation of increased 

IL-10 expression with co-inhibitory receptors); however, the absolute numbers of IL-10+ 

cells in the F1 mice was much lower compared to the Tg4, because in this mouse there is 

a smaller percentage of antigen-specific (Vβ8+) T cells being tolerised against 4Y peptide, 

compared to the high percentage of Vβ8+ cells found in the Tg4 mouse (approximately 

95% of total CD4).  
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Therefore, the F1 mouse could be used as a proof of concept for the applicability 

of tolerance induction in a non-transgenic setting, but the limitations in terms of cell 

numbers renders the mechanistic study of these regulatory T cells challenging. Hence, in 

order to circumvent this, the Tg4 transgenic mouse was preferred as a model to further 

shed light on the mechanism of action of peptide-induced regulatory T cells.  Importantly, 

it is worth noting that this approach showed promising results in a recent phase 1 study 

in Graves’ disease (Pearce et al., 2019) and both phase 1 and 2 trials in multiple sclerosis 

(Chataway et al., 2018), further reinforcing the therapeutic potential of this approach.  

Furthermore, chapter 5 presented data demonstrating that peptide treatment 

modifies the FoxP3+ Treg transcriptome in a co-ordinated manner, resulting in a distinct 

phenotype characterised by the expression of specific transcription factors, negative co-

stimulatory molecules, and cytokines. We have followed a cross-disciplinary approach 

incorporating elements from both experimental and computational biology to provide a 

transcriptome-wide analysis of Treg gene expression associated with effective 

antigen-specific immunotherapy. Notably, in 4Y-treated Tregs there were marked 

changes associated with the repression of transcripts relating to the development of an 

inflammatory immune response and induction of transcripts that are critical for the 

orchestration of regulatory processes. The transcriptional reprogramming seen among 

FoxP3+ Tregs is reminiscent of the impact of tolerance induction on the transcriptional 

signature expressed by Tr1 cells (Burton et al., 2014).  

Surprisingly, despite the previously reported association between TIGIT and both 

FoxP3- Tr1 and FoxP3+ Tregs (Burton et al., 2014; Kurtulus et al., 2015), it was not 

possible to establish a role for this co-inhibitory receptor in the generation, stability and 

function of these cells as presented in the functional in vitro assays (Chapter 3) and also 
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in the RNA sequencing data (Chapter 5), where Tim-3 and Lag-3 were upregulated in 

4Y-treated Tregs, but not TIGIT. The literature around the role of TIGIT in autoimmunity 

remains controversial. In the case of rheumatoid arthritis (RA), there are some studies 

showing a negative correlation between TIGIT activity and disease progression (Zhao et 

al., 2016), while other groups demonstrate exactly the opposite, claiming that TIGIT 

overexpression is linked to CD4+ T cell exhaustion and subsequent inability of cells to 

control disease progression (Greisen et al., 2017).  Notably, the frequencies of TIGIT-

expressing CD4+ and CD8+ T cells were increased in patients with primary Sjögren’s 

syndrome (pSS) compared to healthy controls and were linked to pSS disease activity 

(Deng et al., 2020) and similarly, in systemic lupus erythematosus (SLE) the frequency 

of CD3+CD4+TIGIT+ T cells was higher compared to CD3+CD4+TIGIT- T cells (Luo et 

al., 2017). Therefore, TIGIT can act both as a positive and a negative prognostic marker 

and it varies across autoimmune diseases or even across studies focusing on the same 

disease.   

In addition to the differential role in different disease setting, TIGIT also 

demonstrates distinct functions in different cell types. Even though there is evidence 

showing that the expression of TIGIT on Tregs correlates with lineage stability and 

superior suppressive capacity against Th1 and Th17 immune responses (Joller et al., 

2014; Fuhrman et al., 2015), recent data showed increased expression of TIGIT on Tregs 

of RA patients, but no correlation between TIGIT and disease activity (Yang et al., 2019). 

