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1. Introduction 
 
1.1 Overview of the Immune System 

1.1.1 Innate and Adaptive Immune System 

The immune system consists of a network of specialized cells that cooperate to defend 

the host from foreign pathogens through orchestrated immune responses. This network 

is traditionally divided into two categories; innate and adaptive immunity. The innate 

immune network serves as the first line of defence against foreign pathogens, employing 

rapid non-antigen specific mechanisms for the clearance of pathogens and abnormal 

cells. Some key cellular components to this network include: natural killer (NK) cells and 

innate lymphoid cells (ILCs), macrophages, and dendritic cells (DCs). 

NK cells mediate rejection of tumours and clearance of virus-infected cells. They exert 

granules, containing perforin and granzymes, inducing apoptosis of target cells (Kim et al. 

2000). NK cells contribute to immune responses through functional activation and 

enhancement of antigen-presenting cells (APCs) or influence T-helper 1 (Th) responses 

within  the adaptive immunity (Mocikat et al. 2003; Filipe-Santos et al. 2006). ILCs, on the 

other hand, can be more involved in regulatory roles, with distinct subsets (ILC-1, ILC-2, 

ILC-3). They orchestrate immune responses through specific cytokines production such 

as interferon-γ (IFN-γ), interIeukin (IL)-4 and IL-17, ensuring homeostasis. Macrophages 

and DCs have phagocytic capabilities of engulfing antigens from the environment through 

recognition of danger-associated molecular patterns (DAMPs) and pathogen-associated 

molecular patterns (PAMPs) from infected or damaged cells. These cells further function 

as APCs by processing the engulfed antigens and presenting peptide fragments on either 

major histocompatibility complex (MHC) class I or II molecule. These peptide-MHC 

complexes are essential for the activation of B and T- cells; a key mechanism to trigger 

downstream adaptive immune responses. 

The adaptive immunity - consisting of B and T cells - is antigen-specific and has 

immunological memory. It functions primarily to distinguish between “non-self” and “self” 

antigens, as well as eliminating specific pathogens. The acquired immunological memory 

obtained allows robust elimination of specific pathogen after repeated exposures. Hence, 

the adaptive immune network serves as an essential basis for effective immunization 
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against diseases. B cells arises from the bone marrow, and governs humoral or antibody-

mediated immunity. Upon encountering foreign antigens, B cells become activated and 

undergo clonal expansion as well as differentiation into memory B cells or antibody-

secreting plasma cells. Memory B cells persists long-term with retention of antigen-

specific receptors, allowing active recall of responses upon antigen re-exposure. In 

contrast, plasma cells are relatively short-lived but are critical in directing antibody-

dependant cellular cytotoxicity (ADCC); a mechanism where target pathogens are 

bounded by antibodies, marking them for destruction by other immune cells (Yeap et al. 

2016).  

1.1.2 T cells and cell-mediated immunity 

T cells are bone marrow-derived leukocytes that undergo maturation in the thymus. These 

matured T cells are further categorised based on the expression of cluster of differentiation 

(CD) receptors – primarily CD4+ and CD8+ T cells. Mature T cells express unique T-cell 

receptors (TCRs), enabling antigen-specific recognition. Activation of T cells occurs 

through encounter with peptide antigens presented on MHC molecules on APCs. This is 

them followed by clonal expansion and subsequently differentiation into either cytotoxic T 

lymphocytes (CTLs; CD8+ cells) or T-helper (Th) CD4+ T cells. CD8+ CTLs recognises 

peptide antigen presented on MHC-I molecules, and can pursue direct destruction of 

virus-infected cells or malignant cells; through secretion of perforin-granzyme or mediate 

apoptosis of target cells through Fas-FasL (Foulds et al. 2002). 

In contrast, CD4+ Th cells play the pivotal support role in maximizing immune responses. 

Consisting of various subsets, CD4+ Th cells are very heterogenous, characterized 

through expression of distinct transcription factors and cytokine profiles (Table 1). These 

Th cells conventionally do not perform cytotoxic or phagocytic activities. Instead, they 

orchestrate immune responses through modulating functions of other immune cells. 

Unlike the CTLs, Th cells recognises peptide antigens presented on MHC-II molecules by 

professional APCs. Following activation, Th subsets secrete an array of cytokines that 

modifies effector cell differentiation, proliferation and function of immune cells.  
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Table 1.1: Summary table depicting CD4+ T cell subsets and its characteristics. 
Differentiation of naïve CD4+ T cells are driven by different cytokines and these Th subsets 
harbour distinct transcription factors, functions and cytokine profiles. Table summarised 
from Golubovskaya and Wu (2016); Montauti et al. (2024).  
 
1.1.3 The immune system in cancer 

Cancer refers to a large group of diseases that constitutes abnormal growth of cells due 

to malignant transformation. The concept of tumour immunosurveillance, defined by 

Burnet and Thomas, proposes that the immune system bears vigilance towards 

elimination of emerging malignant cells (Burnet 1971; Thomas 1982). This was 

exemplified in a study employing the immunodeficient Recombination activating gene 2 

protein knockout (RAG2-/-) mice, where engraftment of sarcomas from donor wildtype 

(WT) mice were successful in these RAG2-/- mice; emphasising the prime role of the 

adaptive immunity in cancer (Shankaran et al. 2001). Concurrently, this study also 

demonstrated the influence of the immune system in developing low immunogenicity 

tumours, yielding its subsequent disease progression. This paradoxical phenomenon led 

to the cancer immunoediting model which harbours three phases – elimination, 

equilibrium and escape (Dunn et al. 2002).  

The first elimination phase represents the cooperation between the immune network in 

the clearance of malignant cells. However, certain tumour variants may still persist, where 

CD4 Subset Transcription 
factors

Functions Cytokine 
Profile

Th1 T-bet • Activates bactericidal activities of 
macrophages

• Enhances immunity against intracellular 
pathogens

IFN-γ, 
TNF-α

Th2 GATA-3 • Stimulates B-cells
• Recruits mast cells, eosinophils and 

basophils to target parasites

IL-4, IL-5, 
IL-13

Th9 PU.1 • Enhances CD4+ T cell expansion
• Recruits mast cells to target parasites

IL-9, IL-21

Th22 AhR • Distinct functions unclear but have been 
shown to promote repair of epithelial 
barriers and heighten responses against 
pathogens (Aujla et al. 2008; Eyerich et 
al. 2009)

IL-22

Th17 RORγt • Recruits neutrophils to target extracellular 
bacteria or fungi

IL-17, IL-21, 
IL-22, IL-25,
IL-26

T regulatory 
cells (Treg)

FOXP3 • Regulates T cell responses and 
proliferation

IL-10, 
TGF-β

T follicular 
helper (Tfh)

Bcl-6 • Stimulated production of high-affinity 
antibodies from B cells

IL-4, IL-21

Naïve 
CD4+ T cells

IL-12, IFN-γ

IL-4

IL-4, TGF-β 

IL-6, TNFIL-1,-6,-23, TGF-β 

IL-2, TGF-β 

IL-6, IL-21
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they progress into the equilibrium phase. In this phase, the variants then remain dormant 

and are clinically unapparent long-term. Finally, these dormant variants then obtain 

immune evasive capabilities due to genetic and epigenetic changes from the extended 

immune pressure. They employ various strategies to obtain a reduced immunogenicity 

such as; reduced antigen presentations, downregulation of immune checkpoint 

molecules, as well as impairing cytokine responses. With the dormancy broken, these 

unrestrained tumour variants manifests to be clinically apparent. 

1.2 CD4 T cells in cancer 

1.2.1 Multifaceted roles of Th subsets in cancer  

As mentioned, CD4+ T cells are heterogenous as they comprise of various polarised 

subsets (Table 1). Early cancer studies primarily focused on CD8+ T cells due to their 

direct cytotoxic killing abilities, and that many cancer entities lack MHC-II expression. In 

recent years, studies have begun to unveil the importance of CD4+ T cells as important 

contributors of immune responses in the tumour microenvironment (TME).  

Th1 cells secretes mainly IFN-γ and tumour necrotic factor alpha (TNF-α), which are 

pivotal in driving anti-tumour responses (Liew 2002; Corthay et al. 2005; Dobrzanski 

2013). These cytokines enhance CTL function through various ways including; modulating 

gene profiles, downregulating inhibitory molecules, and sustain CD27 co-stimulation with 

DCs (Ahrends et al. 2017). This was further exemplified by Hoepner et al. (2013) where 

brain tumour-bearing mice exhibited better tumour control following co-transfer of Th1-

CTLs cells (Hoepner et al. 2013). Th1 cells also orchestrates promotion of cytotoxic 

mediators (e.g granzyme B and perforin) from immune cells (Tau et al. 2001; Takeda et 

al. 2002; Maimela et al. 2019), which further modulates tumour immunogenicity through 

regulation of their checkpoint molecules, including Programmed cell-death ligand 1 (PDL-

1) and Chemokine (C-X-C motif) ligand 9 (CXCL9) (Freeman et al. 2021). Additionally, 

IFN-γ concurs MHC upregulation, thereby promoting tumour antigen presentation, and 

subsequently drives macrophage polarisation towards the proinflammatory M1 phenotype 

(Tau et al. 2001). More importantly, the presence of Th1 cells in tumours associates with 

favourable clinical outcome across most cancer variants (Bindea et al. 2013; Fridman et 

al. 2017). Paradoxically, chronic Th-1-driven inflammation can support tumour 

progression instead, through induction of IDO (indoleamine-2,3-dioxygenase) enzyme or 
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recruitment of the myeloid-derived suppressor cells (MDSCs) to the TME, dampening the 

overall anti-tumour responses (Lee et al. 2003; Muller et al. 2008).  

Th2-driven cytokines were initially reported to promote tumour angiogenic functions and 

suppression of anti-tumour responses (Tataroğlu et al. 2004; Chraa et al. 2019). However, 

there are evidences demonstrating tumour regression by Th2 cells. IL-4, the hallmark Th2 

cytokine, can induce necrosis in solid tumours (Volpert et al. 1998), and correlates with 

reduced vascularisation and tumour growth (Saleh et al. 1997). Furthermore, IL-4 

mediates anti-tumour functions through eosinophils and macrophages (Tepper et al. 

1992),  whereas IL-13, another prime Th2 cytokine, mediates through neutrophils and 

macrophages (Ma et al. 2004). Ironically, in some cases, IL-13 dampens anti-tumour 

functions via inhibition of IFN-γ secretion from immune cells, impairing overall CTLs 

efficacies (Terabe et al. 2000). Despite this, clinical data have shown an association 

between Th2 immunity and efficacy of immune checkpoint inhibitor therapy (ICI). 

Blomberg et al. (2023) reported increased frequencies of intratumoural eosinophils in ICI 

patient responders, which further enhanced tumoricidal effects from CTLs, and attuned 

the TME to favour tumour control (Blomberg et al. 2023).  

Th17 and its characteristic cytokine, IL-17, have been observed in serum, peripheral blood 

mononuclear cells (PBMCs), and in the TME of various cancers (Chang 2019). Th17 

harbours both cancer-promoting or -inhibiting capabilities, depending on the cancer type.  

The pro-tumorigenic function of Th17 is usually linked to chronic inflammation (Punt et al. 

2015). In inflammation-associated cancers such as colon, lung, gastric or liver cancers, 

elevated levels of Th17 tumour-infiltrating lymphocytes (TILs) are associated with 

unfavourable prognosis (Zhang et al. 2009; Chen et al. 2010; Tosolini et al. 2011; Yamada 

et al. 2012). In contrast, ovarian cancer patients with higher Th17 TILs showed 

significantly higher survival rates as compared to the latter; likely due to IL-17-associated 

anti-angiogenic chemokines such as CXCL2 or CXCL9 (Kryczek et al. 2009).  

Regulatory T cells (Tregs), are perhaps the most studied subset in cancer. Conventionally, 

Tregs function to maintain immune tolerance and homeostatic responses. However, in the 

TME, Tregs supports tumour growth via inhibition of various mechanisms of anti-tumour 

immunity (Woo et al. 2002; Gobert et al. 2009; Spranger et al. 2013). They downregulate 

effector cell mechanisms via engagement of inhibitory molecules as Cytotoxic T-
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lymphocyte associated protein 4 (CTLA-4) and Programmed cell death protein 1 (PD-1), 

or secretion of anti-inflammatory cytokines (Paterson et al. 2015; Wing et al. 2019). Upon 

chemotactic recruitment to the TME, secretion of IL-10 and Transforming growth factor 

beta (TGF-β) represses CTL functions, impair other Th subset differentiation, and restrain 

effector cell proliferation through IL-2 deprivation (Liu et al. 2011; Boyman and Sprent 

2012; Wang et al. 2012). Tumour-derived Tregs also upregulate other immune checkpoint 

molecules and subsequently promotes tumour progression through limiting effector cell 

function (Yu et al. 2009; Sakuishi et al. 2013). Indeed, accumulation of Tregs in patients 

associates with poor prognosis across cancers (Liu et al. 2017). Therefore, research 

efforts were channelled towards diminishing suppressive mechanism of Tregs to enhance 

overall anti-tumour immunity (Quezada et al. 2006; Tan et al. 2020).  

Collectively, these studies highlight the multi-faceted role of CD4+ T cells in cancer. 

However, due to its complexity, Th cell functions in many cancer studies concerning CTLs, 

are overlooked; despite CD8+ T cells dependency on Th functions. 

1.2.2 Cytotoxic CD4+ T cells  

Early evidences of CD4+ T cytotoxic cells were initially overlooked as in-vitro artefacts, as 

cytotoxicity was believed to be CD8+ CTLs exclusive (Cenerenti et al. 2022). However, 

later in-vivo studies demonstrated the presence of antigen specific CD4+ CTLs in both 

mouse and humans in various settings (Lukacher et al. 1985; Maimone et al. 1986). Since 

then, research interest in CD4+ CTLs concerning cancer have expanded; though their 

ontogeny, mechanisms and plasticity still remains elusive. Extensive single-cell RNA 

sequencing analyses of TILs revealed CD4+ CTLs harbor cytolytic molecules such as 

granzymes, perforin, and other granule-associated proteins (e.g, NKG7, granulysin), both 

in tumour and in circulation of patients with various solid tumours (Puram et al. 2017; Azizi 

et al. 2018; Guo et al. 2018; Zhang et al. 2018, 2019; Zhou et al. 2020; Cachot et al. 2021). 

Functionally, CD4+ CTLs were shown to perform direct tumoricidal function in an MHC-II-

dependent manner in a preclinical study using melanoma models (Quezada et al. 2010). 

In line with this, antigen-specific CD4+ CTLs, targeting New York esophageal squamous 

cell carcinoma-1 (NY-ESO-1) or Melanoma-associated antigen-3 (MAGE-A3), also 

exhibited direct granzyme-dependent cytotoxicity against tumour cells that received IFN-

γ pre-stimulation or engineered to express MHC-II (Cachot et al. 2021). Adoptive transfer 
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of tumour-specific CD4+, such as Tyrosinase-related protein 1 (TRP-1) CD4+ T cells, in 

combination with CTLA-4 or CD137 agonists, into lympophenic mice promoted 

proliferation and tumour clearance (Quezada et al. 2010; Hirschhorn-Cymerman et al. 

2012; Akhmetzyanova et al. 2016). Recently, it was shown that CD4+ T cells are required 

for eradication of MHC-I deficient melanoma tumours which have escaped CD8+ CTL 

mechanisms; both via direct recognition of MHC-II+ tumour cells and indirect mechanisms 

involving interaction with MHC-II+ CD11c+ APCs (Kruse et al. 2023). This was also further 

supported by a study by Bawden et al. (2024) where the authors revealed interactions of 

CD4+ T cells with tumour-associated APCs. Eradication of melanoma cells by the CD4+ T 

cells was mainly through TNF-α and FasL interactions (Bawden et al. 2024). Collectively, 

these studies exhibited some of the diverse cytotoxic mechanisms of cytotoxic CD4 T 

cells; nevertheless, they underscore the therapeutic potential of CD4+ T cells in cancer 

therapy. 

Several combinations of transcription factors have been proposed to define cytotoxic 

CD4+ T cells; such as T-box transcription factor (T-bet), Eomesodermin (Eomes), T-

helper-inducing POZ/Krueppel-like factor (ThPOK), and B lymphocyte-induced maturation 

protein-1 (BLIMP-1) (Qui et al. 2011; Kitano et al. 2013; Weiskopf et al. 2015; Serroukh et 

al. 2018; Śledzińska et al. 2020). While ThPOK drives CD4+ lineage commitment, its 

downregulation, in combination with T-bet and Runx3 signaling, has been suggested to 

be essential for cytotoxic CD4+ T cell differentiation (Mucida et al. 2013). Eomes, known 

for promoting IFN-γ production in CD8+ CTLs, appeared to be crucial for granzyme B 

production by cytotoxic Th1 cells post CD134 and CD137 co-stimulation (Qui et al. 2011). 

