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Abstract 
 

Inducible T-cell costimulator (ICOS) is a costimulatory receptor expressed by activated 

T cells and is essential for T cell activation and function. Its expression has been associated 

with effective immune checkpoint blockade therapy, and multiple clinical trials targeting ICOS 

are currently being investigated as a promising cancer immunotherapeutic. However, the role 

of ICOS in tumor immunity is not fully understood. Studies suggest that ICOS promotes 

antitumor effector T cell responses, while also promoting the protumor immunosuppressive 

functions of regulatory T cells (Tregs). To elucidate this dual role of ICOS in T cell tumor 

immunity, we utilized a murine model of metastatic melanoma. Initial experiments showed that 

Icos deletion in all T cells did not affect tumor burden, whereas selective Icos deletion in Tregs 

reduced the number of tumor nodules. Further analysis of the dynamics of the CD8+ T cells 

and Treg cells in the tumor microenvironment via single-cell RNA sequencing revealed two 

distinct effector CD8+ T cell populations expressing differential levels of genes such as T-bet 

and Eomes, with an increase in Eomes expression following Icos deletion. Consistent with this, 

Icos deletion in Treg cells, as well as in all T cells, resulted in increased frequencies of Eomes+, 

as well as granzyme B and perforin expressing CD8+ T cells at an early stage of tumor growth. 

To confirm our transcriptomic results, and to determine which antitumor effects driven by 

ICOS are intrinsic to the CD8+ T cell populations as opposed to those resulting from impaired 

Treg cell functions, an adoptive transfer experiment using OT1 transgenic CD8+ T cells was 

performed. Results suggest that Icos deletion in Tregs cells enhances CD8+ T cell maturation 

and effector function in the tumor, whereas CD8+ T cell intrinsic effects are negligible. Our 

work will contribute to establishing the differential requirements for ICOS in effector and 

regulatory T cells in cancer, which could improve the use of ICOS immunotherapy in the clinic. 
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Résumé 
 

« Inducible T-cell costimulator » (ICOS) est un récepteur de co-stimulation exprimé 

par les cellules T activées qui est essentiel pour leur activation et fonction. L’expression 

d’ICOS est associée avec l’efficacité des inhibiteurs des points de contrôle immunitaire, et 

plusieurs études ciblant ICOS sont en train d’être investiguées comme traitement potentiel 

contre le cancer. Cependant, le rôle d’ICOS dans l’immunité antitumorale n’est pas entièrement 

compris. Des recherches suggèrent qu’ICOS promeut les réponses antitumorales des cellules 

T effectrices tout en promouvant les fonctions immunosuppressives des cellules T régulatrices 

(Treg). Pour élucider ce double rôle d’ICOS dans l’immunité contre le cancer, nous avons 

utilisé un modèle murin de mélanome métastatique. Des résultats préliminaires ont montré que 

la déplétion d’ICOS chez toutes les cellules T n’a pas d’influence sur la charge tumorale, tandis 

que la déplétion d’ICOS seulement chez les cellules Treg a réduit le nombre de nodules 

tumoraux. L’analyse de la dynamique des cellules T CD8 et Treg via le séquençage d’ARN 

unicellulaire a révélé deux populations distinctes de cellules T CD8 effectrices exprimant des 

niveaux différentiels de gènes tels que T-bet et Eomes, avec une augmentation de l’expression 

d’Eomes suivant la déplétion d’ICOS. Conformément à cela, la déplétion d’ICOS dans les 

cellules Treg, ainsi que dans toutes les cellules T, a augmenté la fréquence des cellules T CD8 

exprimant Eomes, le granzyme B, et la perforine dans un stade précoce de croissance tumorale. 

Pour confirmer nos résultats transcriptomiques et pour déterminer quels effets antitumoraux 

induits par ICOS sont intrinsèques aux populations de cellules T CD8 ou dus à l’altération des 

cellules Treg, une expérience de transfert adoptif utilisant des cellules T CD8 transgéniques 

OT1 a été réalisée. Les résultats suggèrent que la déplétion d’ICOS dans les cellules Treg 

renforce la maturation et les fonctions effectrices des cellules T CD8 dans la tumeur, tandis 

que les effets intrinsèques de la déplétion d’ICOS dans les cellules CD8 sont négligeables. 

Notre travail contribuera à établir les besoins différentiels d’ICOS dans les cellules T 
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effectrices et Treg dans le contexte du cancer, ce qui pourrait améliorer l’utilisation d’ICOS 

dans la clinique comme cible thérapeutique. 
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Chapter 1: Introduction 
 

 T cells in cancer 

 

 Cancer immunoediting and the tumor microenvironment 

 

The immune system is actively involved in controlling cancer. Both innate and adaptive 

arms of the immune system play a role in this process, termed immunoediting. Immunoediting 

is comprised of three stages: elimination, equilibrium, and escape. In the elimination phase, the 

immune system is able to recognize tumor cell epitopes as non-self due to the somatic 

mutations that are specific to transformed cancer cells1. The tumor cells recognized by the 

immune system are subsequently eliminated. In the equilibrium phase, the growing tumor is 

being controlled by the cells of the immune system. This exerts selection pressure on the tumor, 

which may eventually result in tumor cells escaping the immune attack2. Mechanisms of escape 

include downregulation of the major histocompatibility complex (MHC) class I and tumor 

antigens, as well as the development of an immunosuppressive tumor microenvironment 

(TME)3.  

The TME of solid tumors, such as that of melanoma, comprises many different cellular 

and soluble components that can interfere with and affect the immune response to cancer. 

Tumor cells, as well as vascular, stromal, and immune cells, make up the cellular compartment, 

whereas chemokines and cytokines are the main soluble mediators present in the TME4. Many 

of these components, such as the tumor vasculature and stromal cells, represent a physical 

barrier for immune cell infiltration4. Therefore, different tumors can have varying degrees of 

immune cell infiltration depending on the composition of the TME. On one hand, tumors such 

as those of melanoma and lung cancer are considered “hot” due to their high degree of immune 

infiltration, which results in higher response to immunotherapies. On the other hand, tumors 

such as prostate and breast cancer are considered “cold”, as they are poorly infiltrated with 

immune cells, and do not respond well to immunotherapies5. As a result, the TME and its 
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degree of immune cell infiltration heavily impacts the immune response to cancer. The adaptive 

immune system is highly involved in this response to cancer and has been extensively 

researched in order to develop effective immunotherapies6. In the following sections, the major 

anti and protumor cells of the adaptive immune response in cancer will be reviewed. 

 

 CD8+ T cells 

 
CD8+ cytotoxic T-lymphocytes (CTLs) are known to be the major effector antitumor T 

cells. CD8+ T cells originate from the bone marrow and develop and mature in the thymus. 

There, they gain the expression of the αβ T cell receptor (TCR), CD4, and CD8 proteins, and 

through their interaction with thymic epithelial cells expressing peptide-MHC class I 

complexes, these double positive (DP) thymocytes lose the expression of CD4 and become 

single-positive (SP) thymocytes expressing CD87. Cells that bind peptide-MHC with 

intermediate affinity are positively selected for and can then exit the thymus. In the context of 

cancer, CD8+ T cells encounter antigen presenting cells (APCs) presenting tumor antigens in 

the context of MHC class I in tumor-draining lymph nodes and in the tumor. Dendritic cells 

(DCs) are the most potent of these APCs8. Through their interaction with CD103+ DCs, CD8+ 

T cells will receive TCR and CD28 stimulation9, 10, signals necessary for T cell priming, and 

following their activation, will acquire their effector functions. 

CD8+ T cells directly target and kill tumor cells via multiple mechanisms. First, CTLs 

contain cytotoxic granules that are released upon T cell activation. These granules contain 

multiple cytotoxic proteins such as granzymes and perforin, and they act on their target cells 

by fusing to their plasma membrane, releasing their cytotoxic contents, and inducing cell 

death11. Granzymes B and A are the most studied and abundant granzymes, which are serine 

proteases that promote target cell death via multiple mechanisms such as the cleavage of 

caspases and gasdermin B (GSDMB)11, 12. Importantly, this process relies on perforin, which 
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is required to form a pore in the membrane of the target cell to allow granzymes to enter13, 14. 

Additionally, CTLs can mediate tumor cell killing via their FasL that binds Fas on tumor cells, 

which triggers apoptosis15, 16. Aside from these main mechanisms of direct cell killing, CD8+ 

T cells can also produce the pro-inflammatory cytokine IFN-γ. IFN-γ is known to promote the 

upregulation of MHC class I on the surface of tumor cells, which in turn promotes antigen 

presentation and tumor cell elimination by CTLs17. Additionally, IFN-γ expression by CD8+ T 

cells has also been shown to mediate effective CTL motility and cytotoxicity18, as well as the 

inhibition of angiogenesis in the tumor19. 

Multiple transcription factors (TFs) are involved in the differentiation and maturation 

of CTLs into effector cells20. Two important TFs involved in this process are T-bet and 

Eomesodermin (Eomes). T-bet and Eomes are members of the T-box family of TFs and they 

have 74% sequence identity in their T-box regions21. T-bet, originally found to be a key TF 

involved in Th1 cell development22, is also known to be essential for effector CTL 

differentiation. In CD8+ T cells, a  deficiency in T-bet was associated with reduced IFN-γ 

expression and cytotoxic capacity in antigen-specific OT-I cells following in vitro 

stimulation23, and mice deficient for T-bet showed impaired formation of short-lived effector 

cells in a model of LCMV infection24. Furthermore, Eomes was originally described in 

Xenopus as being essential for embryogenesis25, 26, and was later found to be expressed in the 

mammalian immune system21. Overexpression of Eomes in CD8+ T cells in vitro was sufficient 

to induce the expression of IFN-γ, granzyme B, and perforin independent of T-bet, and the 

absence of Eomes impaired the cytotoxic capacity of T cells21. Further investigation of the role 

of T-bet and Eomes in CTLs determined that T-bet induces IFN-γ and granzyme B expression, 

whereas Eomes drives that of IFN-γ and perforin27. Interestingly, T-bet and Eomes appear to 

have redundant functions in CTLs, with T-bet being essential for the early induction of effector 

cells expressing IFN-γ, and late Eomes expression inducing IFN-γ and perforin27, 28. Consistent 



4 
 

with this, concurrent knockout of T-bet and Eomes resulted in impaired cytotoxic capacity and 

inefficient clearance of viral infection29. Therefore, both T-bet and Eomes are important for 

CTL differentiation and cytotoxic function. 

In the context of chronic infection, such as chronic viral infection or cancer, constant 

antigenic stimulation promotes a state of CD8+ T cell exhaustion. Following the peak of T cell 

expansion, exhaustion is favored over memory cell formation, which is characterized by the 

expression of multiple co-inhibitory receptors and by the loss of effector functions30. These 

receptors include PD-1, CTLA-4, LAG3, and TIM-3 among others, and they function to 

dampen T cell activation. Interestingly, T-bet and Eomes may also play a role in the exhaustion 

process31, with studies in viral infection showing that T-bethi cells giving rise to more terminally 

exhausted Eomeshi cells32. Therefore, T-bet and Eomes may also be key TFs in the 

differentiation of CTLs in the TME. 