Conversely, Bregs were capable of mitigating autoimmune diseases and preventing 

allograft rejection via immunosuppressive cytokines and immunoregulatory pathways 

that involved IL-10 and TIGIT (Cherukuri et al., 2021). Finally, consistent with its 

inhibitory characteristics, the percentage of TIGIT+ NK cells were decreased in SLE 
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patients compared to healthy controls and the frequency of these cells was inversely 

related to the IFN-γ-producing capacity of NK cells in both groups (Wang et al., 2015). 

Intriguingly, patients with active SLE had significantly lower frequencies of TIGIT+ NK 

cells compared to those with inactive disease highlighting that the expression of TIGIT 

correlated negatively with the progression and severity of SLE (Luo et al., 2018). 

Joller and colleagues demonstrated that TIGIT can have a direct impact on 

attenuating TCR signals independent of APCs by using agonistic anti-TIGIT mAbs 

(Joller et al., 2011). This observation highlighted the potential role of TIGIT in the 

maintenance of peripheral tolerance and the control of autoimmune responses; however, 

the function of TIGIT may play a different role in different tissues or cell types and even 

at different stages of disease progression; therefore, this level of functional complexity 

can often lead to inconclusive results since TIGIT is studied in different contexts and 

using different murine models. Despite the conflicting results in the literature, it was 

clearly and consistently demonstrated in this thesis that TIGIT does not play a role in the 

development or function of different regulatory CD4+ T cell population in the Tg4 mouse, 

a Th1-skewed model. Arguably, TIGIT can have a more profound effect in different 

disease settings, cell types (i.e., CD8+ T cells or NK cells) or even species, since data 

from pre-clinical mouse models do not always reflect the human studies. 

It has been suggested in the literature that CD4+ T conv cells and Tregs undergo 

two distinct differentiation pathways that run in parallel to ensure the balance between 

immunity and tolerance (Fig. 6.1). During antigen-specific activation in secondary 

lymphoid organs, activated ‘effector’ T cells (both Tconv and Tregs) are generated. In 

particular, upon encounter with infectious agents, naïve Tconv cells become activated and 

mount a protective immune response to clear the invading pathogen and restore tissue 
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homeostasis. These activated effector Tconv can then, in turn, give rise to either central 

memory Tconv that reside in secondary lymphoid organs, or effector memory Tconv 

and tissue-resident memory Tconv that circulate in the periphery (Sallusto et al., 2004; 

Roberts et al., 2005). On the other hand, repeated exposure to self-antigens can give rise 

to activated, effector Tregs which can subsequently differentiate to effector memory 

Tregs in the periphery. It is currently unknown whether Tregs found in non-lymphoid 

tissues consist of tissue-resident memory cells or effector memory cells or both and it is 

also not fully understood whether central memory Tregs are generated during this process 

(Rosenblum et al., 2011, 2016; Gratz et al., 2013).  

The data presented in this thesis contributes to this newly emerging field of Treg 

differentiation by demonstrating that antigen-specific immunotherapy can give rise to 

activated effector and potentially effector memory Tregs that can successfully mediate 

bystander suppression, modulate the maturation of dendritic cells via IL-10 secretion and 

could potentially be involved in tissue homeostasis, since it was shown that they 

upregulate amphiregulin and CD39, previously associated with tissue regeneration 

(Zhang et al., 2017). Further characterisation of the heterogeneity found within the 

regulatory T cell populations will pave the way towards better understanding the 

phenotype and function of these cells both in the steady-state and in disease settings. 
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6.1 Future directions  

o In vitro bystander suppression 

Chapter 4 has introduced an in vitro system to study the mechanisms underpinning 

bystander suppression. Additional modifications of the system with the use of 

blocking/agonistic antibodies or knock-out mice will allow the assessment of suppressive 

cytokines (IL-10 and TGF-β), as well as co-inhibitory receptors (CTLA-4, PD-1, TIM-3, 

LAG-3,) in the ability of MBPAc1-9-specific T cells to suppress MOG35-55-specific 2D2 T 

cells. Each of these co-inhibitory molecules could play a role in mediating cell contact-

dependent bystander suppression (Anderson et al., 2016). Chapter 3 provided enough 

evidence on the role of TIGIT in immune regulation mediated by CD4+ T cells; therefore, 

it will be interesting to investigate other co-inhibitory receptors either alone or in 

conjunction, to elucidate the different pathways that play a role in bystander suppression.  