BLIMP-1 is recently proposed as a marker of cytotoxic CD4+ T cells as it is associated 

with enhanced granzyme B production and cytotoxic differentiation. Interestingly, in this 

study, the authors also demonstrated that T-bet expression was required for overall 

function but not specifically for cytotoxic function of tumour-reactive CD4 T cells 

(Śledzińska et al. 2020). Despite these findings, the ontogeny of cytotoxic CD4+ T cells 

still remains to be controversial across different disease context, especially in cancer (Oh 

and Fong 2021).  
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1.4 CD226 (DNAM-1) in Cancer Immunity 

1.4.1 CD226 Axis  

The DNAX accessory molecule 1 (DNAM-1) or CD226, was first described by Burns et 

al., in 1985 and Shibuya et al., later pioneered in the investigation of its roles in lymphocyte 

adhesion and function (Burns et al. 1985; Shibuya et al. 1996). CD226 is expressed on a 

multitude of immune cells including T, NK and B cells, monocytes and platelets. Thorough 

characterisation of CD226 in T and NK cells revealed it to be a crucial co-stimulatory 

receptor for signalling via its shared ligands – CD155 (poliovirus receptor; PVR) and 

CD112 (Nectin-2) (Shibuya et al. 1996; Dardalhon et al. 2005; Gilfillan et al. 2008). CD226 

also belongs to a smaller immune regulatory network – often termed as CD226 axis – 

which also includes TIGIT (T cell immunoreceptor with Ig and ITIM domains) and CD96 

(TACTILE), where they compete to bind CD155 (Figure 1.1).  

  

Figure 1.1: Interactions within the CD226 axis 
Line thickness represents binding affinity. Upon ligand binding, phosphorylation at the 
cytoplasmic tail of CD226 and TIGIT/CD96, transmit co-stimulatory or co-inhibitory signals 
respectively. Picture taken from Conner et al. (2022). 
 
CD226 harbours 3 domains: an extracellular domain, a transmembrane domain. and a 

cytosolic domain. The extracellular domain governs ligand recognition, adhesion as well 

as immune synapse formation. The cytosolic domain contains 2 conserved 

phosphorylation residues: tyrosine 319 (Y319) and serine 326 (S326) in mice, and tyrosine 
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322 (Y322) and serine 329 (S329) in humans. Signalling cascades following 

phosphorylation by Fyn (a src kinase) and protein kinase C (PKC) at these sites have 

modifying roles on overall effector cell function. For instance, in mouse, phosphorylation 

at Y319, but not S326, regulates NK cell function and cytotoxicity (Zhang et al. 2015). In 

humans, phosphorylation at S329 was shown to be crucial for ligand binding and co-

localisation with Lymphocyte function-associated antigen 1 (LFA-1) in lipid rafts for 

effective immunological synapse (IS) formation in both NK and T cells (Shibuya et al. 

1998, 1999). This interaction is especially important in NK cells, with LFA-1 then enabling 

phosphorylation of Y322 and advancing downstream signalling, ultimately driving effector 

functions (Kim and Long 2012).   

1.4.2 Role of CD226 in NK and T cells in cancer 

CD226 was established to be vital in anti-tumour function, especially in NK and T cells. 

CD226-deficient mice had impaired overall cytotoxicity and failed to control tumour growth 

and these tumours exhibited upregulated expression of CD155 and CD112 (Iguchi-

Manaka et al. 2008). In NK cells, CD226 engagement with its ligands is crucial for NK cell-

mediated cytotoxicity. This ligation preserves stable interaction between NK cells and 

tumour cells, allowing efficient granule polarization and degranulation (Kim et al. 2017).  

With cancer studies predominantly focused on CD8+ CTLs, it has become more apparent 

that CD226 bears a larger striking role in CD8+ T cells. Increased CD226-expressing CD8+ 

TILs in gastric cancer patients correlated with increased IFN-γ expression and ultimately, 

better clinical outcome. However, the observed increased CD226 expression was also 

paralleled with TIGIT upregulation, highlighting the regulatory mechanism of the CD226 

axis (Huang et al. 2023). When co-expressed, TIGIT binds with higher affinity to CD155 

than CD226, thereby promoting a preferential immunosuppressive signal. TIGIT disrupts 

CD226 homodimerization through cis interactions, hindering CD226-driven downstream 

signalling (Stengel et al. 2012). Recently, PD-1 was also reported to be involved in CD226 

regulation as CD226 also serves as a substrate involved in the PD-1 signalling cascade 

(Banta et al. 2022).  

Preclinical studies have further emphasized the importance of CD226 expression on CD8+ 

TILs in cancer therapy. For example, in non-small cell lung cancer (NSCLC) patients, 

effective anti-tumour responses following PD-1/PD-L1-targeted therapy and anti-TIGIT 
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treatment requires the availability of CD226-expressing CD8+ T cells (Banta et al. 2022). 

Similarly, melanoma patients with high CD226-expressing CD8+ T cells had extended 

progression-free survival rates after ICI therapy (Braun et al. 2020). Finally, a deficiency 

in CD226 expression negates therapeutic mechanisms of anti-CD137, anti-GITR and anti-

CTLA-4 in various tumour models (Wang et al. 2018; Braun et al. 2020). These past 

extensive studies certainly poised CD226 as an agonistic target for immunotherapy. 

However, therapeutic targeting of CD226 still remains a challenge as its diverse 

expression on immune cells, poses potential risks of complex pharmacological responses. 

To date, only one anti-CD226 agonist (LY3435151, Eli Lilly) reached phase 1 clinical trials, 

but was later terminated due to unspecified reasons (Conner et al. 2022). Although one 

can speculate reasons for the termination, the interest to further understand and 

manipulate CD226 and its axes for cancer therapy still remains.  

Overall, these findings emphasize the indispensable role of CD226 in driving effective 

anti-tumour responses, particularly in CD8+ CTLs and NK cells. However, despite these 

in-depth researches, the roles and regulations of CD226 in CD4+ T cells concerning anti-

tumour immunity has yet to be fully elucidated. Given the growing interest in both the 

cytotoxic and regulatory capabilities of CD4+ T cells in TME, understanding CD226’s 

influence on CD4+ T cells presents as a research gap and potentially a promising avenue 

for clinical research.   

1.4.3 Emerging roles of CD226 in CD4+ T cells 

As aforementioned, Tregs function to impede anti-tumour responses. Early cancer studies 

concerning the CD226 axis in CD4+ T cells were therefore focused on modulating the 

regulatory functions of Tregs. Shown in one study, melanoma-derived Tregs with a low 

CD226/TIGIT expression ratio were highly suppressive, and correlated with poorer clinical 

outcome upon ICI therapy (Fourcade et al. 2018). Thereby, providing a rationale for 

immunotherapies to enhance CD226 activation whilst blocking TIGIT to modulate Tregs’ 

suppressive functions in cancer. Mechanistically, in NK cells, activation of downstream 

CD226 signaling represses Forkhead box protein 1 (FOXO1), a negative regulator of NK 

cell function. This transcription factor is  also responsible for Treg differentiation through 

Forkhead box protein 3 (FOXP3) regulation – resulting in IFN-γ production as well as 

reduced inhibitory function (Ouyang et al. 2012; Du et al. 2018). While these pathways 
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were individually explored in NK cells and Tregs, it remains unclear whether CD226 

directly modulates FOXO1 in Tregs. Recently, opposing studies have further suggested 

conflicting roles for CD226 in Treg stability (Sato et al. 2021; Ma et al. 2023). Hence, the 

precise role of CD226 in Treg suppressive function remains largely debatable. 

With an expanding interest of CD4+ T cells in anti-tumour immunity, the mechanism and 

function of CD226 in this context is still yet to be fully understood, despite the presence of 

CD226+ CD4+ T cells in tumours (Huang et al. 2023). Shibuya et al., demonstrated that 

CD226 is further required for efficient Th1 polarization in human CD4+ T cells, through its 

association with LFA-1 upon activation (Shibuya et al. 1996). This was also similarly 

reported by Dardalhon et al. (2005), where in-vivo administration of blocking CD226 

antibody hindered Th1 expansion (Dardalhon et al. 2005). Engagement of CD226 was 

further shown to mobilize Vav Guanine Nucleotide Exchange Factor 1 (VAV1) allowing 

synergy with TCR signals and promotes IL-17 production in primary human CD4+ T cells 

(Gaud et al. 2018). Beyond regulation by TIGIT and PD-1, previous data from our lab 

demonstrated that ligation with CD155 promotes phosphorylation at the tyrosine residue, 

directing downstream ubiquitination involving the E3 ubiquitination ligase Cbl-b (Braun et 

al. 2020). This cascade subsequently resulted in internalization and degradation of CD226 

in CD8+ T cells. Ultimately, these CD226Low CD8+ T cells became dysfunctional. Whether 

a similar mechanism operates in CD4+ T cells, remains unknown. Overall, these findings 

highlight the need to further understand the contribution of CD226 in CD4+ T cells, 

especially in the context of cancer. 

1.5 Thesis Aims 

Many cancer studies historically overlooked CD4+ T cell functions, predominantly focused 

on CD8+ T cells due to their direct killing capabilities and the lack of MHC-II expression in 

various tumour entities. This has poised CD8+ T cells as prime candidates for cancer 

immunotherapy, especially in immune checkpoint blockade or adoptive transfer therapies. 

In recent years, accumulating evidences have since unveiled the critical contributions of 

CD4+ T cells in in sustaining and maximizing anti-tumour responses in many cancers 

through diverse mechanisms. This includes an emerging interest in cytotoxic CD4+ T cell 

subsets, whose ontogeny and functions remains elusive – further complicating the CD4+ 

T cell pool in cancer. 
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Our lab and many others have described the relevance of CD226 and its downstream 

mechanisms of anti-tumour functions in CD8+ T cells. However, the role and regulation of 

CD226 in CD4+ T cells, especially in the context of anti-cancer responses, remains to be 

interrogated. Understanding this would leverage opportunities to harness the CD226 axis 

for future therapeutic advantages, 

We therefore hypothesize that CD226 expression in tumour-reactive CD4+ T cells is 

required for accelerating effective anti-tumour responses with aims summarized as 

follows:  

1. Characterise CD226 expression on CD4+ T cells in cancer. 

2. Decipher the regulation of CD226 in CD4+ T cells in the TME. 

3. Investigate the functional relevance of CD226 in tumoricidal CD4+ T cells  
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2. Materials and methods 
 
2.1 Materials 

2.1.1 Fluorochrome-conjugated antibodies 

Table 2.1: Overview of fluorochrome-conjugated antibodies 

Antibody Conjugate Clone Source  Identifier 

Anti-mouse CD3ε BUV395 145-2C11 BD Biosciences Cat#: 564144 

RRID: AB_2738618 

Anti-mouse NK1.1 BUV395 PK136 BD Biosciences Cat#: 563565 

RRID: AB_2738278 

Anti-mouse 
CD45.2 

BUV395 104 BD Biosciences Cat#: 564616 

RRID: AB_2738867 

Anti-human CD8 BUV395 RPA-T8 BD Biosciences Cat#: 563795 

RRID: AB_2722501 

Anti-human TCR 
αß 

BUV395 IL26 BD Biosciences Cat#: 745569 

RRID: AB_2722501 

Anti-human CD45 BUV395 HI30 BD Biosciences Cat#: 563792 

RRID: AB_2869519 

Anti-mouse CD4 BUV496 GK1.5 BD Biosciences Cat#: 612952 

RRID: AB_2813886 

Anti-mouse CD4 BUV805 GK1.5 BD Biosciences Cat#: 612900 

RRID: AB_2827960 

Anti-human CD3 BUV805 UCHT1 BD Biosciences Cat#: 612895 

RRID: AB_2870183 

Anti-mouse PD-1 
(CD279) 

BUV615 RMP1-30 BD Biosciences Cat#: 752354 

RRID: AB_2875871 

Anti-human CD4 BUV615 OKT4 BD Biosciences Cat#: 612988 

RRID: AB_2870259 

Anti-mouse CD8α BUV737 53-6.7 BD Biosciences Cat#: 612759 
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RRID: AB_2870090  

Anti-mouse CD62L BUV737 MEL-14 BD Biosciences  Cat#: 612833 

RRID: AB_2870155 

Anti-mouse TCRß BUV737 H57-597 BD Biosciences Cat#: 612821 

RRID: AB_2870145 

Anti-human CD25 BUV737 2A3 BD Biosciences Cat#: 612807 

RRID: AB_2916878 

Anti-human T-bet BV785 4B10 Biolegend Cat#: 644835 

RRID: AB_2721566 

Anti-mouse CD226 BV786 10-E5 BD Biosciences Cat#: 744611 

RRID: AB_2871596 

Anti-mouse CD226 BV711 10-E5 BD Biosciences Cat#: 750915 

RRID: AB_2875002 

Anti-mouse CD183 
(CXCR3) 

BV605 CXCR3-
173 

Biolegend Cat#: 126523 

RRID: AB_2561353 

Anti-human CD197 
(CCR7) 

BV605 G043H7 Biolegend Cat#: 353223 

RRID:AB_11124325 

Anti-mouse CD137 
(4-1BB) 

BV650 1AH2 BD Biosciences Cat#: 740499 

RRID: AB_2740222 

Anti-mouse TIGIT BV650 1G9 BD Biosciences Cat#: 744212 

RRID: AB_2742061 

Anti-mouse MHC-II 
(I-A/I-E) 

BV650 M5/114.1
5.2 

Biolegend Cat#: 107641 

RRID: AB_2565975 

Anti-mouse 
CD45.1 

BV650 A20 Biolegend Cat#: 110736 

RRID: AB_2562564 

Anti-mouse IL-17A BV650 TC11-
18H10.1 

Biolegend Cat#: 506930 

RRID: AB_2686975 

Anti-human RORγt BV650 Q21-559 BD Biosciences Cat#: 563424 

RRID: AB_2738197 

Anti-mouse TCRß BV510 H57-597 Biolegend Cat#: 109233 
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RRID: AB_2562349 

Anti-mouse CD19 BV510 6D5 Biolegend Cat#: 115556 

RRID: AB_2562136 

Anti-human CD25 BV510 BC96 Biolegend Cat#: 302639 

RRID: AB_2629671 

Anti-mouse RORγt BV421 Q31-378 BD Biosciences Cat#: 562894 

RRID: AB_2687545 

Anti-mouse T-bet BV421 OK136 Biolegend Cat#: 644816 

RRID:AB_10959653 

Anti-mouse 
CXCR4 

BV421 L276F12 Biolegend Cat#: 146511 

RRID: AB_2562788 

Anti-mouse CD127 
(IL-7Ra) 

BV421 A7R34 Biolegend Cat#: 135027 

RRID: AB_2563103 

Anti-mouse 
FOXP3 

eFluor 450 FJK-16s eBioscience Cat#: 48-5773-82 

RRID: AB_1518812 

Anti-human TIGIT eFluor 450 MBSA43 eBioscience Cat#: 48-9500-42 

RRID: AB_2637413 

Anti-mouse CD112 
(Nectin-2) 

BV421 829038 BD Biosciences Cat#: 748046 

RRID: AB_2872507 

Anti-mouse 
CD107a (LAMP-1) 

BV421 1D4B Biolegend Cat#: 121618 

RRID:AB_10896064 

Anti-mouse 
Granzyme B 

Pacific 
Blue 

GB11 Biolegend Cat#: 515408 

RRID: AB_2562196 

Anti-human IL-17A Pacific 
Bluie 

BL168 Biolegend Cat#: 512311 

RRID: AB_961393 

Anti-mouse MHC-I 
(H-2Db) 

BV421 KH95 BD Biosciences Cat#: 743535 

RRID: AB_2741567 

Anti-mouse CD4 PerCP RM4-5 BD Biosciences Cat#: 553052 

RRID: AB_394587 
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Anti-mouse TNF-α PerCP/Cy5
.5 

MP6-
XT22 

Biolegend Cat#: 506322 

RRID: AB_961434 

Anti-mouse 
GATA3 

Alexa 
Fluor 647 

L50-823 BD Biosciences Cat#: 560068 

RRID: AB_493319 

Anti-human IL-10 Alexa 
Fluor 647 

JES3-
9D7 

Biolegend Cat#: 501414 

RRID: AB_1645316 

Anti-mouse CD25 Alexa 
Fluor 700 

PC61 Biolegend Cat#: 102024 

RRID: AB_493709 

Anti-mouse CD69 APC H1.2F3 eBioscience Cat#: 17-0691-82 

RRID: AB_1210795 

Anti-mouse CD155 
(PVR) 

APC TX56 Biolegend Cat#: 131510 

RRID:AB_10640453 

Anti-mouse 
Perforin 

APC S16009A Biolegend Cat#: 154303 

RRID: AB_2721462 

Anti-mouse Blimp-
1 

APC 5E7 Biolegend Cat#: 150007 

RRID:AB_2728186  

Anti-mouse IL-10 APC JES5-
16E3 

Biolegend Cat#: 505009 

RRID: AB_315363  

Anti-human CD69 APC FN50 Biolegend Cat#:310909 

RRID: AB_314844  

Anti-human CD155 
(PVR) 

