The role of inducible T-cell costimulator (ICOS) in

anti-cancer immunity

Joanna Li

Department of Microbiology & Immunology
Faculty of Medicine
Institut de recherches cliniques de Montréal (IRCM)

McGill University, Montréal, Québec, Canada

August 2021

A thesis submitted to McGill University in partial fulfilment of the requirements of the

degree of Master of Science (MSc)

© Joanna Li 2021



Table of Contents

Y 01 1 =T SO v
TS0 0 = Vi
List of Acronyms and ABDreviations ............couuiiiiiiiiiiiiii e VIl
AUthor CoNtrIDULIONS ... e X
ACKNOWIEAGEMENTS ... .t e e e e e e e e e e e e e e e e e e Xl
Chapter 1: INtrodUCHION........... e e e e e e e eeeas 1
1.1 The cancer iIMMUNE FESPONSE. .....ccooii et 1
LR I T O =Y o TP USRPR 1
1.1.2 CDA4" T cell help in the context of anti-tumor immunity ... 2
1.1.3 CD8" cytotoxic T lymphocytes (CTLs) in anti-tumor immunity ..........ccccceiiiiiniieiiieeeeee 4
1.1.4 NKand NKT cells as key anti-tumor innate immune cell types..........cccoiviieiiiiiiiiieee e 6
1.1.5 Treg immunosuppression in pro-tumor iIMMUNILY ..........cc.eoeiiiiiiiii e 9
1.1.6  Controversial players in tumor immunity: Th17 cellS..........cccoviiiiiiiiiii e 12
1.1.7  Controversial players in tumor immunity: y8 T CellS........coooiiiiiiiiiiii e 13
1.2 Inducible T-cell costimulator (ICOS) .........uiiiiiiiii e 15
1.2.1  Structure and expression pattern of ICOS and ICOSL..........cccccevviiiiiiiinciiee e 15
1.2.2  1COS signaling MECNANISIMS ......ccoiuiiiiiiiie ettt e s ae e e seee e eaeeeans 17
1.2.3 ICOS deficiency in Tfh-mediated humoral immunity ...........ccooiiiiiiii e 17
1.2.4 Role Of ICOS in CDA4" TCONV CEIIS .....viiiiiiiiiii ettt ettt e e e aee e e s nnnaeee s 18
1.2.5 ROIE Of ICOS iN CD8Y CTLS ..uutiiiieiiiiiiie e ittt e e sttt e e st e e s s e e e s snssaeeassnsseeeesannnaeeens 20
1.2.6 ROIE Of ICOS iN Treg CeIIS ....oeieiiieiiie ettt s sbe e e aeeeens 21
1.3 Role of ICOS in cancer immunity and immunotherapy ...........cccoooeiiiiiiiiiine e, 22
(IR T B O =Y TSR 22
1.3.2 Evidence supporting the anti-tumor role of ICOS.............oooiiiiii e 23
1.3.3  Evidence supporting the pro-tumor role of [COS ............cooeiiiiiiiiiie e 24
1.4 Rationale and ODJECHVES ...........ooi i 25
Chapter 2: Materials and Methods ............eeiiiiiii e 27
2.1 Y eT=I=TaTo IF=T o 1o g F=1 W o] foTe = To [N ] £ =T TR 27
2.2 (07| I oTU ]| (1 (= PSRRI 27
2.3 FIOW CYEOMEIIY ... e 28
24 Single cell RNA SEQUENCING . .....ciutiiieiiiiee ettt e e nee e e 28
25 StatistiCal @NAIYSIS.........oiiiiiiiie e 30
Chapter 3: RESUILS ......eeiiiiiee et e e e e e e e e e e e e e eeeeeeennnnnns 31
3.1 ICOS deletion in Treg cells, but not in all T cells, decreases tumor burden ............... 31
3.2 The impact of ICOS deletion in Treg cells is established at an early stage of tumor
Lo 01111 o PO PP R OPPPPPPPPPPTN 33
3.3 Single cell transcriptomic analysis reveals augmented expression of proinflammatory
chemokings in CD8” Teff COIIS ........oiiiiiiiceeee e 34
3.4 ICOS deletion decreases the expression level of key genes in Th17 cells................. 36



3.5 Elevated yd T cells in tumor-challenged ICOS-deficient mice...........occceeeiiiieeeninneen. 37

Chapter 4: DISCUSSION ...t e e e e e e e e e e et e eeeeet e aa e e e e e e e eeeeeaaeeeeeeeennnnnns 38
Chapter 5: Concluding REMAIKS .........uuuiiiiiiiiiii e 46
Figures and Figure LEgENAS ..........uuii it 47
SUpPlEMENArY FIQUIES .......ooiiii e 58
REFEIENCES ... e e e e e e e e e e e e e 60



