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Abstract  

CD8+ T-cells play a critical role in anti-tumour immunity, and cytokines IL-12 and IL-27 

can modulate their phenotype and function. Tumour-specific CD8+ tumour-infiltrating 

lymphocytes (TILs) can be identified based on the surface expression of CD39, while CD8+ 

TILs that recognize cancer unrelated antigens do not. It is currently unclear how and why 

tumour-specific CD8+ T-cells uniquely express CD39. We hypothesize that IL-12 and IL-

27 upregulate CD39 expression on CD8+ T-cells and improve effector activity of 

CD39+CD8+ T-cells, compared to their CD39- counterparts. Using in vitro stimulation 

assays, we identified that CD8+ T-cells upregulate CD39 in the presence of IL-12 and IL-

27. Moreover, CD39+CD8+ T-cells produced higher levels of effector molecules, such as 

IFN-γ, than CD39- counterparts. Inhibiting IL-12 activity, in vivo, reduced CD39+CD8+ 

TIL frequency compared to controls, without changing the overall CD8+ TIL frequency. 

Our findings shed light on some underlying mechanisms of CD39 upregulation by CD8+ 

T-cells. 
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Abstract for Lay Audience 

Strong immune responses are capable of mediating tumour regression. Immunotherapy is 

a modern form of cancer treatment that makes use of a patient’s own immune system to 

kill cancerous cells. However, many cancer patients do not benefit from immunotherapy. 

To improve these therapies, further research is required to understand how immune 

responses can be altered. Most of the current immunotherapies work by boosting the action 

of killer T-cells that can specifically recognize cancerous cells. Tumour-specific killer T-

cells are important because they can target and destroy cancerous cells while leaving 

healthy cells alone. Scientists can identify tumour-specific killer T-cells by a certain 

molecule found on the cell surface called CD39. More research is needed to understand 

why and how CD39 ends up on the surface of these cells, since this could be used to 

improve immunotherapies. We hypothesized that two other molecules, called IL-12 and 

IL-27, make killer T-cell express CD39. This is because IL-12 and IL-27 are known to 

boost anti-tumour immune responses and improve the function of killer T-cells. In this 

study, we activated killer T-cells in test tubes with or without IL-12 and IL-27. In the 

presence of IL-12 or IL-27, T-cells had more CD39 on their surface than the control 

conditions. In addition, the presence of both IL-12 and IL-27 in the test tube caused the 

highest amount of CD39. Next, we blocked IL-12 activity in animals that had tumours and 

found less CD39+ killer T-cells within those tumours. This supported our previous findings. 

Finally, we compared the function of CD39- and CD39+ killer T-cells. We found that 

CD39+ killer T-cells had stronger immunological activities than CD39- cells. These results 

help us better understand what factors influence tumour-specific killer T-cells. Our study 

shows that IL-12 and IL-27 can increase the level of CD39 on the surface of killer T-cells. 

Also, CD39+ killer T-cells can produce strong immune responses in test tubes. This 

research will contribute to the growing knowledge of tumour-specific killer T-cells and 

may help inform scientists when designing future immunotherapies. 
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Chapter 1 – Introduction 

1.1 Anti-tumour immunity against solid tumours 

Solid tumours are comprised of the tumour cells (i.e., malignant neoplastic cells) 

and the stroma. Broadly, non-malignant cells, connective tissue elements, adhesion 

molecules, and immune cells belong to the stromal compartment. These cells collectively 

make up the tumour microenvironment (TME), and the interplay between cellular and 

molecular compartments of the TME influences the fate of a tumour1,2.  

Though long overlooked, the immune system is now recognized for its fundamental 

role in developing and controlling tumours; such that immune evasion is considered a 

hallmark of cancer3. The cancer immunoediting hypothesis describes this phenomenon in 

three phases; elimination, equilibrium, and escape4. During elimination, the innate and 

adaptive arms of the immune system identify and destroy developing tumours. The term 

‘anti-tumour immunity’ refers to the innate and adaptive immune responses that facilitate 

tumour control.  

The tumour cells that survive the elimination phase may enter the equilibrium 

phase, where anti-tumour immunity maintains tumour dormancy. There is an equilibrium 

between tumour cell proliferation and cell death, in which the immune system maintains 

the sum total of tumour cells. However, selective pressure can occur through processes 

known as immunoselection and immunosubversion5. Immunoselection is described as the 

selection for non-immunogenic tumour cell variants, since tumour cells that elicit an 

immune response would be destroyed. Non-immunogenic tumour cell variants can escape 

immune recognition by loss of immunogenic antigens or deficiencies in processing and 

presenting the antigens4.  

Immunosubversion is defined as the active suppression of the immune response. 

Tumour cells can produce molecules (e.g., transforming growth factor-β (TGF-β), vascular 

endothelial growth factor (VEGF), and prostaglandin E2 (PGE2)) which can directly hinder 

anti-tumour immune responses, as well as promote the activity of immunosuppressive 

cells, like tumour-associated macrophages (TAMs) and regulatory T- (Treg) cells. In 

addition, tumour cells can negatively regulate natural killer (NK) and T-cell responses by 

engaging their inhibitory receptors, inducing apoptosis or anergy5. 
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By acquiring the ability to evade immune recognition and induce immune 

suppression, tumours advance into the escape phase, in which they progressively grow into 

a clinically detectable mass4,6. By nature, the cancer immunoediting process shapes the 

immunogenicity of the tumour.  

A variety of preclinical data have highlighted the significance of T-cells in anti-

tumour immune responses7–9. In accordance, clinical reports correlate the quantity, 

specificity, and spatial distribution of tumour-infiltrating lymphocytes (TILs) with patient 

survival in several cancer types, including melanoma, colorectal, bladder, and breast 

cancers10–13. Among TILs, CD8+ T-cells are cytotoxic effectors that can eliminate tumour 

cells and play a critical role in anti-tumour immunity. For example, tumours with high 

CD8+ T-cell infiltration are often considered ‘immunologically hot’, while those with low 

infiltration or exclusion of CD8+ T-cells are ‘immunologically cold’14,15. Tumours with 

immunologically hot phenotypes are generally more responsive to immunotherapies using 

immune checkpoint inhibitors (ICIs)14–17, which will be described in detail in a separate 

section.  

1.2 CD8+ T-cells  

Cytotoxic CD8+ T-cells recognize non-self-antigenic peptide epitopes presented by 

major histocompatibility complex (MHC) class I (MHC I) molecules18,19. Such antigens 

often arise from the translation of genes carrying somatic mutations, which form aberrant 

proteins that are degraded intracellularly. Immunogenic peptides are then loaded onto 

MHC molecules and translocated to the cell surface during antigen presentation20,21. 

Generation of tumour-specific antigens, or neoantigens, may result from exposure to 

carcinogens, infections, and errors in the DNA mismatch repair (MMR) process21,22. 

Neoantigens can differentiate neoplastic cells from healthy ones because central 

immune tolerance disables thymic development of T-cells that recognize self-peptide 

epitopes22. Therefore, neoantigens facilitate CD8+ T-cell recognition of tumour cells as 

foreign. Herein, CD8+ T-cells that recognize neoantigens are referred to as tumour-specific 

CD8+ T-cells.  
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1.2.1 Tumour-specific CD8+ T-cell priming and cytotoxicity 

Priming naïve tumour-specific CD8+ T-cells often requires tumour cells to produce 

and release neoantigens21,22. Ideally, antigen-presenting cells (APCs), such as dendritic 

cells (DCs), will take up those neoantigens and cross-present them to T-cells within lymph 

nodes23. T-cell receptor (TCR) activation via antigen presentation in the context of MHC I 

is one of three signals required to activate naïve CD8+ T-cells optimally (Figure 1). The 

second signal occurs through co-stimulatory receptors, mainly CD28 which binds to CD80 

or CD86 on APCs. While these two signals trigger proliferation, they are insufficient for 

T-cells to acquire strong effector functions or support long-term persistence. In other 

words, antigen recognition and co-stimulation alone leads to T-cell anergy. Pro-

inflammatory cytokines, such as IL-12, act as a third signal, which can stimulate T-cell 

proliferation, robust effector functionality, and the development of memory populations 

(Figure 1). The type of cytokine(s) will influence the phenotype of the newly primed CD8+ 

T-cells. Moreover, the cytokine and molecular milieu that primed CD8+ T-cells encounter 

will regulate their persistence and function24,25.  

In addition to APCs, CD4+ T-cells provide necessary help for CD8+ T-cell 

priming26; although this is only effective when both T-cells recognize their respective 

antigens on the same APC27. Activated CD4+ T-cells upregulate the CD40 Ligand, which 

engages CD40 on APCs. This ligation enhances antigen-presentation and promotes pro-

inflammatory cytokine production by APCs. In addition, CD40 engagement upregulates 

co-stimulatory ligands CD80 and CD86 on APCs, which supports effective CD8+ T-cell 

priming26,28,29. Activated CD4+ T-cells can directly influence CD8+ T-cell priming through 

the secretion of IL-2, providing further pro-inflammatory signals30. Overall, CD4+ T-cells 

help APCs to drive the clonal expansion and differentiation of tumour-specific CD8+ T-

cells capable of effective anti-tumour activity (Figure 1)26. 
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Figure 1. Naïve CD8+ T-cells require three signals for optimal priming and activation.  

TCR engagement (signal 1), co-stimulatory (e.g., CD28) activation (signal 2), and 

stimulation by pro-inflammatory cytokines (signal 3) are all required for CD8+ T-cells to 

develop optimal effector functionality.  
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The fully primed tumour-specific CD8+ T-cells can travel through the lymphatic 

system and bloodstream to the tumour and infiltrate into the tumour bed. Tumour-specific 

CD8+ TILs can recognize their cognate neoantigens on the surface of tumour cells in the 

context of MHC I, initiating clonal expansion and effector activity31. Neoantigen 

recognition stimulates the production of homeostatic and pro-inflammatory cytokines such 

as IL-2, interferon-γ (IFNγ), and tumour necrosis factor-α (TNFα)32–34. In addition, CD8+ 

T-cells will release cytotoxins, such as perforin and granzymes, to induce tumour cell 

death. These cytotoxins are located within pre-formed lytic granules or lysosomes in the 

cytoplasm of T-cells. Degranulation is the process by which responding tumour-specific 

CD8+ T-cells release these granules toward the tumour cell. The lipid bilayer that 

encapsulates the granular core contains lysosomal-associated membrane glycoproteins 

(LAMPs), including CD107a (LAMP-1). Therefore, degranulating CD8+ T-cells can be 

identified by the presence of CD107a on the cell surface35–37.  

1.2.2 CD8+ T-cell regulation by IL-12 and IL-27 

Cytokine signalling has the power to modulate CD8+ T-cell development and 

effector function, especially those mediated by the IL-12 family cytokines. Recent data 

have highlighted the role of IL-12 and IL-27 in cytotoxic IFNγ+CD8+ T-cell development38. 

IL-12 and IL-27 are produced by activated APCs. These cytokines share structural and 

functional similarities, though each has its own unique properties (Figure 2)38. The IL-12 

cytokine is a heterodimer (termed IL-12 p70) consisting of p40 and p35 subunits. IL-27 is 

composed of Epstein-Barr virus-induced gene 3 (EBI3) and p28 subunits, which resemble 

the p40 and p30 proteins, respectively. IL-12 and IL-27 bind their cognate receptors, which 

activates Janus kinase/signal transducer and activator of transcription (JAK/STAT) 

signalling pathways. IL-12 predominantly activates STAT4, and IL-27 activates STAT1 

and STAT3. Phosphorylated STAT proteins dimerize and translocate to the nucleus to 

regulate the expression of their target genes39,40. Notably, IL-12 and IL-27 receptors are 

not exclusively expressed by T-cells and have been identified on B-cells and NK cells38.  
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Figure 2. Characterization of IL-12 and IL-27.  

IL-12 is a heterodimeric cytokine composed of p35 and p40 subunits. IL-12 activates 

STAT4 upon binding the IL-12 receptor. IL-27 is a heterodimeric cytokine composed of 

p28 and EBI3 subunits. IL-27 activates STAT1 and STAT3 after binding the IL-27 

receptor. IL-12 and IL-27 signalling promotes the generation of cytotoxic CD8+ T-cells, 

supports effector function and induces anti-tumour immune responses; however, they 

signal through different pathways. 
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IL-12 has potent anti-tumour activity, most notably by stimulating the production 

of IFNγ38,41. IFNγ can upregulate MHC molecules, promoting the recognition of tumour 

cells by T-cells42. There is also a positive feedback mechanism by which IFNγ stimulates 

IL-12 production by APCs43. In addition, IL-12 can limit the immunosuppressive capacity 

of CD4+ Tregs44, which may liberate anti-tumour responses by effector T-cells. In vitro 

studies have demonstrated that recombinant IL-12 treatment reinvigorates anergic CD8+ 

T-cells45. As such, IL-12 can prevent and revert CD8+ T-cell dysfunction. Unfortunately, 

the systemic administration of IL-12 causes severe toxicities in mice and humans, limiting 

its clinical use46. Recently, a novel method was proposed in which IL-12 is tethered to the 

surface of CD8+ T-cells in order to regulate its activity. Adoptive transfer of IL-12-tethered 

tumour-specific CD8+ T-cells exhibited powerful anti-tumour efficacy across multiple 

preclinical and cell therapy models, without inducing overt toxicities47. Overall, it is well 

established that IL-12 stimulates anti-tumour immune responses, and this cytokine has 

renewed potential for cancer immunotherapy.  

IL-27 is newly recognized for its role in promoting CD8+ T-cell anti-tumour 

activity. Upon TCR stimulation, IL-27 can induce IFNγ production by CD8+ T-cells48–52. 

Another study demonstrated that IL-27 synergizes with IL-12 to induce high levels of 

IFNγ53. IL-27 enhances the cytotoxicity of tumour-specific CD8+ T-cells, as demonstrated 

by increased expression of perforin and granzyme B, cytotoxicity assays, and in vivo 

models49–54. Additionally, there are reports that IL-27 upregulates MHC I on tumour 

cells50,55. Together, it is clear that IL-12 and IL-27 can induce dynamic anti-tumour CD8+ 

T-cell responses. 