Given the importance of CTLs in antitumor immunity, many immunotherapies 

targeting CD8+ T cells have been developed such as immune checkpoint blockade (ICB). ICB 

targets co-inhibitory receptors expressed on CTLs that are induced by chronic antigenic 

stimulation, and in doing so, prevent the inhibition of antitumor CTL responses33. ICB blocking 

antibodies against PD-1 and CTLA-4 are currently being used in clinic, and multiple others are 

being tested in clinical trials in order to harness the potent antitumor functions of CTLs34. 

 

 CD4+ T helper cells 

 
Another subset of T cells highly involved in the immune response to cancer are CD4+ 

T helper cells. These conventional CD4+ T cells develop in the thymus alongside their CD8+ 

counterparts, however, they differ in that they recognize antigen presented by APCs in the 

context of MHC class II. Once they exit the thymus and encounter their cognate antigen, CD4+ 

T cells will differentiate into different T helper (Th) cell lineages based on cytokines received 
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from their activating APCs as well as key transcription factors induced by these cytokines35. In 

cancer, CD4+ T helper cells have two main functions: promoting CD8+ T cell responses, and 

directly exerting antitumor functions. Indirectly, CD4+ Th cells can promote antitumor 

immunity by interacting with DCs via CD40-CD40L ligation, which enhances the expression 

of MHC-I and co-stimulatory receptors such as CD80, CD86, and CD70 on DCs36, 37, 38. 

Consequently, DCs are better able to activate CTLs, with studies showing that CD4+ T cell help 

enhances cytotoxicity and migration, and downregulates inhibitory receptors36, 39, 40. 

Furthermore, CD4+ T cells can directly promote antitumor immunity. Notably, Th1 cells, 

which are characterized by the expression of T-bet, have been shown to prevent cancer 

progression through the production of the cytokines IFN-γ and TNFα41. Additionally, these 

cells have also been implicated in the recruitment of antitumor natural killer (NK) cells and 

macrophages to the tumor35. 

 

 Regulatory T cells 

 
In contrast to the antitumor functions of conventional CD4+ Th cells, CD4+ regulatory 

T cells (Treg cells) are the major protumor T cell subset in cancer. These cells are characterized 

by their master transcription factor Foxp3 and are essential in maintaining self-tolerance, with 

mutations in Foxp3 in both humans and rodents resulting in severe autoimmunity42, 43. Treg 

cells can either arise from the thymus (tTreg) or the periphery (pTreg). In the thymus, upon 

interaction with peptide-MHC class II, some CD4+ thymocytes with strong TCR signal strength 

escape negative selection and upregulate CD25, which enhances IL-2 signaling and promotes 

Foxp3 induction44. In the periphery, strong TCR signal strength and TGF-β can induce Foxp3 

expression in naïve CD4+ T cells45. 

In cancer, Treg cells are attracted to the tumor by chemokines, and this is mediated by 

the expression of chemokine receptors, such as CCR4 and CXCR3, on Treg cells46.The 
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generation of pTreg cells in the tumor has also been described, where integrin αvβ8 expressed 

on tumor cells can interact with latent TGF-β on T cells to promote Treg cell differentiation47. 

As a result, Treg cells can make up a significant portion of CD4+ T cells in the tumor, which is 

associated with worse prognosis in multiple cancers due to their immunosuppressive 

functions48. 

Treg cells promote immunosuppression in the tumor via multiple mechanisms. First, 

CTLA-4 on Treg cells can bind to CD80 and CD86 on APCs with higher affinity than CD28, 

which can dampen T cell activation49. CTLA-4 binding to CD80/86 can also result in the 

removal and degradation of these co-stimulatory receptors by the Treg cells50. Additionally, 

since Treg cells express CD25 (IL2Ra) and do not produce the IL-2 that they require, they can 

deprive effector T cells of IL-2 and prevent their activation in the TME46. Another key 

mechanism of suppression is through the secretion of immunosuppressive cytokines such as 

IL-10 and TGF-β, as well as the cytotoxic proteins granzyme B and perforin46, 51. In addition, 

it has been shown that the expression of CD39 and CD73 on Treg cells can metabolize ATP 

into adenosine, which inhibits effector T cell function52. 

 

 ICOS 

 Structure, expression pattern, and signaling 

 
Originally discovered in 1999, inducible T-cell costimulator (ICOS) is a member of the 

CD28 family of co-stimulatory receptors53. ICOS is a homodimer and is composed of an 

extracellular Ig domain, a type I transmembrane glycoprotein segment, and a cytoplasmic tail54. 

Unlike CD28, ICOS is expressed in an inducible manner following TCR ligation, and ICOS 

ligation with its ligand ICOSL is highly regulated to prevent overactivation, a process that is 

mediated by the internalization of ICOS and the shedding of ICOSL55. ICOS is expressed 

predominantly in activated T cell subsets, but is also known to be expressed in other immune 

cells such as NK cells and γδ T cells54. ICOS is also expressed constitutively by a subset of 
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Treg cells56 as well as ILCs57. Furthermore, ICOSL, a member of the B7 family of ligands, is 

expressed by APCs. However, unlike CD80 (B7.1) and CD86 (B7.2), ICOSL has also been 

found to be expressed by other cell types such as ILCs, alveolar epithelial cells, and muscle 

cells57, 58, 59. 

ICOS signaling is mediated by three signaling pathways through motifs in its 

cytoplasmic tail54. First, ICOS-ICOSL ligation can trigger PI3K signaling via the TYR181 

residue in the YMFM SH2-binding motif60. Additionally, ICOS can also induce intracellular 

Ca2+ flux, which is mediated by PLCγ1 and relies on the KKKY motif61. Finally, ICOS has 

also been shown to promote TBK1 signaling in T follicular helper (Tfh) cells, and this is 

mediated by the IProx signaling motif62. 

 

 ICOS function in T cells 

 
In T cells, ICOS co-stimulation enhances T cell activation and promotes T cell 

proliferation, survival, and cytokine production54. Multiple studies have investigated the role 

of ICOS in various T cell subsets. One of the most studied subsets with respect to ICOS is the 

T follicular helper (Tfh) cell population. Tfh cells are essential for humoral immunity, as they 

provide help to B cells in germinal centers (GCs) to promote antibody production. ICOS has 

been shown to play an essential role in Tfh cell biology, with a loss of ICOS resulting in a 

dramatic reduction in the Tfh population at steady-state and post-immunization60. This is due 

to the requirement for ICOS in the expression of Bcl6, the master transcription factor for Tfh 

cells63. As a result, ICOS is also required for the recruitment of Tfh cells to GCs and for the 

interaction of Tfh cells with B cells within the GCs54. In addition to the role of ICOS in humoral 

immunity, its role in other T cell subsets, such as those involved in antitumor immunity, has 

also been investigated and will be reviewed in the following sections. 
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 ICOS in CD8+ T cells 

The role of ICOS in CD8+ T cells is not well studied and remains poorly understood. 

An early study using a sarcoma tumor model showed that only tumors expressing ICOSL were 

rejected, and that this was dependent on CD8+ T cells64. ICOSL expression by tumor cells was 

also shown to promote tumor-specific CTL cytotoxicity, with ICOSL+ tumor cells being 

targeted by CTLs more effectively than ICOSL- tumor cells65. Furthermore, another study 

found that ICOS-deficient mice were less able to control Salmonella infection compared to 

wildtype (WT) mice66. This was associated with a reduction in antigen-specific CD8+ T cells 

in the spleen, as well as a reduction in IFN-γ+ CD8+ T cells. ICOS deficient CD8+ T cells also 

exhibited lower cytotoxic potential in vitro compared to their WT counterparts66. These data 

suggest that ICOS-deficient CD8+ T cells could be defective in their effector function. 

ICOS has also recently been shown to be important for the effective generation of CD8+ 

tissue resident memory (Trm) cells. ICOS-deficient CD8+ T cells were unable to form Trm 

cells compared to their ICOS sufficient counterparts when transferred into WT mice infected 

with LCMV67. Seeing as Trm cells are present in tumors and are increasingly thought to have 

antitumor functions68, ICOS could also be contributing to antitumor immunity by supporting 

Trm cell generation. 

 

 ICOS in CD4+ Th1 cells 

Contrary to CD8+ T cells, the role of ICOS has been studied more extensively in CD4+ 

T cells. However, the role of ICOS in Th1 cells differs based on the infection model used69. In 

Mycobacterium tuberculosis and in Chlamydia muridarum infections, ICOS-deficient and 

ICOSL-deficient mice had an enhanced Th1 response, as seen by the increase in IFNγ 

production70, 71. Similarly, IFNγ was increased in mice receiving anti-ICOS neutralizing 

antibody in a model of Schistosoma mansoni infection72. However, in other infection models, 
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ICOS appears to support Th1 responses. In Salmonella enterica and Listeria monocytogenes 

infection models, disruption of ICOS signaling through ICOS deficiency or through 

administration of an ICOS-Ig fusion protein resulted in a reduction in IFNγ production by CD4+ 

T cells66, 73. This suggests that ICOS is required for optimal Th1 responses. However, it is 

difficult to determine the true Th1-intrinsic defect that arises from the inhibition of ICOS 

signaling in these models, as other T cell subsets such as Treg cells are also impacted69. 

 

 ICOS in Treg cells 

Multiple studies have investigated the role of ICOS in Treg cells. Approximately 20% 

of Treg cells are ICOS+, and ICOS has been shown to be involved in Treg generation, survival, 

proliferation, and suppressive function74. Mice with a deficiency in ICOS co-stimulation show 

reduced peripheral Treg cell numbers, which was due to a reduction in Treg cell survival rather 

than a defect in thymic output75. This is likely due to the instability and downregulation of 

Foxp3 due to reduced Foxp3 expression76. Furthermore, ICOS+ Treg cells have superior 

proliferative capacity than their ICOS- counterparts77, 78, suggesting that ICOS also regulates 

Treg cell proliferation. Additionally, ICOS is also involved in Treg suppressive functions, 

although the mechanism is poorly understood. In some early studies, ICOS+ Treg cells were 

shown to have increased production of IL-1079, 80. However, it appears that ICOS signaling is 

not mainly responsible for IL-10 production, as mice with a IL-10 deficiency developed more 

severe disease than mice with an ICOS deficiency74. In addition, mice lacking ICOS selectively 

in Treg cells were able to control the incidence of autoimmunity at steady state, and ICOS-

deficient Treg cells did not have impaired suppressive capacity81. However, loss of ICOS in 

Treg cells in a model of atopic dermatitis showed increased inflammation81, suggesting that 

ICOS+ Treg cells have an important role in inflammatory settings. 
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 ICOS in cancer 

 
 ICOS as a biomarker for immunotherapeutic response 

 
In cancer, ICOS was initially seen as a biomarker for response to immune checkpoint 

blockade (ICB) therapy. In bladder cancer, patients being treated with anti-CTLA-4 had 

elevated tumor antigen-specific ICOS+CD4+ T cells in peripheral blood and in the tumor, which 

resulted in an increased effector-to-Treg cell ratio82. Similar results were also seen in breast 

cancer and lung cancer patients, where anti-CTLA-4 therapy promoted an increase in both 

peripheral CD4+ and CD8+ T cells expressing ICOS83, 84. Furthermore, ICOS expression on T 

cells has also been associated with a beneficial response to ICB. ICOS+ CD4+ T cells in 

melanoma and bladder cancer patients treated with anti-CTLA-4 were found to be a biomarker 

for response85, 86 and recently, a similar association was found in lung cancer patients treated 

with PD-1 blockade87.  