Abstract

Inducible T-cell costimulator (ICOS) is a costimulatory receptor important for the
activation and function of T cells. In the clinic, agonists for ICOS are being explored as a
cancer therapeutic with the goal of stimulating T cells to eliminate cancer cells. However,
conflicting findings in the field suggest that the role of ICOS in cancer has not been fully
elucidated. While some reports showed ICOS enhancing the anti-tumor activity of effector
T (Teff) cells, others demonstrated that ICOS facilitated pro-tumor regulatory T (Treg) cell
immunosuppression. In this study, we aimed to investigate the role of ICOS in different T
cell subsets using a murine model of metastatic melanoma. We first found that ICOS
deletion in both Teff and Treg cells did not impact tumor burden at terminal stages of
tumor progression. In contrast, selective deletion of ICOS in Treg cells reduced tumor-
infiltrating Tregs and improved tumor control. This impact of ICOS on tumor-infiltrating T
cells is established at early stages of tumor progression and is maintained into terminal
stages of tumor growth. Single-cell transcriptomic analysis of tumor-infiltrating T cells
revealed that when ICOS was deleted in all T cells, there was a trending reduction in Treg
activation and expression of suppressive molecules, along with augmented
proinflammatory chemokines specifically in CD8* Teff cells. Interestingly, we also
discovered that ICOS deletion reduced genes associated with Th17 cell identity and
effector functions. Lastly, flow cytometry revealed an increase in the number of tumor-
infiltrating yo T cells but not in the number of putative NK cells when ICOS is deficient in
all T cells. Our preliminary findings suggest that there are differential requirements for

ICOS in Teff versus Treg cell biology, highlighting the need to further investigate the role



of ICOS in cancer to better inform the use of ICOS as a cancer therapeutic target in the

clinic.



Résumé

« Inducible T-cell costimulator » (ICOS) est un récepteur de co-stimulation
important pour I'activation et la fonction des cellules T. Dans un contexte clinique, des
agonistes d’'ICOS sont considérés comme traitement potentiel contre le cancer dans le
but de stimuler les cellules T et d’éliminer les cellules tumorales. Cependant, des résultats
de recherche contradictoires dans le domaine suggérent que le réle d’'ICOS n’a pas été
entierement élucidé. En effet, certaines recherches ont démontré qu’lICOS augmente
I'activité anti-tumorale des cellules T effectrices (Teff), alors que d’autres ont conclu
qu’lICOS agit sur les cellules T régulatrices (Treg) pro-tumorales pour promouvoir
limmunosuppression. Le but de cette étude est de déterminer le réle d'ICOS chez
différents sous-types de cellules T en utilisant un modéle murin de mélanome
métastatique. Nous avons premiérement élucidé que la déplétion d’'ICOS a la fois chez
les cellules Teff et Treg n’a pas d’influence sur la charge tumorale dans les stades
terminaux de développement du cancer. Inversement, I'absence d’'ICOS seulement chez
les cellules Treg diminue leur infiltration dans la tumeur et augmente le contrdle de la
charge tumorale. La diminution des cellules Treg infiltrant la tumeur est observée dés les
stades précoces de croissance tumorale et est maintenue jusqu’aux stades terminaux.
L’analyse transcriptomique unicellulaire des cellules T infiltrant la tumeur a révélé que
lorsque ICOS est absent chez toutes les cellules T, il y a une tendance a la réduction de
I'activation des cellules Treg et de I'expression des molécules suppressives par celles-ci,
ainsi qu’une augmentation des chimiokines pro-inflammatoires chez les cellules T CD8
effectrices. Nous avons également découvert que la déplétion d’ICOS diminue

I'expression des génes associés a l'identité et a la fonction des cellules T de type Th17.

\



Finalement, la cytométrie en flux a révélé une augmentation du nombre de cellules T yo
infiltrant la tumeur, mais un nombre stable de cellules NK quand ICOS est supprimé de
toutes les cellules T. Nos résultats préliminaires suggerent que le réle d'lCOS dans la
biologie des cellules Teff et Treg est distinct et qu'une compréhension approfondie du
réle d'ICOS dans le contexte du cancer est cruciale pour l'utilisation efficace d'ICOS

comme cible thérapeutique dans la clinique.
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Chapter 1: Introduction

1.1  The cancer immune response

1.1.1 Overview

The immune system was first discovered to be involved in cancer control in the
19" century by William Coley, who is now often referred to as “the Father of
Immunotherapy”. Through investigating 18" century medical records and literature, he
identified a correlation between patients with group A Streptococcus skin infections and
better prognosis in soft tissue sarcomas.? He subsequently discovered the importance of
immune stimulation in tumor control by injecting heat-inactivated S. pyogenes and
Serratia marcescens bacteria into cancer patients, which cured multiple patients long-
term.> Subsequent work by Paul Ehrlich culminated in the idea of cancer
immunosurveillance, which hypothesized that the immune system is crucial for the
repression of neoplasia.® Since discovering the link between the immune system and
cancer in the 19" and 20" century, we now understand not only the importance of innate
and adaptive immune cells in recognizing and destroying transformed cells, but also the
ability of immune cell subsets that could inadvertently promote tumor growth and facilitate
tumor escape.* The following sections will provide a succinct summary of key adaptive
and innate immune cells involved in anti- and pro-tumor immunity, as well as discuss

some emerging immune subsets that may play a key role in the cancer immune response.



