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Abstract  

Chronic T-cell receptor (TCR) stimulation is a central driver of CD4+ T-cell 

hyporesponsiveness. During prolonged stimulation, CD4+ T-cells either enter a state 

of tolerance, mimicking anergy, or differentiate into type-1 regulatory T-cells (Tr1), a 

distinct FoxP3- regulatory T-cell (Treg) subset crucial for maintaining immune 

tolerance via IL10 production. The specific regulators of adaptive tolerance, and how 

they differ from CD8+ T-cell exhaustion, remain unclear. Moreover, the signalling 

dynamics within Tr1-like cells and their environmental modulation are not well 

understood yet are of significant therapeutic interest. To study chronic-stimulation 

induced tolerance, Nur77-Tempo mice received escalation dose immunotherapy, 

allowing us to analyse NFAT-independent TCR signalling. Our study reveals that 

chronic stimulation-induced tolerance in CD4+ T-cells is associated with increased 

immune checkpoint (IC) expression and increased Tr1-like selection. These tolerised 

T-cells display intrinsic signalling defects in multiple T-cell signalling pathways which 

can be reversed by combined IC blockade (anti-PD-L1 and anti-Lag3) in-vivo. 

Importantly, Tr1-like cells remain responsive to chronic antigen exposure and exhibit 

heightened sensitivity to IC blockade. While the total and responsive Tr1-like cell 

populations increase following combination therapy, IL10 expression levels remain 

stable, indicating that ICs may regulate IL10 production within Tr1-like cells. We 

conclude that shared biological mechanisms underpin different forms of T-cell 

dysfunction, including tolerance and exhaustion. ICs are pivotal in enforcing 

tolerance, yet their function evolves following Tr1 differentiation, supporting the 

maintenance of a tolerogenic state. These findings suggest a need for further 

research to understand the impact of IC blockade on Tr1-like cells in various disease 

contexts, including cancer. 
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1. Introduction -  

1.1. T-cell activation: 

T-cell activation requires two signals; the first is initiated by the ligation of the T-cell 

receptor (TCR) to peptide-loaded major histocompatibility complexes (pMHC), which 

is expressed by antigen-presenting cells (APC), such as dendritic cells (DC). The 

second is mediated by co-stimulatory signals resulting from the ligation of T-cell-

derived CD28 to APC-derived CD80/86. After receiving both signals, the T-cell will 

undergo rapid expansion and differentiation, where it will gain a specific effector 

function (Fig.1). To fine-tune this process further, T-cells integrate signals mediated 

by immune checkpoints (IC) and co-stimulatory receptor ligation (1). The dynamic 

expression of these receptors is exclusive to antigen-experienced T-cells and 

changes in response to the environment. For example, engagement of novel 

costimulatory receptors such as inducible T-cell co-stimulator (ICOS) (2,3) and 

tumour necrosis superfamily member 4 (OX40) (4), ensure optimal co-stimulation 

upon antigen rechallenge, and are implemented in the generation of immunological 

memory (5). Conversely, novel ICs, such as programmed death receptor-1 (PD-1) 

(6), act to provide negative feedback signals to increase the threshold for T-cell 

activation (7) by targeting TCR (6) and CD28 (7) signalling cascades. Since their 

discovery, ICs have been therapeutically exploited in clinics, using immunotherapies 

to ‘release the breaks’ off T-cells, which drive more robust immune responses have 

revolutionised cancer treatments (8). 
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1.2. Central tolerance: 

The thymus is a primary lymphoid organ (PLO) crucial for developing polyclonal 

naïve T-cells. Unfortunately, this can be a double-edged sword; in a healthy 

individual, T-cells can delineate self from non-self and are said to be self-tolerant. In 

some, self-tolerance is disrupted, forming the basis for autoimmune disorders. To 

maintain immune homeostasis, T-cells are persistently screened at two sites: 1) the 

thymus (central tolerance) and 2) in secondary lymphoid organs and the periphery 

(peripheral tolerance).  

 

T-cell progenitors colonise the thymus following emigration from the bone marrow 

and interact with a complex, dense network of specialised epithelial cells and DCs 

(9). Medullary thymic epithelial cells (mTEC) are one population important for this 

process. mTECs harness the unique ability to ectopically express tissue-restricted 

Figure 1 – Signals Required for T-cell Activation vs T-cell Tolerance. 

T-cell activation requires 2 signals. Interactions between peptide-loaded MHCII molecules 
presented by APC’s and the TCR initiate signal 1. Interactions between B7-ligands (CD80 and 
CD86) presented by APC’s and the CD28 co-stimulatory receptor initiate signal 2. T-cell 
anergy/tolerance is induced when signal 1 is provided in the absence of signal 2 or in the presence 
of excessive co-inhibition (PD-1/PD-L1 interactions). Created using BioRender.com. 
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antigens (TRA) within the thymus resulting from the mTEC-specific transcription 

factor autoimmune regulator (AIRE). Without AIRE (10), mTECs fail to express TRAs 

and screen for autoreactive thymocytes, permitting the thymic escape of self-reactive 

T-cells. Fortunately, many other immune subsets exhibit overlapping, non-redundant 

roles with mTECs, one such population being CD11c+DCs (11). Although they lack 

the intrinsic ability to express TRAs, they co-localise with mTECs, where they obtain 

TRAs via cooperative antigen transfer (12). Together, medullary APCs test the 

reactivity of the newly formed TCR to decide the fate of the developing thymocyte 

based on affinity and avidity. High affinity/avidity recognition of TRAs will drive 

negative selection, causing developing thymocytes to apoptose. This process, 

however, is rather complex; described by the affinity model of regulatory T-cell (Treg) 

selection, the higher the TCR affinity for self-antigen, the higher the likelihood of Treg 

selection (13–15). However, the point at which Treg selection becomes negative 

selection remains unclear. Interestingly, this process seems to rely on CD28-

mediated co-stimulation (16,17) to increase the efficiency of thymic Treg selection. 

Conversely, thymocytes interacting with pMHC with a low-moderate affinity can 

emigrate from the thymus as conventional, naïve CD4+ or CD8+ T-cells.  

 

1.3. Peripheral tolerance: 

Unfortunately, central tolerance is not ‘fool-proof’, deleting only ~60-70% of self-

reactive thymocytes (18). Luckily, self-reactive naïve T-cells are again screened 

within the periphery outside PLOs. This is particularly important as some naïve T-

cells exhibit the propensity to recognise innocuous antigens derived from food, gut 

microbiota, and pregnancy (19,20). If T-cells recognise innocuous antigens, they will 

be tolerised, the mechanisms of which we discuss more within the following section.   
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1.3.1 Extrinsic Control of Peripheral Tolerance: 

1.3.1.1 Tolerogenic dendritic cells (TolDC): 

As previously mentioned, T-cells require simultaneous engagement of their TCR and 

co-stimulatory receptors to achieve complete activation, mediated by professional 

APCs. By virtue of constitutive MHCII expression, professional APCs like 

macrophages, B-cells, and DCs can promote the adaptive arm of the immune 

response.  DCs can act differently depending on their maturation state; for example, 

immature DCs exhibit an enhanced ability to sample their environment (21) whilst 

failing to activate T-cells because of reduced co-stimulatory receptor ligand 

expression (22). Conversely, DCs express CCR7, a chemokine receptor following 

activation, enabling their migration to the lymph nodes (23). They also lose their 

ability to sample the environment as efficiently, instead upregulating their expression 

of MHCII and CD80/CD86, becoming potent T-cell inducers.  

 

Furthermore, some DCs also uphold tolerance, by preventing the activation of 

potentially self-reactive T-cells. This DC subset – termed tolerogenic DCs (TolDC) – 

typically exhibits an immature morphology; in fact, TolDCs were initially thought to be 

DCs that had not matured, although research suggests this is untrue (24). TolDCs 

can activate to some extent (25), and arise from various stimuli such as IL10 (26,27) 

and TGFb (28), and have become a promising target for cellular immunotherapy by 

inducing tolerance in autoimmune settings (29). Like immature DCs, TolDC's 

lacklustre expression of CD80/86 prevents T-cells' efficient activation and induces 

tolerance. Beyond CD80/86, TolDCs also express PD-L1 (the ligand for PD-1), which 

helps induce tolerance (30). Thus, the expression of PD-L1 alone has gained 
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recognition as a target to promote either T-cell activation (31) or transplant tolerance 

(32,33). Many studies have also referenced contact-independent mechanisms driven 

by DC-mediated IL10 expression and secretion (30). Interestingly, a specific subset 

of IL10-secreting DCs exists – termed DC-10s – and has been implemented to 

restrict allergic (34) and transplant inflammation (35). Thus, therapeutic targeting of 

this subset may prove clinically beneficial to restore T-cell responses or promote 

immune tolerance.  

 

1.3.1.2 FoxP3+ Tregs: 

FoxP3+ Tregs can be categorised broadly based on the location of their induction. As 

previously mentioned, FoxP3+ Tregs can be selected during T-cell development 

within the thymus and thus are termed thymic Tregs (tTregs). Alternatively, naïve 

CD4+ T-cells can adaptively differentiate into Tregs by inducing FoxP3 expression to 

gain suppressive functions – these are termed peripheral Tregs (pTreg). Although 

their origins differ, the suppressive mechanisms between these populations are 

conserved and well-defined: 1) Tregs express and secrete immunosuppressive 

cytokines such as IL10 (36) and TGFβ (37), some of which can be bound to the cell 

surface (38). Tregs can also express the latent-TGFβ activating integrin αvβ8 (39) 

and have been implemented to promote the immunoevasion of tumours (40). 2) 

Tregs constitutively express IC such as CTLA-4 (41,42) to prevent autoimmunity 

(43). CTLA-4 is a B7-receptor homolog and can bind to APC-derived CD80 and 

CD86 with a higher affinity than CD28. The ligation of Treg-derived CTLA-4 to APC-

derived CD80/CD86 both sequesters and promotes the downregulation of CD80/86 

whilst upregulating co-inhibitory receptor ligands, such as PD-L1 (44). Furthermore, 

the expression of Lag-3, a CD4 homolog, can also limit the maturation of DCs via 
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MHCII crosslinking (45). Tregs can, however, express many checkpoint receptors 

and ligands, including PD-1, PD-L1/PD-L2, TIM-3, Tigit and OX40 (46), providing 

them with excellent immunosuppressive capabilities. 3) Tregs also suppress immune 

responses via metabolic disruption. Tregs express CD25 in abundance, which acts 

as a high-affinity IL2 receptor. Like conventional T-cells, Tregs rely on IL-2 signalling 

for their activation and maintenance (47), but lack the intrinsic ability to express it. 

Therefore, by virtue of Treg-derived CD25 expression, Tregs can essentially deprive 

conventional T-cells by sequestering free IL-2 present within the environment (48). 

Similarly, following activation, Tregs upregulate CD39 and CD73 (49) which work 

synchronously to convert ATP or ADP into immunosuppressive adenosine. This 

adenosine can act in an autocrine manner, binding to Treg-derived adenosine 

receptors and is essential in driving the proliferation and immunosuppressive 

capabilities of Tregs (50). Alternatively, adenosine acts in a paracrine manner by 

ligating adenosine receptors on effector T-cells (53), dampening their immune 

responses.  

 

1.3.1.3 Type 1 regulatory (Tr1) T-cells: 

Typically, Tregs are primarily defined by their expression of FoxP3; however, Tregs 

are much more heterogeneous as FoxP3- Treg populations have been identified in 

humans (51) and mice (52). This population is termed Type 1 regulatory T (Tr1) cells 

and are pivotal for upholding immune homeostasis and fostering tolerance across a 

plethora of chronic inflammatory conditions, including allergy (53,54), allogenic 

HSCT (55), autoimmunity (56) and even cancer (57). Like conventional FoxP3+ 

Tregs, Tr1s are also antigen-specific (52), and in response to cognate peptide, 

express and secrete immunosuppressive cytokines such as IL10 and TGFβ – which 
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is the most prominent non-contact dependent mechanism of Tr1-mediated 

immunosuppression.  