 

 ICOS in antitumor immunity 

 
Given that ICOSL can be expressed in the tumor, it can provide a key signal for ICOS+ 

tumor infiltrating T cell subsets that are involved in anti and protumor immunity. ICOS+ T cells 

being enriched in patients undergoing ICB treatment is one piece of evidence suggesting a 

major antitumor role for ICOS in the TME. Additionally, animal studies have also investigated 

its role in antitumor immunity. In the CTL and Th1 compartments, anti-CTLA-4 administered 

to WT mice bearing B16/BL6 melanoma tumors resulted in increased CD8+ T and CD4+ T 

cells, similar to that found in humans88. An increase in the ICOS+CD8+ and ICOS+CD4+ T cell-

to-Treg cell ratio was also observed, and ICOS+ T cells produced more IFN-γ than ICOS- CTLs 

when stimulated with tumor antigen88. Additionally, another study found that granzyme B 

expression by CTLs was significantly increased in mice receiving anti-CTLA-4 in combination 

with a tumor cell vaccine expressing ICOSL, and this was associated with reduced tumor 
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burden89. These mice also displayed an increased frequency of IFN-γ+TNFα+ CD4+ effector T 

cells. Collectively, these data suggest that ICOS expression in CTLs and Th1 cells promotes 

antitumor immunity. 

 

 ICOS in protumor immunity 

 
On the other hand, ICOS expression in Treg cells can promote tumor growth, which 

supports a protumor role for ICOS in the TME. ICOSL has been found to be expressed in tumor 

cells such as in human melanoma, which could potentiate the function of Treg cells through 

ICOS co-stimulation. In human melanoma, the expression of ICOSL by tumor cells was shown 

to promote the expression of CD25, Foxp3, and IL-10 by Treg cells90. Additionally, acute 

myeloid leukemia cells were also found to express ICOSL, which promoted the induction of 

IL-10+ Treg cells and resulted in reduced survival91. Furthermore, ICOSL expression by 

dendritic cells in tumors has also been shown to promote ICOS+ Treg cell accumulation in 

ovarian cancer, which was associated with reduced survival92, and similar observations were 

also seen in human breast cancer93. Therefore, ICOS co-stimulation could result in sustained 

Treg cells in the TME, which promotes immunosuppression and tumor growth. 

 

 Rationale and objectives of the research 

 
ICOS has important functions in T cell subsets involved in tumor immunity (Figure 

1.1). ICOS expression on effector T cells appears to promote antitumor immunity, whereas its 

expression on Treg cells can promote tumor growth. Despite this, not much is known about the 

role of ICOS in CTLs, which are the main antitumor T cells. Furthermore, ICOS agonist or 

antagonist antibodies are being tested in the clinic as an immunotherapy for cancer94, but results 

are not impressive. In addition, it remains unclear whether ICOS plays a mostly antitumor or 
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protumor role in cancer. Thus, the role of ICOS in cancer-immune interactions needs to be 

better understood in order to improve the use of ICOS immunotherapy in the clinic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, we hypothesize that ICOS co-stimulation has a dual role in anti and 

protumor T cell responses by modulating Treg cells and effector CD8+ T cells. Our objectives 

are the following: 

1. To assess the role of ICOS in T cell subsets on tumor growth. 

2. To profile tumor-infiltrating CD8+ T cells and Treg cells from tumor-bearing mice 

lacking ICOS in all T cells or selectively in Treg cells. 

3. To determine the CD8+ T cell-intrinsic and Treg cell-mediated effects of Icos 

deletion in antitumor immunity. 

 

Antitumor Protumor

Survival

Proliferation

Suppressive function

Tumor infiltration

ICOS

ICOSL

IFN-γ production

Cytotoxicity

IFN-γ production

IFN-γ production

?

Tumor cell

Figure 1.1 The role of ICOS in anti and protumor T cell subsets. ICOS is expressed in both 

antitumor and protumor T cell subsets. ICOS costimulation in effector CD8+ T cells can 

promote their cytotoxic function, as well as the production of IFNγ. In effector CD4+ T cells, 

ICOS costimulation has been shown to either enhance or inhibit the production of IFN-γ 

depending on the infection model used. Evidence also suggests that ICOS promotes survival, 

proliferation, suppressive function, and tumor infiltration of Foxp3+ Treg cells. Given that 

ICOSL is expressed by tumor cells, ICOS may play a dual role in the tumor microenvironment 

via the support of both pro and antitumor T cell subsets. 
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Chapter 2: Materials and Methods 

2.1 Mice 

 The Foxp3YFP-cre (Jax 016959) and CD4cre (Jax 017336) mice used in this study were 

acquired from the Jackson Laboratory, and ICOS conditional knockout mouse lines were 

generated as previously described95. Male Foxp3YFP-cre mice were used for Foxp3cre lines, and 

females were used for CD4cre lines to allow for co-housing prior to experimentation. Six-to-

thirteen-week-old mice were used for experiments. All mice were housed and bred under 

specific pathogen-free conditions in the Institut de Recherches Cliniques de Montréal animal 

facility, and all experiments were performed in accordance with animal use protocols approved 

by the Institut de Recherches Cliniques de Montréal Animal Care Committee. For intravenous 

injection of B16-OVA melanoma cells, each mouse was injected in the tail vein with 6 x 105 

cells in 200 μL of sterile PBS. 

2.2 Tissue culture 

 The B16-ovalbumin (B16-OVA) melanoma cell line was obtained from Dr. John Stagg, 

Université de Montréal, and were stored in liquid nitrogen until use96. B16-OVA cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 4.5 g/L D-

glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 % heat-inactivated fetal bovine serum 

(all from Wisent), as well as with 10 mM HEPES, 100 U/mL penicillin, 100 ug/mL 

streptomycin, and 55 μM 2-mercaptoethanol (all from ThermoFisher). T-175 cell culture flasks 

for adherent cells (Sarstedt) were used to culture the cells. Trypsin-EDTA (0.05 %, 

ThermoFisher) was used to passage cells every 2-3 days. Cells were harvested for injection 

after the 2nd or 3rd passage using 10 mM EDTA (ThermoFisher) in PBS, and a final 

concentration of 3 x 106 cells/mL was prepared. 
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2.3 Flow cytometry 

 Lungs were perfused with cold PBS using a 25G needle and, following extraction, the 

tumor-bearing lungs were cut into pieces using scissors. 10 mL of collagenase solution 

containing 300 U/mL collagenase type II (Worthington Biochemical) and 10 mg/mL DNAse I 

(MilliporeSigma) was added to each lung and digested for 50 minutes at 37 C with 300 rpm 

horizontal shaking. Lung digests were then filtered through 40 μM cell strainers, and red blood 

cells were depleted. Cells were filtered once more through 70 μM cell strainers and 1/3 of the 

cells (1 x 106 cells) were kept for staining. To distinguish between viable and dead cells, cells 

were stained in 100 uL volume with fixable viability dye (eFluor 450 or APC-eFluor780, 

ThermoFisher) for 15 minutes at 4 C. To block non-specific binding, 1 μg of anti-CD16/32 

(BioXCell) was added to each sample for 5 minutes at room temperature. Surface staining was 

performed in staining buffer containing 1 % bovine serum albumin (Wisent) in PBS and at 4 

C for 20 minutes. Intracellular staining was performed by fixing and permeabilizing cells for 

45 minutes at 4 C using the Foxp3 Transcription Factor Fixation/Permeabilization 

Concentrate and Diluent set (ThermoFisher). Cells were then stained for 45 minutes at 4 C in 

1X Permeabilization buffer (ThermoFisher). The following antibodies were used for flow 

cytometry: anti-CD45 FITC (30-F11, Invitrogen), anti-CD45.1 FITC (A20, Invitrogen), anti-

CD45.2 Brilliant Violet 785 (104, BioLegend), anti-CD4 BUV395 (GK1.5, BD Biosciences), 

anti-CD8 PerCP-Cyanine5.5 (53-6.7, Invitrogen), anti-CD44 Brilliant Violet 605 (IM7, BD 

Biosciences), anti-PD-1 Brilliant Violet 421 (J43, BD Biosciences), anti-Eomes PE-Cyanine7 

(Dan11mag, Invitrogen), anti-T-bet Brilliant Violet 711 (4B10, BioLegend), anti-Granzyme B 

APC (QA18A28, BioLegend), anti-Perforin PE (S16009A, BioLegend), anti-Foxp3 Alexa 

Fluor 700 (FJK-16s, Invitrogen). In addition, the following antibodies were used for the day 

10 analysis in the CD4cre model: anti-CD44 PE (IM7, BD Pharmingen), anti-TIM-3 Brilliant 
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Violet 650 (RMT3-23, BioLegend), anti-Ly108 APC (330-AJ, BioLegend), anti-PD-1 PE-

Cyanine7 (J43, Invitrogen). Data were acquired on LSRFortessa (BD Biosciences) and 

analyzed using FlowJo version 10 (BD Biosciences). 

2.4 Single-cell RNA sequencing and analysis 

One control (Cd4creIcos+/+ or Foxp3creIcos+/+) and one knockout (Cd4creIcosf/f or 

Foxp3creIcosf/f) mouse were injected intravenously with B16-OVA cells. 10 days later, the 

lungs were collected and processed, and tumor-infiltrating T cells were stained with viability 

dye, anti-CD45, anti-CD4, anti-CD8 and anti-CD44. For the Foxp3YFP-cre mice, live CD8+ T 

cells (CD45+CD8+CD44+), non-Treg CD4+ T cells (CD45+CD4+CD44+), and Treg cells 

(CD45+CD4+YFP+) were sorted. For the CD4cre mice, live CD8+ T cells (CD45+CD8+CD44+) 

and CD4+ T cells (CD45+CD4+CD44+) were sorted. All sorting was performed using the BD 

FACSAria (BD Biosciences). We used 16 500 cells (CD4cre) and 32 500 cells (Foxp3cre) from 

control and knockout mice for library preparation. Libraries were generated at the Institut de 

Recherches Cliniques de Montréal Molecular Biology and Functional Genomics Core facility 

using the following components from 10x Genomics: Chromium Next GEM Chip G Single 

Cell kit, Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead kit v3.1, Chromium 

i7 Multiplex kit. Sequencing was performed by Genome Québec using a NovaSeq 6000 

(Illumina). 

 Analysis of the single-cell RNA sequencing data was carried out using Seurat v3.097. 

For the single cell expression matrix analysis, cells with more than 10 % mitochondrial RNA 

contamination, corresponding to dead cells, were filtered out of the dataset. Cells with less than 

200 and more than 6000 unique genes expressed were also eliminated, as they correspond to 

empty droplets and multiplets. The data was then log normalized, and following the 

identification of the most differentially expressed genes within the samples, the data was 
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scaled. Linear dimensional reduction was subsequently performed using the Principal 

Component Analysis (PCA) approach based on the 2000 most variable features. The first 40 

most important components produced by the PCA analysis were selected, and a Shared Nearest 

Neighbour (SNN) graph was constructed. Modularity Optimizer version 1.3.098 was used to 

identify 19 clusters in the CD4cre dataset, and 20 clusters in the Foxp3cre dataset. The Uniform 

Manifold Approximation and Projection (UMAP) method was used to visualize the cells on a 

two-dimensional space99. T cell clusters were identified and separately clustered, generating 

13 clusters in the Foxp3cre dataset and 15 clusters in the CD4cre dataset. For the analysis of 

CD8+ T cells, clusters corresponding to CD8+ T cells were identified based on Cd8a expression 

and separately clustered, generating 6 clusters in both Foxp3cre and CD4cre datasets. For the 

analysis of Treg cells in the Foxp3cre dataset, CD4+ T cells were identified based on Foxp3 

expression and separately clustered, generating 10 clusters. Analysis of gene expression 

patterns were then performed using the Seurat functions FeaturePlot, DoHeatmap, and VlnPlot. 