APC/Fire 
750 

SKIL4 Biolegend Cat#: 337626 

RRID: AB_2800897 

Anti-mouse KLRG-
1 

PE/Cy7 2F1 eBioscience Cat#: 25-5893-82 

RRID: AB_1518768 

Anti-mouse CD44 PE/Cy7 IM7 Biolegend Cat#: 103030 

RRID: AB_830787 

Anti-mouse Ki-67 PE/Cy7 16A8 Biolegend Cat#: 652426 

RRID: AB_2632693  

Anti-human IFN-γ PE/Cy7 45.B3 Biolegend Cat#: 502528 

RRID: AB_1626154 
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Anti-human 
CD45RA 

PE/Cy7 HI100 Biolegend Cat#: 304126 

RRID:AB_10708879 

Anti-human CD112 PE/Cy7 TX31 Biolegend Cat#: 304126 

RRID:AB_10708879 

Anti-human 
GATA3 

PE/Cy7 L50-823 BD Biosciences Cat#: 560405 

RRID: AB_1645544 

Anti-mouse IL-13 PE eBio13A eBioscience Cat#: 12-7133-41 

RRID:AB_10852712 

Anti-mouse IFN-γ PE XMG1.2 Biolegend Cat#: 505808 

RRID: AB_315402  

Anti-mouse 
EOMES 

PE Dan11ma
g 

eBioscience Cat#: 12-4875-80 

RRID: AB_1603278 

Anti-mouse 
CD45.1 

PE A20 Biolegend Cat#: 110707 

RRID: AB_313496 

Anti-human IL-13 PE JES10-
5A2 

Biolegend Cat#: 501903 

RRID: AB_315198 

Anti-mouse CD3ε FITC 145-2C11 Biolegend Cat#: 100306 

RRID: AB_312671 

Anti-mouse TCRß FITC H57-597 Biolegend Cat#: 109206 

RRID: AB_313429 

Anti-mouse 
CD45.1 

FITC A20 Biolegend Cat#: 110706 

RRID: AB_313495 

Anti-human 
FOXP3 

KIRAVIA 
Blue 520 

206D Biolegend Cat#: 320132 

RRID: AB_2876623 
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2.1.2 Viability Dyes 

Table 2.2: Overview of viability dyes 

Viability Dyes Source Identifier  

LIVE/DEAD™ Fixable 
Near-IR Dead Cell Stain 
Kit 

Invitrogen™  

 

Cat#: L10119 

LIVE/DEAD™ Fixable Blue Invitrogen™  Cat#: L23105 

Zombie NIR™ Fixable 
Viability Kit 

Biolegend Cat#: 423106 

 

2.1.3 Antibodies for T cell activation 

Table 2.3: Overview of antibodies used for T cell activation 

Antibody Clone Source Identifier 

Purified anti-human CD3 OKT3 Biolegend Cat#: 317315 

RRID: AB_1877070 

Purified anti-human CD28 CD28.2 Biolegend Cat#: 302902 

RRID: AB_314303 

Purified anti-mouse CD28 37.51 Biolegend Cat#: 102102 

RRID: AB_312866 

Purified anti-mouse CD3 145-2C11 Biolegend Cat#: 100302 

RRID: AB_312667 

Ultra-LEAF™ Purified anti-
mouse CD3 Antibody 

17A2 Biolegend Cat#: 100238 

RRID: AB_2561487 
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2.1.4 Mice 

Table 2.4: Overview of mouse strains 

Mouse Strain Description 

C57BL/6 (B6 WT) Purchased from Charles River. Mice expressing MHC 

class I H-2ᵇ, MHC class II I-Aᵇ, and the congenic 

marker Ly5.2 (CD45.2) 

C57BL/6.CD226-deficient 
(Cd226KO) mice 

Mice bred with genetic B6 background and carries a 

deletion of the Cd226 gene.  

C57BL/6,Cd226Y319F mice 
(Cd226Y319F) 

Mice bred with genetic B6 background harbouring a 

point mutation in the tyrosine residue (Y319F) of 

CD226. 

C57BL/6.Cbl-bC373A (Cbl-bΔR) Mice bred with genetic B6 background harbouring a 

loss-of-function mutation in the RING finger domain 

abrogating the E3 ubiquitin-ligase function 

C57BL/6.gDT-II X SJL-
PtprcaPep3b/BoyJ (gDT-II) 

 

Mice generated on a B6 background expressing I-Ab 

restricted T cell receptor (Vα3.2 Jα 16/Vß2 Dß2.1 

Jß2.1) specific for HSV-1-derived glycoprotein D 

peptide (gD(315-327), IPPNWHIPSIQDA), and the 

congenic marker CD45.1. 

 

2.1.5 Cell lines 

Table 2.5: Overview of cell lines 

Cell line Origin Description  Source 

B16.F1 Mouse 
Melanoma 

Subline of B16.F10 that 
possess lower metastatic 
potential  

Hölzel Lab, 

Uniklinikum Bonn.  

B16.F10 Mouse 
melanoma 

Parental cell line used for the 
generation of B16.gD variants 

Bald Lab, QIMR 
Berghofer, Australia 
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B16.F10.gD 

(B16.gD) 

Mouse 
melanoma 

Polyclonal B16F10 cell line 
retrovirally transduced with 

construct containing HSV-
derived glycoprotein D. 

Generated in-house 
by Emma Bawden, 
Hölzel lab, 
Uniklinikum Bonn. 

B16.gD.Ciita–/– 

(B16.gD.CIITAKO) 

Mouse 
melanoma 

Polyclonal B16.gD cell line with 
genetic disruption of Ciita 
gene. Generated from vector 
Px459-Ciita. 

Generated in-house 
by Emma Bawden, 
Hölzel lab, 
Uniklinikum Bonn. 

B16.gD.CiitaWT 

(B16.gD.CIITAWT) 

Mouse 
melanoma 

Control B16.gD cell line 
generated with empty Px459 
vector. 

Generated in-house 
by Emma Bawden, 
Hölzel lab, 
Uniklinikum Bonn. 

CHO-K1 Hamster A derivative of the parental 
Chinese Hamster Ovary (CHO) 
cell line, established from an 
ovarian biopsy of an adult 
female Chinse Hamster 

ATCC, #CCL-61 

CHO-OKT3 Hamster CHO-K1 generated to express 
OKT3 single-chain variable 
fragment (scFV)  

Generated in-house 
by Johannes 
Siewart, Bald Lab, 
Uniklinikum Bonn 

CHO-OKT3-

hCD112 

Hamster CHO-K1 generated to express 
OKT3 scFv and human CD112 

Generated in-house 
by Johannes 
Siewart, Bald Lab, 
Uniklinikum Bonn 

CHO-OKT3-

hCD155 

Hamster CHO-K1 generated to express 
OKT3 scFv and human CD155 

Generated in-house 
by Johannes 
Siewart, Bald Lab, 
Uniklinikum Bonn 

 

2.1.6 Cell culture medium 

Table 2.6: Overview of cell culture medium 

Cell culture Medium Source and Composition 

Complete RPMI 

(cRPMI) 

RPMI 1640 medium + GlutaMAX™ (Gibco™, Cat#: 
61870036) containing:  

o 10% Fetal Calf Serum (FCS) 
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o 100 U/mL Penicillin (Gibco™, Cat#: 15140122) 
o 100 μg/mL Streptomycin (Gibco™, Cat#: 15140122) 
o 10 mM NEAA (Gibco™, Cat#: 111140050) 
o 1 mM ROTI®Cell HEPES (Roth, Cat#: 9157.1) 
o 1mM Sodium Pyruvate (Gibco™, Cat#: 11360070) 
o 2 μM β-Mercaptoethanol (Gibco™: Cat#: 21985-023) 

 

2.1.7 Buffers 

Table 2.7: Overview of buffers 

Buffers Source and Composition  

Sterile 1X Phosphate 

Buffered Saline (PBS) 

Purchased from Gibco™ (Cat#: 10010023) 

FACS Buffer 1X PBS (made in-house, Institute of Experimental Oncology) 
containing: 

o 2% FCS 
o 2mM EDTA  

Digestion media  RPMI 1640 containing: 

o 1mg/ml collagenase D  
o 1mg/ml DNAseI  

1X Lämmli Buffer 120mM 1M Tris-HCl ph 6.8 

20% Glycerol 

4% SDS 

20mM β-Mercaptoethanol 

0.02% Bromophenol-Blue 

10x Sodium Dodecyl 

Sulfate Polyacrylamide 

Gel Electrophoresis 

(SDS-PAGE) running 

buffer 

25mM TRIS 

192mM Glycine 

0.1% SDS 
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10x Tris-buffered 

saline (TBS) 

150mM NaCl 

50mM TRIS 

1x TBST 1x TBS 

0.05% Tween-20 

1x Transfer Blotting 

Buffer 

25mM TRIS 

192mM Glycine 

15% Isopropanol 

 

2.1.8 Peptides and recombinant proteins 

Table 2.8: Overview of peptides and recombinant proteins 

Peptide and Recombinant Proteins Source  Identifier 

Recombinant human IL-2 (Aldeskeulin) Novartis Pharma Cat#:1-22475 

Recombinant mouse IL-7 Peprotech Inc.  Cat#: 217-17-50UG 

Recombinant mouse IL-15 Peprotech Inc.  Cat#: 210-15-50UG 

Recombinant mouse IFN-γ Peprotech Inc. Cat#:315-05 

Recombinant mouse CD155-Fc Sino Biological  Cat#: 50259-M03H 

Recombinant mouse CD112-Fc Biolegend  Cat#: 776504 

gD(315-327), 

Sequence: IPPNWHIPSIQDA 

Synthesised through 
JPT Peptide 
Technologies 

- 

LCMV GP61-80  

Sequence:GLKGPDIYKGVYQFKSVEFD 

Gift from Teresa 
Steffen (AG 
Baumjohann, 
Uniklinikum Bonn)  

- 
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2.1.9 Commercially available kits 

Table 2.9: Overview of commercially available kits used 

Commercially available kits Source  Identifier 

Cytofix/CytopermTM 

Fixation/Permeabilization Solution Kit 
BD Biosciences  

 

Cat#: 554714 

RRID: AB_2869008 

Dynabeads™ Antibody Coupling Kit Invitrogen™  

 

Cat#: 8802-6841-7 

EasySep™ Mouse CD4+ T Cell 
Isolation Kit 

StemCell Technologies  

 

Cat#: 19852 

EasySep™ Human CD4+ T Cell 
Isolation Kit 

StemCell Technologies  

 

Cat#: 17952 

Foxp3 Transcription Factor Staining 
Buffer Set 

Invitrogen™  

 

Cat#: 00-5523-00 

MagniSort™ Mouse CD4 Positive 
Selection Kit 

Invitrogen™  

 

Cat#: 8802-6841-7 

Lonza™ P3 Primary Cell 4D-
Nucleofector™ X Kit L 

Lonza™ 

 

Cat#: V4XP-3024 

Lonza™ P4 Primary Cell 4D-
Nucleofector™ X Kit L 

Lonza™ 

 

Cat#: V4XP-4024 

Pierce BCA Protein Assay Kit Thermo Scientific  Cat#:  23225 

Tumour Dissociation Kit Miltenyl Biotec Cat#: 130-095-929 

 

2.1.10 Chemical and reagents 

Table 2.10: Overview of chemicals and reagents 

Chemical and Reagents Source  Identifier 

Alt-R® CRISPR-Cas9 trans 

activating CRISPR RNA 

(tracrRNA) 

Integrated DNA 

Technologies (IDT)  
Cat#: 1073191 
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BD GolgiPlug™ BD Biosciences  Cat#: 555029 

Mouse Beta Actin monoclonoal 

antibody  

Santa Cruz Cat#: SC47778 

Peroxidase AffiniPure® Goat Anti-

Mouse IgG (H+L) 

Jackson Immunoresearch Cat#: 115-035-003 

RRID:AB_10015289 

Peroxidase AffiniPure® Goat Anti-

Rabbit IgG (H+L) 

Jackson Immunoresearch Cat#: 111-035-003 

RRID: AB_2313567 

Collagenase D Sigma-Aldrich Cat#: 11088858001 

DNAse I Roche Cat#: 4536282001 

Dynabeads Human T-activator 

CD3/CD28 

ThermoFischer Scientific  Cat#: 111.31D 

EDTA 0.5M Invitrogen™ Cat#: 10458654 

EnGen® Spy Cas9 NLS New England Biolabs  Cat#: M0646M 

ROTI®Histofix Roth Cat#: P087.5 

H20 Ampuwa Water Fresenius Kabi  Cat#: B102407 

ImmunoCult Human CD3/CD28 T 

Cell Activator 

StemCell Technologies  Cat#: 10991 

Ionomycin Sigma-Aldrich Cat#: 13909-1ml 

PageRuler Prestained Protein 

Ladder 

ThermoScientific Cat#: 26616 

Protease phosphatase inhibitory 

cocktail 

Cell Signaling 

Technology 

Cat#: 5872S 

Phorbol 12-myristate 13-acetate 

(PMA) 

Sigma-Aldrich  Cat#: 1585-1mg 

Rabbit anti-mouse CD226 Abcam Cat#: ab212011 
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Clone: EPR20710 

Red blood cell lysis buffer (Hybri-

Max) 

Sigma-Aldrich  Cat#: R7757-100ml 

Trypsin-EDTA (0.25%) Gibco™  Cat#: 25200056 

Trypan Blue Solution (0.4%) Sigma-Aldrich  Cat#: 93595 

UltraComp eBeadsTM Plus 

Compensation Beads 

Invitrogen™  Cat#: 01-3333-42 

 

2.1.11 Consumables 

Table 2.11: Overview of consumables used 

Consumables Source  Identifier 

Cell culture flasks  

(T25, T75, T175) 

Sarstedt Cat#: 83.3910.003;  

83.3911;  

Cell culture plates  

(6-, 12-, 24-, 48-, 96-well)  

Sarstedt Cat#: 92406; 92412;  

92424; 92448;  

92096; 92697. 

Cell strainer, 40μm PluriSelect Cat#:43-50040-50 

Cell strainer, 70μm PluriSelect Cat#:43-57070-50 

EDTA-coated Microcuvette Sarstadt Cat#:CB300LH 

EasyEights™ EasySep™ Magnet StemCell Technologies Cat#: 18103 

Polypropylene round-bottom FACS 

tubes (5mL) 

Sarstedt Cat#:55.1579 

Polymerase Chain Reaction (PCR) 

stripes and lids  

(8-well) 

Axygen Cat#: PCR-0208-C, 

PCR-02CPC-C 
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Pipette tips, TipOne® Star Lab Cat#: S1112-1720, 
S1113-1710,  

S1110-3700, 

Serological pipettes  Greiner Bio-One  

Corning® Costar 
Stripettes 

Cat#: 4467, 4488, 

4489 

 

2.1.12 Laboratory Equipment 

Table 2.12: Overview of laboratory equipment  

Equipment Source/Company 

ChemiDoc MP Imaging system Bio-Rad 

Countess 3 Automated Cell Counter Invitrogen 

Cytek Aurora Spectral Cytometer Cytek 

FACSAria™ III Cell Sorter BD Biosciences 

BD FACSAria™ Fusion Flow Cytometer BD Biosciences 

FACSCanto II Flow Cytometer BD Biosciences 

LSRFortessa Cell Analyzer BD Biosciences 

Thermocycler Bio-Rad 

4D-Nucleofector Core Unit Lonza™ 

4D-Nucleofector X Unit Lonza™ 

BioRad’s Mini Trans-Blot® Cell system BioRad 

Odyssey® DLx Imaging System LI-COR Biosciences® 
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2.1.13  Software 

Table 2.13: Overview of software used 

Software Source/Company 

Benchling Online Platform Benchling 

FACS Diva BD Biosciences 

Flow Jo v10.7.1   Tree Star Inc. 

GraphPad Prism v10 Graphpad 

SpectroFlo® Cytek 

Image Studio  LI-COR Biosciences® 
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2.2 Methods 

2.2.1 Mice 

Wildtype (WT) C57BL/6 mice were purchased from Charles River, Jackson. C57BL/6 

CD226-deficient (CD226KO) mice, C57BL/6 CD226Y319F mice, Cbl-b ‘‘knock-in’’ mice 

(C373A; Cbl-bDR) and gDT-II X SJL-PtprcaPep3b/BoyJ (gDT-II) mice were bred in house 

and maintained at the in iFET Animal Facility (Uniklinikum Bonn). Experiments were 

conducted using sex- and aged-matched mice that are greater than 6 weeks of age, in 

accordance to national and institutional guidelines.  

2.2.2 Cell lines and cell cultures 

All CHO-K1 variants and B16 melanoma cell lines were cultured with complete RPMI 

medium, at 37°C, 10% CO2. B16F10.gD (B16.gD) were generated via retroviral 

transduction of parental B16F10 with full-length gD as described in Bawden et al. (2024). 