1.2.3 Characterizing tumour-infiltrating CD8+ T-cells  

Tumour-specific CD8+ TILs play a crucial role in tumour control and 

regression56,57. While they have the ability to kill tumour cells, the TME poses a unique 

challenge for CD8+ T-cells19,58–60. Exhaustion is a differentiation state acquired by T-cells 

exposed to persistent antigen stimulation within an immunosuppressive environment61,62. 

Notably, CD8+ T-cell exhaustion was first identified during chronic viral infection, and 

such studies provided significant insight into its potential role in cancer63.  
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In brief, exhausted T-cells can be characterized by the progressive loss of effector 

functions (i.e., cytokine production and degranulation), sustained expression of various 

inhibitory receptors (e.g., programmed cell death protein-1 (PD-1), lymphocyte-activation 

gene 3 (LAG-3), T-cell immunoglobulin and mucin domain-3 (TIM-3)), and distinct 

transcriptional, epigenetic and metabolic signatures62,64,65. Loss of effector function in T-

cells occurs in phases. Initially, IL-2 production is lost, followed by the inability of these 

cells to produce TNFα, and then partial or complete inability to produce IFNγ and 

degranulate66. Analyzing these factors can provide a potential measure of the level of CD8+ 

T-cell exhaustion, while the expression of multiple inhibitory receptors can be used as a 

biomarker for exhaustion62,64,65.  

Logically, exhausted CD8+ TILs should be tumour-specific58,64,65, but this is not 

always the case. Recent developments in CD8+ TIL phenotyping revealed that many CD8+ 

TILs do not recognize tumour antigens, despite expressing inhibitory receptors67. Instead, 

these cells recognize various epitopes unrelated to cancer, and have been termed 

‘bystander’ CD8+ TILs. One study compared the phenotype of CD8+ TILs and showed that 

tumour-specific CD8+ T-cells expressed the transmembrane ectonucleotidase CD39, while 

bystander CD8+ T-cells did not (Figure 3)67. Additional studies have corroborated that 

CD39 expression primarily identifies tumour-specific CD8+ TILs in both humans68–70 and 

mice71,72. Prior to this finding, CD39 was recognized as an exhaustion marker for CD8+ T-

cells73,74. The knowledge that CD39 can be used to identify tumour-specific CD8+ TILs is 

substantial given the significance of these cells in anti-tumour immunity. Although, it 

raises many questions, because the enzymatic function of CD39 is considered 

immunosuppressive75,76.  
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Figure 3. CD39 identifies tumour-specific CD8+ TILs. 

CD8+ T-cells within the tumour (TILs) are not all tumour-specific, there are bystander 

CD8+ TILs that recognize cancer-unrelated antigens (A). These cells cannot recognize or 

directly induce tumour cell death. Tumour-specific CD8+ TILs express CD39 (B), while 

bystander CD8+ TILs do not. Upon neoantigen recognition, tumour-specific CD8+ TILs 

produce effector molecules like TNFα and IFNγ, and cytotoxic molecules like granzyme 

B and perforin. 
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1.3 Purinergic signalling in the TME and the canonical function of CD39  

Ectonucleotidases catalyze the hydrolysis of nucleotides (tri-, di-, and 

monophosphate nucleosides) into their respective metabolites, ultimately leading to the 

generation of nucleosides77. Nearly all mammalian cells express transmembrane 

ectonucleotidases, each in their own distinct pattern and arrangement, in order to regulate 

their local extracellular environment. The canonical function of CD39 is to hydrolyze 

extracellular adenosine 5’-triphosphate (ATP, eATP) to adenosine 5’-diphosphate (ADP) 

and then to adenosine monophosphate (AMP) (Figure 4). Ecto-5’-nucleotidase, CD73, 

subsequently catalyzes the conversion of AMP to adenosine75,76. In this cascade, CD39 is 

the rate-limiting enzyme78. 
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Figure 4. Ectonucleotidases CD39 and CD73 convert ATP to adenosine. 

Extracellular ATP is a pro-inflammatory molecule. CD39 functions to hydrolyze ATP to 

ADP and then AMP. CD73 can then convert AMP to adenosine, which is an 

immunosuppressive molecule. 
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Purinergic signalling mediated by ATP and adenosine tightly regulates the 

functional response of immune cells, among other cellular processes. ATP is a potent 

immunostimulatory signal, while its metabolite, adenosine, acts as an immunosuppressive 

signal. These extracellular molecules are present in negligible amounts in healthy tissue, 

but they can become highly concentrated in the TME79.  

The accumulation of eATP can result from a broad spectrum of activities. Cells can 

employ active mechanisms to secrete ATP, to potentiate autocrine and paracrine signalling. 

For example, T-cells release ATP to the immunological synapse through pannexin I 

channels upon TCR cross-linking80–82. ATP can bind ATP-gated ion channels, called P2X 

receptors, thereby inducing Ca2+ influx and facilitating autocrine T-cell activation and 

proliferation80,83. Paracrine signalling can result from ATP released from stressed, 

damaged, or dying cells. Apoptotic and necrotic cells release ATP, which acts as a ‘find-

me signal for immune cells75,84. The rapid degradation of eATP, by CD39 and other 

ectonucleotidases, restricts P2 receptor activation, limiting receptor sensitization and 

mitigating ATP-induced cell death76,85,86.  

 The accumulation of extracellular adenosine primarily comes from the proteolysis 

of extracellular ATP by ectonucleotidases87. Generally, adenosine protects cells and tissues 

from stress-induced damage, such as inflammatory or hypoxic conditions88,89. Fibroblasts, 

tumour cells, and some regulatory immune cells within the TME take advantage of 

ectonucleotidase activity and adenosine production to suppress effector immune cell 

activity78,88,90. In the context of activated T-cells, adenosine binds stimulatory G protein-

coupled receptors, A2A and A2B, which upregulates intracellular cAMP and inhibits T-cell 

activation, proliferation, and cytokine production91–95. CD73 and ecto-enzyme adenosine 

deaminase (ADA) can regulate the bioavailability of local extracellular adenosine, because 

ADA irreversibly catalyzes the deamination of adenosine to inosine; restricting adenosine-

mediated immunosuppressive signals96,97.  

1.4 Anti-tumour activity and prognostic role of CD39+CD8+ T-cells 

The immunosuppressive function of CD39 has, understandably, driven 

investigations into its purpose and functional consequence on tumour-specific CD8+ T-

cells. The current literature contains conflicting evidence of the effects of CD39 
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expression. Depending on the study, CD39 expression is associated with reduced or 

improved effector function of T-cells. For example, some studies demonstrate that CD39 

expression by CD8+ T-cells is associated with diminished IFNγ and TNFα production, and 

reduced cytotoxic abilities73,74,98,99. Concurrently, other studies have shown CD39+CD8+ 

T-cells have more potent cytotoxic abilities than their CD39- counterparts, with high 

granzyme B and IFNγ production68,100–104. Data from various clinical studies demonstrate 

that a high frequency of CD39+CD8+ TILs correlates with improved survival104–106. 

Notably, these cohorts ranged across tumour types, including head and neck squamous cell 

carcinoma (HNSCC), breast and ovarian cancer. CD39+CD8+ TILs have also been 

positively associated with response to treatment with ICIs in cohorts of patients with non-

small cell lung cancer (NSCLC) and melanoma107,108. In contrast, a different cohort of 

melanoma patients showed that CD39 expression on CD8+ TILs was associated with lack 

of response to ICI therapy109. Currently, there is no definitive answer as to the anti-tumour 

potential CD39+CD8+ TILs. Additional studies are required to determine their baseline 

capabilities and the factors contributing to their function.  

1.5 Immunotherapy for cancer treatment  

The term ‘immunotherapy’ encompasses treatment approaches that harness the 

immune system to fight cancer. Currently, T-cells are the backbone of immunotherapies 

such as ICIs and adoptive cell therapy (ACT). Inhibitory receptors (also known as immune 

checkpoints) are expressed by various immune cells, including CD8+ T-cells, in order to 

control their activity and prevent excessive inflammatory immune responses. PD-1, TIM-

3, LAG-3, and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) are all examples of 

inhibitory receptors; however, CTLA-4 acts in a distinct way. CTLA-4 signals are most 

effective during naïve T-cell priming, while PD-1, TIM-3 and LAG-3 act during the 

effector phase. Inhibitory receptors function to prevent overactivation and negatively 

regulate conventional T-cell responses. However, tumour cells and other 

immunosuppressive cells within the TME can exploit inhibitory receptor pathways to 

restrain CD8+ T-cell function. ICIs are antagonistic monoclonal antibodies (mAb) with 

strong affinities, designed to block inhibitory receptors and limit their suppressive 

effects19,110.  
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CTLA-4 is bound by the same ligands (CD80/CD86) as co-stimulatory receptor 

CD28, but with a much higher affinity. Since CD28 engagement is required for proper T-

cell activation (signal two), CTLA-4 can outcompete CD28 for CD80 and CD86, which 

impedes T-cell activation. CD4+ T-cells express higher levels of CTLA-4 compared to 

CD8+ cells, indicating that anti-CTLA-4 therapies primarily activate CD4+ T-cells111. 

Nevertheless, preclinical studies have demonstrated that anti-CTLA-4 treatment during 

CD8+ T-cell priming enhances their cytotoxic function and promotes memory 

formation112,113. These findings suggest that the success of anti-CTLA-4 therapy could be 

mediated, in part, by CD8+ T-cells. The first FDA-approved ICI was an anti-CTLA-4 mAb 

named ipilimumab, approved for metastatic melanoma. In addition, ipilimumab in 

combination with the anti-PD-1 antibody, nivolumab, has been approved for a wide range 

of cancers19.  

PD-1 is an inhibitory receptor that effectively inhibits CD8+ T-cell function after 

priming, during the effector phase. This occurs through binding by programmed death 

ligand-1 (PD-L1) or -2 (PD-L2) expressed by tumour cells or APCs114. Specifically, 

downstream signalling from PD-1 engagement limits cytokine production, alters 

metabolism, and eventually induces cell cycle arrest115,116. Therefore, anti-PD-1 therapy 

using nivolumab or pembrolizumab can liberate tumour-specific CD8+ T-cells to destroy 

tumour cells and control tumour growth19. As such, tumour-specific CD8+ T-cells are 

essential for the efficacy of ICIs.  

Immunologically hot tumours can be characterized by high CD3+ and CD8+ T-cell 

infiltration, demonstrating that these tumours have pre-existing anti-tumour immunity. 

This phenotype is associated with a positive response to ICIs, as tumour-specific TILs 

mediate this therapeutic response14–17. As previously discussed, immunologically hot 

tumours are typically more immunogenic because their immunogenic properties can 

facilitate tumour cell recognition21,22. Tumours with high tumour mutational burden 

(TMB), i.e., high frequency of genetic mutations, are more likely to generate immunogenic 

neoantigens16.  

MMR deficiency and genomic instability are factors that affect TMB16,21,22,117. 

Impairments in the DNA MMR system result in MMR deficiency, which facilitates the 

accumulation of insertion, deletions, and frameshift mutations at coding microsatellites 
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(regions of repetitive sequences); thereby increasing genomic instability. For example, 

colorectal adenocarcinomas with high microsatellite instability (MSI-h) have high TMB 

and are more immunogenic117. In accordance, these tumours are immunologically hot and 

patients generally show favourable responses to ICIs117. Tumours with low TMB, such as 

neuroblastoma, are typically less immunogenic and ICIs have little clinical benefit16,118. 

Overall, these characteristics highlight a relationship between the genomic instability of 

tumour cells and the phenotype of a tumour, which influence the efficacy of ICIs.  

1.6 MMR pathway and inducing MMR deficiency in neuroblastoma 

Neuroblastomas are solid tumours that develop from neural crest cells that normally 

give rise to cells of the peripheral nervous system. Most commonly, these tumours are 

found in the adrenal glands or sympathetic ganglia118,119. Neuroblastoma is considered a 

rare childhood cancer; however, it is the primary cause of death from paediatric cancers 

for children aged 1-5 years old. Patients diagnosed after the age of 18 months often present 

with unresectable tumours and metastatic disease118–120.  

Neuroblastomas are considered immunologically cold, meaning there is minimal 

CD8+ T-cell infiltration16. This is partly due to the low TMB and therefore, low 

immunogenicity of neuroblastoma tumours118,121–123. As previously discussed, tumours 

with these characteristics are more capable of evading anti-tumour immunity and they are 

less susceptible to immunotherapy with ICIs. To put simply, T-cells cannot benefit from 

ICIs if there are no immunogenic neoantigens to elicit an anti-tumour immune response in 

the first place.  

Given that MMR deficiency promotes the translation of unique tumour-specific 

neoantigens, it makes tumour cells more likely to be recognized by the immune system117. 

As such, it is possible that inducing MMR deficiency in an immunologically cold tumour, 

like neuroblastoma, could increase the immunogenicity of the tumour, promote anti-

tumour immunity, and boost the efficacy of ICIs. 

In order to induce MMR deficiency, an understanding of the MMR pathway is 

required. There are four crucial protein-encoding genes that make up the MMR system; 

including MutL homologue (MLH1), MutS homologue (MSH2), MutS homologue 6 

(MSH6) and post-meiotic segregation increase 2 (PMS2). MSH2 and MSH6 proteins form 
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heterodimers (MutS) which identify and bind the initial DNA base mismatch. MutS 

recruits replication factor C, proliferating cell nuclear antigen (PCNA), and MLH1 and 

PMS2 protein heterodimers (MutL). PCNA-activated MutL creates an incision at the 

mismatch site, facilitating the removal of mismatched bases by exonuclease 1. Replication 

protein A (RPA) displaces the mismatched bases and protects the single stranded DNA 

gap, until DNA polymerase and ligase synthesize and integrate the correct DNA 

bases124,125. 