2.5 Adoptive transfer 

 Nine male CD45.1 mice were injected intravenously with 6 x 105 B16-OVA cells. 5 

days post-challenge, spleens from one male OT1+Icos+/- and one male OT1+Icos-/- mouse were 

collected. Single cell suspensions of splenocytes were obtained via mechanical disruption 

through 70 uM filters in PBS, and red blood cells were subsequently eliminated. CD8+ T cells 

were then isolated using the EasySep Mouse CD8+ T Cell Isolation Kit (StemCell), and cells 

were prepared to a final concentration of 5 x 106 cells/mL. Mice in experimental groups 

intravenously received 1 x 106 OT1 T cells in 200 μL PBS, and the control group received 

200μL PBS. Mice were euthanized and tumor-infiltrating lymphocytes were analyzed 17 days 

post-tumor cell injection. 
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2.6 Statistical analysis 

To assess statistical significance, two-tailed Student t tests were used for single 

comparisons, and one-way ANOVA with pairwise comparisons was used for comparisons 

between three groups. The Wilcoxon rank sum test executed by the Seurat FindMarkers 

function was used for comparisons of single cell gene expression between experimental groups 

in each cluster. p values were used to judge statistical significance as follows: ns = p > 0.05, 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Prism 9 (GraphPad software) was used 

for analysis. 
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Chapter 3: Results 

3.1 Tumor burden is decreased following the deletion of Icos gene in Treg cells 

 To assess the role of ICOS in different T cell subsets in tumor immunity, we utilized a 

metastatic model of murine melanoma in which melanoma cells injected into the tail vein of 

mice circulate and form metastatic nodules in the lung. In this way, we can measure tumor 

burden via the number of tumor nodules in the lung, as well as analyze the intratumoral T cells 

via flow cytometry. To assess the effect of Icos deletion in Treg cells in our model, we 

intravenously injected B16-OVA melanoma cells (B16 melanoma cells expressing the chicken 

ovalbumin antigen) into control mice (Foxp3creIcos+/+) and mice lacking Icos selectively in 

Treg cells (Foxp3creIcosf/f). In this system, Icos is deleted in Treg cells while remaining intact 

in all other T cell subsets. Tumor burden and intratumoral T cells were then analyzed 17 days 

following tumor cell injection (Supp. Figure 3.1A). Day 17 corresponds to a late stage of 

tumor growth in this model, and therefore, can be informative as to the overall effect of Icos 

deletion on tumor burden. Compared to the control group, tumor burden was reduced in the 

Foxp3creIcosf/f mice (Supp. Figure 3.1B). Flow cytometry analysis revealed a reduction in the 

frequency and numbers of total CD4+ T cells, as well as the numbers of CD8+ T cells (Supp. 

Figure 3.1C and D). CD8+ T cell frequencies were trending towards a reduction, but this was 

not significant (Supp. Figure 3.1D). Interestingly, Foxp3+CD4+ Treg cells were more 

drastically decreased compared to effector cells in the Foxp3creIcosf/f mice (Supp. Figure 3.1E 

and F), which resulted in enhanced effector CD4+ to Treg and CD8+-to-Treg ratios (Supp. 

Figure 3.1H). In addition, Foxp3creIcosf/f mice showed decreased percentages of CD44+ 

activated Treg cells, whereas the mean fluorescence intensity (MFI) of Foxp3 was unaffected 

(Supp. Figure 3.1G). Overall, these data suggest that Foxp3+ Treg cells are impaired in 

Foxp3creIcosf/f mice, which could be enhancing the antitumor effector T cell compartment and 

resulting in the reduction of tumor nodules observed. 
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In contrast, deleting Icos in all CD4+ and CD8+ T cells, including Treg cells, did not 

affect the tumor burden at day 17 post-tumor challenge, as there was no significant difference 

in tumor nodule number between Cd4creIcos+/+ control mice and Cd4creIcosf/f knockout mice 

(Supp. Figure 3.2A). Infiltrating T cell analysis showed no differences in the percentage and 

numbers of total CD4+ and CD8+ T cells (Supp. Figure 3.2B and C), as well as those of Treg 

cells and effector CD4+ T cells (Supp. Figure 3.2D and E) between genotypes. As a result, 

the effector CD4+-to-Treg and CD8+-to-Treg ratios were unchanged (Supp. Figure 3.2F). 

Together with our Foxp3cre data in which Treg cells are affected by Icos deletion, our CD4cre 

results suggest that when all T cells are deficient for Icos, the functions of multiple T cell 

subsets could be impaired, which results in no overall difference in tumor burden. 

3.2 Single-cell RNA transcriptome analysis reveals two populations of effector T cells 

in metastatic tumor-bearing lungs 

 Since we observed differences in the Treg cell population at day 17 post-tumor injection 

in the Foxp3cre model, we next sought to understand the changes occurring in individual T cell 

compartments in more detail by performing single-cell RNA sequencing (scRNAseq) 

experiments using tumor infiltrating T cells. This would give insight into the way that Treg 

cells are affected by Icos deletion, and how this impacts other T cell subsets involved in the 

tumor immune response. In addition, since day 17 represents a late stage of tumor growth in 

this model, we decided to analyze T cells from the lungs of tumor-bearing mice at day 10 post-

challenge in order to capture the dynamic stage of tumor growth. To this effect, Foxp3creIcos+/+ 

and Foxp3creIcosf/f mice were challenged with tumor cells, and intratumoral T cells were 

obtained and sequenced 10 days following injection (Figure 3.1A). Live tumor-infiltrating 

CD44+CD8+ T cells, CD44+CD4+Foxp3- T cells, and CD4+Foxp3+ Treg cells (based on Foxp3-

YFP reporter) were sorted from the lungs of one Foxp3creIcos+/+ and one Foxp3creIcosf/f mouse, 
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mixed at a 1:1:1 ratio, and scRNA-seq was performed using 10x Genomics platform. UMAP 

projections following downstream analysis of the sequenced cells revealed 13 clusters (Figure 

3.1B). With the exception of the minuscule cluster 12 appearing only in the Foxp3creIcosf/f 

mouse, there are no unique clusters associated with each genotype. Furthermore, CD8+ T cells, 

Treg cells, and effector CD4+ T cells were grouped into distinct clusters, as seen via the 

expression of CD8a, Cd4, and Foxp3 (Figure 3.1B and C). As expected, most clusters 

corresponded to activated T cells, as determined by the expression of Cd44, with some clusters 

also expressing Sell (CD62L), which is a marker of naïve and memory cells. As a result, the 

CD8+ and non-Treg CD4+ T cell clusters are CD44+, whereas Treg cell clusters 0, 4, and 6 are 

Cd44-Sell+, Cd44+Sell+, and Cd44+Sell-, respectively (Figure 3.1B and C). 

 To further analyze the CD8+ T cell compartment, all CD8+ T cell clusters were isolated 

and re-clustered. UMAP projections revealed 6 distinct clusters, with no unique clusters 

appearing between the genotypes (Figure 3.1D). Overall, cluster 2 is decreased, and clusters 1 

and 4 are enriched, in the Foxp3creIcosf/f mouse (Figure 3.1E). Further analysis of gene 

expression patterns showed that clusters 1 and 2 correspond to activated effector CD8+ T cells, 

as seen by their Cd44+Sell- phenotype (Figure 3.1F), as well as the expression of effector genes 

such as granzyme B (Gzmb), perforin (Prf1), IFN-γ (Ifng), Fas ligand (Fasl), and Cx3cr1 

(Figure 3.1G).  Therefore, two predominant populations of activated effector CD8+ T cells are 

present in this tumor microenvironment. 
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Figure 3.1 Two activated effector CD8+ T cell populations are present in the lungs of 

tumor-bearing Foxp3cre mice. (A) Experimental setup for murine metastatic melanoma 

model. (B-G) Single-cell RNA sequencing analysis of sorted tumor-infiltrating T cells from 

one Foxp3YFP-creIcos+/+ (abbreviated as Foxp3creIcos+/+) and one Foxp3YFP-creIcosf/f 

(abbreviated as Foxp3creIcosf/f) mouse 10 days post-challenge with B16-OVA melanoma 

cells as in (A). (B) UMAP projections of T cell clusters in Foxp3creIcos+/+ and Foxp3creIcosf/f 

mice. (C) Feature plots of Cd44, Sell, Cd4, Cd8a, Foxp3 expression. (D) UMAP projections 

of CD8+ T cell clusters in Foxp3creIcos+/+ and Foxp3creIcosf/f mice. (E) Proportions of CD8+ 

T cell clusters. (F) Feature plots of Cd8a, Cd44, Sell expression. (G) Heatmap of CD8+ T 

cell cluster markers.  
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3.3 Icos gene deletion in Treg cells differentially regulates the Eomeshi and T-bethi 

effector CD8+ tumor-infiltrating T cell populations 

 To further understand how Icos deletion in Treg cells impacts these two activated 

tumor-infiltrating CD8+ T cell populations, we compared the expression of key effector genes 

between genotypes for both clusters. Of the two populations, cluster 2 had the highest 

expression level of effector genes (Figure 3.2A and B). Interestingly, when comparing 

between the control (Foxp3creIcos+/+) and knockout (Foxp3creIcosf/f) samples, there was a 

decrease in the expression levels of the key CTL effector genes Prf1, Ifng, and Cx3cr1 in the 

knockout, whereas Gzmb expression was lower but not significantly so (Figure 3.2B). In 

addition, gene expression analysis from Figure 3.1G identified the transcription factor T-bet 

(Tbx21) as a marker for cluster 2 (Figure 3.2E), further reinforcing the notion that this 

population is composed of effector CTLs. Consistent with the effector gene analysis, T-bet was 

also downregulated in the knockout sample (Figure 3.2D). Taken together with the cluster 

proportion data from Figure 3.1E where the T-bethi cluster 2 is decreased in the knockout 

mouse, these results suggest that T-bet+ effector cell function is dampened when Treg cells lose 

Icos. 

 On the other hand, PD-1 (Pdcd1) was identified as a prominent marker for cluster 1 

(Figure 3.1G). Similarly, other co-inhibitory receptors such as LAG3 (Lag3) and CTLA4 

(Ctla4) were also expressed predominantly by cluster 2 (Figure 3.2C), and comparing control 

and knockout samples showed that the expression of PD-1 and LAG3 was increased in the 

knockout sample (Figure 3.2D). These co-inhibitory receptors are commonly seen as markers 

of exhausted and dysfunctional T cells at later stages of tumor growth, however, they can also 

be considered as activation markers, as their expression is induced following antigen 

stimulation. Consistent with this, Ly108 (Slamf6), a gene known to be expressed by precursor 



23 
 

to exhausted cells, was also expressed by cluster 2, whereas TIM-3 (Havcr2), a co-inhibitory 

receptor known as a marker for late-stage exhaustion, was not expressed by these cells (Figure 

3.2E). Rather, cluster 2 expressed TIM-3, and this expression was decreased in the knockout 

 

A

D

G

B **** ****

***

**** **

****

*

E

C

F ****

H

Foxp3creIcos+/+

Foxp3creIcosf/f

Figure 3.2 Eomes is upregulated in the Eomeshi population when Icos is lost in Treg cells. 