 

It was proposed that Tr1s emerge from CD4+ T-cells undergoing chronic stimulation, 

IL10 (52) and TGFβ (58) signalling within a tolerogenic environment. However, 

recent evidence suggests that IL27 may also act as a principal cytokine driving this 

process (59,60), as genetic ablation of endogenous Il10 does not affect Tr1 

conversion within the intestine (61), illustrating how other signalling events may 

converge and compensate for the loss of Il10. As previously discussed, DCs can act 

as a significant source of IL10 and have also been implemented in converting CD4+ 

T-cells to Tr1s in humans (62,63), with a similar mechanism described in mice (64). 

Furthermore, like IL10, IL21 is also expressed and secreted by Tr1 cells and is 

thought to act in an autocrine manner to enhance the stability of the Tr1 phenotype 

(65).  

 

Unfortunately, the lack of a standardised definition of Tr1 cells creates confusion, and 

many studies have attempted to define this population phenotypically, with the most 

promising phenotypic definition to date being the co-expression of CD49b and Lag3 

(66,67). However, it is essential to note that the expression of either of these markers 

is not restricted to the Tr1 lineage. Tr1 cells also co-express many ICs, such as PD-

1, CTLA-4, Tigit and TIM-3, with a relatively high magnitude (68–70). However, none 

of these are Tr1-specific biomarkers; therefore, what remains to be determined is 

whether the expression of these markers identifies one single Tr1 subset or whether 

these markers comprise a collection of different subsets bearing similar functional 

resemblance to ‘actual’ Tr1 cells. Although a direct phenotypic description of Tr1 cells 
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has not been met, several transcription factors that ‘define’ Tr1s have been identified. 

Blimp-1 (71,72), c-Maf (65) and EGR2 (71,73) are all able to transactivate the Il10 

locus and are upregulated in Tr1-like cells. Recently, IRF1 (74), IRF4 (75), BATF 

(74), Eomes (76) and AhR (72) have all been implemented in Tr1 induction. Still, 

again, none of these transcription factors are Tr1-specific; instead, they define how 

the Il10 gene is transcriptionally regulated in Tr1s rather than defining Tr1 identity.  

 

Figure 2 - Induction of Tr1-like CD4+ T-cells. 

Tr1-like T-cells differentiate from T helper subsets under a plethora of conditions. Chronic stimulation, IL-27, IL10 
and TGFb have all been implemented in their induction. Tolerogenic dendritic cells often provide these signals to 
Th subsets, and once differentiated, help to maintain the Tr1 phenotype by providing TCR signals under 
tolerogenic conditions. the Tr1-derived cytokine IL-21 is thought to act in an autocrine manner to reinforce the 
Tr1 phenotype.  
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1.3.2 Intrinsic control of peripheral tolerance (Anergy): 

T-cell anergy is the most prevalent, non-deletional mechanism of peripheral 

tolerance, often acting as a crucial checkpoint to avert immunopathology by silencing 

potentially harmful naïve T-cells. Anergic T-cells are rendered functionally inept via 

intrinsic inactivation (77) in response to self-antigen. These anergic T-cells seem to 

exist within the periphery long after they are inactivated, but the reasons for why are 

unknown. Broadly, anergy can be further separated into clonal anergy (in-vitro 

anergy) and adaptive tolerance (in-vivo anergy). The former is thought to arise at the 

priming stage of naïve T-cells in response to TCR stimulation without co-stimulation. 

The latter is thought to arise after the priming stage in response to chronic antigenic 

stimulation. By virtue of this, many experimental systems have been established to 

investigate the emergence of T-cell anergy, including a-CD3 mediated TCR 

stimulation in the absence of a-CD28 co-stimulation (78) and repeat administration of 

immunogenic peptide (79,80). Both emphasise the same findings, including 

decreased proliferative capacities, effector function and inflammatory cytokine 

production, with increased anti-inflammatory cytokine and IC expression.  

 

1.3.2.1 Clonal anergy: 

Anergy is induced as a direct consequence of unbalanced T-cell stimulation (81) - 

when signal one is provided in the absence of signal two or the presence of 

excessive co-inhibition (19,82,83). It is well established that signal transduction 

mediated via the nuclear factor of activated T-cells (NFAT) and AP-1 transcription 

factors is crucial for complete T-cell activation. However, the signalling events which 

bias the induction of anergy are associated with disproportionate calcium signalling, 

so much so that treatment with ionomycin is sufficient to induce T-cell anergy (84), 
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and the addition of calcineurin inhibitor - cyclosporin-A is sufficient to prevent anergy 

(85). Further, analysis of signalling pathways has illustrated that clonally anergic T-

cells exhibit defective Ras/MAPK signalling (86), and restoration of this signalling 

pathway via adenoviral-transduction of constitutively active Ras rescues T-cells from 

anergy(87).   

 

Given this, it is unsurprising that AP-1 transactivation is also defective in anergic T-

cells (88), considering AP-1 resides downstream of Ras. During the induction of 

anergy, the lack of CD28-mediated co-stimulation diminishes AP-1 transactivation, 

nuclear translocation (89) and AP-1-mediated chromatin remodelling of effector 

genes, leaving them hypermethylated, essentially rendering them inaccessible (90). 

Given that anergic T-cells primarily receive signals via the TCR, NFAT is retained 

within the nucleus away from AP-1, here it will divert naïve CD4+ T-cell differentiation 

away from activation and towards inhibition.  

 

This is because the NFAT-biased anergic gene programme upregulates the 

expression of anergy associated genes such as gene related to anergy in 

lymphocytes (grail) (91,92) and Egr2 (93,94). Like NFAT, Egr2 and Egr3 can further 

upregulate the expression of E3 ubiquitin ligases such as Cbl-b (104) and Grail. 

Interestingly, some research suggests that Cbl-b is also induced in response to 

CTLA-4 (95) and/or PD-1 ligation (96), highlighting how signals mediated by IC 

engagement drive anergy. In anergic T-cells, Cbl-b acts as a crucial regulator of T-

cell activation via the targeting of TCR and CD28 signal transduction pathways (97), 

and following the loss of Cbl-b, phenotypically anergic T-cells are rescued (98). 

Beyond Cbl-b, Egr2 and Egr3 can bind to the transcriptional start site of 



 

 11 

diacylglycerol kinase-α (DGKα) (99) and is concurrent with studies illustrating the 

presence of heightened DGKα in anergic T-cells (84,87,100). Interestingly, forced 

overexpression of DGKα is sufficient to induce T-cell anergy alone (101), and 

depletion and/or pharmacological inhibition of DGKα rescues T-cells from anergy 

(102). This is because DGKα targets diacylglycerol, a vital signalling molecule that 

activates the Ras/MAPK signalling pathway. By virtue of this, DGKα essentially 

uncouples TCR signals and AP-1 transcriptional activity via the inhibition of DAG-

induced activation of the Ras/MAPK pathway. This data implies that clonally anergic 

T-cells exhibit their unique transcriptional profile, which negative regulators of T-cell 

signalling cascades can broadly define and are essential to maintain.  

 

1.3.2.2 Adaptive tolerance: 

Adaptive tolerance, or in-vivo anergy, refers to a process whereby T-cells undergoing 

chronic antigenic stimulation adapt by desensitising their responses to antigen. This 

ultimately results in a functional state mimicking clonally anergic T-cells, although 

these states remain biochemically distinct. Unlike clonally anergic T-cells, adaptively 

tolerant T-cells exhibit a primary defect in proximal TCR signalling, specifically at the 

level of Zap70 (103–105). In response to TCR crosslinking, this crucial protein-

tyrosine kinase is responsible for initiating intracellular signalling cascades via 

hyperphosphorylation of LAT (106). Hyperphosphorylation of LAT allows for a 

conformational change in its structure, enabling it to act as a docking site linking both 

proximal and distal signals. To add another layer of complexity, Hundt et al. proposed 

that following the induction of in-vivo anergy, CD4+ T-cells also exhibit defects in LAT 

(107), which has knock-on effects for other downstream signalling molecules – 
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specifically PLCγ1 (104). Without PLCγ1 activation, intracellular calcium remains 

sequestered, and PKCθ remains inactive.  

 

Like clonally anergic T-cells, the expression of Cbl-b also seems to be implemented 

in maintaining this hyporesponsive state (105). It was initially postulated that Egr-2, a 

transcription factor downstream of NFAT, is the primary inducer of Cbl-b (93). 

However, this is unlikely in adaptively tolerised T-cells, considering calcium 

mobilisation is the primary defect exhibited. Concurrent with these results, adaptively 

tolerant CD4+ T-cells do not show increased Egr-2 expression (105). Instead, 

adaptively tolerant T-cells exhibit vast increases in IC expression, and as previously 

mentioned, engagement of ICs can transactivate Cbl-b. This data demonstrates that 

although adaptively tolerant and clonally anergic T cells exhibit functional 

redundancy, both hyporesponsive states differ biochemically. In adaptively tolerant T-

cells, the predominant defect is in the calcium/NFAT pathway, whereas clonally 

anergic T-cells exhibit defects in the Ras/MAPK pathway. It also illustrates how 

similar immunosuppressive mechanisms may maintain hyporesponsive states, but 

more research should be conducted on the main mechanisms of 

immunosuppression within each state. However, it is essential to note that both the 

CD28 and TCR signalling cascades converge downstream; thus, depending on the 

experimental mechanism in which anergy is induced, it will indicate experimental 

specific defects in differential signalling pathways.  

 

1.4 T-cell exhaustion: 

T-cell exhaustion is characterised by a stepwise and progressive loss in effector 

function and proliferative capacity associated with marked upregulation and co-
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expression of multiple ICs. Exhaustion was first coined in chronic viral infections 

(108) and has now been extended to other disease settings such as cancer (109). 

However, exhaustion is essentially a CD8+ T-cell-centred phenomenon, leaving our 

current understanding of CD4+ T-cell exhaustive programmes lacklustre. This is 

surprising given the polyfunctional and plastic nature of CD4+ T-cells, especially in 

boosting anti-tumour immune responses. Until recently, the predominant function of 

CD4+ T-cells within the tumour milieu was to provide ‘help’ to cytotoxic T-

lymphocytes, namely by supporting DC antigen cross-presentation (110) and B-cell 

humoral responses (111) via CD40 ligation.  

 

Similarly, CD4+ T-cells can also act as a reservoir for IL-21 (112) and IL-2 (113), 

which drives the differentiation and maintenance of cytotoxic anti-tumour CD8+ T-

cells, respectively. There is mounting evidence that tumour neoepitopes are 

restricted to MHCII, which is recognised primarily by CD4+ T-cells in murine models 

(114) and humans (114,115). Concurrent with these results, studies have identified 

that tumour-specific CD4+ T-cells may also acquire cytotoxic capabilities upon entry 

into the tumour (116). Given this information, it is plausible that CD4+ T-cells can be 

susceptible to exhaustion; however, what CD4+ T-cell exhaustion looks like remains 

a mystery and, thus, requires relevant investigations on how this impacts health and 

disease.  