The polyclonal cell line B16.gD.CiitaKO  was generated using CRISPR-Cas9 protocol, also 

as described in Bawden et.,al, 2024. All B16.gD cell lines were generated by Emma 

Bawden, while all CHO-K1 cell variants were generated in-house by Johannes Siewert. 

All cell lines were expanded for experimental use and routinely tested negative for 

mycoplasma.  

2.2.3 In-vivo tumour model 

B16F1 cells (1x105 cells) were injected subcutaneously into mice in a final volume of 100 

μl of 1X PBS. Tumour growth was monitored throughout the duration of experiment using 

digital callipers. Tumour volume was calculated using the following formula: ((width2 x 

length)/2). Mice were euthanized when tumours have reached 100mm2 in size, following 

ethical guidelines. 

2.2.4. Blood sample preparation 

Blood was sampled through heart puncture upon sacrifice using CO2, into EDTA-coated 

tubed. Blood samples were then treated with 1 ml red blood cell (RBC) lysis buffer for 15 

mins at room temperature (RTP) and washed twice with FACS buffer (2% FCS, 2mM 

EDTA). The lysis treatment was repeated twice, before a final resuspension in FACS 

buffer.  
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2.2.5 Spleens and lymph node sample processing 

Mouse spleen and lymph nodes were mashed through 70 μm cell strainers to obtain single 

cell suspensions. For lymph nodes: cells were washed with FACS buffer and pelleted 

through centrifugation (400xg, 5mins), before use for further assays. For spleens: cell 

suspensions were pelleted and treated with 1 ml of RBC lysis buffer for 15 mins (RTP), 

and washed twice with FACS buffer, before proceeding to subsequent downstream 

experiments.  

2.2.6 Tumour samples 

Tumours were harvested from mice and mashed through 70 μm cell strainers to obtain 

single cell suspension. Cell suspensions were centrifuged (500xg, 5mins) and 

resuspended in 5 ml of digestion media (RPMI containing 1mg/ml collagenase D and 

1mg/ml DNAseI). Samples were then incubated in the shaker incubator at 37°C for 45 

mins. Subsequently, samples were washed with FACS buffer and passed through 40 μm 

cell strainers. After a final centrifugation (500xg, 5mins), cell pellets were resuspended in 

FACS buffer or cRPMI before further experiments or analysis. 

2.2.7 Mouse T cell activation and function assay 

For in-vitro activation, 96-well U-bottom culture plates were coated with 2 μg/ml of soluble 

mouse anti-CD3 and anti-CD28 in 1X PBS at 4°C, overnight. The single-cell suspensions 

from processed spleens and lymph nodes were seeded at 2x105 cells per well in cRPMI 

containing recombinant human IL-2 (100 U/ml). For cytokine production assays, 

Golgi/Plug (containing brefeldin A) was added during the final 4 hours of respective time 

points. Cells were then subsequently harvested and stained for flow cytometric analysis 

using standard protocols.  

2.2.8 Flow cytometry and flow cytometry-based sorting 

Single cell suspensions were firstly incubated with a staining cocktail containing anti-

CD16/CD32 (TruStain FcX) and a viability dye in 1X PBS, at 4°C for 15 mins, in the dark. 

An unstained and a viability control is included in every experiment and acquisition. 

Viability control was prepared by heat-treating cells at 65°C for 15 mins to induce cell 

death. Cells were then washed, followed by a surface stain with a cocktail containing the 

respective fluorochrome-conjugated monoclonal antibodies (prepared in FACS buffer), at 
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4°C for 20 mins, in the dark. For experiments concerning surface staining only, samples 

were washed and subsequently with 100 μl of 4% paraformaldehyde (Histofix) and further 

incubated at 4°C for 30 mins. Finally, samples were resuspended in a volume of 200 μl of 

FACS buffer prior to acquisition.  

For intracellular cytokine or transcription factor detection, surface-stained cells were 

washed and permeabilized using either the Fixation/Permeabilization Kit for intracellular 

targets, or the Foxp3 Transcription Factor Staining Buffer Set for intranuclear targets, 

following the manufacturers’ protocols. Upon permeabilization, cells were stained 

intracellularly with antibody cocktail prepared in the respective Perm/Wash buffers (1X), 

at 4°C for 30 mins in the dark. Cells were then washed with 1X Perm/wash buffer and 

finally resuspended in 200 μl of FACS buffer before acquisition. All samples were acquired 

either on the Aurora (Cytek), LSRFortessa (BD Bioscience), or FACSCanto (BD 

Biosciences). Flow cytometry data were analysed on FlowJo software. 

For flow cytometric sorting: single cell suspension of respective samples were subjected 

to surface staining protocols as aforementioned. The stained samples were either sorted 

via FACSAria Fusion (BD Bioscience) or FACSAria III (BD Biosciences). All sorting 

procedures were executed by personnel of the Flow Cytometry Core Facility (University 

Hospital Bonn).  

2.2.9 Co-culture with CD155-Fc dynabeads for surface CD226 analysis 

Mouse anti-CD3 (clone 145-2C11; 5 μg/ml per mg beads), anti-CD28 (clone 37.51; 

5 μg/ml per mg beads), and recombinant mouse CD155 fused to the Fc region of human 

IgG1 (CD155-Fc) were conjugated to Dynabeads through the Dynabeads™ M-270 Epoxy 

Bead Coupling Kit (Invitrogen), following the manufacturer’s protocol. CD155-Fc was 

conjugated at varying concentrations— 0.05, 0.5, and 5 mg/ml per 5mg beads—to assess 

dose-dependent effects. Control beads ("Stim beads") were conjugated only with mouse 

anti-CD3 and anti-CD28. As an additional control, Dynabeads were also conjugated with 

anti-CD3, anti-CD28, and recombinant mouse CD112-Fc (BioLegend) in place of CD155-

Fc. The respective conjugated beads were used at 1 µl/well with 2X105 splenocytes/well 

in 96-well U-bottom plate in a final volume of 200 μl of complete RPMI (cRPMI) medium. 

At respective time points following co-cultures, cells were harvested, and Dynabeads were 
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removed using the EasySep™ Magnet (StemCell). Surface expression of CD226 was 

then analysed through flow cytometry.  

2.2.10 Immunoblot  

After co-cultures with beads, cells were harvested and washed with 1X PBS, and lysed 

with 1X Lämmli buffer. Lysates were heated (95°C, 5 mins) and stored at -20°C, Proteins 

were separated on 8%, 10%, or 12% SDS-PAGE gels at 140V 100 minutes (100V at initial 

10-15 mins), and subsequently transferred to a 0.2 µM pore size nitrocellulose membrane 

using Mini Trans-Blot® Cell system at 100V for 1 hour. Membrane blockings were done 

with 5% BSA in TBS-T at 4°C, overnight. After which the membrane was incubated 

primary anti-CD226 antibodies overnight at 4°C; loading controls were added for 1 hour 

at RTP. After washing (3x, 5mins each, TBS-T), the membranes were incubated with 

secondary antibodies (1:15000) in 5%BSA/TBS-T for 1 hour at RTP in the dark. Finally, 

the membrane was washed twice with TBS-T and one final TBS wash. Imaging was 

captures using the Odyssey® DLx Imaging System and processed with Image Studio 

software. 

2.2.11 Human T cells activation assays 

Peripheral blood mononuclear cells (PBMCs) were thawed and treated with DNAseI 

(Roche) for the removal of dead cells (30mins) before experiment. Cells were plated in 

96-well U-bottom plate (in cRPMI), at 2X105 cells per well. T cell activation was performed 

through co-culture with CD3/CD28 stimulator beads (Thermo Fischer Scientific) at a ratio 

of 1:1, following manufacturer’s protocol. In experiments concerning the assessment of 

cytokine production, GolgiPlug was added into cultures at the final 4 hours of the 

respective time points. Cultures were incubated (37°C, 5% CO2) and harvested at 

respective timepoint for flow cytometric analysis.  

2.2.12 Generation of CD226-targeting sgRNA-Cas9 RNP complex 

Both mouse or human CD226-targeting CRISPR-RNA (crRNA) were designed using the 

Benchling online platform, and synthesized by Integrated DNA Technologies (IDT). 

Candidate crRNAs were selected based on low off-target (>50) and high on-target (>60) 

scores. Single-guide RNA (sgRNA) was firstly generated via annealing of single-stranded 

crRNA with a trans-activating tracrRNA (IDT) in a 1:1 molar ratio to obtain a 100 µM gRNA 
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duplex stock. The mixture is heated at 95°C for 5 mins, and then cooled to RTP for duplex 

formation. Next, to assemble the ribonucleoprotein (RNP) complex; 120 pmol/µl of the 

duplexed gRNA was combined with 60 pmol of Cas9 protein (New England Biolabs) in 

RNase/DNase-free PCR tubes. The mixture was then incubated in a thermal cycler (Bio-

rad) at 37°C for 15 mins. The RNP complex was then cooled to RTP (10mins) before use 

in nucleofection. 

2.2.13 Nucleofection procedures 

Prior to every nucleofection experiment: mouse or human CD4+ T cells were enriched 

using the EasySep™ negative isolation kit (StemCell Technologies) following 

manufacturer’s protocol. Enriched cells are then seeded into a 6-well plate, pre-coated 

with soluble anti-CD3 and anti-CD28, to be activated for 48 hours. Following activation, 

cells were harvested and washed twice with 1X PBS before resuspension with the 

respective nucleofector solutions (Lonza).  

For each reaction, 82 μl of the respective relevant Nucleofector™ solution (Lonza) was 

combined with 18 μl of Supplement 1. The specific solution and programs used for either 

mouse or human T cells are summarized in the table below:  

Cell Type Nucleofector Solutions 4D-Nucleofector Program 

Mouse T cells P4 Primary cells 4D-

Nucleofector® solution 

CM-137 

Human T cells P3 Primary cells 4D-

Nucleofector® solution 

EH-115 

Up to 2x107 cells were resuspended in 100 μl of the supplemented Nucleofector™ solution 

and combined with the pre-assembled RNP complex. For Mock controls, cells were 

nucleofected with Cas9 alone. Nucleofection was performed using 100 µL 

Nucleocuvette® vessels with the respective 4D-nucleofector (Lonza) programs. Post-

nucleofection, pre-warmed cRPMI was added into the vessels, and rested at 37°C for 25 

mins. Cells were then transferred to new culture plates containing pre-warmed cRPMI 

supplemented with recombinant human IL-2 (100 U/ml) and were further incubated for 

additional 48 to 72 hours. Knockout efficiencies of CD226 were determined via flow 

cytometry, prior to every downstream experimental application. 
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2.2.14 Enrichment of CD4+ T cells from gDT-II mice 

Spleens and lymph nodes of gDT-II mice were harvested and processed (as mentioned 

above) into single cell suspension. The lymphocytes were then subjected to negative 

CD4+ T cell isolation using the EasySepTM Mouse CD4+ T cell isolation kit (StemCell 

Technologies) following manufacturer’s instructions. After which, supernatants obtained 

from the negative selection were collected for positive enrichment using the MagniSort™ 

Mouse CD4+ T cell enrichment kit (Invitrogen) according to standard protocol. Enriched 

CD4+ T cells are either used immediately for further assays, or cultured further in cRPMI 

supplemented with recombinant human IL-2 (100 U/ml) at 37°C, 5% CO2. Purity of the 

enriched CD4+ T cells was confirmed through flow cytometry.  

2.2.15 MHC-I/II assessment of B16 cell lines 

Expanded B16 cell lines in culture flasks were detached using 0.25% Trypsin-EDTA. 

Culture flasks were rinsed twice with 1X PBS to collect the detached B16 cells into tubes, 

where they were centrifuged (400xg, 5mins), and resuspended in cRPMI medium. The 

B16 cell lines are then plated into 96-well flat-bottom plates (1x104 per well), with or 

without IFNg (1000 U/ml) treatment and incubated further for 72 hours. The respective 

B16 cells were then surface stained for MHC-I or MHC-II and assessed via flow cytometry. 

2.2.16 In-vitro activation of gDT-II cells 

CD4+ T cells from gDT-II mice were enriched as previously described above. Splenocytes 

from a WT mouse were collected, washed twice with sterile 1X PBS and incubated with 

10 μM of gD(315–327) peptide (IPPNWHIPSIQDA) for 45 minutes in the incubator (37°C, 5% 

CO2). After incubation, the peptide-pulsed splenocytes were washed twice with sterile 1X 

PBS and combined with previously enriched gDT-II CD4+ T cells, into T25 flasks. Cells 

were co-cultured in cRPMI medium supplemented with 0.15 μg/mL lipopolysaccharides 

(LPS) and incubated (37°C, 5% CO2) for the next 5 to 7 days. After 48 hours from the 

initial co-culture, cells were split 1:2, and recombinant human IL-2 (100 U/ml, Aldeskeulin) 

was added every 24 hours. The activated gDT-II cells were flow sorted to obtain a pure 

CD4+ T cell population before including in further in-vitro experiments. 
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2.2.17 Generation of CD226KO gDT-II CD4+ T cells 

CD4+ T cells from gDT-II mice were firstly enriched and activated as described above. At 

day 6 post-activation, cells were harvested and subjected to CRISPR-cas9-mediated 

gene editing via nucleofection, as described previously in section 2.2.9. To ensure high 

purity of CD226-expressing or non-expressing cell populations, the nucleofected cells 

were flow sorted following specific surface markers. CD226 knockout (CD226KO) were 

defined as live, CD45.1⁺ CD3⁺ CD4⁺ CD226⁻ cells. On the other hand, Mock-treated 

controls were sorted via live, CD45.1⁺ CD3⁺ CD4⁺ CD226⁺ cells. These sorted populations 

were then rested overnight in IL-2 supplemented cRPMI in the incubator, before usage for 

further co-culture experiments. 

2.2.18 In-vitro functional assay for gDT-II cells 

Expanded B16 cell lines were seeded into 96-well flat-bottom plates (1x104 per well), with 

or without mouse IFN-g (1000 U/ml) treatment for 72 hours. Before co-culture with gDT-II 

cells, the B16 cells were gently washed with 1X PBS to remove residual IFNg. In-vitro 

activated CD4⁺	gDT-II cells (described above) were harvested in cRPMI and co-cultured 

with the B16 cells at 1:1 ratio. Co-cultures were incubated for 6 hours, in which GolgiPlug 

was added during the 4 hours of the period. Cells were then collected for flow cytometric 

analysis.  

2.2.19 Statistical Analysis 

All statistical analyses were conducted using GraphPad Prism software. Data are 

presented as mean ± standard deviation (SD), or standard error mean (SEM), depending 

on the respective experiment conducted. Unless noted, differences between two groups 

were assessed using an unpaired Student’s t-test. For multiple group analyses, one-way 

or two-way ANOVA was applied, followed by Tukey’s post hoc test for multiple 

comparisons. A p-value below 0.05 was considered statistically significant. Statistical 

significance is represented as: p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; p < 0.0001 = 

****. 
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3. Results 
 

3.1 CD226 and TIGIT expression patterns in T cell subsets 

We firstly sought to characterise the baseline expression patterns of CD226 and TIGIT in 

T cell subsets from spleen, lymph nodes (LN) and blood from WT mice (Figure 3.1A). Our 

analysis revealed distinct expression patterns of CD226 and TIGIT on both CD4+ and 

CD8+ T cells across these organs (Figure 3.1B). Overall, CD8+ T cells were observed to 

have consistently higher CD226 expression levels (with approximately 95% CD226+ CD8+ 

T cells), as compared to CD4+ T cells across all organs (Figure 3.1C). On the other hand, 

CD4+ T cell displayed varying CD226 expression levels, especially among its respective 

memory compartments (Figure 3.1D). Naïve (Tn) CD4+ T cells showed low or limited 

CD226 expression, with no significant differences observed across the organs. The 

central (Tcm) and effector memory subsets (Tem), however, accounted for the majority of 

the CD226 positive cells within the CD4+ T cell population; with blood-derived CD4+ Tems 

exhibiting the highest level of CD226 among the three organs. Conversely, uniformly high 

levels of CD226 were detected in of CD8+ memory T cells across the different organs, 

with the lowest expression exhibited in Tem cells from the spleen (Figure 3.1D). 