MMR deficiency can arise from mutations in MMR pathway genes (MLH1, MSH2, 

MSH6, PMS2) or sporadic epigenetic abnormalities affecting expression of those 

genes125,126. Our lab has generated an immunogenic murine neuro-2a (neuroblastoma) cell 

line through CRISPR/Cas9 (clustered regularly interspaced short palindromic 

repeats/CRISPR-associated protein 9) knockout (KO) of the MLH1 gene. The MLH1 

protein plays a crucial role in DNA MMR processing126.  

In summary, inducing MMR deficiency enables the accumulation of somatic 

mutations, increasing the likelihood of immune detection through neoantigen production 

(Figure 5)117,125. This model allows us to study tumour-specific T-cells since the MLH1 

protein plays a crucial role in DNA MMR processing126. Thus, knocking out MLH1 renders 

neuro-2a cells MMR-deficient and more immunogenic.  

  



 

 

17 

 

Figure 5. Turning immunologically cold tumours hot by inducing MMR deficiency. 

Immunologically cold tumours are poorly immunogenic with low TMB and lack T-cell 

infiltration. Inducing DNA MMR deficiency by knocking out the MLH1 gene will increase 

genomic instability, which facilitates the accumulation of mutations and increases TMB. 

This increases the likelihood of tumours to produce immunogenic neoantigens, which in 

turn, enables tumour-specific CD8+ T-cells to recognize tumour cells as foreign. Inducing 

MMR deficiency will convert the tumour to an immunologically hot phenotype, since 

tumour-specific CD8+ T-cells will be recruited to the more immunogenic tumour.  
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1.7 Rationale, Hypothesis, and Aims 

Recently, CD39 has been described as a marker for tumour-specific CD8+ TILs, as 

bystander CD8+ TILs do not express this enzyme67–72. CD39 has also been recognized as 

an exhaustion marker for CD8+ T-cells73,74. Given that CD39 facilitates the production of 

immunosuppressive adenosine, it is commonly theorized that the expression of CD39 by 

CD8+ TILs contributes to their exhaustion. However, enzymes such as ADA can regulate 

the bioavailability of extracellular adenosine, highlighting that CD39 is not the only 

enzyme regulating local molecular milieu. Moreover, some studies have found that 

CD39+CD8+ TILs can exhibit meaningful anti-tumour activity68,100–104.  

IL-12 and IL-27 can modulate CD8+ T-cell differentiation and effector function. 

These cytokines share structural and functional similarities but can exert different effects 

on CD8+ T-cells38. Upon neoantigen recognition, tumour-specific CD8+ T-cells acquire 

effector functionality, which is essential for anti-tumour activity31. Therefore, IL-12 and 

IL-27 can modulate the anti-tumour activity of tumour-specific CD8+ T-cells. Since IL-12 

and IL-27 contribute to CD8+ T-cell effector function and tumour-specific cells express 

CD39, these cytokines could play a role in regulating CD39 expression. This notion is 

supported by studies demonstrating that IL-12 and IL-27 can induce CD39 expression on 

T-regulatory cells127,128. Due to the significance of tumour-specific T-cells in anti-tumour 

immunity and response to immunotherapy, an investigation of the factors contributing to 

CD39 expression and their consequential effects on CD8+ T-cell function are required. 

1.7.1 Hypothesis 

IL-12 and IL-27 upregulate CD39 expression on CD8+ T-cells. CD39+CD8+ T-cells exhibit 

improved effector cell activity compared to CD39-CD8+ T-cells, and such functions will 

be differentially affected by IL-12 and IL-27.  

1.7.2 Aims 

1. Examine whether IL-12 and IL-27 induce CD39 expression on CD8+ T-cells and 

assess the effects of IL-12 and IL-27 on CD8+ T-cell phenotypes. 

2. Determine whether CD39+CD8+ T-cells have improved effector function compared 

to CD39-CD8+ T-cells. 
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Chapter 2 – Methods  

2.1 Cell lines 

Neuro-2a cells were purchased from American Type Culture Collection (ATCC). 

Immunogenic (MLH1 KO) neuro-2a cells were generated by our labs technician, through 

CRISPR/Cas9 knockout (plasmid from Santa Cruz Biotechnology) of the MLH1 gene, and 

cells were expanded from a single clone129. Control neuro-2a cells were expanded from a 

different clone, in which the transfection process was successful, but the knockout of the 

MLH1 gene was not. Thus, the MLH1 gene is intact in control neuro-2a cells. The control 

cells were used as the control, rather than the parental (wildtype) neuro-2a cells, to account 

for the transfection process. The MLH1 KO and control neuro-2a cells had similar 

proliferation rates in vitro129.  

The day in which neuro-2a cells were transfected was considered day 0. Cells were 

cultured for 7 weeks after transfection, to allow for the accumulation of mutations, 

followed by cryopreservation at -80 °C. Cells were thawed and expanded for an additional 

1-2 weeks (8-9 weeks total) for experimental use. This was to keep the mutational burden 

consistent across experiments, as the length of time in culture of MMR-deficient cells can 

affect tumour immunogenicity130.  

Cells were cultured in RPMI 1640 medium (Wisent Bio Products) supplemented 

with 10% heat-inactivated (H.I.) fetal bovine serum (FBS) (GIBCO, Life Technologies) at 

37 °C and 5% CO2. For relevant experiments, 7-week-cultured neuro-2a cells were grown 

for an additional 1-2 weeks until they reached 70-90% confluency. Cells were washed with 

phosphate-buffered saline (PBS) (Wisent Bio Products) before adding 1-3 ml of pre-

warmed Trypsin (Wisent Bio Products) and incubated at room temperature (RT) until cells 

were visibly detached. Trypsin activity was inhibited with supplemented RPMI media. 

Cells were washed with PBS and counted with the Beckman Coulter Cell Counter 

(Beckman Coulter) for use in the methods described below.  

2.2 Animal models 

Female A/J mice were purchased from the Jackson Laboratory for use in a 

syngeneic mouse model. Mice were 6-10 weeks of age when acquired and housed in the 
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Victoria Research Laboratories Vivarium. Animal work was approved by the Animal Care 

Committee at Western University (London, ON, Canada), Animal Use Protocol 2021-102. 

For tumour model experiments, 5x105 control or immunogenic (MLH1 KO) 8-

week-cultured neuro-2a cells (in PBS) were subcutaneously (s.c.) injected into the right 

flank of mice (day 0). The length and width of each tumour was determined by calliper 

measurement once tumours became palpable. Tumour volumes were calculated with the 

following formula: volume = (length × width2)/2. Tumour volumes were measured every 

2-3 days. All mice were euthanized via CO2 asphyxiation once the first tumour volumes 

reached approximately 1500 mm3. 

For IL-12 neutralization experiments, tumours were palpable ~12 days post tumour 

inoculation. At such time, mice were injected intraperitoneally (i.p.) with 0.5 mg of 

InVivoMAb anti-mouse IL-12 p75 (αIL-12, clone R2-9A5, BioXCell) or Ultra-LEAF 

Purified Rat IgG2b, κ Isotype Ctrl antibody (isotype control, clone RTK4530, BioLegend) 

in PBS, every 3-4 days until endpoint131–133.  

2.3 Tissue processing 

Throughout this protocol, cold reagents were used unless otherwise stated, and 

samples were kept on ice during wait periods. Mice were euthanized via CO2 asphyxiation, 

after which the spleen and/or tumour were isolated from each mouse. The spleen was cut 

into multiple pieces and mechanically disrupted with the plunger of a 10 ml syringe. 

Splenocytes were filtered through a 70 μm cell strainer with RPMI to remove stromal 

tissue. Each tumour was weighed, mechanically disrupted using a scalpel, and transferred 

to a gentleMACS C Tubes (Miltenyi Biotec). Cell suspensions of tumour tissue were 

generated using the Mouse Tumour Dissociation Kit and GentleMACS Dissociator 

(Miltenyi Biotec) according to the manufacturer’s instructions; this included reducing the 

amount of Enzyme R to 20% of recommended volume in order to preserve TILs. Tumour 

cell suspensions were filtered through a 70 μm cell strainer to remove stromal tissue.  

Filtered cell suspensions were centrifugated at 300 rcf for 5 minutes at 4 °C. 

Splenocyte and tumour tissue cell pellets were resuspended in 1 and 3 ml of Ammonium-

Chloride-Potassium (ACK) lysis buffer (deionized water, 150 mM NH4Cl, 10 mM KHCO3, 

100 µM EDTA, pH 7.1), respectively. Cell suspensions were incubated for 3 minutes at 
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RT to remove red blood cells. The ACK lysis reaction was inhibited with 30 ml of PBS 

and 2% H.I. FBS. Samples were washed with PBS and quantified using the Beckman 

Coulter Cell Counter. Splenocyte and tumour cell suspensions were diluted at 5x106 

cells/ml for further analysis. Tumour samples from each group were pooled when yields 

were low, in order to provide sufficient quantities for flow cytometric analysis.  

2.4 Tumour lysate preparation 

For tumour lysate preparation, 8-9-week-cultured control or immunogenic (MLH1 

KO) neuro-2a cells were harvested and counted. Cell concentrations were adjusted to 5x107 

cells/ml in PBS. Approximately 1 ml of cell suspensions were aliquoted into 1.5 Eppendorf 

tubes for lysate generation. Cell suspensions were frozen in a slurry of dry ice with 70% 

EtOH for 5 minutes and thawed in a 37 °C water bath for 5 minutes. The freeze-thaw cycles 

were repeated for a total of 5 times, to produce whole neuro-2a cell lysates. Cell viability 

was assessed with a haemocytometer or Countess 3 Automated Cell Counter (Thermo 

Fisher Scientific) using trypan blue. If the viability was greater than 1%, additional freeze-

thaw cycles were completed until it was less than 1%. Aliquots were stored at -80 °C until 

further use.  

2.5 Immune cell stimulation assays 

Stock solutions of recombinant mouse IL-2, IL-12, and IL-27 (carrier-free, 

BioLegend) were prepared at 50 or 100 μg/ml in sterile 1% bovine serum albumin (BSA) 

and stored as aliquots at -80 °C. BSA was used as a carrier protein to improve the stability 

of recombinant cytokines134. Cytokine supplemented lymphocyte media were prepared 

using lymphocyte medium (RPMI with 10% H.I. FBS, 1% penicillin/streptomycin, 2 mM 

L-glutamine, and 50 μM β-mercaptoethanol) with IL-2 (30 ng/ml), IL-12 (10 ng/ml), 

and/or IL-27 (50 ng/ml)50,135–138. Throughout this protocol, cold reagents were used unless 

otherwise stated, and samples were kept on ice during wait periods. All centrifugation steps 

were completed at 300 rcf for 5 minutes at 4 °C.  

2.5.1 Stimulation assays using CD8+ T-cells 

For CD8+ T-cell priming experiments, each mouse received an i.p. injection of 100 

μl of control or immunogenic (MLH1 KO) neuro-2a lysate (equivalent of 5x106 cells) on 
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day 0 and day 7. On day 11, mice were euthanized, and spleens from each group were 

pooled for processing. Similarly, for naïve CD8+ T-cell experiments, naïve animals were 

euthanized, and spleens were pooled for processing (as described in the tissue processing 

section). The ACK lysis reaction was inhibited by adding 30 ml of 1X MojoSort buffer 

(BioLegend). Splenocytes were washed with MojoSort buffer once more. Samples were 

quantified with a haemocytometer or Countess 3 using trypan blue, and the cell suspension 

volumes were adjusted to a final concentration of 1x108 cells/ml in MojoSort buffer.  

CD8+ T-cells were then isolated using the MojoSort Mouse CD8 T-cell Negative 

Selection Isolation Kit (BioLegend) according to the manufacturer’s instructions. Upon 

completion, the CD8+ T-cell fractions were washed with lymphocyte medium and 

quantified using the Countess 3. Cell suspensions were separated into 3-4 tubes depending 

on the experimental conditions. Following centrifugation, CD8+ T-cells were resuspended 

at a concentration of 250,000 cells/ml in lymphocyte media containing IL-2 alone, IL-2 

and IL-12, IL-2 and IL-27, or all three recombinant cytokines. Aliquots of 50,000 cells 

(200 μl) were transferred to 96-well u-bottom plates containing an equivalent number of 

washed Dynabeads Mouse T-Activator CD3/CD28 (Thermo Fisher Scientific, prepared 

according to manufacturer’s instructions). Samples were homogenized before incubation 

at 37 °C, 5% CO2 (day 11). Each technical replicate was comprised of 10 wells, with three 

replicates per experimental condition. 

After 24 hours (day 12), samples were resuspended. Dynabeads were magnetically 

separated by placing the plates on a DynaMag-96 Side Skirted magnet (Thermo Fisher 

Scientific) for 5 minutes. Cell suspensions were transferred to new 96-well u-bottom plates, 

while the Dynabeads remained in the original plates. This process was done twice to ensure 

the removal of any Dynabeads that were missed the first time. The remaining Dynabeads 

were thoroughly washed with 50 μl of the appropriate, pre-warmed, cytokine-

supplemented lymphocyte media to remove any Dynabead-bound cells. This process was 

followed by another magnetic separation. Cells were transferred to corresponding wells of 

the new plates and incubated at 37 °C and 5% CO2. After 24 hours (day 13), cells were 

washed with PBS and then technical replicate wells were pooled (10 wells to 1 well). 

Samples were transferred to a 96-well v-bottom plate and washed with PBS prior to 

extracellular cytokine staining for flow cytometric analysis.  
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2.5.2 Stimulation assays using bulk splenocytes for intracellular cytokine 

staining 

Mice received a s.c. injection of 100 μl of immunogenic (MLH1 KO) neuro-2a 

lysate (the equivalent of 5 x 105 cells) on day 0 and day 7. On day 11, cell culture T-75 

flasks were prepared prior to splenocyte collection by coating them with 8 ml of αCD3 (1 

µg/ml) and αCD28 (1 µg/ml) antibodies (Abs) in PBS. Flasks were incubated for at least 3 

hours at 37 °C, to allow Abs to adhere to the bottom. Mice were euthanized and spleens 

were pooled for processing (as described in the tissue processing section). The ACK lysis 

reaction was inhibited with 30 ml of lymphocyte media (RPMI with 10% H.I. FBS, 1% 

penicillin/streptomycin, 2 mM L-glutamine and 50 μM β-mercaptoethanol). 