Single-cell RNA sequencing data of sorted tumor-infiltrating T cells from one Foxp3creIcos+/+ 

and one Foxp3creIcosf/f mouse 10 days post-challenge with B16-OVA melanoma cells. (A) 

Feature plots of Gzmb, Prf1, Ifng, Cx3cr1 expression. (B) Violin plots of Gzmb, Prf1, Ifng, 

Cx3cr1 expression in clusters 1 and 2 as defined in Figure 3.1D. (C) Feature plots of Pdcd1, 

Lag3, Ctla4 expression. (D) Violin plots of Pdcd1, Lag3, Ctla4 expression in clusters 1 and 2. 

(E) Feature plots of Slamf6 (Ly108) and Havcr2 (TIM-3) expression. (F) Violin plots of Slamf6 

(Ly108) and Havcr2 (TIM-3) expression in clusters 1 and 2. (G) Feature plots of Eomes and 

Tbx21 (T-bet) expression. (H) Violin plots of Eomes and Tbx21 expression in clusters 1 and 2. 

Each dot corresponds to one cell. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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(Figure 3.2F). This suggests that cells in cluster 2 may represent CTLs undergoing maturation 

as opposed to exhaustion.  

Furthermore, gene expression analysis identified the transcription factor Eomes as a 

marker for cluster 1 (Figure 3.1G and Figure 3.2G). Interestingly, Eomes expression was 

significantly unregulated in the knockout mouse (Figure 3.2H). These results are also 

consistent with the cluster proportion data from Figure 3.1E where cluster 1 is expanded in the 

knockout sample, suggesting that activated antigen-experienced effector CD8+ T cells 

expressing Eomes are expanded when Treg cells lose ICOS. 

3.4 Icos gene deletion in all T cells recapitulates some phenotypes observed in the 

Treg-specific deletion model  

 Since our transcriptomic data suggest that a Treg-specific Icos deletion significantly 

affects the effector CD8+ T cell compartment, and that these changes ultimately contributed to 

the decreased tumor burden observed in Supp. Figure 3.2B, we next sought to determine if a 

loss of Icos in all T cells would give similar results. This would also provide insight into any 

effector CD8+ T cell-intrinsic changes mediated by the deletion of Icos. To do so, we performed 

another round of single-cell RNA sequencing using the CD4cre model, where one Cd4creIcos+/+ 

control mouse and one Cd4creIcosf/f knockout mouse were challenged with tumor cells. Since 

this mouse line does not contain a reporter for Foxp3, Treg cells were not able to be directly 

sorted. To compensate for this, and to ensure that we obtained a significant number of Treg 

cells for analysis, CD44+CD4+ T cells and CD44+CD8+ T cells were sorted from the lungs of 

tumor-bearing mice at day 10 post-tumor cell injection and mixed at a 2:1 ratio prior to 

sequencing. UMAP projections following downstream analysis of tumor-infiltrating T cells 

revealed 15 clusters, with no unique clusters appearing or disappearing in the knockout sample 

(Figure 3.3A). As expected from our sorting strategy, all T cells expressed Cd44, with some 



25 
 

coexpressing Sell (CD62L) (Figure 3.3B). Clusters 1, 3, and 6 represent CD8+ T cells, cluster 
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5 corresponds to CD4+ and CD8+ proliferating T cells, and all other clusters are comprised of 

CD4+ T cells (Figure 3.3A and B). Treg cells were present in the dataset and correspond to 

cluster 2 based on Foxp3 expression (Figure 3.3B).  

Further clustering of solely CD8+ T cells resulted in 6 clusters, with no unique clusters 

appearing or disappearing in the knockout (Figure 3.3C). Similar to our Foxp3cre dataset, all 

clusters were Cd44+, with two (clusters 2 and 3) showing a Cd44+Sell- phenotype (Figure 

3.3E). However, unlike in the Foxp3cre dataset, both activated effector clusters were enriched 

in the knockout sample (Figure 3.3D). Additionally, key genes expressed by these two 

populations include effector genes encoding Granzyme B, Perforin, Cx3cr1, Klrg1, and Nkg7 

(Figure 3.3F). Therefore, both of the Cd44+Sell- populations correspond to activated effector 

CD8+ T cells and are present in both our Foxp3cre and CD4cre mouse models.  

Furthermore, comparing the expression of genes in both clusters showed that cluster 3 

expressed higher levels of effector genes, including Gzmb, Perforin (Prf1), Ifng, and Cx3cr1 

(Figure 3.4A). This is similar to the data from our Foxp3cre model. However, when comparing 

the expression of these genes between control and knockout samples for these clusters, we 

found that, of the effector genes analyzed, only Cx3cr1 was upregulated in cluster 3 of the 

knockout sample, whereas Gzmb, Prf1, and Ifng were not significantly altered (Figure 3.4B). 

T-bet was once again the dominantly expressed transcription factor in this population (Figure 

3.4G), however, its expression was unchanged in the knockout sample (Figure 3.4H). 

 Performing a similar analysis on cluster 2, we found that, similar to the Foxp3cre 

dataset, cluster 2 showed higher expression of inhibitory receptors such as PD-1 (Pdcd1), 

LAG3 (Lag3), and CTLA4 (Ctla4) (Figure 3.4C). However, while Lag3 was upregulated, 

Pdcd1 expression was lower in the knockout and Ctla4 remained unchanged (Figure 3.4D). 

This cluster also expressed TIM-3 (Havcr2), while also expressing Ly108 (Slamf6), suggesting 
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that this cluster is not exhausted (Figure 3.4E). Interestingly, the expression levels of Havcr2, 

as well as the effector genes Prf1 and Ifng were elevated in the knockout sample for cluster 2, 

whereas Slamf6 expression was unchanged (Figure 3.4B and F). In addition, consistent with 
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Cx3cr1 expression in clusters 2 and 3 as defined in Figure 3.3C. (C) Feature plots of Pdcd1, 

Lag3, Ctla4 expression. (D) Violin plots of Pdcd1, Lag3, Ctla4 expression in clusters 2 and 3. 

(E) Feature plots of Slamf6 (Ly108) and Havcr2 (TIM-3) expression. (F) Violin plots of 

Slamf6, and Havcr2 expression in clusters 2 and 3. (G) Feature plots of Eomes and Tbx21 (T-

bet) expression. (H) Violin plots of Eomes and Tbx21 expression in clusters 2 and 3. Each dot 

corresponds to one cell. **p<0.01, ***p<0.001, ****p<0.0001. 
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our previous data, Eomes was preferentially expressed by cluster 2 (Figure 3.4G), and its 

expression was significantly elevated in the knockout (Figure 3.4H). Overall, even though our 

transcriptomic datasets differ in certain aspects, our results from the CD4cre model confirm 

that two effector populations are present in the lungs of our tumor model, and that the Eomeshi 

population is enriched when T cells lose Icos, which is most likely due to a loss of Icos in Treg 

cells. Additionally, these data suggest that Icos deletion in CD8+ T cells also has an effect on 

their functionality. However, further studies need to be done to elucidate how ICOS 

costimulation is intrinsically involved in CD8+ T cell function. 

3.5 Icos gene deletion in Treg cells promotes an enhanced cytotoxic phenotype and the 

expansion of Eomes+CD8+ T cells 

 Since we observed clear differences in effector CD8+ T cell populations at the 

transcriptomic level when Icos was absent in Treg cells, we next sought to confirm these 

differences at the protein level by flow cytometry. To this effect, control mice (Foxp3creIcos+/+) 

and mice lacking Icos selectively in Treg cells (Foxp3creIcosf/f) were challenged with B16-OVA 

cells, and TILs were analyzed 10 days later. To analyze intratumoral lymphocytes via flow 

cytometry, we gated on CD45+CD4+ and CD45+CD8+ live cells (Supp. Figure 3.3A). Similar 

to the day 17 results, there were no differences in the frequencies of total CD4+ and CD8+ T 

cells (Figure 3.5A and B), and there was a significant decrease in Treg cell frequency in the 

knockout (Figure 3.5C and D). However, there was no difference in the percentage of CD44+ 

Treg cells (Figure 3.5D). Furthermore, to properly distinguish between tumor-specific and 

bystander T cells, we gated on CD44hi and PD-1+ CD8+ T cells for further analysis (Supp. 

Figure 3.3A). At a broad population level, there were no differences in activated CD44hi CD8+ 

or in CD44hiPD-1+ CD8+ T cells (Figure 3.5E). 
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 Furthermore, since we found an increase in the Eomes expressing population, as well 

as a decrease in the T-bet expressing population in our transcriptomic data, we analyzed the 

expression of Eomes and T-bet at the protein level (Supp. Figure 3.3B). Consistent with our 

 

A

7.3

12.2

Foxp3creIcos+/+ Foxp3creIcosf/f

C
D

4

CD8

10.4

14.2

Ctrl KO

0

5

10

15

%
 C

D
4

+
 o

f 
C

D
4

5
+

ns

Ctrl KO

0

5

10

15

%
 C

D
8

 o
f 

C
D

4
5
+

ns

%
 C

D
4

+

%
 C

D
8

+

+/+ f/f

mut/y mut/y
+/+ f/f

mut/y mut/y

ICOS

Foxp3-cre

B

C

3.311.1

C
D

4

Foxp3

Ctrl KO

0

5

10

15

%
 F

o
x
p

3
+

 o
f 

C
D

4
+

✱✱✱

D

+/+ f/f

mut/y mut/y

ICOS

Foxp3-cre Ctrl KO

35

40

45

50

55

60

%
C

D
4
4
h

i 
o

f 
C

D
8

ns

+/+ f/f

mut/y mut/y

%
 C

D
4

4
+

 o
f 

F
o

x
p

3
+

 C
D

4
+

%
 F

o
x

p
3

+
 C

D
4

+

+/+ f/f
mut/y mut/yCtrl KO

0

20

40

60

80

100

%
C

D
4

4
+

 o
f 

C
D

4
+

F
o

x
p

3
+

ns

%
 C

D
4

4
h

i 
o

f 
C

D
8

+

Ctrl KO

0

2

4

6

C
D

4
4
+

P
D

1
+

 o
f 

C
D

8

ns

+/+ f/f

mut/y mut/y

%
 P

D
1

+
 o

f 
C

D
4

4
h

i C
D

8
+

Foxp3creIcos+/+ Foxp3creIcosf/f

G

Ctrl KO

0

20

40

60

80

100

%
 E

o
m

e
s
+

 o
f 

C
D

4
4
h

i 
P

D
1
+

✱✱

T
-b

e
t

Eomes

10.7

+/+ f/f

mut/y mut/y

ICOS

Foxp3-cre

%
 E

o
m

e
s

+

17.1

44.2 71.0

Foxp3creIcos+/+ Foxp3creIcosf/f

0

10

20

30

40

%
T

b
e
t+

✱

+/+ f/f

mut/y mut/y

%
 T

-b
e

t+

9.5 2.1

F

FYC FYC-3G7

0

10

20

30

40

G
z
m

b
+

P
rf

+
 o

f 
C

D
4
4
h

i 
P

D
1
+

✱

%
 G

ra
n

z
y
m

e
 B

+
 P

e
rf

o
ri

n
+

+/+ f/f

mut/y mut/y

ICOS

Foxp3-cre

G
ra

n
z
y
m

e
 B

Perforin

Foxp3creIcos+/+ Foxp3creIcosf/f
H

9.4 24.6

E

Figure 3.5 Treg-specific deletion of Icos promotes Eomes upregulation and cytotoxic 

function in CD8+ T cells. 8- to 10- weeks old Foxp3creIcos+/+ and Foxp3creIcosf/f mice were 

challenged with B16-OVA cells as in Figure 3.1A (n=5 each). (A-H) Flow cytometry analysis 

of tumor-infiltrating T cells. (A) Representative flow cytometry plots of total CD4+ and CD8+ 