In contrast to CD226, TIGIT expression levels were considerably lower in both T cell 

populations among all organs (Figure 3.1E). Only 5-10% of CD4+ T cells and less than 

2% of CD8+ T cells showed TIGIT expression. Similar to the CD226 expression profile 

among the memory subsets from both CD4+ and CD8+ T cells, effector memory (Tem) 

showed the highest proportion of TIGIT positive cells, followed by central (Tcm) memory 

cells, while naïve T cells (Tn) had the lowest TIGIT expression across all organs (Figure 

3.1F). These varying levels of CD226 and TIGIT expression in T cells at baseline provides 

some foundational understanding of how these receptors can be involved in further 

functions. 
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Figure 3.1: Characterisation of CD226 and TIGIT expression on T cells from WT mice 
(A) Schematic depicting the organs harvested for analysis of CD226 and TIGIT expression 
on T cells. (B) Representative FACS histograms showing surface expression of CD226 
and TIGIT on CD4+ and CD8+ T cells. (C) Quantification of CD226+ CD4+ and CD8+ T 
cells. (D) Frequency of CD226+ cells within CD4+ and CD8+ T cells memory subsets. (E) 
Quantification of TIGIT+ CD4+ and CD8+ T cells. (F) Frequency of TIGIT+ cells within CD4+ 
and CD8+ T cells memory subsets. Memory subsets were defined as follows: Naive (Tn) 
= CD62L+CD44-, central memory (Tcm) = CD62L+CD44+, effector memory (Tem) = 
CD62L-CD44+. (WT, n = 6, mean ± SEM, representative of 2 experiments). Statistics: one-
way ANOVA with post hoc Tukey’s for multiple comparisons (C, D, E, F); *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 1: Characterisation of CD226 and TIGIT expression on T cells from WT mice
(A) Schematic depicting the organs harvested for analysis of CD226 and TIGIT expression on T cells. (B) Repre-
sentative FACS histograms showing surface expression of CD226 and TIGIT on CD4+  and CD8+ T cells. (C) 
Quantification of CD226+ CD4+  and CD8+ T cells (D) Frequency of CD226+ cells within CD4+  and CD8+ T cells  
memory subsets. (E) Quantification of TIGIT+ CD4+  and CD8+ T cells (F) Frequency of TIGIT+ cells within CD4+  

and CD8+ T cells memory subsets. Memory subsets were defined as follows: Naive (Tn) = CD62L+CD44-, central 
memory (Tcm) = CD62L+CD44+, effector memory (Tem) = CD62L-CD44+. (WT, n = 6, mean ± SEM, representa-
tive of 2 experiments). Statistics: one-way ANOVA with post hoc Tukey’s for multiple comparisons (C, D, E, F); 
*p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001.
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3.2 Upregulation of surface CD226 and cytokine production upon activation 

CD226 functions as a co-stimulatory receptor on NK and T cells (Shibuya et al. 2003; 

Gaud et al. 2018; Weulersse et al. 2020). To specifically investigate its correlation to early 

CD4+ T cell activation, CD226 surface expression and cytokine production by CD4+ T cells 

from WT or CD226-deficient (Cd226KO) mice was assessed, following TCR stimulation 

(with anti-CD3/CD28 antibodies) over various time points (Figure 3.2A). Upon stimulation, 

a significant increase in CD226 expression in WT cells was observed at all time points as 

compared to baseline (Day 0) (Figure 3.2B). This upregulation was also accompanied by 

significantly increased frequencies of CD226-positive CD4+ T cells, which peaked at 48 

hours post-stimulation. The geometric mean fluorescence intensity (gMFI) of CD226 also 

showed significantly elevating level as compared to baseline; which also peaked at the 48 

hours’ time point.  

To examine if the upregulation of CD226 in CD4+ T cells observed would also affect 

cytokine production, we compared cytokine expression profiles and kinetics that are 

characteristic of various CD4+ T cell subsets (Th1: TNF-α, IFN-γ; Th2: IL-13; Th17: IL-

17A; Tregs: IL-10) between WT and Cd226KO mice. TNF-α levels peaked at 72 hours post-

stimulation in both WT and Cd226KO cells, but with no significant differences observed 

between the two groups at any of the time points of the experiment (Figure 3.2C and 

3.2H). Similarly, IFN-γ production from both groups increased in a time-dependent 

manner; but with WT cells exhibiting significantly higher IFN-γ levels than Cd226ko mice 

at 72 hours post-stimulation (Figure 3.2D and 3.2I). On the other hand, IL-13, IL-17A and 

IL-10 production remained low (fewer than 3% of the total CD4+ T cell population) from 

both groups across all time points (Figure 2E-2G, Figure 2J-2L). Interestingly, despite the 

low levels, Cd226KO cells conveyed higher expression of these cytokines at 48 hours as 

compared to WT cells, with IL-10 levels even gaining statistical significance. Curation of 

CD226-negative and -positive CD4+ T cell populations within the WT cells at 48 hours 

post-stimulation (at CD226 peak expression levels) showed that CD226-positive CD4+ T 

cells were the main contributors to the detected levels of cytokines (Figure 3.2M-3.2P). 

Collectively, these findings may indicate that CD226 can influence cytokine production in 

CD4+ T cells, particularly cytokines characteristic of Th1 subsets, during early stages of T 

cell activation which can potentially modulate future functions.  
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Figure 3.2: Upregulation of surface CD226 expression involves cytokine production 
(A) Schematic illustration for in-vitro T cell stimulation from WT and Cd226ko splenocytes. 
(B) Representative histograms showing surface CD226 expression on WT CD4+ T cells 
upon TCR stimulation, with corresponding quantifications. (WT, n = 4-11, mean ± SD, 
cumulative of 3 experiments). (C-G) Representative dot plots showing cytokine production 
by total CD4+ T cells from WT and Cd226ko mice at baseline (day 0) and 48 hours post-
stimulation. (H-L) Quantification of the respective cytokines produced by total CD4+ T cells 
from WT and Cd226ko mice. PMA/ionomycin (PMA/IO) positive control values were taken 
from the 48-hour timepoint of the experiment. (M-Q) Quantification of the respective 
cytokines from CD226-positive and -negative CD4+ T cells at 48 hours post-stimulation 
from WT cells. All data shown concerning cytokine production is representative of 2 
experiments. (WT, n = 6, mean ± SEM). Statistics: one-way ANOVA with post hoc Tukey’s 
for multiple comparisons (B, D), unpaired Student’s T-test (E); *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 

 
3.3 CD4+ tumour-infiltrating lymphocytes expresses CD226  

In recent years, many studies have demonstrated the functional contributions of  CD4+ T 

cells in anti-tumour immunity, including in metastatic melanomas, thus highlighting their 

role in tumour control (Quezada et al. 2010; Schietinger et al. 2010; Gaud et al. 2018; 

Poncette et al. 2022). We therefore sought to further characterise CD226 expression on 

CD4+ T cells in the tumour context. B16F1 cells were injected subcutaneously into WT 

mice, where the tumours, spleen and draining lymph nodes (DLN) were harvested at 

various experimental end points (Figure 3.3A). CD4+ T cells from the tumours and spleens 

had similar proportions of CD226-expressing cells (approximately 15% in both tissues), 

with those in DLN bearing the lowest level of CD226 expression (approximately 5%) 

(Figure 3.3B). Similarly, no apparent differences were observed for TIGIT expression in 

CD4+ T cells from the tumours and spleen (approximately 8~10%), with DLN exhibiting 

the lowest proportion of TIGIT-expressing CD4+ T cells. Within the total CD4+ T cell 

population, we further curated the frequencies of distinct Th subsets defined by their 

lineage-specific transcription factors (Th1: T-bet; Th2: GATA-3; Th17: RORγt; Tregs: 

FOXP3) (Figure 3.3C). In the tumour, CD4+ T cells were predominantly composed of Th1 

(T-bet+) (approximately 50%) and Treg cells (FOXP3+) (approximately 40%); with 

significantly higher frequencies as compared to those in the spleen or DLN (Figure 3.3C). 

In contrast, Th17 (RORγt+) and Th2 (GATA-3+) were present at lower levels as compared 

to both the Th1 and Treg populations, although these proportions were still elevated in 

comparison to their proportions in the spleen or DLN (Figure 3.3C).   
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Figure 3.3: CD226 expression profile on CD4+ T cells isolated from melanoma-
bearing mice 
(A) Schematic illustration of in-vivo experimental setup involving the injection of B16F1 
melanoma cells. (B) Quantification of CD226+ and TIGIT+ CD4+ T cells in B16F1 tumours, 
spleens and draining lymph nodes (DLN) of the tumour-bearing mice (WT, n=18, mean ± 
SD, cumulative of 4 independent experiments). (C) Quantification of indicated transcription 
factors characteristic for specific T-helper subsets; Th1: T-bet, FOXP3: Tregs, Th17: 
RORγt, Th2: GATA-3. (D) Quantification of surface CD226 expression from the respective 
Th subsets shown (WT, n=18, mean ± SD, cumulative of 4 independent experiments). (E) 
Frequencies of CD226+ and TIGIT+ CD4+ T cells in correlation with tumour volume. 
Statistics: one-way ANOVA with post hoc Tukey’s for multiple comparisons (C and D). 
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Figure 3: CD226 expression profile in CD4+ T cells from melanoma-bearing mice
(A) Schematic illustration of in-vivo experimental setup involving the injection of B16F1 melanoma cells. (B) 
Quantification of CD226+ and TIGIT+ CD4+ T cells in B16F1 tumours, spleens and draining lymph nodes (DLN) 
of the tumour-bearing mice  (WT, n=18, mean ± SD, cumulative of 4 independent experiments) (C) Quantifica-
tion of the various transcription factors characteristic of the specific T-helper subsets; Th1:T-bet, FOXP3: Tregs, 
Th17: RORgt, Th2: GATA-3. (D) Quantification of surface CD226 expression from the respective Th subsets 
shown (WT, n=18, mean ± SD, cumulative of 4 independent experiments) (E) Frequencies of CD226+ and 
TIGIT+ CD4+ T cells in correlation with tumour volume. Statistics: one-way ANOVA with post hoc Tukey’s for mul-
tiple comparisons (C and D). Spearman rank correlation coefficient (E); *p < 0.05, **p < 0.01, ***p < 0.001,****p 
< 0.0001. 
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Spearman rank correlation coefficient (E); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. 
 
We next assessed CD226 expression levels from these respective Th subsets (Figure 

3.3D). Among the Th1 populations, the largest proportion of CD226-positive cells were 

exhibited by those in the tumour, with statistical significance when compared to those in 

the spleen or DLN. Th17 cells displayed similar trend, showing elevated levels of CD226-

positive cells in the tumour. Opposingly, CD226-positive cells frequencies within the Tregs 

and Th2 population remained rather uniform across the organs. 

We have previously shown that elevated levels of CD155 in tumours contributed to the 

loss of CD226 surface expression in CD8 TILs (Braun et al. 2020). To probe if similar 

mechanisms could also occur in the CD4+ TILs, we reviewed CD226 and TIGIT 

expression levels in correlation to tumour volume (Figure 3.3E). Although the correlation 

between CD226 expression and tumour volume did not present statistical significance, 

there was an apparent trend towards a negative correlation (R2= 0.3448), Hence, 

suggesting similar mechanisms of CD226 downregulation in CD4+ TILs following tumour 

progression. In contrast, TIGIT expression levels were relatively consistent across all 

tumour volumes, which may illustrate that TIGIT on CD4+ TILs remain undeterred upon 

tumour burden.  

3.4 Ligation with CD155 drives surface downregulation of CD226 in T cells 

To further investigate the underlying CD155-induced mechanism of CD226 

downregulation in CD4+ T cells, we established an in-vitro assay utilising beads coated 

with either anti-CD3/CD28 (Stim), or in combination with varying concentrations of mouse 

recombinant CD155 (Stim+CD155). As the recombinant mouse CD155 is fused to the C-

terminal Fc region of the human IgG1 tag, confirmation of successful CD155 conjugation 

to the beads were confirmed by flow cytometry (Figure 3.4A). Incubation of WT naive T 

cells with Stim+CD155 beads (5ug/ml CD155) showed extensive loss of surface CD226 

for both CD4+ and CD8+ T cells, as compared to those stimulated with control Stim beads 

(Figure 3.4B). Simultaneously, the early activation marker, CD69, was significantly 

upregulated following incubation with both beads group, demonstrating efficient T cell 

activation from the anti-CD3/CD28 conjugation (Figure 3.4C).  
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To assess if this effect is CD155 dose-dependent, we generated new sets of beads 

comprising of titrated CD155-fc concentrations (5ug/ml, 0.5ug/ml, 0.05ug/ml) and 

repeated the in-vitro assays (Figure 3.4D). Indeed, we observed significant surface 

CD226 reduction in both T cells by 360 minutes post incubation with beads conjugated 

with 0.5ug/ml and 5ug/ml CD155-fc; with 5ug/ml CD155-fc eliciting the most prominent 

effect (Figure 3.4E and 3.4F). Conversely, beads conjugated with 0.05ug/ml CD155-fc did 

not exhibit any apparent effect on CD226 expression levels and were hence omitted from 

further experiments (data not shown). Collectively, these data suggest that CD155 can 

elicit a dose-dependent downregulation of surface CD226 on CD4+ T cells, emulating 

similar observations made in CD8+ T cells. However, it is important to note that CD8+ T 

cells had a more pronounced surface CD226 loss, which could be due to their higher 

baseline CD226 expression as compared to CD4+ T cells. 
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Figure 3.4: Surface CD226 is downregulated upon ligation with CD155, in a dose- 
and time-dependant manner 
(A) Representative histogram plots showing titration of CD155 coupled to the dynabeads. 
(B) Representative histogram plots showing CD226 expression in splenic T cells 
stimulated with CD3/CD28 (stim) ± 5ug/ml CD155-coated beads, at various timepoints. 
(C) Representative histogram plots showing CD226 expression in both splenic T cells with 
CD3/CD28 (stim) ± CD155-coated beads at 180 minutes post incubation, with differing 
CD155 concentrations used for conjugation. (D) Quantification of CD69+ CD4+ and CD8+ 

T cells stimulated with respective dynabeads at various timepoints. (WT, n= 3 per group, 
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mean ± SD, cumulative of 2 independent experiments). (E) Quantification of CD226+ CD4+ 
and CD8+ T cells after stimulation with respective control (Stim only) and 0.5ug/ml CD155-
conjugated beads at various timepoints. (WT, n=3 per group, mean ± SD, cumulative of 4 
independent experiments). (F) Quantification of CD226+ CD4+ and CD8+ T cells after 
stimulation with respective control (Stim only) and 5ug/ml CD155-conjugated beads at 
various timepoints. Unstimulated control at respective timepoints was not included in this 
experiment (WT, n=3 per group, mean ± SD, cumulative of 2 independent experiments). 
Statistics: one-way ANOVA with post hoc Tukey’s for multiple comparisons. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001 
 
3.5 Selective surface CD226 downregulation via CD155 engagement 

CD112 (PVRL2 or Nectin-2), similar to CD155, belongs to the nectin and nectin-like family 

of immunoglobulin superfamily receptors, and presents as another ligand for CD226 

(Stamm et al. 2018). High CD112 expression has been reported in several cancers, and 

has been associated with modulating and dampening T cell functions (Miao et al. 2013; 

Whelan et al. 2019; Zeng et al. 2021). Additionally, expression of CD112 on tumour cells 

correlates with angiogenesis and metastasis (Miao et al. 2013; Oshima et al. 2013; Bekes 

et al. 2019). Given that CD226 also binds to CD112, we therefore questioned if CD112 

ligation could also induce downregulation of surface CD226 on T cells. To address this, 

we further generated CD112-fc (5ug/ml) conjugated beads (Stim+CD112), in parallel with 

CD155-conjugated beads, and performed similar in-vitro experiment as previously 

described (Figure 3.5A). Our data suggests that neither CD4+ or CD8+ T cells presented 

profound surface CD226 loss with Stim+CD112 beads at 360 minutes post incubation, as 

compared to the distinct downregulated CD226 levels observed with Stim+CD155 beads 

(Figure 3.5B and 3.5C) Interestingly, we instead observed a trend towards upregulated 

surface CD226 expression in CD4+ T cells at 180 mins and 360 minutes post-incubation, 

reaching statistical significance at 360-minute timepoint, as compared to unstimulated 

controls. These data suggest that, in contrast to CD155, CD226 downregulation in T cells 

is no mediated through CD112 ligation, and may instead promote different modulatory 

effects, especially in CD4+ T cells. 
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Figure 3.5: Selective downregulation of surface CD226 by CD155, but not CD112 
(A) Schematic of in-vitro co-culture experiment with CD3/CD28 (Stim) beads ± CD155- or 
CD112-conjugated beads. (B) Representative histogram plots showing CD226 
expression in both splenic CD4+ and CD8+ T cells with CD3/CD28 (Stim) ± CD155- or 
CD112-conjugated beads at 360 minutes post stimulation. (C) Quantification of CD226+ 
CD4+ and CD8+ T cells after stimulation with respective control (Stim only), and CD155- 
or CD112-conjugated beads at various timepoints. (WT, n=3 per group, mean ± SD, 
cumulative of 2 independent experiments). Statistics: one-way ANOVA with post hoc 
Tukey’s for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
3.6 CD155-ligation mediates Y319 phosphorylation and ubiquitination by Cbl-b 

It was previously reported that the Y319 phosphorylation site is vital for CD226 signalling 

in NK cells and subsequent NK cells killing mechanisms. Additionally, through the use of 

mice bearing a point mutation at Y319 (Cd226Y319F), we have previously demonstrated 

that this point mutation concurred for enhanced anti-tumour efficacy from CD8+ TILs, with 

CD226 from Cd226Y319F CD8+ T cells being more resistant to CD155-mediated 

downregulation. However, its importance and mechanism in CD4+ T cells specifically, has 

not been addressed. We performed similar beads experiments as previously described, 

with T cells isolated from Cd226Y319F mice (Figure 5A). For technical purposes, we 

selected beads conjugated with 0.5ug/ml CD155 for these experiments, as higher 

concentrations (e.g 5ug/ml) accrued to accelerated of surface CD226 expression across 
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Figure 5: Selective downregulation of surface CD226 by CD155, not CD112, in stimulated T 
cells 
(A) Schematic of in-vitro co-culture experiment with CD3/CD28 (Stim) beads ± CD155- or 
CD112-conjugated beads. (B) Representative histogram plots showing CD226 expression in both 
splenic CD4+ and CD8+ T cells with CD3/CD28 (Stim) ± CD155- or CD112-conjugated beads at 360 
minutes post stimulation. (C) Quantification of CD226+ CD4+ and CD8+ T cells after stimulation with 
respective control (Stim only), and CD155- or CD112-conjugated beads at various timepoints. (WT, 
n=3 per groupt, mean ± SD, cumulative of 2 independent experiments). Statistics: one-way ANOVA with 
post hoc Tukey’s for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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all time points for both mouse strains, concealing any genotype-specific responses (data 

not shown) (Figure 3.6A). Surface CD226 levels from Cd226Y319F CD4+ T cells exhibited 

slight downregulation resistance following incubation with Sim+CD155 beads, as 

compared to those from the WT mice, although no statistical significance was obtained 

(Figure 3.6B and 3.6C). Consistent with our earlier observations and in clear contrast to 

the CD4+ T cells, Cd226Y319F CD8+ T cells displayed significantly more pronounced 

resistance to CD155-induced surface CD226 loss than its WT counterpart (Figure 3.6B 

and 3.6C). 