Cells were washed additionally with lymphocyte media and the sample was 

quantified with the Countess 3 using trypan blue. The sample was divided into four tubes 

and centrifuged. Cell pellets were resuspended at a concentration of 1x106 cells/ml in 

lymphocyte media containing IL-2 alone, IL-2 and IL-12, IL-2 and IL-27, or all three 

cytokines. Flasks with plate-bound αCD3 and αCD28 Abs were removed from the 

incubator, PBS was aspirated, and 20 ml of each cell suspension was added to a T-75 flask. 

The bulk splenocyte suspensions were incubated at 37 °C and 5% CO2 for 48 hours.  

After 48 hours, the cells were harvested. Flasks were washed with PBS before 

incubating with 5 ml of 0.5 mM ethylenediaminetetraacetic acid (EDTA) on ice for 10 

minutes. EDTA was used in an attempt to remove cells that were still bound to the plate, 

as trypsin can affect the membrane protein structures and potentially destroy surface 

antigens139. Cells were washed twice with the appropriate cytokine supplemented 

lymphocyte medium, and the cell concentration was adjusted to 1x106 cells/ml. Brefeldin 

A (5 µg/ml, BioLegend), and CD107a-Brilliant Violet 510 Ab (1/200 dilution, BioLegend) 

were added, and samples were mixed thoroughly. To the positive control groups, a cell 

activation cocktail (BioLegend) was added, which was composed of phorbol 12-myristate 

13-acetate (PMA, 81 nM) and ionomycin (1.34 µM). To the experimental groups, aliquots 

of 250,000 cells (250 μl) were transferred to 96-well u-bottom plates containing 50 ng/well 

of plate-bound αCD3 and αCD28. Plates were incubated at 37 °C, 5% CO2 for 5 hours. 

After 5 hours, cells were washed with PBS and pooled (4 wells to 1 well). Samples were 
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transferred to a 96-well v-bottom plate and washed twice with PBS, prior to extracellular 

and intracellular cytokine staining for flow cytometric analysis. 

2.6 Extracellular protein staining 

Throughout this protocol, cold reagents were used unless otherwise stated. All 

incubation steps occurred in the dark. Tumour tissue, splenocyte, or CD8+ T-cell 

suspensions were generated as described above, in order to analyze cell CD8+ T-cell 

phenotypes. In a 96-well v-bottom plate, 1x106 cells were suspended in 50 µl PBS with 

Zombie NIR, Red, or Green Viability Dye (1/1000, BioLegend) and incubated at RT for 

20 minutes. Cells were washed twice with FACS buffer (Fluorescence-activated cell 

sorting flow cytometry staining buffer: 1x PBS with 5% HI FBS and 0.02% NaN3). Cells 

were resuspended in 50 µl of anti-mouse CD16/32 Ab (10 µg/ml, Clone 93, BioLegend) 

and incubated on ice for 10 minutes to block Fc-receptors. Cells were washed once with 

FACS buffer and resuspended in 50 µl of Ab stains (Table 1, all Abs were obtained from 

BioLegend). Cells were incubated on ice for 20 minutes. Samples that were only stained 

for extracellular markers were washed with FACS buffer twice and resuspended in 50 µl 

of 2% paraformaldehyde (Fixation buffer, BioLegend, diluted 1:1 with PBS). Cells were 

incubated for 20 minutes at RT to fix cells. Samples were washed once and resuspended in 

FACS buffer for flow cytometric analysis.  

2.7 Intracellular cytokine staining 

 The extracellular cytokine staining method in section 2.6 was followed until the 

extracellular Ab incubation stage. For intracellular cytokine staining, cells were washed 

with FACS buffer once, followed by a wash with 1X Cyto-Fast Perm Wash solution 

(BioLegend). Cells were resuspended in 100 µl of Cyto-Fast Fix/Perm buffer (BioLegend) 

and incubated for 20 minutes at RT. Cells were washed twice with Cyto-Fast Perm Wash 

solution and resuspended in 100 µl of [intracellular] Ab stains (Table 1.). Samples were 

incubated for 20 min at RT. Cells were washed with Cyto-Fast Perm Wash solution, then 

FACS buffer, then resuspended in FACS buffer for flow cytometric analysis. 
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2.8 Flow cytometry 

For each independent experiment, single stains of splenocytes, tumour samples, 

and/or UltraComp eBeads (Thermo Fisher Scientific) were prepared for use as 

compensation controls. Data were acquired using the BD LSR II flow cytometer with BD 

FACS Diva software. FlowJo v10.8 software (BD Biosciences) was used to calculate 

compensation matrices and data analysis. Fluorescence minus one (FMO) samples were 

used as a control measure, in which a sample is stained with all Abs except one. These 

were used to distinguish where the positive cells should be gated on a flow plot because, 

for example, the CD39-Alexa Fluor 647 FMO should contain no CD39+ cells. The cut-off 

for a positive gate on an FMO is < 1%.  
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Table 1. Summary of antibodies used for flow cytometry staining 

Location Antibody Target Fluorophore Clone Dilution 

Surface 

CD8a PerCP 53-6.7  1:100 

CD3 Brilliant Violet 711 17A2  1:200 

CD39 Alexa Fluor 647 Duha59  1:100 

PD-1 (CD279) Brilliant Violet 605 29F.1A12 1:200 

PD-1 (CD279) PE 29F.1A12 1:200 

TIM-3 (CD366) PE B8.2C12 1:200 

LAG-3 (CD223) PE/Cyanine7 C9B7W 1:200 

CD38 Alexa Fluor 488 90 1:400 

CD45 Pacific Blue 30-F11 1:200 

CD44 PE IM7 1:800 

CD62L Brilliant Violet 605 MEL-14 1:200 

Fas (CD95) FITC SA367H8 1:400 

Surface/ 
intracellular CD107a Brilliant Violet 510 1D4B 1:200 

Intracellular 

IFNγ PE XMG1.2 1:400 

TNFα Alexa Fluor 488 MP6-XT22 1:400 

IL-2 Brilliant Violet 421 JES6-5H4 1:200 

 

2.9 Statistical analysis 

Data are represented as mean ± standard error of the mean (SEM). Data were 

analyzed using the unpaired t-test, one-way or two-way analysis of variance (ANOVA) 

with Tukey’s multiple comparison test. Statistical analyses were performed using 

GraphPad Prism v9 software, and p values ≤ 0.05 were considered significant as indicated 

by an asterisk (*) and ‘ns’ means not significant.   
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Chapter 3 – Results  

3.1 MLH1 KO neuro-2a tumours contain a higher frequency of tumour-

specific CD39+CD8+ T-cells than control neuro-2a tumours, which 

correlates with reduced tumour burden 

In general, neuroblastomas are immunologically cold. This can be attributed to the 

paucity of somatic mutations and the immunosuppressive TME118,121–123. Previously, the 

lab established that the baseline tumour kinetics were analogous between the MLH1 KO 

and control neuro-2a tumours when grown in immunodeficient SHO mice. Importantly, 

this was not the case for tumour-bearing immunocompetent A/J mice. The MLH1 KO 

neuro-2a tumour-bearing mice showed significantly delayed tumour growth compared to 

those with control neuro-2a tumours129. These results indicate that the elevated tumour 

control observed in MLH1 KO neuro-2a tumour-bearing mice is immune-mediated. Thus, 

inducing mismatch repair deficiency (MLH1 KO) enables stronger anti-tumour immunity.  

To validate these findings, I repeated the experiment using immunocompetent 

mice. A/J mice were inoculated s.c. with control or MLH1 KO neuro-2a cells on day 0. 

Tumour volumes were measured over an 18-day period. This experiment also allowed the 

investigation of CD39+CD8+ T-cell levels within tumours and spleens (as a systemic 

measure) of the animals using flow cytometry (Figure 6).  
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Figure 6. Simplified method comparing the immune characteristics of control and 

MLH1 KO neuro-2a tumours. 

Female A/J mice were inoculated s.c. with 5 x 105 control (n = 14) or MLH1 KO (n = 10) 

neuro-2a cells. Tumour volumes were measured over time using callipers. On day 18, all 

mice were euthanized. Tumours from each group were pooled and processed, while spleens 

were processed individually. Samples were stained for flow cytometric analysis of 

CD39+CD8+ T-cell populations.  
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Tumour volume measurements were used to compare control or MLH1 KO neuro-

2a tumour burden over time. By day 14, reduced tumour burden was observed in mice-

bearing MLH1 KO neuro-2a tumours compared to those with control neuro-2a tumours 

(Figure 7 a). This difference was also statistically significant at the endpoint (day 18). As 

an additional measure of tumour burden, tumours were weighed immediately following 

excision. As expected, MLH1 KO neuro-2a tumours had significantly less mass than the 

control neuro-2a tumours (Figure 7 b). These data demonstrate that inducing mismatch 

repair deficiency (MLH1 KO) in neuro-2a tumours results in delayed tumour growth, as 

observed by reduced tumour burden. Together with previous data from immunodeficient 

mouse experiments, these results support the notion that MLH1 KO neuro-2a tumours are 

more immunogenic than control neuro-2a tumours. 
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Figure 7. Tumour burden of control and MLH1 KO neuro-2a tumours. 

Mice were inoculated s.c. with 5 x 105 control (n = 14) or MLH1 KO (n = 10) neuro-2a 

cells. A) Tumour volume of control and MLH1 KO neuro-2a tumours plotted against time. 

Data represent mean ± SEM of two pooled experiments. B) The weights of control and 

MLH1 KO neuro-2a tumours at endpoint (day 18) depicted as box plots. Mean ± standard 

deviation (SD) was calculated for statistical analysis. * p ≤ 0.05 by unpaired t-test. 
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Previously, our lab investigated whether CD8+ TILs from control and MLH1 KO 

neuro-2a tumours displayed different phenotypes. One of the phenotypic markers assessed 

was CD39, as it was previously shown to distinguish tumour-specific CD8+ TILs from 

bystander CD8+ TILs67,68,98. The earlier flow cytometry data showed that MLH1 KO neuro-

2a tumours had a higher frequency of CD39+CD8+ TILs than control neuro-2a tumours129. 

Those results suggested a relatively higher frequency of tumour-specific CD8+ TILs were 

present in MLH1 KO neuro-2a tumours. Therefore, we sought to confirm these results.  

Flow cytometry was used to examine the frequency of CD39+CD8+ T-cell levels 

from the tumours and spleens of mice. Splenocytes were used as a measure of systemic 

immunity, to see whether enhanced immunogenicity of neuro-2a tumours would affect the 

systemic immune landscape. Data analysis of TILs demonstrated that MLH1 KO neuro-2a 

tumours contained a greater frequency of CD39+CD8+ TILs compared to control neuro-2a 

tumours, while the frequency of CD8+ TILs was not different (Figure 8 a-c). These results 

correspond with data from the past experiments completed in the lab129. This also correlates 

with reduced tumour burden found in these mice relative to those with control neuro-2a 

tumours (Figure 7 a, b). Given the reduced tumour burden in the MLH1 KO group and 

elevated frequency of CD39+CD8+ TILs, the MLH1 KO neuro-2a cells will be referred to, 

herein, as immunogenic.  

 We found no differences in the frequencies of splenic CD8+ or CD39+CD8+ T-cells 

between groups (Figure 8 d, e). There is no quantitative difference in the systemic level of 

CD39+CD8+ T-cells between groups. As such, it is possible that the differences in tumour 

burden may be attributed to the CD8+ TIL anti-tumour activity within the TME. These 

results suggest that the primary CD8+ T-cell anti-tumour immune response is within the 

tumour. 
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Figure 8. Frequency of CD39+CD8+ T-cells from tumours and spleens of neuro-2a 

tumour-bearing mice. 

Tumours and spleens from control (n = 6) or MLH1 KO (n = 5) were harvested 18 days 

after inoculation. Tumours from each group were pooled and processed, while spleens were 

processed individually. Samples were stained for flow cytometric analysis of CD8+ T-cell 

populations. A-C) Frequency of CD3+ TILs expressing CD8 (A) and CD8+ TILs 

expressing CD39 (B) from control or MLH1 KO neuro-2a tumours. Data represent mean ± 

SEM of technical replicates. Representative dot plots depicting CD39+ expression, gated 

on CD8+CD3+ cells (C). D-E) Frequency of CD3+ T-cells expressing CD8 (D) and CD8+ 

T-cells expressing CD39 (E) from spleens of control or MLH1 KO neuro-2a tumour-

bearing mice. Data represent mean ± SEM of biological replicates. * p ≤ 0.05, ns = not 

significant by unpaired t-test. 

 
Flow bar graph data from Tumor Exp 1.1 CD39+CD8+ T cell Flow Data - Tumour data (left) and spleen data (right)

 Tumour Data

Spleen Data

D E

0

2

4

6

8

10

C
D

39
+  (%

 C
D

8+  T
-c

el
ls

)

ns

0

10

20

30

40

50

C
D

8+  (%
 C

D
3+  c

el
ls

)

ns

BA

0

2

4

6

8

10

12

C
D

39
+  (%

 C
D

8+  T
-c

el
ls

)
Control

MLH1 KO 
0

10

20

30

40

C
D

8+  (%
 C

D
3+  c

el
ls

)

ns

Control

MLH1 KO 

S
S
C
-A

CD39-AF647

Control MLH1 KO
C

CD39+

4.24%
CD39+

9.19%

Control

MLH1 KO 

Control

MLH1 KO 



 

 

33 

3.2 The effects of IL-12 and IL-27 on the expression of CD39 on CD8+ T-

cells from neuro-2a antigen-naïve and -experienced mice 

Recent data have highlighted a role for IL-12 and IL-27 in cytotoxic CD8+ T-cell 

differentiation and effector function51,140. Upon neoantigen recognition, tumour-specific 

CD8+ T-cells elicit effector activity21,22. To confirm whether CD39 was expressed by 

effector CD8+ T-cells, the differentiation state of CD8+ T-cells from spleens and tumours 

of immunogenic neuro-2a tumour-bearing mice were phenotyped using flow cytometry. 