 

The persistent upregulation and co-expression of multiple ICs is one phenotypic 

hallmark of exhaustion – the primary function of which is to dampen immune 

responses following T-cell activation. Broadly, these ICs can be categorised into 

‘classical’ (CTLA-4 and PD-1) and ‘alternative’ (Lag-3, TIGIT and TIM-3) checkpoints, 
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some of which exhibit overlapping mechanisms to subsequently target the TCR (6) 

and CD28-co-stimulatory (7) pathways. PD-1 and CTLA-4 can recruit Src homology-

2 domain-containing protein tyrosine phosphatase-2 (SHP-2) (117,118) to the TCR to 

terminate TCR signal transduction to intracellular cascades. Furthermore, CTLA-4 is 

a CD28 homolog able to sequester CD80/86 (119), albeit with a higher affinity than 

CD28. Conversely, Lag-3 exhibits vast structural homology with the CD4 co-receptor 

(120) preventing the primary signal for T-cell activation. Given this, it is unsurprising 

that the exhaustive state is often maintained via exaggerated and abnormal 

overactivation of these IC-mediated negative feedback signals. Much like CD8+ T-

cells, CD4+ T-cells also express many of these ICs, as depicted in Table 1, in which 

we can infer that CD4+ T-cells also exhibit traits of phenotypic exhaustion. Further to 

this point, the more ICs expressed are also associated with later-stage exhaustion, 

which can indicate a poorer prognosis (121,122). However, it is essential to note that 

ICs are expressed exclusively by all antigen-experienced T-cells. Therefore, the 

expression of one IC may be insufficient to both promote and define the exhaustive 

phenotype (123,124). For example, one study emphasises that the expression of 

PD-1 in response to chronic Mycobacterium tuberculosis infection (125) represents a 

population of highly proliferative CD4+ T-cells, which give rise to tuberculosis-specific 

T-cells. Nevertheless, ICs represent a vital target, especially in the context of 

cancers. Targeting multiple CD4+ T-cell-derived IC with combination treatment (a-PD-

L1 and a-Lag3) can restore the functionality of exhausted CD4+ T-cells (126) by 

decreasing the TCR signalling threshold (127).   
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overexpression of BATF in CAR T-cells led to functional cooperation with IRF4 and 

increased resistance to exhaustion (143). Amongst some early immune response 

genes, Nr4as are expressed in direct proportion to TCR signal strength. Nr4as 

exhibit many biological functions within T-cells, but within the context of chronic 

stimulation, the Nr4a family of transcription factors are thought to promote 

exhaustion directly. This is because Nr4as directly bind to and upregulate immune 

regulation genes or by sequestering AP-1 proteins and diverting T-cells into an 

NFAT-dependent exhaustive programme (135). Thus, this highlights the complexity 

surrounding genomic definitions of exhaustion and how one transcription factor can 

be implemented in different biological functions, largely dependent on their 

environment.  

 

Owing to LCMV studies, researchers have realised that the unique lineage fate of T-

cell exhaustion exhibits a vast amount of heterogeneity. Because the progressive 

loss of T-cell function is graded, it has allowed for further characterisation of 

exhaustive subsets. Those which are terminally exhausted (Tex) and the precursors 

to these cells (Tpex), which are based on the expression of the stem marker TCF1 

(encoded by Tcf7) (144) and/or CXCR5 (145). Tpex cells exhibit the unique ability to 

self-renew (146), therefore acting as an essential reservoir (147) for tumour-specific 

T-cells as they traffic between lymphoid tissues and the tumour (147,148). These 

Tpex cells undergo a TCR-dependent transformation into Tex cells (149), which occurs 

in melanoma-infiltrating CD4+ T-cells upon neoantigen recognition (150). Here, Fu et 

al. show that melanoma-specific CD4+ T-cells present within lymphoid organs 

express TFC-1, which is replaced by canonical exhaustive markers PD-1, Lag-3 and 

TIM-3 following infiltration into the tumour. Like CD8+ T-cells, this process seems to 
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be augmented by a-PD1/PD-L1 blockade, increasing both the expression of TCF-1 

(151) and the proportion of tumour-specific TCF-1+CD4+ T-cells within the spleen 

(150), whilst decreasing the expression of ICs. However, a-PD1/PD-L1 therapy did 

not seem to augment the proliferative potential of CD4+ Tpex cells (150) in the same 

way it augments CD8+ Tpex cell proliferation (144,152), illustrating a potential 

discrepancy between T-cell subsets and how they differentially respond to 

environmental cues. Concurrent with these results, terminally exhausted PD-

1hiCD39+CD4+ Tumour-infiltrating lymphocytes (TILs) also exhibit an increased 

expression of TOX (151), which has been identified as an indispensable player 

driving this exhaustive trajectory (Fig.3). The expression of TOX is associated with 

more advanced exhaustive states (153), this is because following the onset of 

terminal exhaustion, Tex have undergone a vast change in their epigenetic 

landscape (154), and in CD8+ T-cells, TOX is identified as the principal transcription 

factor initiating this change (139). Finally, the transcription factor Blimp-1 (encoded 

by Prdm1) has also been recognised as a critical driver of CD4+ T-cell exhaustion 

(155,156). Conditional deletion of Prdm1 in CD4+ T-cells decreases the expression 

of ICs (PD-1, Lag-3 and TIM-3) (156) and restores their ability to provide help and 

prevent exhaustion in CD8+ T-cells in chronic toxoplasmosis  

(155,156). 
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Fundamentally, CD4+ and CD8+ T-cells are not equal, often exhibiting non-redundant 

roles with various functionalities, which is well established. However, extensive 

research on CD8+ T-cell exhaustion has been instrumental in identifying critical 

exhaustive mechanisms and patterns, which are somewhat conserved across both 

subsets. Consequently, leveraging our understanding of CD8+ T-cell exhaustion has 

allowed for developing therapeutic strategies including, but not limited to, adoptive 

cell transfer and immune checkpoint blockade (ICB), which are currently being 

explored as promising avenues for enhancing anti-tumour immune responses.  

 

1.5 Introduction summary: 

Many biologically conserved mechanisms utilising immunosuppressive factors are 

often shared across different cellular states, making it difficult to distinguish between 

hyporesponsive T-cell states that elicit phenotypic, functional and transcriptional 

overlap. Chronic antigenic stimulation is one cardinal feature that drives the 

differentiation of CD4+ T-cells into unique lineage fates such as Tr1-like cells and Tex 

cells. However, because exhaustion has not yet been defined in CD4+ T-cells, we 

Figure 3 - Induction of Exhaustion in Chronically Stimulated T-cells.  

Following acute T-cell activation, T-cells will differentiate into effector subsets. If antigenic challenge isn’t 
removed (cancer or chronic infection), the effector T-cell will continue to be stimulated. Chronic stimulation is 
one cardinal feature driving T-cell exhaustion and is associated with marked and persistent upregulation of 
multiple immune checkpoints, increased expression of exhaustion-associated genes and loss of self-renewal 
capabilities. Following the onset of Terminal exhaustion, T-cells no longer respond to antigen.  
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often coin hyporesponsive CD4+ T-cell states as simply anergic when this is untrue. 

Adaptively tolerised, exhausted, and Tr1-like CD4+ T-cells, which functionally 

resemble anergic T-cells, are not inherently anergic. Therefore, we must understand 

what cellular and molecular interactions enforce adaptive tolerance and how/if 

adaptive tolerance and exhaustion are distinct biochemical states. 

 

2. Aims and hypothesis -  

Based on existing literature, we hypothesise that ICs are key regulators driving 

adaptive tolerance in CD4+ T-cells. This hypothesis is supported by the observation 

that IC expression is consistently associated with different states of T-cell 

dysfunction. Additionally, we hypothesise that ICs play a crucial role in controlling the 

function of Tr1-like cells. 

 

We will use the novel Nur77-Tempo reporter mice to test these hypotheses and 

monitor dynamic changes in TCR signalling. CD4+ T-cells from these mice will be 

tolerised using the escalation dose immunotherapy protocol established by the 

Wraith lab (80). Flow cytometry will be employed to assess the expression of specific 

cell surface markers that we believe are critical in regulating tolerance. We will also 

use ICB to investigate whether T-cell tolerance can be reversed or restored in this 

model. Co-culture experiments will be conducted to determine whether tolerance is 

associated with intrinsic or extrinsic dysfunction. Finally, we will utilise the novel 

Nr4a3-Tocky line to explore whether NFAT-biased signalling is present in adaptively 

tolerant T-cells, as reported in the literature for both tolerance and exhaustion. These 

approaches will allow us to test the following aims: 
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1) To identify the regulator of adaptive tolerance in CD4+ T-cells undergoing 

chronic stimulation. 

2) To determine the factors controlling Tr1 function when induced in response to 

chronic versus acute stimulation. 

3) To differentiate between adaptive tolerance and exhaustion. 
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3. Methods -  

3.1. Experimental design: 

 

3.2. Adaptive tolerance models and immunotherapy:  

All animal procedures were carried out at the Biomedical Services Unit at the 

University of Birmingham and authorised under Dr David Bending’s home office 

Project License PP9984349. All animals were euthanised via schedule one killing – 

cervical spine dislocation by personal licence holders. For this project, both Tg4 

Nur77-Tempo Il10-GFP and Tg4 Nr4a3-Tocky Il10-GFP mice were utilised. Mice 

received either one or six immunisations with Myelin Basic Protein (MBP) peptide 

with an acetylated tyrosine modification at position 4 (4Y-MBP), as outlined in Fig.4. 

This is because the usual lysine residue at position 4 (4K-MBP) only induces weak 

Figure 4 - Protocol for Escalation Dose Immunotherapy and Rapid T-cell Recalibration. 

For chronic stimulation and the induction of T-cell tolerance the Escalation dose immunotherapy 
protocol was followed. Here Nur77-Tempo or Nr4a3-Tocky mice received 6 S.c. immunizations 
over 2 weeks increasing from 0.004mg/Kg to 4mg/Kg of 4Y-MBP. for acute stimulation, the rapid 
recalibration protocol was followed here Nur77-Tempo mice received one single high dose 
(4mg/Kg) dose of 4Y-MBP. This was done on the same day as the final EDI dose. Mice were then 
culled 24 hours later after the final dose.  
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T-cell activation (127). Tg4 Nr4a3-Tocky Il10-GFP mice received six doses of 4Y-

MBP, the same as chronically stimulated Nur77-Tempo mice (Fig.4).  

 

The Nur77-Tempo model allows us to analyse the dynamic changes in TCR 

signalling. Nur77 (encoded by Nr4a1) is expressed in response to TCR signals. 

Here, Nur77 is conjugated to a fluorescent timer protein (157), which, over 4 hours, 

shifts its emission spectrum from blue to red. This allows us to analyse newly 

signalling (Blue+Red-), persistently signalling (Blue+Red+), and arrested (Blue-Red+) 

T-cells, as depicted in Figure 5.  

 

 
 

For in-vivo blockade experiments, combination antibodies (a-PD-L1 Clone MIH5 and 

a-Lag-3 Clone C9B7W) or isotype antibodies (Rat IgG2a clone MAC219 and Rat 

Figure 5 - schematic illustrating how the fluorescent timer works in Nur77-Tempo and Nr4a3-Tocky 
mice. 

Following TCR stimulation, Nur77 is expressed and coupled to the fluorescent timer (FT). initially, the FT is 
blue and appears in the top left quadrant. Over time, TCR signals are arrested, and the FT protein matures 
shifting its emission spectrum from blue to red, which will appear in the bottom right quadrant. T-cells which 
have arrested signals and are restimulated or undergoing persistent signals will appear within the top right 
quadrant. T-cells which undergo no TCR signals will remain in the bottom left quadrant.   
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IgG1 clone MAC221) at concentrations of 0.5mg/Kg were administered via I.p. route 

24 hours after the 5th 4Y-MBP immunisation and 24 hours before the 6th 

immunisation.  

 
3.3. Preparation of tissue:  

Whole spleens were harvested from mice and minced before enzymatic digestion in 

a digest buffer (1mL RPMI + 1mg/mL DNAse I + 0.1mg/mL collagenase-D). 1.2mL of 

this digest buffer is added to the minced spleen samples in a 1.5mL Eppendorf and 

spun at 1400 rotations per minute (RPM) for 25 minutes in a thermocytometer at 

37°C. The splenocyte suspension is filtered through a 70µm strainer into a sterile 

50mL falcon and rinsed with 10% Foetal Bovine Serum (FBS) with 1% Pen-Strep 

(PS) RPMI to 20mL. The 50mL falcon is centrifuged at 1500 RPM at 4°C for 5 

minutes until a pellet has formed. The supernatant is discarded, and the pellet is 

resuspended in 1mL Red Blood Cell (RBC) lysis buffer (eBioscience) for 2 minutes 

on ice. Then 10mL 10% FBS 1% PS RMPI is added to the 50mL falcon to stop the 

reaction before centrifuging again for 5 minutes at 1500 RPM. Once a pellet has 

formed, the supernatant is discarded and resuspended in 20mL 10% FBS 1% PS 

RPMI. The number of cells are counted using a 1:1 ratio of Trypan Blue in a 

haemocytometer. The splenocyte suspension is subsequently made up to a 

concentration of 1x107 cells/mL; thus, 50µL of the splenocyte suspension will contain 

~500,000 cells. This is done within a class II tissue culture hood, following standard 

aseptic protocols to reduce contamination.  