We have previously shown that peptide immunotherapy induces suppression of 

immune responses in clinical trials of therapy in ongoing disease, demonstrating that 4 

peptides from MBP can suppress ongoing MS (Streeter et al., 2015). This implies that 

bystander suppressive mechanisms might be at play in that setting. Therefore, to test this 

hypothesis, it would be interesting to examine the capacity of regulatory T cells to 

suppress antigen-experienced (i.e., Th1 differentiated), effector 2D2 T cells to test 

whether bystander suppression can also regulate ongoing immune responses, in addition 

to naïve responses. Also, all the in vitro suppression assays were done with the separate 

MBPAc1-9 and MOG35-55 peptides, so it would be interesting to repeat some of the 

bystander suppression assays using the linked peptide and compare the levels of 

suppression observed.  
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o Confocal imaging of peptide loaded (B10.PL x C57BL/6) F1 APCs with Tg4 

regulatory T cells and 2D2 responder cells 

It was shown with transwell assays that cell contact was required for CD4tol cells to 

mediate bystander suppression. We hypothesised that when both MBPAc1-9 and MOG35-55 

are presented on the same APC, responder and suppressor come in contact during antigen 

presentation. It will be intriguing to visualise the clustering of T cells around a central 

APC and compare the stimulation with the linked versus separate peptides.  

o In vivo bystander suppression  

In the adoptive co-transfers described in chapter 4, the population of putative 

suppressors that was used constituted total CD4+ T cells from tolerised Tg4 mice and it 

was shown that they can mediate bystander suppression. It will be interesting to further 

build on that observation and co-transfer either tolerised FoxP3+ Tregs or FoxP3-IL-10+ 

Tr1 cells together with 2D2 responder cells and test which one of the two populations is 

responsible for bystander suppression in vivo.  

o Generation of a FoxP3/IL-10 double reporter mouse on Tg4 background and cell 

sorting of the cell populations 

 One of the main limitations of this study was the purity of the samples 

tested, since the purity of the enriched Treg population was approximately 85% using a 

positive selection kit. At the time of this study, there was only an IL-10 reporter available 

in the lab, while there was also a FoxP3 reporter in the past that was discontinued due to 

the impairment of FoxP3 induction on naïve peripheral Tregs because of the transgene 

(Verhagen et al., 2013a). The ‘cleanest’ way to study both Tregs and Tr1 cells in the same 

biological system would be to create a double reporter mouse for FoxP3 and IL-10 on the 
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Tg4 background. In this way, the isolation of pure FoxP3+ Tregs and FoxP3-IL-10+ Tr1 

cells would be possible.  

 For the isolation of FoxP3+ Tregs, a cell sorting approach could be also 

used instead of an isolation kit to be able to utilise more surface markers for a more precise 

identification of these cells; however, we reasoned that the shear stress of the sorting and 

the long duration of the process would affect the cell viability and compromise the final 

yield of cell numbers. It was quite challenging to isolate adequate numbers of Tregs for 

the experiments, ofter having to combine spleens from sex- and age-matched Tg4 mice 

to achieve the desired number. Therefore, due to the practicalities arising from mice 

availability, we decided to move forward with enriching the cell populations with a 

positive selection kit, which resulted in satisfactory purity for what we wanted to study.  

o Whole genome DNA methylation analysis    

 Chapter 5 covered the transcriptional profiling of the different 

regulatory populations. We were keen to take this a step forward and study the impact of 

peptide immunotherapy on the whole genome by studying the methylation status of the 

loci of genes that were found to be differentially expressed in our RNAseq datasets. The 

results from the methylation of the CNS2 region showed no effect of peptide 

immunotherapy on the FoxP3 genetic region, which was not surprising, since PBS- and 

4Y-treated Tregs has similar levels of FoxP3 expression by flow cytometry analysis. 

However, we hypothesise that the regions of DEGs would display an altered epigenetic 

landscape associated with chromatin accessibility.  
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