The surface expression pattern of CD44, CD62L and Fas was used to distinguish naïve 

(Tnaive = CD44-CD62L+Fas-), stem cell-like memory (TSCM = CD44-CD62L+Fas+), memory 

(TCM = CD44+CD62L+) or effector (TEFF = CD44+CD62L-) CD8+ T-cells141,142. CD44 is 

upregulated upon activation and facilitates cell adhesion and migration143. In addition, Fas 

is considered an activation marker and functions as a cell death receptor144. CD62L is a 

homing receptor that facilitates cell migration to and from peripheral lymph nodes and acts 

as a marker for naïve and memory T-cells145.  

We found CD39 was predominantly expressed by effector and central memory 

CD8+ T-cells, with little to no expression on naïve or stem cell-like memory cells, 

regardless of their tissue of origin (Figure 9 a, b). These results are in agreement with the 

literature, which show that CD39 is expressed by activated T-cells (those with effector 

capabilities)146–148. 
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Figure 9. Frequency of naïve, stem cell-like memory, effector, and central memory 

CD39+CD8+ T-cells from spleens and tumours of immunogenic neuro-2a tumour-

bearing mice.  

Mice were inoculated s.c. with 5 x 105 immunogenic neuro-2a cells. After 21 days, tumours 

and spleens were processed individually and stained for flow cytometric analysis of CD39+ 

CD8+ T-cell populations. A-B) Frequency of CD39+CD8+ T-cells from the tumour (n = 9) 

(A) or spleens (n = 4) (B) with a naïve (Tnaive = CD44-CD62L+Fas-), stem cell-like memory 

(TSCM = CD44-CD62L+Fas+), memory (TCM = CD44+CD62L+) or effector (TEFF = 

CD44+CD62L-) phenotype. Data represent the mean ± SEM of biological replicates. 
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3.2.1 IL-12 and IL-27 induce CD39 expression on CD8+ T-cells from naïve 

mice  

First, we sought to examine whether splenic CD8+ T-cells from tumour-antigen naïve 

mice (untreated) would differentially express CD39 when activated in the presence of IL-

12 or IL-27. In this experiment, we were not concerned about the antigen specificity of the 

CD8+ T-cells, but rather the factors that could be contributing to CD39 expression. To do 

so, a stimulation assay was conducted136 (Figure 10). For the control group, CD8+ T-cells 

were stimulated with αCD3/CD28 Dynabeads (signal 1 and 2) and recombinant IL-2 

(signal 3). Experimental groups were stimulated as described, with the addition of 

recombinant cytokines IL-12 or IL-27. After 48 hours, cells were stained for flow 

cytometric analysis of CD39 expression. An acute activation period was used rather than 

chronic activation, as CD39 expression has been associated with exhaustion73,74. Thus, 

acute stimulation (48 hours) was used to minimize this confounding variable.  
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Figure 10. Simplified stimulation assay method with CD8+ T-cells from neuro-2a-

antigen naïve mice. 

Splenic CD8+ T-cells from untreated (naïve) mice were isolated via negative selection 

using a magnetic sorting kit. For the control group, CD8+ T-cells were stimulated at a 1:1 

ratio with αCD3/CD28 Dynabeads and recombinant IL-2. Experimental groups were 

stimulated with additional recombinant cytokines, either IL-12 or IL-27. After 24 hours, 

αCD3/CD28 Dynabeads were magnetically removed, and cells remained in culture for an 

additional 24 hours with cytokines. Finally, cells were stained for flow cytometry analysis 

of CD39 expression. 
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Two sets of data were obtained by flow cytometry, the frequency of CD8+ T-cells 

which express CD39, and the level of CD39 expression. First, the frequency of 

CD39+CD8+ T-cells were analyzed using a low vs. high CD39 expression gating strategy 

philosophy, based on that of Canale et al. (2018)74. When stimulated in the presence of IL-

12 or IL-27, a greater frequency of CD8+ T-cells expressed high levels of CD39 (CD39high) 

compared to the control group (Figure 11 a, b). Interestingly, the frequency of 

CD39highCD8+ T-cells was significantly higher in the IL-12 treated group compared to the 

IL-27 treated group (Figure 11 a, b). Overall, these results indicate that IL-12 and IL-27 

play a role in the induction of CD39 expression.  

 Second, the level of CD39 expression for each group was measured. This can be 

measured using the median fluorescence intensity (MFI), as the intensity of the fluorescent 

CD39-targetted Ab (CD39-AF647) can be used to signify the amount of CD39 on a per 

cell basis. Here, CD39 expression was quantified on all CD39+CD8+ T-cells, which was 

initially determined based on the CD39 FMO. The FMO is a control measure used in flow 

cytometry, in which a sample is stained with all Abs except one (CD39-AF647 in this case). 

Total CD39+CD8+ T-cells were analyzed rather than CD39highCD8+ T-cells to minimize 

bias. Data showed that CD39+CD8+ T-cells from the IL-12 and IL-27 stimulated groups 

show significantly higher MFI of CD39 compared to the control conditions (Figure 12 a, 

b). Moreover, the highest expression of CD39 was found in the IL-27 treated group. These 

two data sets suggest that IL-12 and IL-27 signalling can upregulate CD39 expression on 

CD8+ T-cells, since CD39+CD8+ T-cells from the control group have relatively lower 

expression. 
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Figure 11. Frequency of CD39highCD8+ T-cells from naïve mice after in vitro 

stimulation with IL-12 or IL-27. 

Splenic CD8+ T-cells from naïve mice were stimulated with αCD3/CD28 Dynabeads and 

IL-2 (control), with or without IL-12 or IL-27. After 48 hours, samples were stained for 

flow cytometric analysis of CD39 expression. A) Representative dot plots depicting 

CD39high expression, gated on CD8+CD3+ cells, corresponding to B) Frequency of CD8+ 

T-cells expressing high levels of CD39. Data are displayed as mean ± SEM of technical 

replicates from two separate experiments (n = 6). * p ≤ 0.05 by one-way ANOVA. 
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Figure 12. MFI of CD39 from CD39+CD8+ T-cells from naïve mice after in vitro 

stimulation with IL-12 or IL-27. 

A) Representative histogram of CD39 expression, in which the dotted line separates CD39- 

(left) and CD39+ (right) CD8+ T-cells. B) Quantification of median fluorescence intensity 

(MFI) of CD39-AF647 on CD39+CD8+ T-cells. Data are displayed as mean ± SEM of 

technical replicates from two separate experiments (n = 6). * p ≤ 0.05 by one-way ANOVA.  
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3.2.2 IL-12 and IL-27 induce CD39 expression on CD8+ T-cells from 

control and immunogenic neuro-2a vaccinated mice 

In the context of cancer, tumour-specific T-cells can be exposed to their cognate 

antigens upon tumour infiltration. In the stimulation assay, we were curious whether in 

vitro CD8+ T-cell activation following two rounds of in vivo tumour-lysate vaccination 

would affect the ability of IL-12 or IL-27 to induce CD39 expression. This also provides a 

more physiologically relevant model as neoantigens are required for T-cell priming. 

Vaccination using whole tumour lysate vaccination can be used to prime and activate 

T-cells. This allows the direct delivery of tumour proteins and antigens to the immune cells, 

overcoming immunosuppressive actions by the TME149,150. Therefore, we analyzed the 

effects of IL-12 and IL-27 on CD39 expression on CD8+ T-cells from mice primed with 

neuro-2a cell lysates. Either the control or immunogenic neuro-2a cell lysates were used to 

observe whether the presence of neoantigens at the time of priming would affect cytokine-

induced CD39 expression in vitro.  

As such, stimulation assays were completed (Figure 13). Mice were vaccinated with 

whole neuro-2a lysates (control or immunogenic) via s.c. injection, both 10 and 3 days 

prior to starting the assay. Splenic CD8+ T-cells were stimulated as previously described 

(3.2.1 and Methods). An additional experimental group was included, in which CD8+ T-

cells were stimulated with IL-12 and IL-27, to determine whether they would have a 

synergistic effect.  

 

  



 

 

41 

 

Figure 13. Simplified stimulation assay methodology with CD8+ T-cells from neuro-

2a-antigen-experienced mice. 

Control and immunogenic neuro-2a lysates were generated by repeated freeze-thaw cycles. 

Mice were s.c. vaccinated twice prior to beginning the assay. Splenic CD8+ T-cells were 

isolated via negative selection using a magnetic sorting kit. For the control group, CD8+ T-

cells were stimulated at a 1:1 ratio with αCD3/CD28 Dynabeads and recombinant IL-2. 

Experimental groups were stimulated with additional recombinant IL-12 or IL-27, 

individually or in combination. After 24 hours, αCD3/CD28 Dynabeads were magnetically 

removed, and cells cultured for an additional 24 hours with cytokines before staining the 

cells for flow cytometry analysis of CD39 expression. 
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First, the frequency of CD39highCD8+ T-cells were analyzed. Results demonstrated 

that CD8+ T-cells from control neuro-2a primed mice stimulated with both IL-12 and IL-

27 showed significantly more CD39high cells than all other conditions (Figure 14 a-i, b-i). 

However, stimulation with either cytokine alone did not significantly affect the frequency 

CD39high cells. In contrast, data from immunogenic neuro-2a vaccinated mice showed a 

significantly greater frequency of CD39highCD8+ T-cells when activated with IL-12 or IL-

27, compared to the control (Figure 14). The frequency of CD39highCD8+ T-cells was 

higher in the IL-12 treated group compared to the IL-27 treated group, as previously 

observed (Figure 11). The highest frequency of CD39highCD8+ T-cells from immunogenic 

neuro-2a primed mice was achieved when stimulated with both IL-12 and IL-27 (Figure 

14). Together, these results suggest that combining both cytokines can have an additive 

effect on inducing CD39 expression. There seems to be more pronounced effect in the cells 

from immunogenic neuro-2a primed mice compared to that of the control (Figure 14 c-f), 

although this was not statistically significant in the IL-27 stimulated group (Figure 14 e). 

 Next, the level of CD39 expression for each group was measured using MFI. CD8+ 

T-cells from control neuro-2a primed mice stimulated with IL-12 had no significant effect 

compared to the control (Figure 15 a-i, b-i). However, stimulation with IL-27 resulted in 

significantly higher MFI of CD39 compared to the control. For CD8+ T-cells from 

immunogenic neuro-2a primed mice, stimulation with either IL-12 or IL-27 resulted in 

significantly higher MFIs compared to the control (Figure 15 a-ii, b-ii). Regardless of the 

source of CD8+ T-cells, the highest MFI was observed after stimulation with both IL-12 

and IL-27 (Figure 15 a, b), suggesting these cytokines can upregulate CD39 on CD8+ T-

cells in an additive manner.  
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Figure 14. Frequency of CD39highCD8+ T-cells from neuro-2a primed mice after in 

vitro stimulation with IL-12 and/or IL-27.  

Splenic CD8+ T-cells from neuro-2a primed mice were stimulated with αCD3/CD28 

Dynabeads and IL-2 (control conditions), with or without IL-12 or IL-27. After 48 hours, 

samples were stained for flow cytometric analysis of CD39 expression. A) Representative 

dot plots depicting CD39high expression, gated on CD8+CD3+ cells, from mice primed with 

the control (i) or immunogenic (ii) neuro-2a lysate. B) Frequency of CD8+ T-cells 

expressing high levels of CD39 from control (i) or immunogenic (ii) neuro-2a primed mice. 

C-F) Comparing the frequency of CD39highCD8+ T-cells from control vs. immunogenic 

neuro-2a primed mice stimulated with αCD3/CD28 and IL-2 (C), + IL-12 (D), + IL-27 (E), 

and + IL-12 & IL-27 (F). Data is displayed as mean ± SEM of technical replicates from 

two to four experiments (n = 6-12). * p ≤ 0.05, ns = not significant by two-way ANOVA 

(B) or unpaired t-tests (C-F).  
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Figure 15. MFI of CD39 from CD39+CD8+ T-cells from neuro-2a primed mice after 

in vitro stimulation with IL-12 and/or IL-27. 

A) Representative histograms of CD39 expression, in which the dotted line separates 

CD39- (left) and CD39+ (right) CD8+ T-cells from mice primed with control (i) or 

immunogenic (ii) neuro-2a lysate. B) Quantification of MFI of CD39-AF647 on 

CD39+CD8+ T-cells from mice primed with control (i) or immunogenic (ii) neuro-2a 

lysate. Data is displayed as mean ± SEM of technical replicates from two to four 

experiments (n = 6-12). * p ≤ 0.05 by two-way ANOVA. 
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3.3 The effect of IL-12 neutralization on CD39+CD8+ T-cell populations 

from neuro-2a tumour-bearing mice 

We next aimed to validate the effect of IL-12 on CD39 expression in vivo. IL-12 

was chosen because CD8+ T-cells from antigen-naïve and immunogenic neuro-2a antigen-

experienced mice showed a higher frequency of CD39highCD8+ T-cells when stimulated 

with IL-12 than IL-27 (Figure 11 b and Figure 14 b-ii). In this in vivo experiment, an IL-

12 neutralizing Ab or isotype control was i.p. injected into mice once neuro-2a tumours 

became palpable. Injections continued every 3-4 days until the endpoint (Figure 16). The 

αIL-12 Ab blocks the heterodimeric IL-12 from binding to its receptor, thereby neutralizing 

IL-12151.  
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Figure 16. Simplified method for comparing T-cell characteristics from control and 

immunogenic neuro-2a tumour-bearing mice treated with αIL-12 or isotype control.  

Female A/J mice were inoculated s.c. with 5 x 105 control or immunogenic neuro-2a cells. 