 

Hind legs were harvested from Tg4 mice, and the muscle was removed from the 

femur and tibia before washing once in 70% ethanol and twice in PBS. The epiphysis 

of the femur and tibia were then removed, and the bone marrow was flushed into a 
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sterile petri dish with a sterile 1mL insulin needle using RPMI. This cell suspension is 

then aspirated and filtered through a 70um strainer into a sterile 50mL falcon tube. 

This is then placed into a centrifuge and spun at 1400 RPM for 10 minutes until a 

pellet has formed. The supernatant is discarded, and the pellet is resuspended in 

3mL RBC lysis buffer (eBioscience) for 5 minutes on ice before 10mL RPMI is added 

to stop the reaction. This suspension is centrifuged for 10 minutes at 1400 RPM until 

a pellet has formed. The supernatant is then discarded, and the pellet is 

resuspended in 10mL BMDC media (2mM L-Glutamine, 1% PS, 10% FBS, 10mM 

HEPES, 50uM BME RPMI), and cells are counted using a 1:1 ratio of trypan blue 

and a haemocytometer. This bone marrow suspension comprises a final 

concentration of 1.5x106 cells/mL. To start DC polarization, a 50uM GM-CSF 

(1:10,000) final concentration is added to the bone marrow suspension. This single-

cell suspension is then added to a TC-grade flask, ensuring that the correct size is 

used for correct CO2 penetration and pH balancing. The flask is added to the 

incubator for 7-9 days at 37°C. On day 2, an equal amount of BMDC media 

containing 50uM GM-CSF is added to the flask without disrupting the adherent cells 

at the base of the flask. At day 4, ~90% of the media is removed, transferred into a 

sterile 50mL falcon, and centrifuged for 10 minutes at 1400 RPM until a pellet has 

formed. The supernatant is discarded, and the pellet is resuspended in fresh media 

with 50uM GM-CSF before being added to the same flask. On day 7, the bone 

marrow cells should show classic DC morphology under the microscope. 

 

3.4. Cell sorting: 

To sort CD4+ T-cells for co-culturing experiments, a single-cell splenocyte 

suspension is generated following the method outlined above in section 3.3. to 
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isolate Acute and Chronically stimulated CD4+ T-cells, splenocytes were multiplexed 

as Acutely stimulated CD4+ T-cells received BUV737-CD4 and chronically stimulated 

CD4+ T-cells received BUV395-CD4. Both received APC-Cy7 Viability dye before 

washing with sort buffer and mixing. This allowed for the isolation of live CD4+ T-cells 

using the FACS ARIA fusion cell sorter (BD Biosciences). 

 

3.5. Preparation of 4Y-MBP peptide:  

Aliquots of 4Y-MBP peptide stock at 4mg/mL were used to create titres of the 

following concentrations: 0.0025µM, 0.01µM and 0.04µM, 0.16µM and 0.64µM. To 

do this, the 4mM stock solution was diluted using a serial dilution method with 10% 

FBS 1% PS RPMI. Conditions were initially made at 4X the final concentration to 

ensure the appropriate final concentration conditions mentioned above are achieved 

after dilution in culture.  

 

3.6. Preparation of immunotherapy: 

Stock solutions of anti-PDL1 (5mg/mL), a-Lag3 (2.49mg/mL), IgG2a (9.15mg/mL), 

and IgG1 (5mg/mL) were all diluted to a final concentration of 20 ug/mL in 10% FBS 

1% PS RPMI. For combination conditions, a-PDL1 and a-Lag3 were mixed, and for 

isotype conditions, IgG1 and IgG2a were mixed at a 1:1 ratio. Again conditions were 

initially made at 4X the final concentration to ensure appropriate final concentrations 

were achieved following dilution in culture.  

 

3.7. Cell culture 

In a 96-well U-bottom plate, 500,000 splenocytes were added by transferring 50µL of 

the splenocyte suspension into each well. Following this, 0.1% β-Mercaptoethanol 
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(BME) was added to each well by transferring 50µL and was made up by diluting 

20µL BME into 5mL 10% FBS 1% PS RPMI. 50µL of the appropriate 4Y-MBP 

concentration was added to their corresponding cells to rechallenge T-cells. For 

experiments utilising immunotherapy, 50µL of either isotype or combination 

treatments were added to their corresponding wells; if the experiment did not require 

immunotherapy, then 50µL of 10% FBS 1% PS RPMI was added to each well to 

create a final volume of 200µL. All splenocytes were plated away from the edges to 

prevent edge effect; any empty wells were then filled with 200µL PBS. Finally, the 

plate was placed into the incubator for 24 hours at 37°C, 96% humidity and 5% CO2.  

 

Dendritic cells were generated as discussed in section 2.3 and seeded at 100,000 

BMDC per well in a 96 U-bottom well plate. Following this, DCs were activated with 

200ng/mL lipopolysaccharide (final concentration) diluted in DC media and pulsed in 

either the presence or absence of 4Y-MBP (0uM, 0.01uM, 0.04uM, 0.16uM and 

0.64uM) for 24 hours. Following the 24-hour incubation period, 100,000 sorted live 

CD4+ T-cells were co-cultured with dendritic cells, as discussed in section 2.4. If the 

experiment required immunotherapy, either combination or isotype (as mentioned in 

section 2.6) was added to the corresponding wells at a final concentration of 

20ug/mL. The final volume of each well is 200µL, and empty wells were filled with 

200µL PBS. The plate is then added to an incubator for 24 hours at 37°C, 96% 

humidity and 5% CO2. Again, all procedures were carried out within a class II tissue 

culture hood, following an aseptic technique to prevent contamination. 

 

3.8. List of Reagents:  

Reagent or resource  Source  

Antibodies  
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fluorescence, which is detected in the 610/20nm detection channel. Once all data 

was collected, samples were compensated for utilising both single stains and 

unstained samples to correct for both spectral overlapping and leaking into other 

detection channels. All compensation was conducted after data was collected from 

the flow cytometer, followed by gating strategies and further analysis using FlowJo 

10.10.0. software.  

 

3.9.1. Gating strategies: 

Flow cytometry data was collected, as stated in chapter 3.9. For ex-vivo analysis of 

dendritic cells, splenocytes were stained with surface stains, and gates were drawn 

around populations of interest. First, cells were gated on SSC-A vs FSC-A, then 

single cells (FSC-H vs FSC-A), live cells (APC-Cy7-V/D vs FSC-A), B-cells 

(B220+CD11b-), and finally dendritic cells (B220-CD11bintCD11chi). The markers 

MHCII, CD86, and PD-L1 within the DC gate were analysed (Fig.5).  

 

For ex-vivo and in-vitro analysis of T-cells, splenocytes were stained with surface 

stains, and gates were drawn around populations of interest. First, lymphocytes were 

gated (FSC-A vs SSC-A), then single cells (FSC-H vs FSC-A), live cells (APC-Cy7-

V/D vs FSC-A), CD4+ T-cells (CD4+TCRvβ8.1.1.2+). Respondents were analysed 

Figure 6 - Ex-vivo Gating Strategy of Dendritic Cells. 

Data was analysed using FlowJo Software. Compensation was done using single stains and unstained 
samples. Cells were gated first by comparing SSC-A and FSC-A, then single cells by comparing FSC-H against 
FSC-A. Viability dye is then used to gate on only live cells. next the B220 and CD11b was used to gate our B-
cells. within the CD11b+ gate, DC’s were identified by then comparing CD11c and CD11b therefore DC’s 
identified were B220-CD11bintCD11c+.  
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within this CD4+ T-cell gate by comparing the expression of FT-Blue and FT-Red. 

Furthermore, Tr1-like IL10-expressing populations were analysed by comparing 

IL10-GFP and CD4. Within the CD4+ T-cell gate, the expression of co-inhibitory 

receptors (PD-1, Lag-3, Tigit) and activation markers (ICOS, OX40, CD25 and GITR) 

(Fig. 6).  

  

3.10. Statistical analysis: 

All graphs within this project were created using the GraphPad Prism 10 software 

and utilised for statistical significance. An unpaired t-test was used to compare two 

means, and Two-way ANOVA was used to compare two independent variables 

against one another. Any variance is presented as the mean ± SEM, and any p 

values on the graphs illustrate statistical significance levels *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001.  

 

 

 

Figure 7 – CD4+ T-cell gating strategy.  

Data was analysed using FlowJo software. Compensation was done using single stains and unstained samples. 
Lymphocytes were gates first by comparing SSC-A and FSC-A, then single cells by comparing FSC-H and FSC-
A. Viability dye is then used to gate on live cells. Next CD4+ T-cells were gated on by comparing CD4 and TCRvb 
expression. Within this CD4+ T-cell gate, the expression of T-cell markers (ICOS, OX40, CD25 and GITR) were 
analysed and the proportion of responding cells by comparing FT-Blue against FT-Red. For analysis of IL10-
expressing Tr1-like CD4+ T-cells, IL10hiCD4+ populations were gated on within the CD4+ T-cell gate.  
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4. Results -  

4.1. CD4+ T-cells are successfully tolerised in-vivo following EDI: 

Here, mice received either EDI or one 4mg/Kg 4Y-MBP immunisation to chronically 

or acutely stimulate CD4+ T-cells in-vivo, respectively. The spleens were harvested 

and processed 24 hours after the final immunisation before staining with appropriate 

antibodies against CD4 and TCRvβ8.1.1.2 to allow for ex-vivo analysis of CD4+ T-

cells exclusively via flow cytometry. Here, the mean proportion of responders in 

acute conditions (49.5%) is significantly higher than that of chronic conditions 

(2.94%) (Fig.8A, 7C). Concomitant with these results, the mean FT-Blue and FT-Red 

MFI is significantly higher in acutely stimulated CD4+ T-cells (Fig.8B, 8D-E). These 

results indicate that EDI is sufficient to induce tolerance and renders T-cells unable 

to respond to peptides in-vivo. 

 

To interrogate the phenotype of CD4+ T-cells in each condition ex-vivo, splenocytes 

were also stained with antibodies against ICs: PD-1, Lag3 and Tigit. Interestingly, the 

expression of all markers was significantly higher in acutely stimulated CD4+ T-cells 

(Fig.8F-K). these markers are only expressed following T-cell activation and thus 

indicate that acutely stimulated CD4+ receiving a single, high-dose peptide are more 

strongly activated than chronically stimulated CD4+ T-cells.  
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To interrogate how the transcriptional profiles of tolerant T-cells differ from those of 

naïve T-cells, genome-wide RNA-sequencing data, published by Bevington et al. 

(105), was obtained and re-analysed for markers of interest. Here, adaptively 

tolerant T-cells at rest exhibited an increase in IC, co-stimulatory receptor, and IL10 

Figure 8 - Ex-vivo Analysis of CD4+ T-cells from EDI-treated Nur77-Tempo Mice. 

A) Flow cytometry plot of FT-Blue and FT-Red expression. B) Histograms overlaying the expression of FT-Blue 
and FT-Red between acute and chronically stimulated CD4+ T-cells. C) Bar chart comparing changes in 
Blue+Red+ ‘Responder’ CD4+ populations. D) Bar chart comparing acute and chronically stimulated CD4+ T-cell 
expression of FT-Blue, E) FT-Red. F) Histograms overlaying the expression of TCR, CD4, PD-1, Lag3 and Tigit 
between acute and chronically stimulated CD4+ T-cells. G) Bar chart comparing acute and chronically stimulated 
CD4+ T-cell expression of TCR. H) CD4. I) PD-1. J) Lag3. K) Tigit. Error bars represent mean ± SEM. n=3. 
Statistical analysis by Unpaired t-test. Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001.  
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expression (Fig.9A-B) compared to naïve T-cells. Together, this implies that at rest, 

tolerant T-cells maintain a heightened expression of ICs and IL10.  

 

 

 

4.2. Adaptively tolerant CD4+ T-cells exhibit increased resistance to peptide re-

challenge: 

To interrogate the TCR signalling dynamics of CD4+ T-cells in-vitro, splenocytes from 

chronically and acutely stimulated mice were cultured with a titration of cognate 

peptide for 24 hours. Splenocytes were stained with antibodies against CD4, 

TCRvβ8.1.1.2, ICOS, OX40, CD25 and GITR. Here, CD4+ T-cells from both the 

acutely and chronically stimulated conditions responded to increased peptide 

concentrations (Fig.10A). It is important to note that chronically stimulated CD4+ T-

cells consistently exhibited diminished responses to a peptide (Fig.10B) when 

compared to acutely stimulated CD4+ T-cells. Concurrent with these results, the 

Figure 9 - Changes in Transcriptional Profiles of Naive and Tolerant T-cells. 