T cells pre-gated on CD45+ leukocytes. (B) Percentage of total CD4+ and CD8+ T cells. (C) 

Representative flow cytometry plots of Foxp3+ Tregs pre-gated on total CD4+ T cells. (D) 

Percentages of Foxp3+CD4+ Treg cells and CD44+Foxp3+CD4+ activated Tregs. (E) 

Percentages of CD44hiCD8+ activated T cells and PD-1+ tumor-reactive CD8+ T cells pre-gated 

on CD44hi cells. (F) Representative flow cytometry plots of Eomes+ and T-bet+ CD8+ T cells 

pre-gated on CD44hiPD-1+ cells. (G) Percentages of Eomes+ and T-bet+ CD8+ T cells. (H) 

Representative flow cytometry plots and percentages of Granzyme B+Perforin+ CD8+ T cells 

pre-gated on CD44hiPD-1+ cells. Data presented as mean ± SEM, ns= not statistically 

significant, *p<0.05, **p<0.01, ***p<0.001. 
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single-cell data, the percentage of CD44hiPD-1+ CD8+ T cells expressing Eomes was 

significantly elevated in the Foxp3creIcosf/f mice and that of CD44hiPD-1+ CD8+ T cells 

expressing T-bet was decreased (Figure 3.5F and G). Concomitantly, the frequency of 

CD44hiPD-1+ CD8+ T cells coexpressing granzyme B and perforin (Gzmb+Prf1+) was also 

significantly increased in the knockout (Figure 3.5H). Therefore, Icos deletion in Treg cells 

results in enhanced Eomes+ and Gzmb+Prf1+ CD8+ T cells in the lungs of metastatic tumor-

bearing mice. This suggests that ICOS-expressing Treg cells function to prevent the maturation 

and function of CTLs in the tumor microenvironment. 

3.6 The increase in Eomes expression in tumor antigen-specific CD8+ T cells is not due 

to an intrinsic defect in ICOS costimulation 

Since we observed an increase in Eomes+ CTLs when Tregs and all T cells lose Icos, 

we next sought to determine the relative contributions of a CD8+ T cell-intrinsic defect vs. a 

Treg-mediated effect. To do this, we performed an adoptive transfer experiment where OT1 T 

cells (CD8+ T cells with an OVA-specific transgenic TCR) either sufficient (Icos+/-) or deficient 

(Icos-/-) for Icos were adoptively transferred into congenic WT mice five days following tumor 

cell injection. TILs were then analyzed at day 17, which corresponds to 12 days post-transfer 

(Figure 3.6A). An additional PBS control group was included to assess the impact of 

adoptively transferred OT1 cells on tumor burden. As expected, mice receiving OT1 cells had 

fewer tumor nodules compared to the PBS control. However, there was no significant 

difference in nodule number between the groups receiving ICOS-Het or ICOS-KO OT1 cells 

(Figure 3.6B). This suggests that Icos-deficient CD8+ T cells may not be severely functionally 

impaired. 

Furthermore, to analyze the TILs, recipient and donor CD8+ cells were distinguished 

based on the expression of the congenic markers CD45.1 and CD45.2, respectively (Figure 



31 
 

3.6C). We first analyzed Eomes and T-bet expression in OT1 cells. Unlike in our 
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Figure 3.6 Loss of Icos impairs tumor antigen-specific CD8+ T cell function without 

affecting Eomes expression. (A) Experimental setup for adoptive transfer in the murine 

metastatic melanoma model. 12-weeks old CD45.1 mice were challenged with B16-OVA 

melanoma cells, followed by Icos+/- OT1 cells, Icos-/- OT1 cells, or PBS alone (n=3 each). (B) 

Tumor nodule number analysis. (C) Representative flow cytometry plots of CD45.1+ recipient 
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32 
 

transcriptomic data and our Foxp3cre model, there were no significant differences in the 

percentage of Eomes+ or T-bet+ populations in ICOS-Het mice compared to ICOS-KO mice 

(Figure 3.6D and E), which suggests that this effect is Treg-mediated rather than CD8+ T cell-

intrinsic. There was also no difference in the percentage of Eomes and T-bet expressing cells 

in the recipient CD44hiPD-1+CD8+ T cell population for all three experimental groups (Figure 

3.6 F and G). This validates that the monoclonal OT1 cells reflect the polyclonal recipient 

CD8+ T cell population. Interestingly, there was a significant reduction in the percentage of 

Gzmb+Prf+ ICOS-KO OT1 cells compared to the ICOS-Het OT1 cells (Figure 3.6E). This 

suggests that ICOS deficiency in tumor antigen-specific CD8+ T cells impacts T cell function 

to some extent, although this was not enough to impact overall tumor burden in our model. 

3.7 CD8+ T cell-intrinsic defects due to Icos deletion are negligible when all T cells 

lack Icos 

Since we observed a significant reduction in Gzmb+Prf+ cells in our adoptive transfer 

model, which was the opposite of what we observed in the polyclonal population in our 

Foxp3cre model at the protein level, we next examined whether this CD8+ T cell-intrinsic 

defect was dominant over the Treg-mediated effect of Icos deletion. To do this, we used the 

CD4cre model where Cd4creIcos+/+ and Cd4creIcosf/f mice were challenged with tumor cells, 

and tumor-infiltrating T cells were analyzed 10 days later. Overall, there were no differences 

in the total CD4+ and CD8+ T cell populations, nor in the total CD44hi CD8+ T cells between 

genotypes (Figure 3.7A and B). However, the percentage of PD-1+CD44hi CD8+ T cells was 

elevated in the knockout mice (Figure 3.7B). Furthermore, the frequency of Eomes+ cells was 

also significantly increased in the Cd4creIcosf/f mice, whereas that of T-bet+ cells did not differ 

between genotypes (Figure 3.7C and D). Accordingly, the percentage of Gzmb+Prf+ cells was 

trending towards an increase in the knockout; however, this was not significant (Figure 3.7E). 
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This suggests that the Treg-mediated effect of Icos deletion in all T cells is dominant over the 

CD8+ T cell-intrinsic defect observed in the adoptive transfer model, and that this results in an 

increase in Eomes expression and cytotoxic function when Icos is deleted. Additionally, when 

analyzing the Eomes+ population, we found that most cells were Ly108+ (Figure 3.7F and G), 
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Figure 3.7 T cell-specific deletion of Icos promotes Eomes upregulation and cytotoxic 

function in CD8+ T cells. 10- to 13-weeks old female Cd4creIcos+/+ and one Cd4creIcosf/f mice 

were challenged with B16-OVA melanoma cells as in Figure 3.1A (n=4 each). (A) 

Representative flow cytometry plots of total CD4+ and CD8+ T cells pre-gated on CD45+ 

leukocytes. (B) Percentages of total CD4+ T cells, CD8+ T cells, CD44hi activated CD8+ T cells, 

and PD-1+ tumor-reactive CD8+ T cells pre-gated on CD44hi cells. (C) Representative flow 

cytometry plots of Eomes+ and T-bet+ CD8+ T cells pre-gated on CD44hiPD-1+ cells. (D) 

Percentages of Eomes+ and T-bet+ CD8+ T cells. (E) Representative flow cytometry plots and 

percentages of Granzyme B+Perforin+ CD8+ T cells pre-gated on CD44hiPD-1+ cells. (F) 

Representative flow cytometry plots of Ly108+ and TIM-3+ cells pre-gated on CD44hiPD-

1+Eomes+ cells. (G) Percentages of of Ly108+ and TIM-3+Ly108- cells. Data presented as mean 

± SEM, ns= not statistically significant, *p<0.05, **p<0.01. 
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which is consistent with our transcriptomic data. In line with this observation, although a 

portion of Eomes+ cells expressed the co-inhibitory receptor TIM-3, the majority of TIM-3+ 

cells also expressed Ly108 (Figure 3.7G), confirming that these cells correspond to activated 

effector cells rather than exhausted cells. 

3.8 Genes associated with Treg cell function are altered when Icos is deleted selectively 

in Treg cells 

Since the effects of Icos deletion in the CD8+ T cell population seem to be mostly due 

to a defect in the Treg cell compartment, we decided to analyze the Treg cells in our Foxp3cre 

transcriptomic dataset. This would give us an idea as to how the Treg cells are altered when 

they’re missing Icos. To do this, we isolated and re-clustered all the CD4+ T cells in our 

Foxp3cre dataset. This resulted in 10 clusters, with no unique clusters associated with either 

genotype (Figure 3.8A). Consistent with our previous T cell data, there were three Foxp3+ 

Treg cell clusters which were either Cd44-Sell+, Cd44+Sell+, or Cd44+Sell- (Figure 3.8B). In 

addition, since cluster 0 is Cd44-, we chose to focus the downstream analysis on clusters 3 and 

4, which were Cd44+Sell+, and Cd44+Sell-, respectively (Figure 3.8B). We next looked at the 

expression of key Treg cell genes in these populations, and compared their expression between 

control and knockout samples. Expression of Il2ra (CD25), Tnfrsf18 (GITR), Ctla4, Gzmb, and 

Il10 (IL-10) was elevated in cluster 3 of the knockout sample, whereas, in cluster 4, expression 

of Il2ra, Tnfrsf18, Pdcd1, and Il10 was elevated in the knockout sample (Figure 3.8C). On the 

other hand, the expression of Ikzf2 (Helios) and Entpd1 (CD39) were unchanged (Figure 

3.8C). In addition, Cd44 was downregulated in the knockout for both clusters, however, this 

decrease was not observed at the protein level (Figure 3.5D). Furthermore, when comparing 

between control and knockout samples, Ccr3 and Cxcl3 were identified as some of the genes 

that are significantly upregulated in clusters 3 and 4 in the Foxp3creIcosf/f mouse, and Il18r1 
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(IL-18Rα) was found to be downregulated (Figure 3.8D). Overall, these data suggest that the 

expression of many genes important for Treg function, as well as that of cytokines, chemokines, 

and their receptors, are altered when Icos is lost, which could be affecting Treg cell function 

and, as a result, the CD8+ T cell population. 
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Figure 3.8 Expression of Treg-associated genes is altered when Icos is lost in Treg cells. 