Tumour volumes were measured over time using callipers. Once tumours became palpable 

~ day 12, mice of the same tumour type were randomized and injected with 0.5 mg of 

isotype control (IgG2b, k) or αIL-12 Abs every 3-4 days until endpoint. On days 19 or 21, 

mice bearing control or immunogenic neuro-2a tumours were euthanized, respectively. 

Tumours and spleens were processed individually and stained for flow cytometric analysis 

of CD8+ T-cell populations.  
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Tumours volumes were measured over time. We compared the tumour volumes 

between treatment groups, to determine whether IL-12 neutralization would affect tumour 

burden. At the respective endpoints, there was no difference in tumour volume between 

mice receiving isotype or αIL-12 treatment, regardless of their tumour type (Figure 17).  
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Figure 17. Tumour burden of neuro-2a tumour-bearing mice treated with αIL-12 or 

isotype control. 

Female A/J mice were inoculated s.c. with 5 x 105 control or immunogenic neuro-2a cells. 

Tumour volumes were measured over time using callipers. Once tumours became palpable 

(day ~12), mice of the same tumour type were randomized and treated with either αIL-12 

or isotype control (IgG2b, k). Thus, mice were grouped into control isotype control (n = 

5), control αIL-12 (n = 5), immunogenic isotype control (n = 9) and immunogenic αIL-12 

(n = 11). Data represents the mean ± (SEM) of biological replicates. ns = not significant 

by unpaired t-test. 
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We wanted to confirm that αIL-12 was indeed neutralizing the biological activity 

of IL-12 in vivo. According to the manufacturer, the αIL-12 Ab should not deplete or 

change the concentration of IL-12; therefore, an ELISA or western blot could not be used 

to verify the IL-12 neutralizing activity of the antibody. Instead, considering that IL-12 

plays a key role in effector T-cell differentiation and activation, we used the differentiation 

state of TILs as a surrogate. The expression patterns of CD44, CD62L and Fas were used 

to distinguish naïve and effector CD8+ T-cells (Figure 18 a, as described previously in 

section 3.2). We expected the ratio of naïve and effector TILs would be altered in mice 

treated with αIL-12 compared to isotype control.  

Data from immunogenic neuro-2a tumour-bearing mice treated with isotype control 

showed a significant difference between the frequency of naïve and effector CD8+ TILs 

(Figure 18 b). This was not the case for αIL-12 treated group. This can be attributed to the 

reduced frequency of effector CD8+ TILs from the αIL-12 treated group relative to the 

isotype control treated group. The low frequency of naïve CD8+ TILs detected is consistent 

with data from the literature of human and murine tumours152–154. No conclusions could be 

made from the flow cytometric analysis of control tumours, as the downstream 

phenotyping of the differentiation states was skewed by the limited frequency of CD8+ 

TILs.  
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Figure 18. Frequency of naïve and effector CD8+ TILs from tumours of immunogenic 

neuro-2a tumour-bearing mice after αIL-12 treatment. 

Mice were inoculated s.c. with 5 x 105 immunogenic neuro-2a cells. On day ~12, mice 

were treated with αIL-12 Ab or isotype control (IgG2b, k). At endpoint, tumours were 

processed individually and stained for flow cytometric analysis of CD8+ TIL populations. 

A) Gating strategy to identify naïve and effector CD8+ TILs. B) Frequency of CD8+ TILs 

with a naïve (Tnaive = CD44-CD62L+Fas-) or effector (TEFF = CD44+CD62L-) phenotype. 

Data are displayed as box plots and mean ± SD were calculated for statistical analysis, * p 

≤ 0.05 and ns = not significant by two-way ANOVA. 
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3.3.1 IL-12 neutralization has no effect on the frequency of CD39+CD8+ 

TILs in control neuro-2a tumours 

To study the effect of IL-12 on CD39 expression in vivo, we analyzed the effect of 

IL-12 neutralization on CD8+ TILs and T-cells from control or immunogenic neuro-2a 

tumour-bearing mice. Focusing on data from control neuro-2a tumour-bearing mice, IL-12 

neutralization did not affect the frequency of CD8+ TILs or CD39+CD8+ TILs compared 

to the isotype control group (Figure 19 a-c). We were not expecting there to be a difference, 

as these tumours have poor immunogenicity. Analysis of CD38 showed that treatment with 

αIL-12 resulted in reduced frequency of activated CD8+ TILs (CD38+CD8+) relative to the 

control group (Figure 19 d). As IL-12 is involved in T-cell activation, this provided further 

evidence that IL-12 was neutralized in the αIL-12 treated mice.  

As with previous experiments, splenocytes were used as a systemic measure. 

Similar to results from the tumour, there was no difference between the frequency of CD8+ 

T-cells or CD39+CD8+ T-cells between mice treated with αIL-12 or isotype control (Figure 

19 e, f). This indicates that IL-12 neutralization did not affect CD39+CD8+ T-cells, from 

the tumours or systemically, in control neuro-2a tumour-bearing mice.  
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Figure 19. Frequency of CD38+ or CD39+CD8+ T-cells from tumours and spleens of 

control neuro-2a tumour-bearing mice after αIL-12 treatment. 

Mice were inoculated s.c. with 5 x 105 control neuro-2a cells. Isotype control (IgG2b, k) 

or αIL-12 treatment (0.5 mg via i.p. injections) began on day ~12. At endpoint, tumours 

and spleens were processed individually and stained for flow cytometric analysis of CD8+ 

T-cell populations. A-D) Data depicts results from tumours. Frequency of CD3+ TILs 

expressing CD8 (A). Frequency of CD8+ TILs expressing CD39 (B) and corresponding 

representative dot plots with a gate depicting CD39+ cells (C). Frequency of CD8+ TILs 

expressing CD38 (D). E-F) Data depicts results from spleens. Frequency of CD3+ T-cells 

expressing CD8 (E) and frequency of CD8+ T-cells expressing CD39 (F). Data represents 

mean ± SEM of biological replicates. * p ≤ 0.05, ns = not significant by unpaired t-test. 
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3.3.2 Immunogenic neuro-2a tumours show a reduced frequency of 

CD39+CD8+ TILs upon IL-12 neutralization 

Upon flow cytometric analysis of immunogenic neuro-2a tumours, we found that 

the frequency of CD8+ TILs remained the same, regardless of αIL-12 treatment (Figure 20 

a). However, treatment with αIL-12 resulted in reduced frequency of CD39+CD8+ TILs 

relative to the control group (Figure 20 b, c). This data supports our hypothesis that IL-12 

induces CD39 expression by CD8+ T-cells, as IL-12 neutralization correlates with reduced 

frequency of CD39+CD8+ TILs.  

In addition, we found a significant decrease in the frequency of activated (CD38+), 

dysfunctional (PD-1+CD38+) and exhausted (PD-1+TIM-3+, PD-1+CD39+, TIM-3+CD39+, 

and LAG-3+CD39+) CD8+ TILs from mice treated with αIL-12, compared to isotype 

control (Figure 20 b). These results provide further evidence that IL-12 neutralization by 

αIL-12 treatment was effective. 

Analysis of splenocytes showed no difference between the frequency of CD8+ T-

cells or CD39+CD8+ T-cells between mice treated with αIL-12 or isotype control (Figure 

20 d, e). This data, in combination with TIL analyses (Figure 20 b), indicate that IL-12 

plays a role in modulating the CD8+ T-cell phenotype in vivo, and more specifically their 

CD39+ phenotype, within the tumour. However, this was not true for control neuro-2a 

tumours (Figure 19 b), suggesting that the immunogenicity of the tumour influences the 

effect of IL-12 on modulating CD8+ T-cell phenotypes.  
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Figure 20. Frequency of CD39+CD8+ T-cells and other phenotypes from tumours and 

spleens of immunogenic neuro-2a tumour-bearing mice after αIL-12 treatment. 

Mice were inoculated s.c. with 5 x 105 immunogenic neuro-2a cells. Isotype control 

(IgG2b, k) or αIL-12 treatment (0.5 mg via i.p. injections) began on day ~12. At endpoint, 

tumours and spleens were processed individually and stained for flow cytometric analysis 

of CD8+ T-cell populations. A-C) Data depicts results from tumours. Frequency of CD3+ 

TILs expressing CD8 (A). Frequency of CD8+ TILs expressing CD39, CD38, PD-1 & 

CD39, TIM-3 & CD39, LAG-3 & CD39, PD-1 & TIM-3, and PD-1 & CD38, from left to 

right, respectively (B). C) Representative dot plots with a gate depicting CD39+ cells, gated 

on CD8+ T-cells. D-E) Data depicts results from spleens. Frequency of CD3+ cells 

expressing CD8 (D) and frequency of CD8+ T-cells expressing CD39 (E). Data represent 

the mean ± SEM of biological replicates. * p ≤ 0.05, ns = not significant by multiple or 

single unpaired t-tests. 
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3.3.3 In vitro stimulation with IL-12 results in the greatest frequency of 

CD39+CD8+ T-cells expressing inhibitory receptors 

Previously, we observed a correlation between IL-12 neutralization and decreased 

frequency of CD39+ and exhausted CD8+ TILs in immunogenic neuro-2a tumours (Figure 

20). We considered whether CD8+ T-cells stimulated in vitro with IL-12 would induce 

inhibitory receptor expression on CD39+CD8+ T-cells. In addition, we investigated the 

effects of IL-27, or the combination of IL-12 and IL-27, on the frequency of exhausted 

CD39+CD8+ TILs. To this end, the stimulation assay described in section 3.2.2 (Figure 13) 

was conducted with additional stains for PD-1, LAG-3, and TIM-3.  

Our data demonstrated that T-cell stimulation in the presence of IL-12, individually, 

induced the highest frequency of PD-1+CD39+CD8+ T-cells (Figure 21 a, d). Stimulation 

with both cytokines had a reduced effect compared to IL-12 alone. There was a moderately 

higher frequency of PD-1+ cells from the IL-27 stimulated group compared to the control 

conditions. These results suggest that IL-27 may attenuate the induction of PD-1 expression 

by IL-12 in this setting. 

When analyzing the expression of LAG-3, we found the highest frequency of LAG-

3+CD39+CD8+ T-cells when stimulated with IL-12 individually or in combination with IL-

27 (Figure 21 b, e). Importantly, stimulation with IL-12 induced more LAG-3+ cells than 

stimulation with IL-27 or control conditions.  

The analysis of TIM-3 showed that cells stimulated with IL-12 or control conditions 

had the highest frequency of TIM-3+ CD39+CD8+ T-cells (Figure 21 c, f). Stimulation with 

IL-27 resulted in less TIM-3+ cells than IL-12, while cells stimulated with both IL-12 and 

IL-27 demonstrated the lowest frequency of TIM-3+ cells (Figure 21 f).  

 The co-expression of multiple inhibitory receptors and CD39 has been associated 

with CD8+ T-cell exhaustion73,155,156. Since this assay was conducted with isolated CD8+ 

T-cells, we were able to analyze the frequency of CD39+CD8+ T-cells that were triple 

positive (TP), meaning they were TIM-3+PD-1+LAG-3+. This was not possible when 

analyzing CD39+CD8+ TILs in mouse experiments, because the low abundance made the 

further analysis of multiple inhibitory receptors unreliable.  

The results from the in vitro assay demonstrated the highest frequency of TP 

CD39+CD8+ T-cells when CD8+ T-cells were stimulated with IL-12 (Figure 22). 
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Stimulation with both cytokines had a reduced effect compared to IL-12 alone. There was 

no statistically significant difference between the frequency of TP cells from control and 

IL-27 stimulated groups. Similar to the PD-1 expression data (Figure 21 a, d), this data 

(Figure 22) suggests that IL-27 may attenuate the induction of inhibitory receptor 

expression by IL-12 in this setting. Collectively, these results demonstrate a correlation 

between IL-12 and inhibitory receptor expression on CD39+CD8+ T-cells, which is more 

distinct than that of IL-27.  
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Figure 21. Inhibitory receptor expression on CD39+CD8+ T-cells from immunogenic 

neuro-2a primed mice after in vitro stimulation with IL-12 and/or IL-27. 

Splenic CD8+ T-cells from immunogenic neuro-2a primed mice were stimulated with 

αCD3/CD28 Dynabeads and IL-2 ± IL-12 and/or IL-27. After 48 hours, samples were 

stained for flow cytometric analysis of CD39, PD-1, LAG-3, and TIM-3 expression. A-C) 

Representative dot plots (left) and quantification (right) of PD-1+ (A), LAG-3+ (B), and 

TIM-3+ (C) CD39+CD8+ T-cells. Data is displayed as mean ± SEM of technical replicates 

from two experiments (n = 6). * p ≤ 0.05, ns = not significant by one-way ANOVA. 
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Figure 22. Frequency of TIM-3+PD-1+LAG-3+CD39+CD8+ T-cells from immunogenic 

neuro-2a primed mice after in vitro stimulation with IL-12 and/or IL-27. 

Splenic CD8+ T-cells from immunogenic neuro-2a primed mice were stimulated with 

αCD3/CD28 Dynabeads and IL-2 ± IL-12 and/or IL-27. Samples were stained for flow 

cytometric analysis of CD39, PD-1, TIM-3, and LAG-3 expression after 48 hours. The 

graph depicts the quantification CD39+CD8+ T-cells co-expressing TIM-3, PD-1, and 

LAG-3. Data is displayed as mean ± SEM of technical replicates from two experiments (n 

= 6). * p ≤ 0.05, ns = not significant by one-way ANOVA. 
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3.4 The effector functionality of CD39+/-CD8+ T-cells after stimulation with 

IL-12 and/or IL-27  

Studies have shown that CD39 expression by CD8+ T-cells is associated with 

reduced IFNγ and TNFα production and limited cytotoxicity function of these cells73,74,98,99. 

However, other studies demonstrate that CD39+CD8+ T-cells have more potent cytotoxic 

abilities than their CD39- counterparts, with high granzyme B and IFNγ production68,100–

104. Given the discrepancies, we sought to investigate the effector capability of CD39+CD8+ 

T-cells in the context of a stimulation assay. In doing so, we could compare the effector 

capability of CD39+ and CD39-CD8+ T-cells. Additionally, we could measure the effector 

capability of CD39+CD8+ T-cells after stimulation with IL-2, IL-12 and/or IL-27.  