A) Heatmap showing the expression of key markers Lag3, Ctla4, Tigit, Pdcd1 
(PD-1), Havcr2 (Tim-3), Icos, Tnfrsf4 (OX40), Il10 and Il10ra. Normalised read 
counts for genes were Log2 transformed prior to plotting. B) Bar chart illustrating 
the fold change in gene expression between naïve and tolerised T-cells. Data 
obtained from Bevington et al. (105). 
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expression of FT-Blue (Fig.10C, 10E) and FT-Red (Fig.10D, 10F) for each 

restimulation condition was significantly higher in the acutely stimulated T-cells. 

Furthermore, the expression of both ICOS (Fig.11A-B) and OX40 (Fig.11A, 11C) 

form part of the TCR.Strong metric (Fig.11D) was more significant in acutely 

stimulated CD4+ T-cells. Finally, the expression of both CD25 (Fig.11A, 11E) and 

GITR (Fig.11A, 11F) was also significantly higher in acutely stimulated CD4+ T-cells. 

These data imply that chronically stimulated and thus adaptively tolerised CD4+ T-

cells exhibit a diminished response and greater resistance to peptide rechallenge in-

vitro.   

Figure 10 - In-vitro quantitative changes in CD4+ T-cell responses between acutely and chronically 
stimulated Nur77-Tempo Mice. 

A) Flow cytometry plot of CD4+ T-cell expression of FT-Blue and FT-Red. B) Scatter graph illustrating 
changes in Blue+Red+ ‘Responder’ populations between acute and chronically stimulated CD4+ T-cells. C) 
Histograms overlaying the expression of FT-Blue and D) FT-Red, between acute and chronically stimulated 
CD4+ T-cells in response to cognate peptide. E) Scatter graph comparing changes in FT-Blue and F) FT-
Red expression between acute and chronically stimulated T-cells in response to cognate peptide. Data 
representative of 2 independent experiments n=3 and n=4, overall n=7. Statistical analysis by Two-way 
ANOVA. Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001. 
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4.3 Phenotypic characterisation of Tolerogenic and Regulatory Immune subsets.  

Forming part of the adaptive immune response, CD4+ T-cells are primarily reliant on 

and controlled by signalling inputs from other cells within their microenvironment. 

Thus, we sought to investigate the phenotype of antigen-presenting cells ex-vivo. 

CD4+ T-cells were chronically or acutely stimulated in-vivo to do this, as mentioned 

in section 3.1. Splenocytes were then prepared and stained with antibodies against 

Figure 11 - In-vitro Qualitative Changes in CD4+ T-cell Phenotype Between Acutely and 
Chronically Stimulated Nur77-Tempo Mice. 

A) Histograms comparing the expression of ICOS, OX40, CD25 and GITR between acutely and 
chronically stimulated CD4+ T-cells in response to cognate peptide. B) Scatter graph comparing acute 
and chronically CD4+ T-cell expression of ICOS. C) OX40. D) TCR.Strong. E) CD25. F) GITR in 
response to cognate peptide. Data representative of 2 independent experiments n=3 and n=4, overall 
n=7. Statistical analysis by Two-way ANOVA. Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, 
****p≤0.0001. 
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B220, CD11b, CD86, MHCII, and PD-L1. By analysing the B220-CD11cintCD11chi DC 

compartment, it is evident that DCs from chronically stimulated mice exhibit a more 

immature, tolerogenic morphology (Fig. 12A). A trend toward lower MHCII 

expression reflects this; however, this is statistically insignificant (Fig. 12B), lower 

CD86 (Fig. 12C) and PD-L1 (Fig. 112D) expression, and heightened IL-10 

expression (Fig. 12E). Studies have used the ratio of PD-L1 and CD86 co-

expression as a metric to identify largely tolerogenic APC subsets (158,159). DCs 

from chronically stimulated mice exhibit a heightened PD-L1/CD86 ratio compared to 

acutely stimulated mice (Fig. 12F). Together, these data imply that EDI-treated mice 

contain a greater proportion of TolDCs with poor T-cell activation capacity.  

 

 

Figure 12 - Ex-vivo analysis comparing differences in DC phenotype between acute and chronically 
stimulated Nur77-Tempo mice. 

A) Histograms comparing the expression of dendritic cell-derived MHCII, CD86, PD-L1 and IL10 between acutely 
and chronically stimulated Nur77-Tempo mice. B) Bar chart comparing dendritic cell-derived expression of 
MHCII. C) CD86. D) PD-L1. E) IL10 between acutely and chronically stimulated Nur77-Tempo mice. F) Bar chart 
comparing the PD-L1/CD86 ratio of dendritic cells from acutely and chronically stimulated Nur77-Tempo mice. 
Error bars represent mean ± SEM. n=3. Statistical analysis by Unpaired t-test. Significance represented as 
*p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001.  
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To investigate the emergence and phenotype of regulatory CD4+ subsets ex-vivo, 

splenocytes were stained with antibodies against TCRvβ8.1.1.2, CD4, PD-1, Lag3, 

and Tigit. Flow cytometry analysis revealed a similar Tr1-like regulatory CD4+ T-cell 

emergence between acutely and chronically stimulated mice (Fig. 13A-B). However, 

these IL10-expressing T-cells exhibited vastly different phenotypes between the two 

conditions (Fig. 13C). TCR (Fig. 13D), CD4 (Fig. 13E), and Lag3 (Fig. 13G) are 

downregulated, whereas PD-1 (Fig. 13F), Tigit (Fig. 13H), and IL10 (Fig. 13I) are 

upregulated by all IL10-expressing Tr1-like CD4+ T-cells within Acute and Chronic 

conditions. However, PD-1, IL10 and Lag3 expression is markedly higher in Tr1-like 

cells within the chronic condition. This data implies that selection into the Tr1-like 

lineage is associated with a regulatory, tolerising phenotype, which is more 

pronounced in IL10-expressing Tr1-like cells arising from chronic stimulation.  
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Figure 13 - Ex-vivo analysis comparing emergence and phenotype of a regulatory IL10-expressing 
Tr1-like population between acute and chronically stimulated Nur77-Tempo mice. 

A) Flow cytometry plot comparing IL10- and IL10+ populations between acute and chronically 
stimulated CD4+ T-cells. B) Bar chart showing the proportion of IL10-expressing Tr1-like cells 
between acute and chronically stimulated CD4+ T-cells. C) Overlayed histograms comparing the 
expression of TCR, CD4, PD-1, Lag3, Tigit and IL10 between acute and chronically stimulated CD4+ 
T-cells. D) Bar charts comparing Acute and chronic IL10+ and IL10- populations expression of TCR. 
E) CD4. F) PD-1. G) Lag3. H) Tigit. I) IL10. Error bars represent mean ± SEM. n=3. Statistical 
analysis by Unpaired t-test. Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001.   
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4.4. Regulatory IL10-expressing Tr1-like CD4+ T-cell subsets retain their ability to 

signal under chronic conditions:  

Like conventional T-cells, Tr1-like cells are also antigen-dependent (160), requiring 

signals via their TCR to activate and thus exert their regulatory functions via IL10 

expression and secretion. Given the discrepancy in IL10 expression between IL10-

expressing populations in acute and chronic conditions, we wanted to elucidate the 

TCR signalling dynamics of the IL10-expressing Tr1-like populations present within 

the culture. To do this, splenocytes were again cultured with a peptide titration as 

discussed in section 3.7, and 24 hours later, were stained with appropriate 

antibodies against TCRvβ8.1.1.2, CD4, ICOS, OX40, CD25 and GITR.  

 

Flow cytometric analysis indicates that IL10-expressing populations are increasingly 

more sensitive to peptide rechallenge (Fig.14A) and express significantly more FT-

Blue (Fig.14B) and FT-Red (Fig.14C) than their IL10- counterparts. Concurrent with 

these results, the expression of all markers (Fig.14A), such as ICOS (Fig.14D), 

OX40 (Fig.14E), GITR (Fig.14F), CD25 (Fig.14G), and IL10 (Fig. 14H) are also 

significantly upregulated. Together, this data implies that following selection into the 

Tr1-lineage, Tr1-like cells can undergo active TCR signals, which are abolished in 

the IL10- populations. 
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Figure 14 - In-vitro analysis comparing the responses of Tr1-like and non-Tr1-like cells from 
chronically stimulated Nur77-Tempo mice. 

A) Histograms showing the expression of FT-Blue, FT-Red, ICOS, OX40, GITR, CD25 and 
IL10 from IL10-expressing Tr1-like CD4+ populations. B) scatter graphs comparing changes 
in FT-Blue, C) FT-Red, D) ICOS, E) OX40, F) GITR, G) CD25 and H) IL10 between 
chronically stimulated Tr1-like and non-Tr1-like T-cells in response to peptide. Data 
representative of two independent experiment, n=3 and n=4, Overall n=7. Statistical analysis 
by Two-way ANOVA. Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, 
****p≤0.0001. 
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4.5. Adaptively tolerant CD4+ T-cells are rendered hyporesponsive due to intrinsic 

defects.  

As previously mentioned, DCs can also be potent inducers of T-cell tolerance by 

virtue of increased co-inhibitory receptors and decreased co-stimulatory receptor 

engagement. Given the large discrepancy in DC phenotype (Fig.12), we aimed to 

interrogate how CD4+ T-cell responses may be modified if a stimulatory environment 

was provided. To do this, stem cells were isolated from the bone marrow of Tg4 mice 

before culture with GM-CSF to promote DC polarization. BMDCs were cultured in the 

presence of LPS and titration of 4Y-MBP peptide for 24 hours before co-culture at a 

ratio of 1:1 with isolated CD4+ T-cells from acute or chronically stimulated mice for 

another 24 hours. CD4+ T-cells were then stained with the appropriate antibodies 

against CD4, ICOS, OX40, CD25 and GITR before analysis on the flow cytometer. 

Both acute and chronically stimulated CD4+ T-cells responded to increased peptide 

dose (Fig.15A 15D), expressing more FT-Blue (Fig. 15B, 15E) and FT-Red (Fig. 15C, 

15F) However, much like the results in section 4.2, chronically stimulated T-cells 

exhibited diminished responses to rechallenge for the same given peptide dose 

compared to acutely stimulated T-cells (Fig. 14D). 

 

The expression of ICOS, OX40, CD25 and GITR was analysed to interrogate 

qualitative changes in the phenotype of these T-cells. Like the results in section 4.2, 

increased peptide doses promote the expression of all markers (Fig. 16A) in both 

acute and chronically stimulated T-cells. However, the magnitude of expression for 

each marker for the same given peptide dose is higher in acutely stimulated T-cells 

than in chronically stimulated T-cells (Fig. 16B-F). Together, these results indicate 
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4.6. Adaptively tolerant T-cells do not exhibit NFAT-biased signalling.  

Given that adaptively tolerant T-cells exhibit intrinsic defects in intrinsic signalling 

pathways, we aimed to investigate the affected signalling pathways. To do this we 

utilised two Nr4a-timer reporters: Nur77-Tempo (157) and the Nr4a3-Tocky (161). 

Figure 16 - In-vitro qualitative analysis of isolated tolerised CD4+ T-cells co-cultured with previously 
LPS-activated BMDCs. 