Single-cell RNA sequencing analysis of sorted tumor-infiltrating T cells from one 

Foxp3creIcos+/+ and one Foxp3creIcosf/f mouse 10 days post-challenge with B16-OVA 

melanoma cells as in Figure 3.1A. (A) UMAP projections of CD4+ T cell clusters in 

Foxp3creIcos+/+ and Foxp3creIcosf/f mice. Feature plots of Cd4, Foxp3, Cd44, Sell 

expression. (B) Feature plots of Cd4, Foxp3, Cd44, Sell expression. (C) Violin plots of Il2ra, 

Ikzf2, Tnfrsf18, Ctla4, Pdcd1, Gzmb, Entpd1, Il10. Cd44 expression in clusters 3 and 4. (D) 

Violin plots of Ccr3, Cxcl3, Il18r1 expression in clusters 3 and 4. Each dot corresponds to 

one cell. *p<0.05, ***p<0.001, ****p<0.0001. 
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Chapter 4: Discussion 
 

In this study, we investigated the role of ICOS in T cells in a murine model of metastatic 

melanoma using regulatory T cell-specific and total T cell-specific conditional deletions of the 

Icos gene. Preliminary data of ours have shown that tumor burden is decreased when Icos is 

deleted in Treg cells, which was not observed in the T cell-specific deletion. This supports the 

notion that ICOS has a differential role in different T cell subsets in the tumor, as a deletion of 

Icos in all T cells is likely impairing effector T cell populations, such as CD8+ T cells and Th1 

cells, in addition to Treg cells.  

A deeper look into the dynamics of the T cell populations in tumor-bearing lungs via 

single-cell transcriptomic analysis revealed two distinct activated effector populations 

characterized in part by their differential expression of the transcription factors T-bet and 

Eomes. Notably, Eomes mRNA was elevated when Icos was deleted in both conditional 

knockout models, a phenotype we also observed at the protein level in the Foxp3cre model. 

Eomes is known to be important for CTL development, with studies showing that its expression 

in CD8+ T cells is essential for the expression of the cytotoxic molecule perforin and the 

antitumor cytokine IFN-γ21, 27. This role for Eomes is consistent with our finding that 

Gzmb+Prf+ activated CD8+ T cells are enriched in Foxp3creIcos-/- mice. However, at the 

transcriptional level, the expression of perforin and IFN-γ were unchanged in the Eomeshi 

cluster, even though Eomes was significantly upregulated. A possible explanation for this could 

be the discrepancy between mRNA and protein expression. Differences in mRNA do not 

always accurately reflect changes in protein product, as multiple levels of post-transcriptional 

regulation occur between the mRNA and protein stage100, 101. Therefore, although 

transcriptomic data can be informative, changes at the protein level should be confirmed in 

order to prove that mRNA expression translates into functional differences. Along these lines, 
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just as granzyme B and perforin protein levels did not coincide with the mRNA expression in 

our transcriptomic data for cluster 1, it is also possible that IFN-γ behaves similarly. In order 

to determine if IFN-γ expression by CD8+ T cells is affected by Icos deletion, which is expected 

due to the observed upregulation in Eomes at the protein level, a tumor experiment using the 

Foxp3cre model should be performed, where the expression of IFN-γ will be assessed by flow 

cytometry to determine whether IFN-γ is affected when Treg cells are deficient for Icos. This 

would provide further evidence for the protumor role of ICOS+ Treg cells. 

In addition, granzyme B mRNA was slightly reduced in the knockout sample of cluster 

2 in the Foxp3cre model, although not significantly, which coincides with the downregulation 

of T-bet mRNA in this population. This is consistent with previous data that show that 

granzyme B expression is governed by T-bet27. Also fitting into this, we found that T-bet was 

downregulated at the protein level when Icos was deleted in the Foxp3cre model. However, 

there were significantly more Gzmb+ cells in the knockout. There are a few possible 

explanations for this. For one, this could be explained by the potential differences between 

mRNA and protein expression. Another possibility is that the Gzmb+Prf+ population assessed 

at the protein level included both the Eomeshi and T-bethi populations seen in the transcriptomic 

datasets and this overall increase in granzyme B at the protein level does not reflect the changes 

occurring in the individual T-bethi population. Along these lines, it is possible that the decrease 

in T-bet+ cells that was seen in the knockout of both the transcriptomic and flow cytometry 

data does not majorly affect the overall cytotoxicity of CD8+ T cells due to the expansion of 

Eomes+ cells. In this case, Eomes+ cells displaying higher cytotoxic function would compensate 

for the loss of T-bet+ cells. This is consistent with a key study in which Eomes overexpression 

in vitro was sufficient to induce the expression of granzyme B in the absence of T-bet21. 

Therefore, the increase in Eomes+ cells could be driving the enhanced cytotoxic phenotype of 

CTLs. 
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Furthermore, our transcriptomic data in the CD4cre model also revealed an increase in 

Eomes expression in the Eomeshi cluster when Icos was lost in all T cells. This was also 

observed at the protein level and was accompanied by an increase in the percentage of 

Gzmb+Prf+ cells. However, the increase in this population was not significant. This could be 

due to biological variation among the mice used, which could have resulted in one mouse not 

experiencing this effect. Another plausible explanation for this difference between the 

Foxp3cre and CD4cre deletion models could be that a loss of Icos in CD8+ T cells, as is the 

case in the CD4cre model, impairs their cytotoxic ability to a certain extent. Our adoptive 

transfer experiment confirmed this, as there was a significant decrease in the percentage of 

Gzmb+Prf+ ICOS-KO OT1 cells compared to ICOS-Het OT1 cells. Despite this, tumor nodule 

number was similar between groups, which could be due to other effects of Icos deletion in 

CD8+ OT1 T cells, such as impaired IFN-γ expression. IFN-γ expression in OT1 cells was not 

assessed in our study, but could be an interesting parameter to analyze in a future adoptive 

transfer experiment. Additionally, other than any additional effector CD8+ T cell mechanisms 

that could be impaired in ICOS-KO OT1 cells, limitations of the adoptive transfer experiment 

could account for discrepancies between nodule number and percentage of Gzmb+Prf+ cells. 

For one, there were only three mice per experimental group. Due to biological variation 

between recipient mice, this small sample size may not be representative of the overall effect 

of Icos deletion in OT1 cells. In addition, although 1 x 106 OT1 cells were injected into each 

mouse, very few CD45.2+ donor cells were present in the lungs at the time of analysis, with 

only a portion of those expressing granzyme B and perforin. Therefore, the frequency of 

Gzmb+Prf+ OT1 cells may not be representative of a true defect in CD8+ T cells lacking Icos. 

To acquire more reliable data, the adoptive transfer experiment performed in this study will 

need to be further optimized and repeated. 



39 
 

Moreover, Eomes expression was not significantly altered between ICOS-Het and 

ICOS-KO OT1 cells. This suggests that Eomes upregulation observed in the polyclonal CD8+ 

T cells in the Foxp3cre and CD4cre deletion models is due to a loss of Icos in Treg cells. In 

order to test this, another adoptive transfer experiment can be performed in which OT1 cells 

sufficient for Icos are injected into recipient mice that have Treg cells either sufficient of 

deficient for Icos. In this way, the impact of Icos deletion on OT1 cells can be further 

understood. 

 Furthermore, there were some differences between the Foxp3cre and CD4cre 

transcriptomic datasets. Whereas most effector genes studied were decreased in the knockout 

sample in the T-bethi cluster in the Foxp3cre model, none of the effector genes were 

significantly reduced in the corresponding cluster in the CD4cre dataset. In fact, there are some 

opposing effects, as Cx3cr1 was upregulated. This is consistent with T-bet expression being 

unchanged in the knockout sample. Furthermore, perforin and IFN-γ was upregulated in the 

knockout sample for the Eomeshi cluster, which is consistent with the role of Eomes in perforin 

and IFN-γ induction in CD8+ T cells21, 27, as Eomes is also upregulated in the knockout of this 

cluster. However, the CD4cre model is complex as all T cells lose Icos. Therefore, the changes 

in mRNA expression observed in the different CD8+ T cell populations could be due to CD8+ 

T cell-intrinsic or Treg-mediated effects of Icos deletion, which makes it difficult to extract 

clear conclusions from this data. This is also the case with the flow cytometry data in the 

CD4cre model. Once way in which this is apparent is in the tumor nodule analysis. Whereas 

tumor burden was decreased in the Foxp3cre model at a late stage of tumor growth, there was 

no such difference in the CD4cre model. This suggests that other T cell populations could be 

impaired when all T cells lose Icos. Aside from Treg cells, ICOS has been shown to play a role 

in the function of CD8+ T cells, Th1 cells, Th17 cells, NKT cells, and γδ T cells35, 102, 103. Thus, 

the effects of Icos deletion in these populations could explain why tumor nodule number is 



40 
 

unaffected in the CD4cre model, despite the observed increase in the cytotoxic phenotype of 

the CD8+ T cells. To explore this idea, we could identify and analyze these cells in our single-

cell RNA sequencing datasets, as well profile these populations via flow cytometry. This would 

aid in identifying the reason behind the discrepancy in tumor nodule number between our 

knockout models, as well as provide further evidence that the increase in CTL cytotoxicity is 

a major factor impacting tumor burden. 

 Another interesting finding in our transcriptomic data is that the Eomeshi cluster most 

likely corresponds to activated effector cells as opposed to exhausted cells, despite the 

expression of inhibitory receptors. When comparing the two effector clusters in both 

transcriptomic datasets, the Eomeshi population expressed the highest level of the co-inhibitory 

receptors PD-1, LAG3, and CTLA4. In the tumor microenvironment, these proteins are most 

often associated with exhausted and dysfunctional CD8+ T cells that have dampened effector 

functions, with these terminally dysfunctional T cells described in the literature as being Ly108-

104. Additionally, Eomes has been found to play a role in the T cell exhaustion process, with 

multiple studies linking Eomes expression to T cell dysfunction at late stages of T cell 

differentiation32, 105. However, our transcriptomic data revealed that the Eomeshi population 

does express Ly108 in addition to the inhibitory receptors. This was also confirmed at the 

protein level, as most Eomes+ CD8+ T cells also expressed Ly108. Importantly, co-inhibitory 

receptors are involved in immune homeostasis, as they are expressed following TCR 

stimulation and function to dampen T cell activation and prevent excessive T cell responses106. 

Consistent with this, co-inhibitory receptors PD-1 and CTLA4 were found to be expressed on 

T cells following activation107, 108. In addition, there is evidence that inhibitory receptor 

expression is an indicator of T cell differentiation and function as opposed to exhaustion109. 

Therefore, the coexpression of inhibitory receptors, effector genes, and Ly108 in the Eomeshi 

population, in addition to the fact that these lymphocytes were taken from lungs at an early 
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stage of tumor growth, indicates that these cells are activated rather than exhausted. This 

suggests that the increase in Eomes expression is an indication of enhanced T cell maturation, 

as opposed to enhanced exhaustion. 

 Overall, our analysis of CD8+ T cells in the tumor microenvironment suggests that the 

loss of Icos in Treg cells promotes Eomes upregulation and CTL cytotoxicity. However, it is 

unclear what the role of ICOS+ Treg cells is in this process. Our Foxp3cre transcriptomic data 

revealed that the cluster proportions of the two effector CD8+ T cell populations are different 

between genotypes, with the T-bethi population being decreased and the Eomeshi population 

being increased when Icos is lost in Tregs. One possibility is that these two clusters represent 

different stages of CD8+ T cell differentiation in the tumor microenvironment, with one 

population giving rise to the other. In our model, the cells of the T-bethi cluster could be 

differentiating into the cells of the Eomeshi cluster. This is supported by evidence that T-bet is 

expressed at earlier stages of CD8+ T cell differentiation in vitro, and that this is later followed 

by Eomes upregulation27. Our data suggest that this could also be occurring in vivo. 