 For this stimulation assay, a different methodology was used, in which bulk 

splenocytes from immunogenic neuro-2a vaccinated mice were stimulated with plate-

bound αCD3 and CD28 Abs (Figure 23) rather than isolated CD8+ T-cells stimulated with 

αCD3/CD28 Dynabeads. This was due to time constraints, assay optimization 

circumstances, as well as animal and material availability. This adjustment, however, did 

provide the opportunity to corroborate the findings from the previous assay, in which we 

found IL-12 and IL-27 induced CD39 expression on CD8+ T-cells after in vitro stimulation 

(Figure 11, Figure 12, Figure 14, Figure 15). Moreover, repeating experiments under 

slightly different conditions and provides evidence of their reproducibility and increases 

the validity of previous findings157,158.  
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Figure 23. Simplified stimulation assay methodology with bulk splenocytes from 

neuro-2a-antigen-experienced mice for ICS.  

Mice were injected s.c. with immunogenic neuro-2a lysate 10 and 3 days before beginning 

the assay. Bulk splenocytes for the control group were stimulated with plate-bound αCD3 

and CD28 Abs and recombinant IL-2. Experimental groups were stimulated with additional 

recombinant cytokines, IL-12, IL-27, or both. After 48 hours, brefeldin A and αCD107a 

Ab were added and incubated for 5 hours. Samples were stained for extracellular and 

intracellular markers of interest for flow cytometric analysis.  
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Therefore, we assessed whether IL-12 and IL-27 affected CD39 expression on 

CD8+ T-cells using this assay (Figure 23) prior to addressing the effector capability of 

CD39+CD8+ T-cells. We found that the frequency of CD39+CD8+ T-cells was significantly 

higher when stimulated with IL-12 or IL-27 compared to the control group (Figure 24). In 

agreement with previous results (Figure 14 b-ii), the highest frequency of CD39+CD8+ T-

cells was achieved when stimulated with both IL-12 and IL-27 (Figure 24). Next, we 

examined the MFI of CD39 on CD39+CD8+ T-cells to determine the level of CD39 

expression. We found that stimulation with either IL-12 or IL-27 resulted in a significantly 

higher MFI than the control group, and the highest MFI was observed after being 

stimulated with both IL-12 and IL-27 (Figure 24). Together, results from the bulk 

splenocyte stimulation assay show that IL-12 and IL-27 induce CD39 expression on CD8+ 

T-cells, validating our previous findings (Figure 14 b-ii, Figure 15 b-ii).  
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Figure 24. Frequency of CD39+CD8+ T-cells from immunogenic neuro-2a primed 

mice after in vitro stimulation in bulk splenocyte culture with IL-12 and/or IL-27. 

Bulk splenocytes from immunogenic neuro-2a primed mice were stimulated with plate-

bound αCD3 and αCD28 Abs and IL-2 ± IL-12 and/or IL-27. After 48 hours, samples were 

stained for flow cytometric analysis of CD39 expression. A) Representative dot plots with 

a gate depicting CD39+ cells, gated on CD8+CD3+ cells, corresponding to B) frequency of 

CD8+ T-cells expressing CD39. Data is displayed as mean ± SEM of technical replicates 

from three experiments (n = 9). * p ≤ 0.05, ns = not significant by one-way ANOVA. 
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Figure 25. MFI of CD39 from CD39+CD8+ T-cells from immunogenic neuro-2a 

primed mice after in vitro stimulation in bulk splenocyte culture with IL-12 and/or 

IL-27. 

Bulk splenocytes from immunogenic neuro-2a primed mice were stimulated with plate-

bound αCD3 and αCD28 Abs and IL-2 ± IL-12 and/or IL-27. After 48 hours, samples were 

stained for flow cytometric analysis of CD39 expression. A) Representative histograms of 

CD39 expression by CD8+ T-cells, in which the dotted line separates CD39- (left) and 

CD39+ (right). B) Quantification of MFI of CD39-AF647 on CD39+CD8+ T-cells. Data are 

displayed as mean ± SEM of technical replicates from three experiments (n = 9). * p ≤ 0.05 

by one-way ANOVA. 
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3.4.1 CD39 expression positively correlates with effector molecule 

production when stimulated with αCD3/CD28 and IL-2 

With confirmation that IL-12 and IL-27 induce CD39 expression using this assay 

methodology, we could investigate the effector capability of CD39+CD8+ T-cells. To 

compare the effector function of CD39+ and CD39-CD8+ T-cells, we looked at those from 

the control group (αCD3/αCD28 Abs and IL-2). Our data showed a higher frequency of 

CD39+CD8+ T-cells expressing CD107a, IFNγ, TNFα, and IL-2 than CD39-CD8+ T-cells 

(Figure 26 a-d, respectively).  

Of note, the frequencies of IL-2 and TNFα were relatively low, measuring less than 

5%. Since αCD3/αCD28 Abs were used, this assay mimics the physiological reaction of 

CD8+ T-cells, indicating that a minor subpopulation of CD8 + T-cells can produce IL-2 and 

TNFα upon activation. Given the low frequency, the positive control, PMA and ionomycin 

stimulation data have been included for validation purposes. This activation method 

bypasses the TCR by raising the level of intracellular Ca2+ within T-cells159,160. This data 

verifies that these CD8+ T-cells can produce TNFα and IL-2 under hyper-stimulated 

conditions (Figure 27 a-b). Notably, the higher frequency of CD39+CD8+ T-cells expressed 

CD107a and IFNγ (Figure 27 c-d) relative to CD39-CD8+ T-cells, supporting our previous 

findings (Figure 26 a-b).  
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Figure 26. Effector molecule expression of CD39+ and CD39-CD8+ T-cells after in vitro 

stimulation with αCD3/CD28 and IL-2. 

Bulk splenocytes from immunogenic neuro-2a primed mice were stimulated with plate-

bound αCD3/αCD28 Abs and IL-2. After 48 hours, BFA and αCD107a Ab were added, 

and 5 hours later samples were stained for flow cytometric analysis of CD39, IFNγ, TNFα 

and IL-2. A-D) Representative dot plots (left) and corresponding quantification (right) of 

CD107a+ (A), IFNγ + (B), TNFα + (C), and IL-2+ (D) CD39- and CD39+CD8+ T-cells. Data 

is displayed as mean ± SEM of technical replicates from three experiments (n = 9). * p ≤ 

0.05, ns = not significant by unpaired t-test. 
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Figure 27. Effector molecule expression of CD39+ and CD39-CD8+ T-cells after in vitro 

stimulation with PMA, ionomycin, and IL-2. 

Bulk splenocytes from immunogenic neuro-2a primed mice were stimulated with plate-

bound αCD3 and αCD28 Abs and IL-2. After 48 hours, PMA, ionomycin, BFA and 

αCD107a Ab were added, and 5 hours later, samples were stained for flow cytometric 

analysis of CD39, IFNγ, TNFα and IL-2. A-D) Representative dot plots (left) and 

corresponding quantification (right) of CD107a+ (A), IFNγ + (B), TNFα + (C), and IL-2+ 

(D) CD39- and CD39+CD8+ T-cells. Data is displayed as mean ± SEM of technical 

replicates from two to three experiments (n = 6-9). * p ≤ 0.05, ns = not significant by 

unpaired t-test. 
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In addition to the data above, the MFI of CD107a, IFNγ, TNFα, and IL-2 were 

analyzed. From samples stimulated with αCD3/αCD28 Abs and recombinant IL-2, the MFI 

of IFNγ on IFNγ+CD39+/-CD8+ T-cells are displayed (Figure 28). We found that T-cells 

expressing CD39 had a significantly higher MFI than CD39- cells.  

The MFI data for CD107a, TNFα, and IL-2 were not included as the distribution of 

cells on the flow plots was not bimodal (Figure 26 a, c, d). Altogether, these results show 

that CD39+CD8+ T-cells can produce effector molecules when activated with PMA and 

ionomycin. Furthermore, when stimulated with αCD3 and αCD28 Abs, CD39+CD8+ T-

cells display increased anti-tumour potential as demonstrated by the significantly higher 

frequency of CD107a+ and IFNγ+ cells.  
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Figure 28. MFI of IFNγ from IFNγ+ CD39+ and CD39-CD8+ T-cells after in vitro 

stimulation with αCD3/CD28 and IL-2. 

A) Representative histogram of IFNγ expression, in which the dotted line separates IFNγ- 

(left) and IFNγ+ (right) CD39- and CD39+CD8+ T-cells. B) Quantification of MFI of IFNγ-

PE from CD39- and CD39+CD8+ T-cells. Data is displayed as mean ± SEM of technical 

replicates from three experiments (n = 9). * p ≤ 0.05 by unpaired t-test. 
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3.4.2 The presence of IL-12 and IL-27 differentially affects CD39+CD8+ T-

cells effector molecule production 

After establishing that more CD39+CD8+ T-cells expressed CD107a, IFNγ, TNFα 

and IL-2 than CD39-CD8+ T-cells via αCD3 and αCD28 Abs, we examined whether the 

effector capability of CD39+CD8+ T-cells would be different after stimulation with IL-12 

and/or IL-27. We found that CD39+CD8+ T-cells stimulated with IL-27 had the greatest 

frequency of CD107a+ cells (Figure 29 a). Accordingly, T-cells stimulated in the presence 

of IL-12, individually or in combination with IL-27, had a significantly lower frequency of 

CD107a+ cells than IL-27 individually. The frequency of IFNγ+ cells was highest when 

stimulated in the presence of IL-12 (Figure 29 b). Interestingly, we found CD39+CD8+ T-

cells stimulated with IL-27 had the lowest frequency of IFNγ+ cells. We found no 

difference in the expression of TNFα across conditions (Figure 29 c). Finally, the frequency 

of IL-2+ cells was significantly higher in cell cultures containing IL-27 (Figure 29 d). Taken 

together, these data indicate that the presence of IL-12 and IL-27 differentially affected the 

effector molecule production of CD39+CD8+ T-cells (Figure 29). More importantly, these 

results illustrate that extrinsic factors (i.e., the cytokine milieu) play an integral role in the 

functionality of CD39+CD8+ T-cells.  
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Figure 29. Effector molecule expression of CD39+CD8+ T-cells after in vitro 

stimulation with IL-12 and/or IL-27. 

Bulk splenocytes from immunogenic neuro-2a primed mice were stimulated with plate-

bound αCD3 and αCD28 Abs and IL-2 ± IL-12 and/or IL-27. After 48 hours, BFA and 

CD107a were added, and 5 hours later, samples were stained for flow cytometric analysis 

of CD39, IFNγ, TNFα and IL-2. A-D) Representative dot plots (left) and corresponding 

quantification (right) of CD107a+ (A), IFNγ+ (B), TNFα+ (C), and IL-2+ (D) CD39+CD8+ 

T-cells. Data is displayed as mean ± SEM of technical replicates from three experiments 

(n = 9). * p ≤ 0.05, ns = not significant by one-way ANOVA. 
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Chapter 4 – Discussion  

Tumour-specific CD8+ T-cells play a critical role in sustaining anti-tumour 

immunity. The function of these cells is modulated by the local molecular and cytokine 

milieu24,25. Two such cytokines are IL-12 and IL-27, produced by activated APCs, and they 

have established roles in driving CD8+ T-cell differentiation and promoting effector 

function38. Moreover, there is considerable evidence highlighting the role of IL-12, and 

more recently IL-27, in stimulating tumour-specific CD8+ T-cell-mediate anti-tumour 

immunity, directly and indirectly41–44,48–55,161. Tumour-specific CD8+ T-cells within the 

TME often exhibit an exhausted phenotype, consistent with chronic antigen 

stimulation58,61,62,64,65. Recent studies have demonstrated that tumour-specific CD8+ TILs 

can be primarily recognized by CD39 expression, as bystander CD8+ TILs do not express 

this enzyme67–72. CD39 depletes pro-inflammatory ATP molecules and facilitates the 

generation of immunosuppressive adenosine76,77. While there is correlation between CD39 

expression and exhaustion, CD39 expression is not necessarily causative of the T-cell 

exhaustion. This is illustrated by studies showing CD39+CD8+ T-cells have anti-tumour 

potential (in vitro) or direct anti-tumour activity (ex vivo and in vivo)68,100–104. Overall, there 

is a need to understand the factors contributing to CD39 expression on tumour-specific T-

cells, and its subsequent effects on CD8+ T-cell function.  

Since IL-12 and IL-27 contribute to tumour-specific CD8+ T-cell effector functions, 

these cytokines may also induce CD39 expression on these cells. Therefore, we 

hypothesized that IL-12 and IL-27 upregulate CD39 expression on CD8+ T-cells, and these 

cells would exhibit improved effector functions compared to CD39-CD8+ T-cells. In 

addition, we hypothesized that the function of CD39+CD8+ T-cells would be differentially 

affected by IL-12 and IL-27, because these cytokines signal through distinct pathways38. 

IL-12 signalling activates STAT4, while IL-27 activates STAT1 and STAT338. These 

transcription factors can have shared or unique target genes. For example, STAT3 and 

STAT4 augment PD-1 expression162. Alternatively, STAT1 appears to limit PD-1 

expression, as STAT1 deficient T-cells show increased PD-1 expression relative to 

STAT1+ T-cells163,164. This highlights the differential effects of IL-12 and IL-27 on the 

phenotype of CD8+ T-cells, which may extend to the regulation of CD39. 
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Tumours with high CD8+ T-cell infiltration are considered ‘immunologically hot’, 

while those with low infiltration or exclusion are considered ‘immunologically cold’14,15. 