A) Histogram overlays showing the change in ICOS, OX40, CD25 and GITR expression between 
acute and chronically stimulated T-cells in response to increasing peptide titres. B) Scatter graph 
illustrating changes in ICOS, C) OX40, D) TCR.Strong, E) CD25 and F) GITR expression between 
acute and chronically stimulated CD4 T-cells. Data representative of 2 independent experiments, n=2 
and n=3, overall n=5. Statistical analysis by Two-way ANOVA. Significance represented as *p≤0.05, 
**P≤0.01, ***p≤0.001, ****p≤0.0001.    
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Previous work from our laboratory shows that Nr4a1 (Nur77) expression is NFAT-

independent. Conversely, the expression of Nr4a3 is NFAT-dependent (162). Given 

this discrepancy, we can use the expression of the Nr4a3-Timer as a proxy for NFAT-

biased signalling. Thus, Nur77-Tempo and Nr4a3-Tocky mice were EDI-treated to 

induce CD4+ T-cell tolerance. The mice were culled, and spleens were harvested 

and processed 24 hours after the final immunisation. For ex-vivo analysis, 

splenocytes were stained immediately with antibodies against TCRvβ8.1.1.2 and 

CD4. As indicated in Fig. 17A, chronically stimulated CD4+ T-cells from Nr4a3-Tocky 

mice exhibit responses like those observed in Nur77-Tempo mice. The percentage of 

CD4+ T-cells responding is increased in CD4+ T-cells from the Nur77-Tempo line 

(Fig. 17C), but this is the result of the increased brightness of the fluorescent timer 

protein. Concurrent with this observation, the expression of FT-Blue (Fig.17B, 17D) 

and FT-Red (Fig. 17B, 17E) is also significantly higher, by virtue of increased 

brightness.  
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To interrogate if these reporters respond differently to antigenic rechallenge, 

splenocytes from EDI-treated Tg4 Nur77-Tempo Il10-GFP and Tg4 Nr4a3-Tocky Il10-

GFP mice were cultured in the presence of peptide titrations for 24 hours. Following 

24-hour incubation, splenocytes were stained with appropriate antibodies against 

TCRvβ8.1.1.2 and CD4 for in-vitro analysis of CD4+ T-cells only. As expected, no 

significant differences were observed in the proportion of responders between 

Nur77-Tempo and Nr4a3-Tocky mice (Fig. 18A-B). Concomitant with these results, 

the expression of FT-Blue also remained similar between these reporters (Fig. 18C-

D). Interestingly, FT-Red expression was significantly higher in Nur77-Tempo mice 

(Fig. 18C, 18E), which results high expression levels of the fluorescent timer protein 

from the Nr4a1 allele (157). Together, these results indicate that chronic stimulation 

in both reporters is associated with greater resistance to peptide rechallenge. 

Furthermore, given the diminished expression of NFAT-dependent Nr4a3 within the 

Tg4 Nr4a3-Tocky reporter, following the induction of tolerance, CD4+ T-cells don’t 

undergo NFAT-biased signalling in response to chronic antigenic exposure.  

Figure 17 - Ex-vivo analysis comparing adaptively tolerant CD4+ T-cells from chronically stimulated 
Nur77-Tempo and Nr4a3-Tocky mice. 

A) Flow cytometry plots showing the proportion of responders (Blue+Red+). B) Histogram overlays 
comparing the expression of FT-Blue and FT-Red between chronically stimulated CD4+ T-cells from 
Nur77-Tempo and Nr4a3-Tocky mice. C) Bar chart showing the changes in the proportion of 
responders, D) FT-Blue and E) FT-Red between chronically stimulated Nur77-Tempo and Nr4a3-
Tocky mice. n=7. Statistical analysis by unpaired t-test. Significance represented as *p≤0.05, 
**P≤0.01, ***p≤0.001, ****p≤0.0001.     
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4.7. Co-blockade of the PD-1 and Lag-3 pathways have little effect on responses of 

Tolerant T-cells following antigenic rechallenge in-vitro: 

We had previously shown that antibody blocking of the PD-1 pathway results in 

greater CD4+ T-cell responses in a model of accelerated adaptive tolerance (127). 

Building on this, Sheriff et al. show that co-blockade of the PD-1 and Lag3 pathways 

induce synergistic changes in the proportion of responding T-cells and the phenotype 

of these T-cells (163). Thus, we decided to interrogate the effect of co-blockade on T-

cell activation following the induction of tolerance. To do this, T-cells from Nur77-

Figure 18 - In-vitro analysis comparing quantitative changes in the proportion of responders between 
chronically stimulated Nur77-Tempo and Nr4a3-Tocky mice. 

A) Flow cytometry plots illustrating the quantitative changes in the proportion of responding 
(Blue+Red+) CD4+ T-cells in response to peptide. B) scatter graph comparing the changes in the 
percentage of responders. C) Histogram overlays showing the expression of FT-Blue and FT-Red by 
chronically stimulated CD4+ T-cells from Nur77-Tempo and Nr4a3-Tocky mice. D) Scatter graph 
showing changes in FT-Blue and E) FT-Red expression. n=7. Statistical analysis by unpaired t-test. 
Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001.     
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Tempo were tolerised following the protocol outlined in section 3.1. The spleens from 

Nur77-Tempo mice were then harvested, and splenocytes were cultured in the 

presence of a-PD-L1 and a-Lag3 antibodies, alongside a titration of 4Y-MBP for 24 

hours. Splenocytes were stained with the appropriate antibodies against 

TCRvβ8.1.1.2 and CD4 for exclusive analysis of CD4+ T-cells. As seen previously, 

tolerant T-cells increased their responses moderately to increased peptide doses 

(Fig.10A), whilst the addition of combination treatment provided mixed effects on T-

cell responses (Fig. 19A-B). Concurrent with these results, the expression of FT-Blue 

and FT-Red also increased in proportion to increased peptide doses (Fig.19C). It 

could be argued that there is a moderate trend to increased FT-Blue (Fig. 19D) and 

FT-Red (Fig. 19E) expression in tolerant T-cells following combination treatment. 

However, it is essential to note this did not reach statistical significance.  

 

Furthermore, to investigate how the phenotype of tolerant T-cells may have changed 

following the rechallenge in the presence of combination treatment, antibodies 

against ICOS, OX40, CD25, and GITR were also utilised. Like the findings above, 

the expression of these markers, notably ICOS (Fig.19F), was mixed. Again, a slight 

positive trend for the increased expression of OX40 (Fig.19G), CD25 (Fig.19H) and 

GITR (Fig.19I) in response to combination treatment could be argued. However, it is 

essential to note that the expression of markers exhibits variance and a batch effect 

(Fig. 19I), which did not reach statistical significance. These results imply that co-

blockade in-vitro does not cause any quantitative or qualitative changes in T-cell 

responses.  
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4.8. Co-blockade of the PD-1 and Lag-3 pathways restore the responses of tolerant 

T-cells following antigenic rechallenge in-vivo: 

Given that the co-blockade of PD-L1 and Lag3 seemed to have little effect in-vitro, 

we wanted to investigate how tolerant T-cells' responses may change in response to 

Figure 19 - In-vitro analysis comparing changes in tolerant T-cell responses and phenotype following 
antigenic rechallenge in the presence of combination treatment. 

A) Flow cytometry plots comparing the proportion of Responders following rechallenge in the 
presence or absence of combination treatment. B) Histogram overlays showing the changes in FT-
Blue and FT-Red expression. C) Scatter graphs illustrating the changes in responders, D) FT-Blue, E) 
FT-Red, F) ICOS, G) OX40, H) CD25 and I) GITR expression following combination treatment. 
Graphs representative of 2 experiments, n=2 and n=5, overall n=7. Statistical analysis by two-way 
ANOVA. P values presented on the graphs with significance level represented as P≤0.05.  
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combination treatment during an in-vivo environment. To do this, the EDI protocol 

was followed; however, 24 hours before the final immunisation, either isotype or 

combination treatment was delivered intraperitoneally to Nur77-Tempo mice. This 

allowed us to identify combination treatment potency effects following T-cell 

reactivation in-vivo. Tg4 Nur77-Tempo Il10-GFP mice were then culled 24 hours 

following the final immunisation, their spleens were harvested, and splenocytes were 

stained immediately using appropriate antibodies against TCRvβ8.1.1.2, CD4, ICOS, 

OX40, CD25 and GITR for ex-vivo analysis of CD4+ T-cells exclusively. Contrary to 

the results from the in-vitro assay (section 4.7), combination treatment significantly 

increased the proportion of responders in-vivo (Fig. 20A-B). Concurrent with these 

results, the expression of all markers increased following rechallenge in the 

presence of combination treatment in-vivo (Fig. 20C). Increased expression of FT-

Blue (Fig. 20D) and FT-Red (Fig. 20E) indicates that under normal biological 

conditions, co-blockade of the PD-1 and Lag-3 pathways restores T-cell signalling in 

tolerised T-cells. Concurrent with these results, the expression of co-stimulatory 

markers ICOS (Fig. 20F), OX40 (Fig. 20G) and GITR (Fig.20I) are also significantly 

increased in response to combination treatment. Finally, the activation marker CD25 

is upregulated following combination treatment (Fig. 20G). Together, these results 

indicate that ICs are essential for enforcing T-cell tolerance in-vivo and blocking them 

restores the functionality of tolerised T-cells.  
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Figure 20 - Ex-vivo analysis comparing the effect combination treatment has on restoring 
functionality in tolerant T-cells. 

A) Flow cytometry plots showing the proportion of responding CD4+ T-cells following isotype or 
combination treatment. B) Scatter graph comparing the change in the proportion of CD4+ 
responders between isotype and combination treated mice. C) histogram overlays comparing 
CD4+ T-cell expression of FT-Blue, FT-Red, ICOS, OX40, CD25 and GITR following combination 
treatment. D) Scatter graph comparing the difference in expression of FT-Blue, E) FT-Red, F) 
ICOS, G) OX40, H) CD25 and I) GITR. n=12. Statistical analysis by unpaired t-test. Significance 
represented as *p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001.     
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4.9. IL10-expressing Tr1-like cells exhibit an increased sensitivity to immune 

checkpoint blockade.  

As previously mentioned, Tr1-like cells exhibit altered signalling dynamics, which 

enables them to retain their ability to signal under chronic conditions (Fig.14). 

However, they express heightened amounts of PD-1 (Fig. 13H) and Lag-3 (Fig.13I). 

To interrogate the effect that combination treatment may have on Tr1-like cell 

signalling, a combination of a-PD-L1 and a-Lag3 antibodies were i.p. administered to 

Nur77-Tempo mice 24 hours prior the final peptide immunisation. Interestingly, ex-

vivo analysis of the IL10-expressing and non-IL10-expressing CD4+ T-cells shows a 

higher proportion of CD4+IL10+ populations receiving combination treatment 

(Fig.21A, 21C). To further interrogate the discrepancy in the amount of Tr1-like CD4+ 

T-cells responding to antigen the proportion of Blue+Red+ T-cells within the 

CD4+IL10+ gate was analysed (Fig. 21B). Interestingly, a higher proportion of Tr1-like 

CD4+ T-cells were responding to antigen in the presence of combination treatment 

(Fig. 21D). Concomitant with these results, the expression of FT-Blue (Fig. 21E-F), 

FT-Red (Fig. 21E, 21G), OX40 (Fig. 21E, 21I) and CD25 (Fig. 21E, 21J), were 

significantly upregulated in response to combination treatment. There was also a 

trend to greater ICOS expression, although this did not reach statistical significance 

(Fig. 21E, 21H). Interestingly, the expression of both GITR (Fig. 12E, 12K) and IL10 

(Fig.12E, 12L) remained the same in response to combination treatment. Together, 

these results indicate that ICs are essential in controlling Tr1-like cell function and 

phenotype in-vivo, but whether the PD-1 or Lag3 pathway is the most instrumental is 

to be determined.  
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5. Discussion -  

5.1. Targeting TCR signalling is essential for the rheostat control of T-cell activation 

in adaptively tolerant T-cells:  

The initial findings of this project illustrate that EDI treatment can successfully 

tolerise CD4+ T-cells, majority of which reside within the timer negative quadrant 

(Fig.8A), which is indicative of absent immune responses. Furthermore, these 

chronic-stimulation induced tolerised T-cells fail to express significant amounts of FT-

Blue (Fig.8B, 8D) and FT-Red (Fig.8B, 8E), indicating that they are unable to 

transduce signals from the TCR. These tolerant T-cells do upregulate their 

expression of key ICs: Pdcd1 (PD-1), Lag3, and Tigit, but to a lesser extent than 

acutely stimulated CD4+ T-cells (Fig. 8F, 8I-K). Although this is indicative of a 

tolerised phenotype, acutely stimulated T-cells do not exhibit dysfunction as they can 

transduce signals from the TCR (Fig. 8C-E, 10C-F) and induce expression of genes 

associated with an alternative activation signature (TCR.Strong) (Fig. 11B-D). 