Additionally, it is well-known that Eomes expression increases along the effector to memory 

cell transition110, 111, 112, which supports the idea that the T-bethi population is a precursor for 

the Eomeshi population. This is also supported by our transcriptomic data in which effector 

genes are expressed at a lower level in the Eomeshi cluster compared to that of the T-bethi 

cluster. Therefore, it appears that the ICOS+ Treg cells could be restraining the differentiation 

and maturation of CTLs, which results in less Eomes expression and impaired cytotoxicity. 

This is consistent with a study in which Treg cells were found to inhibit CD8+ T cell maturation 

by inhibiting the CD4+ T helper cell response113. ICOS+ Treg cells could be the regulatory T 

cells responsible for this. In addition, to determine the relationship between the T-bethi and 

Eomeshi clusters, scVelo analysis could be performed on our single-cell transcriptomic data. 

This is a method of studying cell differentiation in which RNA splicing patterns within cells of 
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a transcriptomic dataset can be analyzed in order to determine the developmental relationship 

between cells114, 115, 116. This technique would provide insight into the dynamics of the Eomeshi 

and T-bethi clusters and, thus, help elucidate the role of ICOS+ Treg cells in CD8+ T cell 

differentiation and function. 

 Furthermore, we also analyzed Treg cell gene expression in our transcriptomic dataset 

for the Foxp3cre model in order to attempt to explain how Treg cells are altered, and how they 

could possibly be impacting the dynamics of effector CD8+ T cells in a way that ultimately 

results in decreased tumor burden. Interestingly, there was an increase in most genes known to 

be important for Treg cell function in the Foxp3creIcos-/- mouse. Of note, CD25, IL-10, and 

GITR were upregulated in the effector Treg cell cluster of the knockout sample, and other genes 

such as Helios and CD39 were unchanged. This suggests that Treg cells may not be 

functionally impaired when ICOS is missing in the tumor-infiltrating Treg cells. This is 

consistent with evidence showing that a deletion of Icos in Treg cells at steady state does not 

severely impact the expression of key Treg cell genes81. This could also be occurring in our 

tumor model. Interestingly, this study also found that CD25 was elevated in ICOS-deficient 

Treg cells, a phenotype we also observed in our transcriptomic data. As CD25 is important for 

the suppressive function of Treg cells117, this suggests that their suppressive function could be 

enhanced when Icos is deleted. Therefore, the Treg cells in the TME don’t seem to be 

functionally impaired. However, an important limitation of our transcriptomic data is the 

sample size. Due to only having one mouse per genotype, it is possible that the changes 

occurring between the control and knockout samples are not representative of the entire 

population. Therefore, our transcriptomic results need to be confirmed by analyzing the 

expression of Treg cell markers at the protein level via flow cytometry. 
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In addition, we found that the frequency of Treg cells in the lung was significantly 

decreased in the knockout of the Foxp3cre model. Together with our transcriptomic data where 

Treg cell function appears to unaffected or even enhanced in the knockout sample, this suggests 

that the major effect of ICOS deficiency in Treg cells is an issue with tumor-infiltration or 

potentially with Treg cell survival within the tumor. Importantly, this difference was not seen 

in the single-cell dataset due to the methodology used. Treg cells were added in equal 

proportions to the effector T cells in order to best analyze differences in gene expression 

between genotypes, and this abrogated the difference in Treg cell infiltration observed by flow 

cytometry. 

Interestingly, we found that Treg cells in our Foxp3cre transcriptomic dataset express 

the chemokine receptor Ccr3 and the cytokine Cxcl3, and that the expression of these genes 

was increased when Tregs lost Icos. Ccr3+ Tregs in cancer have not been characterized, 

however, Ccr3 has been shown to be expressed in splenic, adipose tissue, and colonic Treg 

cells118, 119. In cancer, Ccr3 has been associated with the recruitment of immune cells to the 

tumor120. Therefore, the increase in Ccr3 expression in Tregs following Icos deletion could be 

modulating the immune response in the tumor. Additionally, Cxcl3 has not been studied in 

Treg cells, but its receptor, CXCR2, has been shown to be expressed in melanoma cells, and it 

has a known role in immune cell recruitment, angiogenesis, and metastasis121. Therefore, it is 

possible that Cxcl3 expression by Tregs is involved in these processes. Furthermore, we found 

that IL-18R1 was downregulated in the Treg cells of the Foxp3creIcos-/- mouse. IL-18R1 

signalling has been shown to be important for the capacity of Tregs to suppress colitis122. 

Additionally, dendritic cell-derived IL-18 was found to promote Treg cell differentiation in 

mice infected with Helicobacter pylori, and Treg cells from Il18-/- and Il18r1-/- mice were 

unable to control airway inflammation in mice123. This suggests that a deficiency in IL-18 

signalling can impair Treg cell function, which could also be occurring when Treg cells lose 
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Icos in our tumor model. Therefore, Icos deletion in Treg cells appears to impact their 

expression of chemokines and their receptors, as well as cytokines, and this could be impacting 

their localization, infiltration, and function in the TME. 

Finally, an important caveat in this study is the use of OVA as a tumor antigen. We 

used this highly immunogenic surrogate antigen to provoke strong T cell responses to reveal 

any potential impacts of ICOS deficiency. This also allowed us to monitor the behaviour 

transgenic OT-I cells after adoptive transfer. However, this may not accurately represent the 

actual response to tumor antigens in naturally arising cancers. Therefore, the dual role of ICOS 

observed using our B16-OVA model may be less pronounced in other tumor models. Further 

studies could be done using less immunogenic tumor models in order to address this possible 

discrepancy. 

Overall, our results suggest that a loss of ICOS in Treg cells could be impacting their 

function by impairing their infiltration in the TME. This in turn promotes the expansion of 

Eomes+ CD8+ T cells and enhances their cytotoxicity, which ultimately results in decreased 

tumor burden at a late stage of tumor growth. Finally, whereas a deletion of Icos in total T cells 

recapitulated some of these phenotypes, tumor burden remained unchanged, probably due to 

the impaired function of other ICOS-expressing antitumor T cell subsets. 
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Chapter 5: Conclusion 
 

The objectives of this study were to determine the role of ICOS in antitumor T cell 

immunity by elucidating the differential requirements for ICOS in different T cell subsets. To 

do this, we used pan-T cell-specific and Treg cell-specific models of Icos deletion in a model 

of murine metastatic melanoma. Preliminary results showed that a Treg cell-specific deletion 

of Icos resulted in decreased tumor burden in mice, whereas a pan-T cell-specific deletion did 

not. Using single-cell transcriptomic analysis, we identified two populations of effector CTLs 

in the TME, and found that loss of ICOS in Treg cells promoted the expansion of the Eomeshi 

population. This was confirmed at the protein level and was associated with increased CTL 

cytotoxicity. Additionally, even though a loss of Icos in all T cells recapitulated some of the 

phenotypes seen in the Foxp3cre model, we found ICOS to be important for CTL cytotoxicity 

in a CD8+ T cell-intrinsic manner. Despite this, the impairment of Treg cells following Icos 

deletion seems to be the main driver of Eomes upregulation and increased cytotoxicity in our 

tumor model. Therefore, our data suggest that ICOS plays a primarily protumor role in the 

TME by inhibiting effector T cell responses. However, the mechanism behind the regulation 

of these responses by ICOS+ Treg cells remains unclear and needs to be studied further. Our 

findings could help inform the use of anti-ICOS antibodies in clinical trials, as ICOS agonists 

are likely promoting the protumor effects of Treg cells and limiting the antitumor functions of 

effector cells. 
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Supplemental Figure 3.1 Reduced tumor burden and augmented Teff:Treg ratio in Treg-

specific ICOS deficient mice. (A) Experimental setup for murine model of metastatic 

melanoma. 8- to 11-weeks old Foxp3YFP-creIcos+/+ (abbreviated as Foxp3creIcos+/+) and 

Foxp3YFP-creIcosf/f (abbreviated as Foxp3creIcosf/f) male mice were challenged with tumor cells 

as in (A) (n = 5 each). (B) Representative images of lung tumor burden in Foxp3creIcos+/+ vs. 

Foxp3creIcosf/f mice, and statistical analysis of lung nodule count. (C-H) Flow cytometry 

analysis of tumor-infiltrating immune cells as obtained from mouse lungs in (B). (C) 

Representative flow cytometry plots of CD4+ and CD8+ cells pre-gated on CD45+ cells. (D) 

Statistical analysis of CD4+ and CD8+ cell percentage and numbers. (E) Representative flow 

cytometry plots of non-Treg (CD4+Foxp3-) and Treg (CD4+Foxp3+) cells pre-gated on CD4+ 

cells. (F) non-Treg CD4+ and Treg cells percentage and numbers. (G) Percentage of activated 

Treg (CD44+CD4+Foxp3+) cells pre-gated on CD4+ cells and Foxp3 mean fluorescence 

intensity (MFI) in Treg cells. (H) Ratio of CD8+ effector T cells to Treg cells and non-Treg 

CD4+ cells to Treg cells. Data shown as mean with error bars denoting SEM, *p<0.05, 

**p<0.01, ***p<0.001. Data is representative of at least two independent experiments. 
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Supplemental Figure 3.2 No significant differences in tumour burden and tumor-

infiltrating T cell populations in T cell-specific ICOS deficient mice. 9- to 12-weeks old 

female Cd4creIcos+/+ and Cd4creIcosf/f mice (n = 5 each) that have been co-housed for at least 2 

weeks were challenged with tumor cells as in Supplemental Figure 3.2A. (A) Representative 

images of lung tumor burden in Cd4creIcos+/+ versus Cd4creIcosf/f mice, and statistical analysis 

of lung nodule count. (B-F) Flow cytometry analysis of tumor-infiltrating immune cells as 

obtained from mouse lungs in (A). (B) Representative flow cytometry plots of CD4+ and CD8+ 

cells pre-gated on CD45+ cells. (C) Statistical analysis of CD4+ and CD8+ cell percentage and 

numbers. (D) Representative flow cytometry plots of non-Treg (CD4+Foxp3-) and Treg 

(CD4+Foxp3+) cells pre-gated on CD4+ cells. (E) non-Treg CD4+ and Treg cells percentage 

and numbers. (F) Ratio of CD8+ effector T cells to Treg cells and non-Treg CD4+ cells to Treg 

cells. Data shown as mean with error bars denoting SEM, ns = not statistically significant. 

*p<0.05. Data is representative of three independent experiments. 
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Supplemental Figure 3.3 Gating strategy to identify tumor-infiltrating T cell populations 

in the lung. (A) Lymphocytes were first gated from total lung cells, followed by the selection 

of singlets and live cells. CD45+ leukocytes were then gated, followed by tumor-infiltrating 

CD4+ and CD8+ T cells. To identify tumor-specific CD8+ T cells, CD44hi and PD-1+ cells were 

further gated. Finally Tregs and non-Treg CD4+ T cells were gated within the total CD4+ T 

cells based on Foxp3 expression. (B) Positive Eomes and T-bet signals were determined based 

on Eomes (red) and T-bet (blue) fluorescence minus one (FMO) controls. 
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