As such, hot tumours are relatively more immunogenic and respond more favourably to 

ICIs. Our lab has engineered an immunogenic, syngeneic neuro-2a (neuroblastoma) cell 

line through CRISPR/Cas9 knockout of the MLH1 gene. The MLH1 protein plays a crucial 

role in DNA MMR processing126. Therefore, inducing MMR deficiency enables the 

accumulation of somatic mutations, increasing the likelihood of immune detection through 

neoantigen production117,125. When comparing the characteristics of control and 

immunogenic neuro-2a tumours, we identified that reduced tumour burden was associated 

with a higher frequency of CD39+CD8+ TILs (Figure 7 and Figure 8 b). Further analysis 

confirmed that these cells exhibited effector or central memory phenotypes (Figure 9), 

indicative of anti-tumour potential146–148. The correlation mentioned above supported the 

use of this model for the current study. A limitation of this experiment is the lack of IL-12 

and IL-27 concentration measurements in the tumour and draining lymph nodes, which 

would have helped to provide a general understanding of their levels in situ. 

We considered that IL-12 and IL-27 might play a role in CD39 expression because 

there is evidence that they contribute to tumour-specific CD8+ T-cell effector function38.. 

In exploring this theory, we stimulated CD8+ T-cells from naïve, or neuro-2a vaccinated 

mice in the presence of IL-12 and IL-27, individually or in combination. For these in vitro 

experiments, we focused on the ability of these cytokines to induce CD39 expression 

irrespective of antigen specificity in order to elucidate mechanisms of CD39 upregulation. 

IL-12 and IL-27 in combination produced an additive effect on CD39 upregulation when 

stimulating CD8+ T-cells from immunogenic or control neuro-2a vaccinated mice (Figure 

14 and Figure 15). CD8+ T-cells from immunogenic neuro-2a vaccinated mice upregulated 

CD39 expression in the presence of IL-12 or IL-27 individually (Figures Figure 14 and 

Figure 15). This was not the case for CD8+ T-cells from control neuro-2a vaccinated mice, 

as IL-12 could not induce CD39 upregulation (Figure Figure 15). These results indicate an 

important role for neoantigens at the priming step in order for IL-12 to induce CD39 

expression thereafter. As previously mentioned, the highest level of CD39 expression was 

found in samples stimulated with both IL-12 and IL-27 (Figure 14 b and Figure 15). These 

findings were corroborated by the results of a stimulation assay that used a slightly different 
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methodology (Figure 24 and Figure 25). All together, we have identified that IL-12 and 

IL-27 can induce the expression of CD39 on CD8+ T-cells, though stimulation with both 

cytokines produces an additive effect.  

To investigate the relevance of this finding in vivo, we neutralized the biological 

activity of IL-12 in mice with established tumours. IL-12 was chosen since CD8+ T-cells 

from immunogenic neuro-2a antigen-experienced mice showed a higher frequency of 

CD39highCD8+ T-cells when stimulated with IL-12 than IL-27 (Figure Figure 14 b-ii). After 

confirming that our αIL-12 Ab was effective (Figure 18 and Figure 19 d), we investigated 

the phenotype of CD8+ TILs. In immunogenic neuro-2a tumours, we observed less 

exhausted CD8+ TILs and more importantly, fewer CD39+CD8+ TILs with αIL-12 

treatment (Figure 20 b, c). There was no difference in the frequency of CD39+CD8+ T-cells 

within the spleen, suggesting that IL-12 presence in the tumour is a critical factor. 

However, we did not look at the tumour-draining lymph nodes. Therefore, we cannot rule 

out that IL-12 neutralization does not affect CD8+ T-cells in secondary lymphoid organs, 

as intratumoural treatments with IL-12 have previously demonstrated165,166. Nevertheless, 

our results indicate that IL-12 is functionally relevant to the induction of CD39+CD8+ TILs 

in vivo. Further experiments should be conducted done to assess the effect of neutralizing 

IL-27 activity in vivo.  

Within the IL-12 neutralization experiment, we observed that treatment with αIL-

12 did not affect volume of neuro-2a tumours (Figure 17). This was unexpected, as IL-12 

has crucial functions in promoting and sustaining anti-tumour immunity165,167. It is possible 

that this was a result of αIL-12 administration once tumours were already established, or 

that a therapy in combination with IL-12 neutralization would be necessary to observe an 

effect on tumour burden. Additional experiments should be conducted regarding the latter 

hypothesis, in order to investigate the importance of IL-12 and CD39+CD8+ T-cells in 

controlling immunogenic neuro-2a tumours.  

As previously mentioned, IL-12 neutralization was associated with reduced 

frequency of exhausted CD8+ TILs in immunogenic neuro-2a tumours (Figure 20 b). As 

IL-12 and IL-27 contribute to the effector phenotype of CD8+ T-cells38, we considered 

whether they play a role in inducing inhibitory receptor expression that contributes to the 

exhaustion phenotype. Using the in vitro CD8+ T-cell stimulation assay with IL-12 and/or 



 

 

79 

IL-27, we found distinct differences in the expression of PD-1, LAG-3 and TIM-. The 

highest frequencies of PD-1+, LAG-3+, TIM-3+ and TP (TIM-3+PD-1+LAG-3+) 

CD39+CD8+ T-cells were found after stimulation with IL-12 (Figure 21 and Figure 22). 

Indeed, these results correlate with our in vivo data (Figure 20 b). Furthermore, relative to 

IL-12, we found that stimulation with IL-27 resulted in significantly fewer cells expressing 

inhibitory receptors (Figure 21 and Figure 22). Moreover, stimulation with both cytokines 

showed that IL-27 may hinder the induction of PD-1 and TIM-3 expression by IL-12, as 

the frequency of these cells were lower in the IL-12 and IL-27 stimulated group compared 

to IL-12 (Figure 21 d, f). This would also apply to the co-expression of PD-1, LAG-3 and 

TIM-3, as cells stimulated IL-12 and IL-27 had a lower frequency of TP CD39+CD8+ T-

cells compared to IL-12 alone (Figure 22). Recent studies have highlighted that IL-27 can 

enhance the survival of tumour-specific CD8+ T-cells and contribute to CD8+ T-cell 

memory51,52,168. Based on our results, it is possible that IL-27 acts to limit inhibitory 

receptor expression and, thereby, mitigate the suppressive signals that contribute to CD8+ 

T-cell exhaustion and dysfunction.  

It is possible that the differential effects of IL-12 and IL-27 are attributed to 

differences in their downstream signalling pathways. In order to translate our findings to 

clinical applications, the mechanism by which IL-12 and IL-27 induce CD39 should be 

investigated. Many studies move to clinical trials, only to fail at early stages due to 

toxicities or adverse effects169,170. Uncovering the mechanism would provide novel 

information to the field of immuno-oncology and immunotherapy that could be applied to 

regulate CD39 expression on CD8+ T-cells.  

IL-27 has been shown to induce CD39 expression on CD4+ Tregs in a STAT1-

dependent manner127. While IL-12 in combination with IL-4 has been shown to induce 

CD39 expression on CD8+ Tregs128, no mechanism has been investigated. Our future 

experiments will explore the mechanisms by which IL-12 and IL-27 induce CD39 

expression on CD8+ T-cells, focusing on the transcription factors activated downstream of 

IL-12 and IL-27 that facilitate ENTPD1 (gene encoding CD39) transcription. The literature 

shows transcription factors RUNX3 (runt-related transcription factor 3), STAT1 and 

STAT3 have established or putative binding sites at the promoter of ENTPD1 and 

positively regulate CD39 expression127,171–173. RUNX3 is induced downstream of IL-12 
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signalling, while and STAT1 and STAT3 are induced by IL-27 signalling38,174. Overall, 

further research is required to determine whether these three transcription factors are 

responsible for positively regulating CD39 expression downstream of IL-12 and IL-27 

signalling.  

The current literature contains conflicting evidence as to the anti-tumour potential 

of CD39+CD8+ T-cells68,73,74,98–104; inspiring our own comparison between the effector 

function of CD39+ and CD39-CD8+ T-cells. After stimulation with αCD3/αCD28 Abs and 

IL-2, we found higher levels of CD39+CD8+ T-cells expressed CD107a, IFNγ, TNFα, and 

IL-2 than their CD39-counterparts (Figure 26 a-d). Although the levels for TNFα, and IL-

2 were less than 5%, hyperstimulation with PMA/ionomycin confirmed that these CD8+ T-

cells are capable of producing TNFα and IL-2 (Figure 27 a, b). Previous studies have 

demonstrated CD8+ T-cell exhaustion is, in part, characterized by the progressive loss of 

effector function. The ability to produce IL-2 and TNFα is lost during the initial phases, 

while cells can still produce IFNγ and degranulate (marked by CD107a)66. Additional 

analysis showed that CD39+CD8+ T-cells produced more IFNγ, on a per-cell basis than 

CD39-CD8+ T-cells (Figure 28). Overall, our data indicate that CD39+CD8+ T-cells are 

more capable of IFNγ production and cytotoxicity than their CD39- counterparts. While 

CD39+CD8+ T-cells did display low-level characteristics of exhaustion, they were less than 

that of CD39-CD8+ T-cells (Figure 26 and Figure 28).  

One limitation of this experiment is that it demonstrates the functional potential of 

CD39+/-CD8+ T-cells but does not directly establish the anti-tumour activity of these cells. 

To address this, ex vivo cytotoxicity assays will be used in future experiments, in which 

CD39+CD8+ TILs isolated from neuro-2a tumours would be co-cultured with neuro-2a 

cells to measure tumour cell death102. Additionally, adoptive cell transfer experiments of 

CD39+ or CD39-CD8+ TILs into immunodeficient and immunocompetent mice should be 

conducted, to determine whether CD39 expression affects CD8+ T-cell anti-tumour activity 

in vivo104. 

So far, our results show that CD39 expression is upregulated on CD8+ T-cells when 

stimulated with IL-12 and IL-27 (Figure 11, Figure 12, Figure 14 b and Figure 15), and 

these cytokines differentially affect the expression of inhibitory receptors PD-1, LAG-3 

and TIM-3 (Figure 21 and Figure 22). Moreover, higher frequencies of CD39+CD8+ T-
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cells produced IFNγ and expressed CD107a compared to CD39- cells (Figure 26, Figure 

27 and Figure 28). Taken together, we considered that IL-12 and IL-27 might have distinct 

effects on the cytokine production (IFNγ, TNFα and IL-2) and cytotoxic capacity 

(CD107a) of CD39+CD8+ T-cells.  

Relative to samples stimulated (αCD3/αCD28 Abs and IL-2) with IL-12, we found 

that CD39+CD8+ T-cells stimulated with IL-27 had the greatest frequency of CD107a+ cells 

(Figure 29 a). When analyzing inhibitory receptor expression, stimulation with IL-27 

resulted in the lowest TP CD39+CD8+ T-cells (Figure 22). Coupled with the increased 

frequency of CD107a+ cells, it appears that cells stimulated with IL-27 are less exhausted 

than those stimulated with IL-1262. However, the frequency of IFNγ+ cells was 

significantly higher when stimulated in the presence of IL-12 (Figure 29 b). Surprisingly, 

CD39+CD8+ T-cells stimulated with IL-27 had the lowest frequency of IFNγ+ cells; though 

greater than 50% of CD39+CD8+ T-cells produced IFNγ, indicating that IL-27 did not 

completely abrogate their ability. These results were in contrast to others that show IL-27 

induces IFNγ production by CD8+ T-cells48–52. Notably, our CD39+CD8+ T-cells 

stimulated with both IL-12, and IL-27 showed the same frequency of IFNγ+ cells as those 

stimulated with IL-12 individually (Figure 29 b). Similarly, one study showed that while 

IL-27 and TCR stimulation alone induced minimal IFNγ+CD8+ T-cells, IL-27 synergized 

with IL-12 to produce high levels of IFNγ53.  

We found the frequency of IL-2+ cells was significantly higher in cell cultures 

containing IL-27 (Figure 29 c, d). There is evidence that autocrine IL-2 signalling promotes 

the expansion potential of tumour-specific CD8+ T-cells, which was associated with 

improved anti-tumour immunity175. This data coupled with the results from our assay 

(Figure 29 a, b, d), indicate that IL-27 may contribute to the expansion and anti-tumour 

activity of CD39+CD8+ T-cells. Further investigation is warranted to support this claim; 

however, the notion is also supported by studies showing IL-27 can enhance the survival 

and self-renewal of tumour-specific CD8+ T-cells51,52,168. As previously described, 

additional experiments are required to assess the effects of neutralizing IL-27 activity in 

vivo. Our results from the in vitro experiments emphasize the importance of this 

investigation.  
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In our study, it is important to recognize that while IL-12 induced the highest 

expression of PD-1+, LAG-3+, TIM-3+, and TP CD39+CD8+ T-cells (Figure 21 and Figure 

22), these cells are functional upon in vitro stimulation (Figure 29). This data highlights 

that, although CD39+CD8+ T-cells may exhibit an exhausted phenotype based on inhibitory 

receptor expression, they have functional potential. Regardless of the differential effects of 

IL-12 and IL-27 on the effector functionality of CD39+CD8+ T-cells, our results illustrate 

that extrinsic factors (i.e., the cytokine milieu) play an integral role in the anti-tumour 

activity of CD39+CD8+ T-cells. 

An important limitation to consider is that our in vivo experiments utilized a 

subcutaneous neuroblastoma tumour model. With the neuro-2a cells engrafted under the 

skin (in the right flank), tumours could be easily monitored and measured using calipers. 

Even so, the subcutaneous model does not allow the establishment of an organ-specific 

TME, as neuroblastomas most commonly develop in the adrenal glands119. The use of an 

orthotopic model, in which the neuro-2a cells are injected into the tissue of origin (adrenal 

gland), would overcome this limitation. However, the operation of such a model is 

technically challenging due to the small size of adrenal glands and fragility of kidneys in 

mice176.  

In general, tumour-specific CD8+ TILs are essential for sustaining anti-tumour 

immunity and cancer remission56,57. The knowledge of basic T-cell biology has enabled the 

development of immunotherapies for cancer treatment59,177. However, their effectiveness 

remains limited in treating most patients with solid tumours16,61,110. Identifying and further 

understanding the mechanisms underlying tumour-specific CD8+ T-cell development, 

phenotype, and function are key to improving response to immunotherapies.  
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