Phosphorylation at the Y319 residue recruits the Cbl-b E3 ubiquitin ligase downstream, 

which is important for post-transcriptional regulation in T cell. To investigate the role of 

Cbl-b in the mechanistic regulation of CD226 in CD4+ T cells, we utilized Cbl-bC373A mice 

(Cbl-bΔR), possessing a loss-of-function mutation in the RING finger domain, abolishing 

the E3-ligase function. We then repeated the previously described in-vitro beads 

stimulation assays with T cells from these mice (Figure 3.6D). Similar to findings with the 

Cd226Y319F mice, CD226 expression from Cbl-bΔR T cells showed resistance against 

CD155-mediated downregulation compared to WT controls. This was also statistically 

significant for the CD4+ T cells at 180 minutes post-incubation. As expected from previous 

results, this effect was more pronounced in the CD8+ T cells. Subsequent immunoblot 

analysis revealed decreased levels of total CD226 protein content upon incubation with 

Stim+CD155 beads as compared to Stim or unstimulated controls. Thereby, suggesting 

degradation of CD226 upon CD155 ligation in CD4+ T cells (Figure 3.6E and 3.6F).  

Collectively, these data suggests that the mechanism of regulation of CD226 in CD4+ T 

cells through CD155 ligation, may mirror to those previously observed in CD8+ T cells; 

although with nuance distinctions in magnitude and response kinetics. 
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Figure 3.6: CD226 ligation with CD155 induces Y319 phosphorylation and Cbl-b 
mediated ubiquitination in T cells 
(A) Schematic of in-vitro co-culture experiment of splenic T cells from WT or Cd226Y319F 
mice, with CD3/CD28 (Stim) beads ± CD155-conjugated beads. (B) Representative 
histogram plots showing CD226 expression in splenic CD4+ and CD8+ T cells from WT 
and Cd226Y319F mice with CD3/CD28 (Stim) ± CD155-conjugated beads at 180 minutes 
post stimulation. (C) Quantification of CD226+ CD4+ and CD8+ T cells from WT and 
Cd226Y319F mice, after stimulation with CD3/CD28 (Stim only-, and CD155-conjugated 
beads at various timepoints. (WT, n=3 per group, mean ± SD, cumulative of 3 independent 
experiments). (D) Schematic of in-vitro co-culture experiment of splenic T cells from WT 
or Cbl-bΔDR mice, with CD3/CD28 (Stim) beads ± CD155-conjugated beads. (E) 
Representative histogram plots showing CD226 expression in splenic CD4+ and CD8+ T 
cells from WT and Cbl-bΔDR mice with CD3/CD28 (Stim) ± CD155-beads at 180 minutes 
post stimulation. (F) Quantification of CD226+ CD4+ and CD8+ T cells from WT and Cbl-
bΔDR mice after stimulation with CD3/CD28(Stim only-, and CD155-conjugated beads at 
various timepoints. (WT, n=3 per group, mean ± SD, cumulative of 2 independent 
experiments). (G) Representative immunoblot showing CD226 in CD4+ T cells isolated 
from WT and Cbl-bΔDR mice with (H) respective quantifications. β-actin used as loading 
control. (Representative of 3 independent experiments). Statistics: one-way ANOVA with 
post hoc Tukey’s for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. 
 
3.7 CD4+ T cells isolated from gDT-II mice effectively are effectively primed towards 

memory phenotype 

The relevance of CD226+ CD4+ T cells in anti-tumour immunity remains largely unknown. 

To investigate this, we employed the use of a TCR transgenic mouse model (gDT-II mice). 

gDT-II mice harbor a TCR recognising the MHC-II restricted epitope of the Herpes simplex 

virus (HSV)-derived glycoprotein D (gD) (Bedoui et al. 2009). In conjunction to these 

transgenic T cells, we incorporated a B16.F10 melanoma cell line that has been 

engineered to express the full-length HSV-derived gD protein (B16.gD) (Figure 3.7A) 

(Bawden et al. 2024). At baseline, the frequency of immune cells (T cells, NK cells, B 

cells) from gDT-II mice did not differ from WT mice (Figure 3.7B), however with a slightly 

higher CD4+ Tem population in the gDT-II mice (Figure 3.7C). Additionally, there was also 

no difference in the expression level of CD226 on both CD4+ and CD8+ T cells between 

the two strains (Figure 3.7).  

We next sought to characterise the gDT-II CD4+ T cells following activation (Figure 3.7E). 

In-vitro priming of gDT-II CD4+ T cells was performed via co-culture of enriched gDT-II 

CD4+ T cells and gD peptide-pulsed WT splenocytes – serving as APCs - in the presence 
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of IL-2 and LPS (Figure 3.7E). Pure enrichment of gDT-II CD4+ T cells was achieved 

through sequential negative and positive isolation protocols (Figure 3.7F). Following gD-

priming, the CD4+ T cells displayed a phenotypic transition from the naïve state towards 

a memory state, particularly skewing towards the Tcm phenotype (Figure 3.7G). This 

transition was accompanied by an overall significant increase in CD226 expression level 

in total CD4+ T cells, with higher levels displayed particularly in the Tcm and Tem subsets 

compared to respective controls. Interestingly, the Tn subsets also displayed a modest 

increased in CD226 expression levels, though remained low overall (Figure 3.7H and 

3.7I). Further stratification revealed that gD-primed cells displayed significantly elevated 

T-bet levels and negligible FOXP3 expression levels as compared to controls; suggesting 

that the majority of the gD-primed CD4+ T cells are Th1 cells (Figure 73.J). Additionally, 

these cells showed some characteristics attributed to cytotoxicity, through an increase in 

BLIMP-1 levels and a decrease in Eomes and KLRG1 expression (Figure 3.7K).  
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Figure 3.7: Characterisation of the gDT-II neoantigen system 
(A) Schematic the gDT-II model, where CD4+ T cells from gDT-II cells recognises gD-
expressing B16.F10 melanoma cells (B16.gD). (B) Frequencies of splenic T cells, NK 
cells, and B cells in WT (n=4) and gDT-II (n=15) mice. (mean ± SD, cumulative of three 
experiments) (C) Memory subset distribution of CD4+ and CD8+ T cells in (n=4) and gDT-
II (n=15) mice. Memory subset were defined as follows: Naive (Tn) = CD62L+CD44-, 
central memory (Tcm) = CD62L+CD44+, effector memory (Tem) = CD62L-CD44+. (mean 
± SD, cumulative of 3 experiments) (D) Quantification of CD226+ T cells in WT (n=4) and 
gDT-II (n=15) mice. (mean ± SD, cumulative of three experiments). (E) Schematic 
depicting in-vitro gDT-II activation protocol. (F) Representative flow plots for CD4+ T cell 
isolated using combined negative and positive selection protocols. (G) Representative 
flow plots showing memory subset distribution of gDT-II CD4+ T cells at fresh isolation and 
day 6 post-cultures ± gD-priming. (H-I) Quantification of CD226+ total CD4+ T cells from 
gDT-II mice (H), and the respective memory subsets (I), at fresh isolation and day 6 post-
cultures ± gD-priming. (J-K) Quantification of T-bet+ and FOXP3+ (J), cytotoxic markers 
(Blimp-1, Eomes, KLRG1) (K) after fresh isolation and day 6 post-cultures ± gD-priming. 
(Fresh, n= 8; Day 6: n= 4-15; mean ± SEM, 2 experiments). (Statistics: one-way ANOVA 
with post hoc Tukey’s for multiple comparisons (H-K). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
 
3.8 IFN-γ stimulation upregulates MHC-I and -II expression on B16 melanoma variants 

As mentioned previously, gDT-II CD4+ T cells can recognise the MHC-II restricted epitope 

of the HSV gD protein. To model this interaction, we incorporated a B16.F10 melanoma 

cell line that has been engineered to express the full-length HSV-derived gD protein 

(B16.gD), present on both MHC-I and MHC-II (Bawden et al. 2024). To assess MHC-I/II 

expression on the B16 melanoma variants for the gD antigen, the cells were stimulated 

with IFN-γ for 72 hours (Figure 3.8A). Following stimulation, both the parental B16.F10 

WT and B16.gD cells displayed upregulation of MHC-I and MHC-II expression (Figure 

3.8A and 3.8B). To address the role of MHC-II expression in the anti-tumour CD4+ T cell 

functions, a B16.gD cell line deficient of MHC-II (B16.gD.CiitaKO; CIITAKO), through the 

disruption of the Ciita gene, was generated through CRISPR/Cas9 methods (Bawden et 

al. 2024). To further enrich the gene-disrupted cells in the polyclonal cultures, MHC-II-

negative proportions were sorted via flow cytometry following IFN-γ stimulation (Figure 

3.8C). The control cell line used for subsequent experiments were generated through 

transfection with a Px459 empty vector, which lacks the Ciita-targeting RNA sequences 

(B16.gD.Px459; CIITAWT) (Figure 3.8D). Similar to the parental B16.gD, the 

B16.gD.Px459 cells upregulated both MHC-I and -II expression following IFN-γ 

stimulation. 
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Figure 3.8: MHC-I and MHC-II expression of B16 cells 
(A) Schematic depicting stimulation of B16 cells with mouse IFN-γ (1000U/ml). (B) MHC-
I and MHC-II expression from parental B16.F10 WT and B16.gD ± IFN-γ stimulation in-
vitro. (C) MHC-I and MHC-II expression of IFN-γ-stimulated MHC-II-deficient B16.gD 
(B16.gD.CiitaKO, CIITAKO) before and after flow sorting, to enrich for MHC-I+ MHC-II- 
population. (D) MHC-I and MHC-II expression on the control cell line B16.gD.Px459 
(CIITAWT), ± IFN-γ stimulation in-vitro. 
 
3.9 gDT-II CD4+ T cells can specifically recognise the HSV-gD epitope  

Following in-vitro protocol establishment and assessing the B16 targets, we next 

determined the antigen specificity of gDT-II T cells towards the gD epitope. Primed gDT-

II CD4+ T cells were sorted through flow cytometry and restimulated in co-cultures with 

WT splenocytes pulsed with either the gD peptide or an irrelevant CD4+ T cell peptide 

using the Lymphocytic choriomeningitis virus (LCMV) peptide (Figure 3.9A). gD-primed 

CD4+ T cells displayed significantly higher levels of both TNF-α and IFN-γ upon re-

encounter with the gD peptide, but not with the LCMV peptide (Figure 3.9B). We further 

validated the specificity through priming the gDT-II cells with either the gD or the LCMV 

peptide, and subsequently co-culturing the cells with IFN-γ-stimulated parental B16.F10 

WT or B16.gD cells (Figure 3.9C). As expected, the gD-primed cells produced significantly 

higher levels of both TNF-α and IFN-γ when co-cultured with B16.gD and not with the 

parental B16.F10 cell line (Figure 3.9D and 3.9E). Of note, this response was only 

exhibited with IFN-γ-pre-stimulated B16.gD cells (data not shown). Conversely, no 

BA

C

Figure 8: MHC-I and MHC-II expression of B16 cells
(A) Schematic depicting stimulation of B16 cells with mouse IFN-γ (100U/ml). (B) MHC-I and MHC-II expression 
from parental B16.F10 WT and B16.gD ± IFN-γ stimulation in-vitro. (C) MHC-I and MHC-II expression of 
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responses were triggered from the LCMV-primed CD4+ T cells following co-cultures with 

either of the B16 cell lines. Collectively, these data validated the antigen specificity of the 

transgenic CD4+ T cells towards the gD epitope. 

 

Figure 3.9: Antigen-specific activation and functional profiling of gDT-II CD4+ T cells 
(A) Experimental workflow for in-vitro priming and activation of gDT-II CD4+ T cells. For 
restimulation, primed T cells were co-cultured WT splenocytes (as APCs) pulsed with gD 
peptides. (B) Representative flow plots showing TNF-α and IFN-γ production from gD-
primed gDT-II CD4+ T cells following restimulation with peptide-pulsed splenocytes. (C) 
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(A) Experimental workflow for in-vitro priming and activation of gDT-II CD4+ T cells. For restimulation, primed T 
cells were co-cultured WT splenocytes (as APCs) pulsed with gD peptides. (B) Representative flow plots showing 
TNF-α and IFN-γ production from gD-primed gDT-II CD4 T cells following restimulation with peptide-pulsed sple-
nocytes. (C) Schematic of co-culture assay of gD- or -LCMV-peptide primed gDT-II CD4+ T cells with B16 melano-
ma cells (pre-stimulated with IFN-γ, 72 hours) D) Representative dotplots showing TNF-α and IFN-γ production 
from the respective peptide-primed gDT-II CD4+ T cells, following a 6-hour co-culture B16 cells (pre-stimulated 
with IFN-γ, 72 hours), and its respective quantification (E) (n= 8, mean ± SD, data cumulative of two experiments). 
Statistics: one-way ANOVA with post hoc Tukey’s for multiple comparisons. *p < 0.05, **p < 0.01,***p < 0.001, 
****p < 0.0001.
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Schematic of co-culture assay of gD- or -LCMV-peptide primed gDT-II CD4+ T cells with 
B16 melanoma cells (pre-stimulated with IFN-γ, 72 hours) (D) Representative dot plots 
showing TNF-α and IFN-γ production from the respective peptide-primed gDT-II CD4+ T 
cells, following a 6-hour co-culture B16 cells (pre-stimulated with IFN-γ, 72 hours), and its 
respective quantification (E) (n= 8, mean ± SD, data cumulative of two experiments). 
Statistics: one-way ANOVA with post hoc Tukey’s for multiple comparisons. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. 