Instead, under acute stimulatory conditions, the expression of ICs is attributed to 

tight coupling with TCR signal strength and/or duration (127), which explains their 

dynamic nature. Thus, the expression of ICs within this context may seem 

redundant; however, it enables T-cells to ‘fine tune’ their responses to antigen, 

essentially acting as a switch to avert T-cell hyperactivation. This is supported by one 

Figure 21 - Ex-vivo analysis comparing the sensitivity of IL10-expressing Tr1-like populations to 
combination treatment. 

A) Flow cytometry plots showing the proportion of IL10-expressing Tr1-like and non-Tr1-like 
populations following administration of either isotype or combination treatment. B) Flow cytometry 
plots showing the proportion of Blue+Red+ ‘responder’ populations within the IL10-expressing Tr1-
like populations in response to isotype or combination treatment. C) Scatter graph showing the 
change in proportion of Tr1-like cells and D) responders following isotype and combination treatment. 
E) Histogram overlays showing the change in expression of markers following isotype or combination 
treatment. F) Scatter graph showing change in expression of FT-Blue, G) FT-Red, H) ICOS, I) OX40, 
J) CD25, K) GITR and L) IL10 expression in response to isotype or combination treatment. n=12. 
Statistical analysis by unpaired t-test. Significance represented as *p≤0.05, **P≤0.01, ***p≤0.001, 
****p≤0.0001.     
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study whereby CD4+ T-cell activation is associated with rapid upregulation of Pdcd1 

(PD-1), which in turn blocked IFNγ production in a negative feedback manner (164). 

Concurrent with these results, previous work from our laboratory illustrates that CD4+ 

T-cells, which respond to a primary high-dose immunogenic peptide, remain 

refractory upon low-dose antigenic rechallenge for at least 24 hours (127). 

Explaining this discrepancy is the consequent upregulation of ICs, again placing ICs 

at the epicentre of TCR ‘fine-tuning’. Ultimately, within the context of acute T-cell 

stimulation, the expression of ICs is better suited as a proxy for T-cell activation, 

which prevents immunopathologies by recalibrating the TCR and ‘fine-tuning’ T-cell 

activation thresholds.  

 

By analysing the transcriptional profiles of naïve and adaptively tolerised T-cells, we 

can delineate the sequential transcriptional modifications that underpin this distinct 

differentiation state. Notably, the expression of IC genes, including Pdcd1 (PD-1), 

Ctla4, Lag3, and Tigit, is markedly elevated in the adaptively tolerised state (Fig. 9A-

B). This upregulation occurs independently of robust TCR signal transduction, as 

evidenced by the reduced expression of FT-Blue (Fig. 8B, 8D) and FT-Red (Fig. 8B, 

8E). Explaining this discrepancy is the enhanced accessibility of the Pdcd1 promoter, 

facilitated by increased demethylation in peptide-induced tolerant T-cells (165). This 

epigenetic modification mirrors the mechanisms observed in chronically stimulated 

CD8+ T-cells during viral persistence (166), where exhaustion is driven by enforced 

demethylation of the Pdcd1 locus. Consequently, these ICs become transcriptionally 

poised, allowing for rapid induction and sustained expression.  
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Further, by analysing FT-Blue and FT-Red expression, we can infer the signalling 

history of T-cells. In this context, most adaptively tolerant T cells reside in the timer-

negative or arrested quadrant, indicating that these cells have not recently received 

TCR signals, possibly reflecting defective TCR signal transduction. Studies have 

shown that ZAP70 activity (104,167) and its localisation to the immune synapse 

(168) are impaired following tolerance induction. The upregulation of ICs in 

adaptively tolerised T cells may contribute to this reduction in ZAP70 function. 

Specifically, ligation of PD-1 (169), CTLA-4 (170), and LAG3 (171) independently 

disrupt ZAP70 activity. 

 

Furthermore, engagement of these checkpoints can upregulate negative regulators 

such as Cbl-b (95,96,172), which are found in higher densities at the TCR signalling 

complex in tolerant T-cells (105). Interestingly, co-blockade of PD-1 and LAG3 in 

NSCLC-infiltrating CD4+ T cells led to decreased Cbl-b expression. In lung 

adenocarcinoma models, triple immunotherapy combining PD-1 blockade, LAG3 

blockade, and a Cbl-b inhibitor significantly slowed tumour growth and doubled 

survival (173). Together, this highlights that T-cells exhibit a proximal block in TCR 

signalling following the induction of tolerance. This is associated with sustained 

upregulation of ICs, which target the TCR signalosome directly or indirectly via Cblb 

induction.   

 

This increased expression and activity of Cbl-b may also explain the diminished 

expression of the TCR (Fig. 8G) in tolerised T-cells undergoing chronic stimulation. 

Following activation, the TCR usually internalises; however, activation cannot explain 

the discrepancy in TCR expression within this model, as tolerised T-cells remain 
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refractory in-vitro even in culture conditions with activated DCs loaded with excess 

peptide. It is thought that TCR downregulation is yet another mechanism whereby T-

cells ‘tune’ their response to antigen (174) and has been defined in models of 

increasing antigenic exposure (175). Interestingly, in this study, concomitant 

decreases In TCR expression by increased antigenic exposure are also associated 

with increased expression of Cbl-b. Further, Shamim et al. illustrate that Cbl-b is the 

most crucial regulator of antigen-induced TCR downregulation, as genetic ablation of 

Cblb significantly reduced TCR downregulation in response to antigenic challenge 

(176). Thus, mechanistically, the increased exposure to antigen and expression of 

Cbl-b within tolerised T-cells may account for the decrease in TCRs at the cell 

surface, keeping tolerant T-cells in a state of hyporesponsiveness. This could be 

explored in the future through potential Crispr-Cas9 mediated deletion of Cblb. 

 

This highlights that many conserved and complex mechanisms are interconnected, 

initiated by ICs underlying the rheostat control of T-cell activation. Although 

expressed with a greater magnitude in acutely stimulated T-cells, they remain 

functionally competent and respond to antigens. Tolerised T-cells express 

heightened ICs at rest, and their activation further disrupts TCR signal transduction 

directly via the targeting of TCR signalosome components or indirectly via increasing 

the expression of Cbl-b. Although the expression of Cbl-b was not investigated within 

this project, its importance in maintaining CD4+ T-cell tolerance in response to 

chronic antigenic stimulation is evident. It has been alluded to within studies utilising 

a similar protocol (105). Whether or not interference of Cbl-b functionality can restore 

TCR signalling in adaptively tolerised T-cells is yet to be determined. Ultimately, the 
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intricate balance between checkpoint regulation and TCR tuning underscores 

immune modulation in various signalling contexts.  

 

5.2. Differential signalling environments impose functional and phenotypic 

heterogeneity within IL10-expressing Tr1-like populations:  

Analysis of Tr1-like subsets reveal significant phenotypic and functional 

heterogeneity under different signalling conditions. Tr1-like cells from acute 

stimulation show stronger TCR signals, indicated by increased FT-Blue expression 

(Fig. 13C-D), consistent with previous findings that strong TCR signals favour the 

selection of CD4+ T-cells into the Tr1 lineage, alongside upregulated ICs (177). 

Blocking IC activity under chronic conditions enhances Tr1 selection, increasing IL-

10 expressing CD4+ T-cells from 16% to 26.9% (Fig. 21A, 21C). This suggests that 

chronic stimulation, combined with strong TCR signals, favours Tr1 lineage selection, 

as IC blockade enhances TCR signalling strength (127). However, more is needed to 

fully explain the higher IC expression on Tr1-like cells from chronic stimulation (Fig. 

13H-J) despite their weaker TCR signals in-vivo (Fig. 13D). 

 

Mechanistically, this may be due to increased epigenetic stability of the Tr1 

phenotype during chronic stimulation, a phenomenon seen in terminally 

differentiated subsets exposed to chronic antigenic stimuli (154). Bevington et al. 

describe how Tr1-like cells undergo epigenomic rewiring upon induction, priming 

immune regulation genes (Il10, Pdcd1, Lag3, Tigit) while silencing immune response 

genes (Il2) (105). This epigenetic modulation is driven by Tr1-like transcription 

factors IRF4, BATF, and MAF (105) and is associated with heightened levels of ICs: 

Pdcd1, Lag3, Tigit, and Havcr2 (178), aligning with our results (Fig. 13H-J). This 
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epigenetic Tr1-like signature appears conserved across different disease settings, 

such as cancer (179) and chronic infections (180). 

 

This enables Tr1-like cells to establish a regulatory feedback loop, promoting the 

maintenance of their tolerising phenotype under chronic stimulation. This 

discrepancy becomes more apparent when comparing IL10+ and IL10- populations. 

Tr1-like cells arising from chronic stimulation retain some responsiveness to 

antigenic rechallenge compared to their IL10- counterparts (Fig. 14A-C). Although 

more refractory than Tr1-like cells from acute stimulation (Fig. 22A-B, 22D-E 

appendix), they maintain heightened suppressive capacities through persistently 

higher IL10 expression (Fig 22C, 22F appendix). Interestingly, the co-blockade of the 

PD-L1 and Lag3 pathways enhances Tr1 responsiveness (Fig. 21B, 21D) by 

boosting TCR signalling strength (Fig. 21F), but this does not increase IL10 

expression (Fig. 21L). This suggests that Tr1-derived ICs intrinsically regulate their 

ability to activate Il10, as blocking these pathways may disrupt this regulatory 

feedback loop, increasing Tr1-lineage selection but preventing Il10 upregulation. 

 

In this project, blocking antibodies against PD-1 and Lag3 were administered 

simultaneously, as we had previously shown that their combination synergistically 

affects T-cell activation and responses (163). However, it remains to be determined 

which IC is most instrumental in controlling Tr1-mediated Il10 expression and 

whether ICB in Tr1-like cells induces transcriptional changes in immune response 

genes known to be sensitive to PD-1 (181). 
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Furthermore, the timing of Tr1 induction and the duration of exposure of T-cells to 

Tr1-mediated immunosuppression is known to impair T-cell responses. It could also 

account for the vast disparity in IL10- and IL10+ responses. Previous studies indicate 

that Tr1-like cells may mediate immunosuppression via PD-1 and CTLA-4 

expression (178), suggesting a conserved mechanism shared with FoxP3+ Tregs, 

where ICs mediate contact-dependent suppression (182). Moreover, Tr1-derived 

IL10 is a primary mechanism of Tr1-mediated immunosuppression (160), directly 

inhibiting CD4+ T-cell function (183) and indirectly targeting APCs. Increased Tr1-

derived IL-10 under chronic conditions may lead to an immature/tolerogenic DC 

phenotype (Fig. 12A-F), preventing effective T-cell activation by inhibiting CD86 

upregulation on DCs (184). IL10 has also been implemented in maintaining the 

suppressive functions of Tr1-like cells as inhibition of IL10ra nullifies their activity in-

vivo (185). Concomitant with these results, transcriptomic data also illustrates an 

upregulation of IL10ra in chronic-stimulation-induced Tr1-like cells (Fig. 9A-B). Thus, 

Tr1-derived IL10 may act like Tr1-derived IL21 (65) in maintaining Tr1 stability. 

However, whether this acts in an autocrine manner remains to be determined.  

 

In line with IC upregulation on Tr1-like cells (Fig. 13H-J), we also observe significant 

upregulation of co-stimulatory receptors ICOS (Fig. 14A, 14D), OX40 (Fig. 14A, 

14E), and GITR (Fig. 14A, 14F), consistent with findings in DC-10-induced human 

Tr1 cells (178). While these receptors enhance T-cell activation, their roles in Tr1-like 

cells appear distinct. The upregulation of OX40 in Tr1-like cells (Fig. 14E) is 

particularly intriguing, as OX40 ligation is thought to inhibit Tr1 cell induction and 

function (186) This paradoxical OX40 role may act as a checkpoint, limiting Tr1-

mediated suppression when necessary and ensuring controlled immunosuppression. 
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ICOS and GITR, however, promote Tr1 differentiation and function, with ICOS 

activation inducing c-Maf (65), IL-21, and IL10 (2,187). GITRL expression on APCs 

enhances Tr1 lineage selection (188), increasing FoxP3−IL10+ Tr1-like cells in the 

spleen from 1% to ~7%, with these cells expressing significant IL10 due to GITR 

ligation (189). 