 
3.10 MHC-II is required for an effective immune response against gD-expressing 

melanoma cells 

As mentioned, the response from gD-primed CD4+ T cells was only invoked in co-cultures 

with pre-stimulated B16.gD cells; bearing upregulated MHC-II expression post-

stimulation. This aligns with various studies demonstrating the importance of MHC-II 

expression in antigen recognition by CD4+ T cells in various cancers (Hunder et al. 2008; 

Tran et al. 2014; Leko et al. 2019). To confirm that direct antigen recognition is MHC-II 

dependant, we repeated the described co-culture experiment with MHC-II-deficient 

CIITAKO cells with CIITAWT controls (Figure 3.10A). Predictably, co-cultures with IFN-γ-

stimulated CIITAKO cells did not induce any TNF-α or IFN-γ responses, nor upregulate 

CD25 expression from the gDT-II cells, as compared to co-culture with B16.gD or the 

CIITAWT cells (Figure 3.10B and 3.10C). Thereby, validating that MHC-II expression is 

essential for gD antigen recognition by gDT-II CD4+ T cells in the neoantigen model. 
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Figure 3.10: MHC-II expression is required for gDT-II CD4+ T cell recall response to 
the gD antigen 
(A) Schematic for in-vitro gDT-II activation through gD-peptide priming with splenocytes. 
Primed gDT-II CD4+ T cells were sorted, and co-cultured with B16 melanoma cells (pre-
stimulated with IFN-γ, 72 hours). (B) Representative flow cytometry plots showing TNF-α 
and IFN-γ by gD-primed gDT-II CD4+ T cells following co-culture with various B16 cells, 
including the MHC-II-expressing (B16.gD.Px459; CIITAWT) or MHC-II-deficient 
(B16.gD.CiitaKO; CIITAKO) cells. (C) Corresponding quantification of TNF-α, IFN-γ and 
expression of CD25 by gDT-II CD4+ T cells after co-culture with the respective B16 
melanoma cells (pre-stimulated with IFN-γ, 72 hours) (n= 6, mean ± SD, data cumulative 
of two experiments). Statistics: one-way ANOVA with post hoc Tukey’s for multiple 
comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
3.11 Cytokine production from gD-primed CD4+ T cells requires CD226   

Following the establishment and functional validation of the gDT-II model, we next 

addressed the importance of CD226 in anti-tumour responses from gD-primed CD4+ T 

cells in an antigen-specific setting. CD226-deficient gD-primed CD4+ T cells (CD226KO) 

was firstly generated with CRISPR/Cas9 approach through nucleofection, subsequently 

flow-sorted, and subjected to co-cultures experiments with the B16 variants (Figure 

3.11A). From the three designed CD226-targeting single-guide RNAs (sgRNA), sgRNA 
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#80 exhibited the highest knockout efficiency in WT CD4+ T cells when compared to Mock 

controls, which did not receive any targeting sgRNA (Figure 3.11B). Hence, sgRNA #80 

was chosen for the generation of CD226KO gDT-II cells for subsequent experiments. To 

enrich for CD226+ and CD226- gD-primed cells, the nucleofected cells were flow-sorted 

accordingly – CD226KO cells from CD226-negative population; Mock from CD226-positive 

population – and rested overnight, before subsequent B16 co-cultures (Figure 3.11C and 

3.11D). Notably, the Mock cells showed a gradual decrease of CD226 levels following 

overnight rest. CD226KO gDT-II cells displayed markedly lower TNF-α and IFN-γ 

production in contrast to the Mock cells in response against the B16.gD cells (Figure 

3.11E-3.11H). Predictably, both CD226KO and Mock cells displayed limited responses 

when co-cultured with CIITAKO cells as compared to control CIITAWT or the parental 

B16.F10 cells (Figure 3.11G and 3.11H). Upon stratification of the homogenous CD226+ 

and CD226- population within the Mock cells, the significant increase in cytokine levels 

observed upon gD antigen encounter, were predominantly driven by the CD226+ 

population (Figure 3.11I and 3.11J). Taken together, these data suggest functional 

necessities for CD226 on antigen-primed CD4+ T cells in executing MHC-II-restricted 

responses. 
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Figure 3.11: Antigen-primed CD226+ CD4+ T cells mediate cytokine production in 
tumour response 
(A) Schematic for CRISPR-cas9 generation of CD226KO gDT-II CD4+ T cells, followed by 
flow sorting and co-culture with IFN-γ-pre-treated B16 melanoma cells. (B) 
Representative histogram plots showing CD226 knockout efficacies of different sgRNAs 
in WT CD4+ T cells. (C) Representative histogram showing CD226 knockout efficacy of 
selected guide RNA (#80) in gDT-II CD4+ T cells. Cells were sorted accordingly (CD226KO: 
CD45.1+, CD4+, CD226neg ; Mock: CD45.1+, CD4+, CD226pos). (D) Representative 
histogram plots of CD226 expression from sorted samples post-sort following an overnight 
rest. (E, F) Representative dot plots showing TNF-α (E) IFN-γ production (F) from 
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CD226KO or Mock CD4+ T cells after a 6-hour co-culture with IFN-γ-stimulated B16.gD 
cells. (G, H) Corresponding quantification of TNF-α (G) and IFN-γ (H) production from the 
CD226KO and Mock gDT-II CD4+ T cells after a 6-hour co-culture with B16 cells (pre-
stimulated with IFN-γ, 72 hours). (I, J) Cytokine production by CD226+ vs CD226- subsets 
within Mock cells (n= 9, mean ± SD, data cumulative of 3 experiments). Statistics: paired 
Student’s t test (G and J), one-way ANOVA with post hoc Tukey’s for multiple comparisons 
(F and I). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
3.12 Human CD226+ CD4+ T cells produces IFN-γ upon TCR stimulation  

Expanding upon previous observation in mice, we extended our analysis to human T cells 

to investigate if CD226 expression patterns on human CD4+ T cells are similar to mice at 

baseline. Consistent with previous observations with mouse T cells, CD8+ T cells from 

human PBMCs displayed higher CD226 expression level as compared to CD4+ T cells 

(Figure 3.12A). Within the memory subsets, Tn from both CD4+ and CD8+ T cells showed 

limited surface CD226 expression relative to its respective memory groups (Tcm, Tem, 

Temra) (Figure 3.12B). Next, we investigated if surface CD226 expression on human 

CD4+ T cells similarly identifies cytokine-secreting population as previously observed in 

mice, following comparable TCR stimulation conditions (Figure 3.12C). CD226 expression 

levels showed gradual upregulation across all time points as compared to baseline (Day 

0), peaking at 72 hours post-stimulation (Figure 3.12D). Alongside the observed 

upregulated CD226 expression, we profiled characteristic Th cytokines (Th1: TNF-α, IFN-

γ; Th2: IL-13; Th17: IL-17A; Tregs: IL-10). Production of IFN-γ levels increased 

significantly post-stimulation, with uniform levels across all time points (Figure 3.12E and 

3.12F). Conversely, low levels were detected for IL-13, IL-17A and IL-10, relative to 

baseline (Figure 3.12G-3.12J). However, albeit the low level of cytokine production, IL-10 

levels showed a mild significant upregulation at 24- and 48-hours post-stimulation (Figure 

3.12K and 3.12L). Further analyses of CD226-negative and -positive population within the 

CD4+ T cells at 72 hours post-stimulation revealed that cytokine production was driven 

mainly by the CD226-positive CD4+ T cells (Figure 3.12M-3.12P). 
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Figure 3.12: CD226 surface expression correlates with cytokine production in 
human CD4+ T cells 
(A) Frequencies of CD4+ and CD8+ T cells from human PBMCs. (B) Quantification of 
CD226+ populations among CD4+ and CD8+ T cells (n=8, mean ± SEM, one experiment). 
(C) Schematic illustration of in-vitro stimulation of human T cells isolated from PBMCs. 
(D) Representative histograms and quantification of surface CD226 expression on CD4+ 
T cells following TCR stimulation (n= 6-9; mean ± SD, data cumulative of 2 experiments). 
(E-H) Representative flow cytometry plots showing cytokine production (IFN-γ, IL-13, IL-
17A, IL-10) by CD4+ T cells at baseline (Day 0) and 72 hours post-stimulation. (I-L) 
Corresponding quantification of the respective cytokines produced by total CD4+ T cells. 
PMA/ionomycin (PMA/IO) control values were taken from the 48-hour timepoint of the 
experiments. (M-P) Cytokine production by CD226- and CD226+ CD4+ T cells at 72 hours 
post-stimulation (n=8; mean ± SD, cumulative of 2 experiments). Statistics: one-way 
ANOVA with post hoc Tukey’s for multiple comparisons (I-L), paired Student’s T-test (M-
P); *p < 0.05, **p < 0.01. 
 
3.13 CD226 deficiency in human CD4+ T cells does not impair cytokine output 

To investigate if CD226 is involved in cytokine production, we generated CD226KO from 

primary CD4+ T cells using CRISPR/Cas9 as previously described, followed by TCR 

restimulation (Figure 3.13A). This constitutes as a restimulation because a prior activation 

of T cells was required for the generation of CD226KO cells. Among the three designed 

CD226-targeting sgRNA, sgRNA #74 displayed the greatest knockout efficiency and 

utilised for subsequent generation of CD226KO CD4+ T cells (Figure 3.13B). Upon 

restimulation, both CD226KO and Mock cells displayed limited levels of cytokines of lower 

than 8%, across all time points. Despite the modest increase in IFN-γ levels at 24 hours 

post-restimulation as compared to baseline, no differences were observed between the 

two cell groups across all time points (Figure 3.13C). Similar kinetics were displayed for 

the other cytokines (IL-13, IL-17A, IL-10) investigated in these experiments (Figure 3.13C-

3.13F). Collectively, CD226 impairment in human CD4+ T cells does not seem to 

significantly alter cytokine output following restimulation. However, given the low levels of 

cytokines detected, the data still remains inconclusive. 
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Figure 3.13: CD226 deficiency does not substantially alter cytokine production 
upon restimulation 
(A) Schematic for CRISPR-cas9-mediated generation of CD226KO primary human CD4+ 
T cells, followed by TCR restimulation with anti-CD3/CD28. (B) Representative histogram 
plots showing CD226 knockout efficiency of different CD226-targeting guide RNAs, with 
guide RNA #74 selected for subsequent experiments. (C-F) Representative flow 
cytometry plots showing cytokine production (IFN-γ, IL-13, IL-17A, IL-10) by CD226KO and 
Mock CD4+ T cells at 24 hours post-restimulation. (G-J) Corresponding quantification of 
cytokine production by CD226KO and Mock CD4+ T cells across all time points (n=9; mean 
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Figure 13: CD226 deficiency does not substantially alter cytokine production upon restimulation
(A) Schematic for CRISPR-cas9-mediated generation of CD226KO primary human CD4+ T cells, followed by 
TCR restimulation with anti-CD3/CD28. (B) Representative histogram plots showing CD226 knockout 
efficiency of differen CD226-targeting guide RNAs, with guide RNA #74 selected for subsequent experi-
ments. (C-F) Representative flow cytometry plots showing cytokine production (IFN-γ, IL-13, IL-17A, IL-10) 
by CD226KO and Mock CD4+ T cells  at 24 hours post-restimulation. (G-J) Corresponding quantification of  
cytokine production by CD226KO and Mock CD4+ T cells across all time points (n=9; mean ± SD, cumulative 
of 3 experiments). Statistics:  one-way ANOVA with post hoc Tukey’s for multiple comparisons (G-J); no 
significant differences observed betweenCD226KO and Mock cells at any time point. 
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± SD, cumulative of 3 experiments). Statistics: one-way ANOVA with post hoc Tukey’s for 
multiple comparisons (G-J); no significant differences observed between CD226KO and 
Mock cells at any time point. 
 
3.14 CD226 is expressed on CD4+ tumour-infiltrating lymphocytes  

Many studies have demonstrated that high CD226-expressing CD8+ TILs yields potent 

anti-tumour function and favourable prognosis (Weulersse et al. 2020; Huang et al. 2023; 

Viot et al. 2023). However, direct investigation of CD226 expression in human CD4+ TILs 

remain limited. To explore this, the Tumour Immune Cell Atlas dataset was utilised (Nieto 

et al. 2021), consisting of TILs (n = 314,679) from 177 patients across multiple tumour 

subtypes (Figure 3.14A and 3.14B). CD226 is found to be expressed across all tumour 

entities within the dataset, with breast cancer (BC) displaying the highest level of 

expression. Immune cell type stratification showed that CD226 is expressed on a broad 

range of immune population within the tumour (Figure 3.14C). Further stratification of the 

CD4+ TILs within the tumour subtypes revealed distinct clustering of subsets, with dense 

CD226 signal corresponding to Th cells (Figure 3.14D and 3.14E). Notably, the highest 

CD226 expression level was displayed in the CD4+ T cells annotated as recently activated 

cells (Figure 3.14E). Taken together, this dataset demonstrates that CD4+ T cells within 

the tumour displayed varying CD226 expression, which may suggest functional 

heterogeneity within the tumour microenvironment.   
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Figure 14: CD226 is expressed on CD4+ tumour-infiltrating lymphocytes across multiple cancer entities
(A) UMAP plot of the different tumour subtypes identified within the Tumor Immune Cell Atlas dataset. BC: 
Breast Cancer, BCC: Basal Cell Carcinoma, CM: Cutaneous Melanoma, CRC: Colorectal Cancer, EA: Esopha-
geal Adenocarcinoma, HCC: Hepatocellular Carcinoma, ICC: Intrahepatic Cholangiocarcinoma, NSCLC: 
Non-small Cell Lung Cancer, PDAC: Pancreatic Ductal Adenocarcinoma, RCC: Renal Cell Carcinoma, SCC: 
Squamous Cell Carcinoma, UM: Uveal Melanoma. (B) Violin plot showing total CD226 expression levels across 
the tumour subtypes as well as (C) within intratumoral immune population. (E) Violin plot showing CD226 
expression across the identified CD4+ T cell population within the dataset. These analyses was performed by Dr. 
Dillon Corvino. 
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Figure 3.14: CD226 is expressed on CD4+ tumour-infiltrating lymphocytes across 
multiple cancer entities 
(A) UMAP plot of the different tumour subtypes identified within the Tumor Immune Cell 
Atlas dataset. BC: Breast Cancer, BCC: Basal Cell Carcinoma, CM: Cutaneous 
Melanoma, CRC: Colorectal Cancer, EA: Esophageal Adenocarcinoma, HCC: 
Hepatocellular Carcinoma, ICC: Intrahepatic Cholangiocarcinoma, NSCLC: Non-small 
Cell Lung Cancer, PDAC: Pancreatic Ductal Adenocarcinoma, RCC: Renal Cell 
Carcinoma, SCC: Squamous Cell Carcinoma, UM: Uveal Melanoma. (B) Violin plot 
showing total CD226 expression levels across the tumour subtypes as well as (C) within 
intratumoral immune population. (E) Violin plot showing CD226 expression across the 
identified CD4+ T cell population within the dataset. These analyses were performed by 
Dr. Dillon Corvino. 
 
3.15 CD155 and CD112 induces surface CD226 loss in human T cells 

Building upon the heterogenous CD226 expression in human CD4+ TILs, we next question 

whether the CD155-mediated downregulation mechanism – as observed in mice – would 

similarly impact CD4+ TILs. For this, T cells isolated from PBMCs were co-culture with; 

CHO cells bearing stable expression of CD3 (CHO-OKT3), or expressing in combination 

with either CD155 (CHO-OKT3-CD155) or CD112 (CHO-OKT3-CD112) (Figure 3.15A). 

Co-cultures with OKT3-CD112 and OKT3-CD155 cells showed a significant increase in 

surface CD69 expression at 16 hours post-co-cultures, which are similar to those 

stimulated with CHO-OKT3 cells alone (Figure 3.15B). Thus, validating activation through 

the engagement of the stably expressed OKT3 on the CHO cell variants. Consistent to 

results observed in murine cells, CD226 expression levels on both human CD4+ and CD8+ 

T cells were drastically reduced when co-cultured with OKT3-CD155 cells as compared 

to controls. Interestingly, upon co-cultures with OKT3-CD112 cells, both CD4+ and CD8+ 

T cells also showed a marked decrease in surface CD226 level, with CD8+ T cells 

exhibiting the stronger apparent effect (Figure 3.15C and 3.15D). However, prolonged co-

cultures with OKT3-CD112 cells till 72 hours did not further exaggerate the CD226 

downregulation on both T cells.   
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Figure 3.15: CD226 is downregulated on human T cells upon CD155 engagement 
(A) Schematic of in-vitro co-cultures of T cells from PBMCs with different variants of CHO-
K1 cell line. (B) Corresponding quantification of CD69 expression on T cells after a 16-
hour co-culture with CHO-K1 variants. (C) Representative histogram plots showing 
surface CD226 expression on T cells after 16-hour co-cultures with CHO-K1 variants, with 
(D) corresponding quantification (n=11; mean ± SD, cumulative of 3 experiments). (E) 
Quantification of surface CD226 expression on T cells after 72 hours post co-cultures with 
CHO-K1 variants (n=3, mean ± SEM, one experiment). Statistics: one-way ANOVA with 
post hoc Tukey’s for multiple comparisons (B, D, E). Experiments performed by Johannes 
Siewert. 
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Figure 15: CD226 is downregulated on human T cells upon CD155 engagement 
(A) Schematic of in-vitro co-cultures of T cells from PBMCs with different variants of CHO-K1 cell line. (B) Corre-
sponding quantifcation of CD69 expression on T cells after a 16 hour co-culture with CHO-K1 variants. (C) Rep-
resentative histogram plots showing surface CD226 expression on T cells after a 16 hour co-cultures with 
CHO-K1 variants, with (D) corresponding quantification (n=11; mean ± SD, cumulative of 3 experiments). (E) 
Quantification of surface CD226 expression on T cells after 72 hours post co-cultures with CHO-K1 variants 
(n=3, mean ± SEM, one experiment). Statistics:  one-way ANOVA with post hoc Tukey’s for multiple compari-
sons (B,D, E). Experiments performed by Johannes Siewert. 



 77 

4. Discussion 
 

Immunotherapy investigations largely leveraged CD8+ CTLs. However, this dismisses the 

role of CD4+ T cells in anti-tumour immunity. Beyond the well-characterised suppressive 

mechanisms of Tregs, accumulating evidences underscores the crucial contribution of 

CD4+ T cells towards overall anti-tumour immunity. Several studies have shown that 

adoptive co-transfer of both CD4+ and CD8+ T cells, resulted in significantly enhanced 

overall anti-tumour responses as compared to transfer of either subset alone (Böhm et al. 

1998; Huang et al. 2005). Due to the diverse subsets within the CD4+ T cells, delineating 

their exact mechanism within the already complex TME, proves to be challenging. 

Additionally, although inhibitory receptors on TILs have been extensively characterised, 

the function and regulation of activating receptors in the context of the TME remains 

unexplored. The activating receptor CD226 is crucial for NK and T cell function, especially 

in cancer (Gilfillan et al. 2008; Iguchi-Manaka et al. 2008). However, its role and regulation 

specifically in tumour-infiltrating CD4+ T cells remains poorly understood. Given the 

emerging roles of CD4+ T cells in anti-tumour immune responses and the importance of 

CD226 for CD8+ T cell function, we hypothesised that optimal anti-tumour responses 

require CD226 surface expression on CD4+ T cells.  

4.1 Functional role of CD226 in CD4+ T cells at baseline and in tumour 

We showed that activated CD4+ T cells displayed upregulated CD226 expression, a 

phenomenon of many co-stimulatory molecules. However, through anti-CD3/CD28 

activation, we found that CD226 may be dispensable for cytokine production. Although, 

IFN-γ and TNF-α were predominantly detected, indicative of a Th1-skewed response. It is 

important to note that the TCR stimulation was performed in non-polarising conditions, 

and hence the cytokines profiles observed reflects the intrinsic default pathway of Th0 

cells, instead of a committed Th1 lineage. This intrinsic default cytokine production was 

similarly reported in early studies, where Th1-related cytokines are among the first to be 

detected, and other lineage-characteristic cytokines detected later time points, following 

similar activation conditions (Webb and Feldmann 1995; Rostaing et al. 1999). Therefore, 

to properly evaluate the role of CD226 in CD4+ T cell subset function, further investigation 

in polarised defined CD4+ Th subsets is required or in Th-dependant cancer contexts. 
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To characterise the expression of CD226 in CD4+ TILs, we injected WT mice with B16F1 

melanoma cells, expressing high levels of CD155. Upon phenotypic characterisation, 

CD4+ TILs were predominantly Th1 cells. Albeit the relatively high proportion of Th1 cells 

detected, they are limited in their CD226 expression. Given that CD226 has been 

described to be highly expressing on Th1 cells due to its role in differentiation and effector 

function (Smits et al. 2002); this limited CD226 expression in the tumour-derived Th1 cells 

may suggest a failure to maintain or a progressive loss in CD226 expression. This was 

further exhibited when we observed a trend towards an inverse correlation between 

CD226+ CD4+ TILs and tumour volume; with larger tumours showing fewer CD226+ CD4+ 

TILs. Similar findings have been reported; where CD226- CD8+ TILs accumulated in both 

mouse and human tumours, involving the transcriptional regulator Eomes, yielding loss of 

surface CD226, suppressed effector functions as well as reduced T cell fitness, after 

chronic exposure to tumours (Braun et al. 2020; Weulersse et al. 2020). However, it is still 

unclear if the accumulation of the CD226- CD8+ T cells is due to the outgrowth of CD226- 

T cells, death of CD226+ T cells, or active downregulation. Further clonal tracing or fate-

mapping approach would be required for further clarification.  Nevertheless, our data 

suggests that CD226- CD4+ T cells similarly accumulate in tumours, with plausible 

dysfunction states, akin to that seen with CD8+ T cell responses. 

To assess functionality of the CD4+ TILs, we attempted ex-vivo restimulation of the CD4+ 

TILs via anti-CD3/CD28 antibodies to elicit a recall response. However, only limited levels 

of IFN-γ responses was detected (data not shown); reflecting either sub-optimal 

restimulation conditions or a true physiological exhausted or dysfunctional state of the 

CD4+ TILs. These primary data prompt further investigation into the functional state and 

differential status of the CD226-expressing or non-expressing CD4+ TILs subsets.  

Future studies should explore how CD226 can function in different tumour contexts. Our 

scRNA-seq analysis of public human tumour atlases showed varying expression patterns 

of CD4+ TILs as well as their corresponding CD226 expression across tumour types. In 

our in-vivo study, we utilised the B16F1 melanoma model, which is considered a “cold” 

tumour due to its low immunogenicity and limited lymphocytes infiltration. Given that CD4+ 

T cell subset differentiation is influenced by the cytokine milieu of the TME and that TMEs 

can vary between cancers, some TME might favour certain subsets of CD4+ T cells. 
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Therefore incorporating “hot” tumours, such as the murine colon adenocarcinoma cell line 

(MC38), which are more permissible to lymphocyte infiltration would be important to 

determine if CD226+ CD4+ T cells would function differently. 

Collectively, we have shown that CD226+ CD4+ T cells represent a functionally active 

subset that coincides with Th1-related cytokine production, and potential anti-tumour 

mechanisms. Further investigation involving different tumour models would enable 

insights to the role of CD226 in CD4+ TILs in different TME.   

4.2 Regulation of CD226 on CD4+ T cells upon ligand engagement 

Others have previously shown that tumour cells can impair CD8+ CTL fitness through 

CD155-mediated internalisation and degradation of CD226, yielding dysfunctional T cells 

– revealing potential mechanism of immune escape (Braun et al. 2020). We questioned if 

CD226+ CD4+ T cells have similar mechanisms. Here, we showed that CD155 ligation 

similarly displayed a loss of surface CD226 on both mouse and human CD4+ T cells. 

Utilising Cd226Y319F and Cbl-bΔDR mice, we further verified that phosphorylation of CD226 

at tyrosine Y319, recruits the E3 ubiquitin ligase, Cbl-b, resulting in ubiquitination and 

proteasomal degradation of CD226. Although the functional consequence of this 

degradation was not explored in our study, these data illustrate that CD155-induced 

CD226 degradation is not exclusive to CD8+ T cells, but may also impair CD4+ T cells and 

thus could contribute to reduced anti-tumour functions. This is of relevance especially 

considering multiple cancer studies from others, and our earlier findings showing that 

CD226+ CD4+ T cells are predominantly the cytokine-producing population. 

The role of Cbl-b in T cell activation and cancer has been well established (Chiang et al. 

2000; Loeser et al. 2007). As a negative regulator, Cbl-b maintains T cell anergy until co-

stimulation is engaged, acting as a checkpoint in TCR signaling (Paolino and Penninger 

2010). Cbl-b targets multiple substrates involved in the T cell activation cascade, including 

the guanine nucleotide exchange factor, Vav-1. Vav-1 was implicated in CD226 

downstream signalling leading to production of IL-17 by CD4+ T cells, implying a 

relationship between Cbl-b acitivity and CD4+ T cell functionality (Gaud et al. 2018).In this 

study, we have further validated that Cbl-b is also involved in the regulation of CD226+ in 

CD4+ T cells. However, the precise molecular mechanisms and downstream pathways 

underlying this regulation still remains unclear. Further investigation in this pathway may 
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unveil how Cbl-b further modulates effector functions through CD226-dependant signaling 

in the TME. 

Apart from ubiquitination and proteasomal degradation, other regulatory pathways may 

converge to regulate CD226 surface expression on CD4+ T cells, prompting further 

detailed investigation. PD-1 has been shown to promote CD226 dephosphorylation via 

recruitment of the protein tyrosine phosphatase Shp2, whereas TIGIT regulates CD226 

activation through competitive ligand binding (Banta et al. 2022). Moreover, the 

transcription factor Eomes, is mostly enriched in CD226neg T cells due to its recruitment to 

the regulatory region of CD226, suggesting direct regulation (Weulersse et al. 2020). 

These insights suggests that a single pathway may not be solely responsible for CD226 

regulation. Therefore, although these regulatory effectors have been described, the extent 

of their intrinsic interaction, hierarchical regulation, as well as their interplay within the 

CD226 signaling in CD4+ T cells is yet to be fully demonstrated and prompts future 

investigation. 

Several studies have explored the structures of human CD226, unveiling key features that 

are required for efficient ligand binding (Ralston et al. 2004; Deuss et al. 2019; Wang et 

al. 2019). However, comparative studies between mouse and human CD226 remains 

limited. In our study, we showed that CD112 ligation yielded CD226 downregulation on 

human T cells, which was not recapitulated in mouse T cells under similar conditions. We 

speculate that this could stem from the species-specific structural differences between 

mouse and human, and affinity binding differences between CD155 and CD112. An earlier 

study demonstrated that human CD226 interacts with both CD155 and CD112, while 

mouse CD226 primarily interacts with CD155, with limited CD112 interaction (Stanietsky 

et al. 2013). The extracellular domain of CD226 consists of two Ig-like domains - referred 

to as CD226-D1 and CD226-D2 (Figure 4.1). In humans, CD226-D1 has been shown to 

mediate binding to CD155, whereas the CD226-D2 provides structural stability for the 

receptor, and interacts minimally to CD155 (Deuss et al. 2019). Although the overall 

CD226 architecture and binding affinities are conserved, both mouse and human CD226 

only share 54% homology, resulting to different ligand-binding interfaces (Figure 4.1) 

(Wang et al. 2019). Studies investigating the CD226-CD112 interactions remains limited; 

with one study showing that CD112 homophilic interactions in humans, results in CD226 
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accumulation at the immunological synapse, boosting avidity (Tahara-Hanaoka et al. 

2004). Therefore, limited CD226-CD112 interactions may impair effective immunological 

synapse formation, potentially dampening overall immune responses of T cells. 

Taken together, highlighted that species-specific differences occur which may stem from 

distinct structural or architectural features. Hence, these differences should be considered 

in functional studies, and future investigation should further interrogate the molecular 

relevance of CD112. 

 

Figure 4.1: Overview of human and mouse CD226 structures  
A) Ribbon representation of the extracellular domain of human CD226. CD226-D1 and 
CD226-D2 depicted through cyan and green colours respectively. Both domains are 
connected via arm linkers, coloured in magenta and yellow. B) Superimposed ectodomain 
structures of mouse (blue) and human (white) CD226. Figure taken from Wang et al. 2019. 
 
4.3 CD226 as a prerequisite for cytotoxicity in CD4+ T cells 

Studies have reported CD4+ T cell infiltration in various cancers can express cytotoxic 

markers. They can perform direct eradication of tumour cells or enhance overall anti-

tumour responses through various mechanisms (Haabeth et al. 2018; Cachot et al. 2021; 

Kruse et al. 2023). Incorporating the gD antigen model, we demonstrated that CD226-

deficiency in gDT-II CD4+ T cells abolished cytokine production upon encountering 

B16.F10 presenting the gD epitope. This emphasises a critical role of CD226 in invoking 

tumour antigen-specific responses. Many tumours, including melanoma, expresses high 

levels of CD226 ligands (Braun et al. 2020). Additionally, CD226 has been reported to 

synergize with the adhesion molecule, LFA-1, which propagates downstream TCR 

signals, cytokine production and effector functions (Shibuya et al. 1999). Our initial in-vitro 
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experimental assays using anti-CD3/CD28 stimulation bypassed LFA-1 and CD226 

engagement and therefore showed that CD226 deficiency may be equally capable of 

cytokine production. This suggests that under artificial TCR stimulation, CD226 may be 

dispensable; as similarly shown in a study which described that CD226-deficient naïve T 

cells concurred comparable activation milieu under similar activation conditions, but 

formed sub-optimal immunological synapses with APCs (Gilfillan et al. 2008). In contrast, 

in the more physiological context of tumour antigen recognition through the gD model, 

CD226 engagement with its ligands on the melanoma cells, likely prompted synergy with 

LFA-1 to amplify downstream TCR signalling, stabilise the immunological synapse, and 

subsequently driving effector functions. This is aligns with previous findings demonstrating 

the CD226-LFA-1 association and stable synapse formation are crucial for effective T cells 

responses (Ralston et al. 2004; Gilfillan et al. 2008). Moreover, previous work have also 

demonstrated that CD226-LFA-1 association influences Th1 differentiation from naïve 

CD4+ T cells in an IL-12 independent manner (Smits et al. 2002); underscoring the ligand-

dependant role for CD226 in Th1 expansion under physiological conditions. 

Others have also shown that tumoricidal CD4+ T cells can perform direct tumour 

eradication through TNF-α and FasL mechanisms (Bawden et al. 2024). Our findings 

further integrate into this, positioning CD226 as a potential key contributor to functional 

mechanisms. The loss of function exhibited by the CD226-deficient gDT-II CD4+ T cells 

underscores its importance in direct anti-tumour immunity. 

Future assays should investigate if CD226-deficiency could potentially impair killing 

capacities through various cytolytic pathways involving perforin, granzymes, FasL and 

TNF-α; both in-vitro and in-vivo. Moreover, although CD226KO cells were generated using 

CRISPR-cas9 protocols, knockout efficiency was only confirmed via flow cytometric 

analysis and in-vitro assays. Future assays should also include genomic validation to 

confirm deletion integrity and obviate off-target effects. 

We also demonstrated that the gD-specific CD4+ T cells were only further activated when 

the melanoma cells were pre-treated with IFN-γ, which upregulated MHC-II expression. 

This aligns with previous studies that showed tumour-intrinsic MHC-II expression 

orchestrates CD4+ T cells-mediated tumour control in the TME  (Mumberg et al. 1999; 

Perez-Diez et al. 2007; Haabeth et al. 2018) and that its expression correlates with 



 83 

favourable outcome with immunotherapy (Johnson et al. 2016; Oliveira et al. 2022). 

However, whether the tumour-intrinsic MHC-II is redundant remains unclear, as antigen 

presentation could potentially be compensated by professional APCs. This is of relevance 

for future experiments, considering TCR signalling strength and quality can differ between 

APCs and tumour due to the variation of co-stimulatory molecules (Driessens et al. 2009). 

It is established that an absence or weak co-stimulation may lead to T cell exhaustion or 

promote Treg functions instead (Driessens et al. 2009), or inhibit T and NK cell function 

through ligation of the immune checkpoint receptor Lag-3, which also can bind MHC-II 

(Johnson et al. 2018). The B7-CD28 pathway represents the primary and strongest 

costimulatory signal delivered by APCs to amplify T-cell activation. Positive costimulatory 

molecules, including the B7-1 and B7-2, are often absent in many tumours, despite these 

tumour cells conserving their ability for antigen presentation (Driessens et al. 2009). 

Earlier studies demonstrated that expression of B7-1 on tumours trigger robust CD8+ T 

cell-mediated anti-tumour responses and confer long-term protection upon rechallenge in 

several models (Chen et al. 1992; Baskar et al. 1993; Townsend and Allison 1993). 

However, in the context of non-immunogenic tumours, B7 expression was insufficient to 

elicit effective immune responses, indicating that other or additional tumour-intrinsic 

factors were required to overcome immune resistance (Chen et al. 1994). While we have 

shown that CD226-expressing gDT-II cells concurred response against the melanoma 

cells in-vitro, it is still unclear if a sub-optimal co-stimulation can trigger CD226-mediate 

co-stimulation, or if CD155/CD112 engagement alone is insufficient. Given that CD226 

associates with LFA-1 for stable synapse formation and amplify downstream TCR 

signalling, the effectiveness of the CD226 axis in physiological conditions may further 

depend on cell-intrinsic properties such as adhesion molecules, synapse formation as well 

as ligand density. 

Hence future studies concerning CD226’s role on tumoricidal CD4+ T cells should 

investigate the mechanisms concerning direct or indirect antigen presentation 

mechanisms, including cross-talk with intratumoral APCs and other immune cells. 
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5. Abstract 

 

Activating receptors on T cells, such as CD226 (DNAM-1), play an important role for anti-

cancer responses. Tumour cells can downregulate CD226 on CD8+ T cells in mouse and 

human tumours and that the success of immune checkpoint blockade in melanoma 

patients correlates with the presence of CD226+ CD8+ T cells. While there is a growing 

recognition for the role of CD4+ T cells in anti-tumour immunity, the role of CD226 in CD4+ 

T cells functions remains unclear. In both mouse and human, CD226 expression is 

upregulated during activation and correlates with the functionality of CD4+ T cells. 

Furthermore, a rapid downregulation of CD226 is observed upon ligation with its ligand, 

CD155. In tumour infiltrating CD4+ T cells, we also observed reduced CD226 surface 

expression. A mutation at the tyrosine 319 (Y319) residue showed resistance to CD155-

driven downregulation. Mechanistically, CD155 induced Y319 phosphorylation, which led 

to Cbl-b mediated ubiquitination, internalisation, and ultimately proteasomal degradation 

of CD226. To further investigate the role of CD226 in tumour immunity, the herpes simplex 

glycoprotein D (gD) was utilised as a model antigen, because it harbours an epitope 

(gD315–327) recognized by CD4+ T cells from the transgenic gDT-II mice. In-vitro co-culture 

studies using CRISPR/Cas9 generated CD226KO CD4+ gDT-II cells, showed limited 

cytokine production and activation as compared to WT controls. Hence, suggesting a role 

for CD226+ CD4+ T cells in anti-tumour function.  

In summary, our findings provide insights to CD226 dynamics and its contribution to anti-

tumour capacity of CD4+ T cells. While therapeutic implications of CD226 on CD4+ T cells 

remain to be fully explored, our study prompts future investigation into its functional and 

potential therapeutic significance.  
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