 

Together, these results show that Tr1-like cells display vast phenotypic and functional 

heterogeneity, primarily influenced by their signalling environment. Following chronic 

stimulation, the epigenomic rewiring allows Tr1-like cells to establish a regulatory 

feedback loop, enabling Tr1-like cells to maintain their suppressive function. 

Interestingly, ICs play important context-dependent roles in controlling Tr1-phenotype 

and function. Blocking PD-1 and Lag-3 increases the proportion of IL10-expressing 

T-cells, concomitant with increased TCR signalling. However, it is not associated with 

increased suppressive capacity, as seen by no significant change in IL10 expression. 

Therefore, ICs are likely important in mediating the expression of Il10. Still, which ICs 

are the most instrumental in this process and the mechanism they do this remains to 

be determined. This begs the question as to whether blockade of the PD-1 and Lag-

3 pathways on Tr1-like cells can further augment their functionality. Furthermore, the 

vast heterogeneity between IL10+ and IL10- populations may reflect complex 

immunosuppressive mechanisms, with both ICs and IL10 playing a central role in 

Tr1-mediated immunosuppression. 
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5.3. Adaptively tolerant CD4+ T-cells exhibit global signalling defects in multiple 

signalling pathways:   

As previously highlighted, signals 1 and 2 are crucial to initiating a T lymphocyte-

mediated immune response. However, in the absence of signal 2, T-cells enter a 

state of functional anergy, and is typically induced by TolDCs, which exhibit 

characteristics closely resembling those of immature DCs. Supporting this, early 

findings from this project indicate that EDI-treated mice present with DCs displaying 

immature morphology (Fig. 12A-F) and a tendency to bias towards inhibitory 

signalling (Fig. 12F). To explore this further, we investigated whether co-culturing 

chronically stimulated CD4+ T cells with previously LPS-activated DCs could restore 

their responsiveness. Whilst chronically stimulated CD4+ T cells retained some 

responsiveness to increased peptide titres, they remained largely refractory 

compared to acutely stimulated counterparts (Fig. 14A-F). This suggests that an 

environment rich in co-stimulation is insufficient to reinstate T-cell functionality, 

indicating that unresponsiveness is intrinsically mediated rather than due to 

insufficient co-stimulation. The paradoxical roles of NFAT in T-cell activation, 

tolerance, and exhaustion, may account for this intrinsic control of T-cell activation in 

this model. The lack of cooperative binding between NFAT and other transcription 

factor partners, such as AP-1, underscores the vast discrepancy within the functional 

outcome of NFAT signalling. This prompted us to assess whether chronic stimulation 

reconfigures TCR signalling towards an NFAT bias. To do this, we utilised two Nr4a 

reporters, whereby the increased expression of Nr4a3 can be used as a proxy for 

increased NFAT-biased signalling, given that Nr4a3 is NFAT-dependent (162). Thus, 
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we hypothesised that the reported NFAT bias in tolerised T-cells would correlate with 

increased Nr4a3-Timer expression.  

 

Contrary to expectations, adaptively tolerated CD4+ T-cells from Nr4a3-Tocky mice 

exhibited responses like those in Nur77-Tempo mice, indicating no NFAT signalling 

bias post-tolerance induction. This is consistent with findings by Chiodetti et al., who 

reported defects in multiple pathways, including calcium/NFAT, NFκB, and 

Ras/MAPK (104). However, the most significant impairment was within the 

calcium/NFAT pathway. Further supporting this, Bevington et al. observed reduced 

expression and inducibility of both Nr4a1 and Nr4a3 following tolerance induction 

(105). These results suggest multiple pathways downstream of the TCR and co-

stimulatory receptors are compromised following tolerance induction. While tolerance 

is associated with widespread inhibition across signalling pathways, NFAT remains 

critical for tolerance induction. However, post-induction, T-cells appear to sustain 

their hyporesponsive state independently of NFAT signalling, highlighting a distinct 

difference in the maintenance of dysfunctional states between CD8+ and CD4+ T-

cells. Whereas NFAT signalling is essential for both the induction and maintenance 

of CD8+ T-cell hyporesponsiveness following chronic stimulation (142), its role 

appears less critical for CD4+ T cells. 

 

In summary, our findings indicate that post-induction of tolerance is associated with 

intrinsic defects in T-cell signalling, as ensuring an environment rich in co-stimulation 

and antigen presentation is insufficient at rescuing T-cells from hyporesponsiveness. 

Interestingly, the maintenance of CD4+ T-cell tolerance occurs independently of 

NFAT signalling, in contrast to CD8+ T-cells, where NFAT remains crucial. Instead, 
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the global signalling defects exhibited across multiple signalling pathways indicate 

that T-cell tolerance is driven by broad signalling impairments rather than one single 

pathway. For the first time, this provides new insights into the intrinsic regulation of 

immune responses caused by chronic stimulation. 

 

5.4. Conserved biological mechanisms underpin divergent CD4+ T-cell states: 

The latter findings from this project suggest the existence of biologically conserved 

mechanisms across different states of T-cell dysfunction, indicating potential 

evolutionary conservation of these processes. Prior research from our laboratory 

demonstrates that combination treatment exerts synergistic effects on CD4+ T-cell 

activation in a model of accelerated adaptive tolerance (163). Specifically, these 

CD4+ T-cells displayed enhanced TCR signalling, leading to increased expression of 

activation markers ICOS and OX40. This is consistent with the current study, where 

co-blockade therapy resulted in a higher proportion of CD4+ T-cells responding to 

antigen (Fig. 20A-B), driven by the amplification of TCR signalling (Fig. 20C-E). 

Furthermore, co-blockade-induced qualitative shifts in T-cell phenotype (Fig. 20C), 

characterised by the upregulation of ICOS (Fig. 20F), OX40 (Fig. 20G), CD25 (Fig. 

20H) and GITR (Fig. 20I). Notably, both ICOS and OX40 have previously been 

identified as surrogate markers for PD-1 responsiveness (127). These findings were 

only evident when the assay was conducted in-vivo, as combination treatment did 

not seem to have much effect on both the quantity of responding T-cell (Fig. 19A-B), 

nor the phenotype of these T-cells (Fig. 19E-I) in-vitro. The discrepancy between 

these findings within the in-vitro and in-vivo assays highlights how in-vitro, the 

complex microenvironment initiating spatial and mechanical cues present within 

normal physiological contexts, needs to be improved. This project relies heavily on 
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these microenvironmental cues, given that the induction of tolerance and exhaustion 

directly results from the microenvironment. Thus, the in-vivo assay is much more 

representative of normal biological conditions and contexts.  

 

Despite potential differences in the mechanisms underlying tolerance across these 

models, ICs remain crucial in enforcing tolerance within CD4+ T-cells, particularly 

under conditions of chronic stimulation during more advanced stages of dysfunction. 

This suggests parallels exist between exhaustion and tolerance in CD4+ T-cells, 

where ICs are critical drivers of dysfunction. For example, previous studies have 

shown that combination therapies in tumour-bearing mice provide enhanced tumour 

protection and correlate with an upregulation of CD4+ T-cell-derived IFNγ (190). The 

introduction of IC blockade has revolutionised the therapeutic landscape for solid 

tumours, with substantial evidence supporting the superiority of combination 

therapies in eliciting robust anti-tumour immune responses. These enhanced 

responses are mainly due to the ability of combination therapies to counteract 

compensatory mechanisms, wherein the upregulation of multiple ICs can 

compensate for the inhibition of a single checkpoint (191) 

 

Beyond T-cell exhaustion, the tumour microenvironment (TME) also contributed to 

the induction and maintenance of T-cell tolerance as a mechanism of tumour-

immune escape (reviewed in (192)). The TME is a highly immunosuppressive milieu 

enriched in suppressive moieties and cytokines, which, together with the frequent 

MHCII restriction of tumour neoantigens  (114,115), supports the induction of T-cell 

tolerance under these conditions. This project provides novel insights suggesting 

that combination therapies may reverse T-cell tolerance, with possible applications in 
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tumour immunotherapy. However, this was not directly addressed within this project. 

Furthermore, in contrast to exhaustion, tolerance is increasingly associated with 

additional negative regulators such as Cbl-b. Whether IC blockade alone can 

overcome tumour-induced T-cell tolerance remains to be fully elucidated and 

warrants further investigation.  

 
 
5.5. Discussion summary: 

This thesis demonstrates that various conserved biological mechanisms are shared 

across different states of T-cell dysfunction, including exhaustion and tolerance. 

Importantly, ICs play a crucial role in regulating tolerance, often in collaboration with 

factors like Cbl-b. ICs likely enforce tolerance by reducing TCR signalling strength in 

chronically stimulated CD4+ T-cells, though their role shifts in adaptive differentiation 

into the Tr1 lineage. In this context, ICs maintain the tolerising phenotype and 

functionality of Tr1-like cells. Despite ICs primarily inhibiting T-cell responses to 

antigens, adaptive differentiation into the Tr1 lineage creates a unique signalling 

environment that remains misunderstood. While ICs are involved in T-cell 

exhaustion, they alone cannot fully define or characterise it, as all antigen-

experienced T-cells express them. Therefore, further research is needed to define 

CD4+ T-cell exhaustion better and determine if adaptive tolerance is a form of CD4+ 

T-cell exhaustion. 

 

5.6. Future direction: 

Future experiments to expand our knowledge of the functional adaptations of CD4+ 

T-cells will allow us to gain a more comprehensive understanding of the effects of 

chronic stimulation on CD4+ T-cells. Within the literature, adaptive tolerance and 
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clonal anergy are distinct biochemical states (104), with adaptive tolerance sharing 

more features with exhaustion. Given this, it would be interesting to ascertain 

whether a resting period whereby tolerised T-cells are isolated from splenocytes and 

placed in culture could reverse their hyporesponsive state. This has been shown to 

work with exhausted CAR T-cells (193). Further to this point, removing IL10hi Tr1-like 

populations from the culture before either a resting period or antigenic rechallenge 

may also restore the ability for IL10- populations to respond.  

 

Further attempts would also consider targeting of multiple T-cell regulators to 

determine their combined importance in regulating CD4+ T-cell hyporesponsiveness 

under these chronic conditions. For example, Cbl-b has been repeatedly mentioned 

as an important driver of T-cell tolerance and may work in concert with ICs to 

maintain hyporesponsiveness. Small molecular inhibitors of Cbl-b have been created 

(194) and are currently undergoing clinical trials for the treatment of solid tumours 

(ClinicalTrials.gov ID: NCT05107674). Given that within this thesis we show that ICs 

are important in mediating tolerance-related hyporesponsiveness, combination of 

ICB with Cbl-b inhibitors may provide synergistic effects to restore the functionality 

and signalling of these adaptively tolerised T-cells. Furthermore, subsequent 

experiments would also consider comparing T-cells under different chronic 

conditions. For example, in a tumour model, to see whether selection into the Tr1-

lineage is as essential, and if so, administering ICB affects these Tr1-like populations 

the same as in this project. It would also be interesting to conduct transcriptional 

analysis of these Tr1-like populations following combination therapy, to see if the 

restored TCR signals induce changes in the phenotype and function of these 

populations.  
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7. Appendices  
 

 

Figure 22 - In-vitro analysis comparing Tr1-like population responses within Acute 
and Chronic conditions. 

A) Histogram overlays comparing the expression of FT-Blue, B) FT-Red and C) Il10-GFP 
between Tr1-like cells induced in response to acute or chronic stimulation. D) scatter graph 
showing changes in expression of FT-Blue, E) FT-Red and F) Il10-GFP between Tr1-like 
populations from Acute and chronic conditions. data representative of two independent 
experiments, n=3 and n=4, overall n=7. Statistical analysis by Two-way ANOVA. Significance 
represented as *p≤0.05, **P≤0.01, ***p≤0.001, ****p≤0.0001.    
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