1.1.2 CD4*T cell help in the context of anti-tumor immunity

CD4* conventional T cells are cells that express T cell receptors (TCR) with a and
B chains that recognize peptide antigens (Ags) presented in the context of major
histocompatibility complex class Il (MHC-II) on antigen-presenting cells (APCs).> This
subset of cells in the adaptive immune system is named for its expression of the CD4 co-
receptor, which is important for stabilizing the TCR:peptide-MHC-II interaction by binding
to the B2 domain of MHC-I1.> CD4"* T cells are derived from the thymus, where thymocytes
with TCRs that have intermediate affinity for self-peptides are positively selected.® In the
periphery, naive CD4* T cells can differentiate into different specialized helper T (Th)
subsets depending on the strength of the TCR and costimulatory signals, as well as the
availability of cytokines unique to each subset.® In the context of cancer, it has been
shown that human CD4" T cells are activated upon recognition of a variety of tumor Ags,
including MHC-II restricted tissue-specific Ags, Ags derived from viral genes that cause
tumor transformation, as well as peptides that arise as a result of gene mutations or fusion
in tumor cells.” For example, human melanoma cells can elicit a CD4* T cell response
due to the recognition of mutant neo-epitopes by human CD4* T cells.®

The key function of CD4* T cells in anti-tumor immunity is to provide help to CD8*
cytotoxic T lymphocytes (CTLs).%' Early studies where tumor antigen-specific CD4* T
cells were adoptively transferred or depleted in tumor-bearing mice revealed that CD4* T
cells were required for the effector phase of anti-tumor responses in tumors that do not
express MHC-II, which is the case for most cancer cell types.'™'® Subsequent studies
point to a critical role of activated CD4" helper T cells in supporting the activation,

differentiation, and effector functions of CTLs in cancer.?'® One of the mechanisms of



CD4* T cell help for CTLs is the licensing of dendritic cells (DCs) to efficiently cross-
present endocytosed tumor Ags on MHC-I. This licensing process relies on the interaction
of CD4" TCR with Ag-MHC-II complexes on DCs, as well as the interaction of CD40L on
CD4* T cells with CD40 on DCs." These interactions and associated downstream
signaling then upregulate the expression of MHC-I on DCs, allowing CD8" T cells to
interact with DCs."® This mechanism of CD4* T cell help to CTLs requires both CD4* and
CD8* T cells to recognize linked epitopes, often presented by the same APC."8 In addition
to augmented cross presentation, DC interaction with CD4" T cells can also lead to
increased Ag presentation, costimulatory ligands such as B7.1 and B7.2 expression, and
the functional maturation of DCs.' These processes are dependent on the interaction
between CD40L expressed on CD4* T cells with CD40 expressed on DCs, as antibody-
based stimulation of CD40 could bypass the requirement of CD4" T cell help to elicit
potent CTL responses."” Ligation of CD40:CD40L can also increase the co-stimulation of
CD70 on DCs with CD27 on CTLs, an interaction essential for the survival and effector
function of CTLs by upregulating IL-12R and IL-2R on CTLs.™®

Studies have shown that CTLs that have received help are better able to migrate
into the tumor and exert functional responses. For example, the interaction of CD4* T
cells with DCs induces DCs to make CCL3/4 to attract CCR5" CTLs to the site of
interaction.'® CTLs that arise in the context of CD4* help also express higher levels of
CXCR4 and CX3CR1 which promotes CTL migration into the tumor.2° Furthermore, within
the tumor microenvironment (TME), CD4* T cells can release IL-2 to activate and sustain
CTL proliferation.?’ Finally, helped CTLs are shown to have augmented effector cytokine

production such as IFN-y and TNF-a,?2 and they also have improved cytotoxic functions,



as evident in the higher expression level of granzyme B, as well as decreased levels of
PD-1 and LAG3 co-inhibition in helped CTLs.?°

While CD4* T cells play an important role in supporting CTLs in cancer, they also
have anti-tumor impacts on other immune subsets. Th1 cells are a key CD4" Th subset
involved in anti-tumor immunity via the production of type 1 cytokines. Th1 cells arise
upon the reception of IL-12 from DCs, and their lineage is delineated by the expression
of the transcription factor T-bet.?3 Th1 cells are an important source of IFN-y, which has
the ability to directly cause tumor senescence.?* IFN-y can also support natural killer (NK)
cell mediated lysis of cancer cells by increasing the expression of intercellular adhesion
molecule 1 (ICAM-1) on tumor cells, strengthening the interactions between NK cells and
target tumor cells.?® In addition, Th1-derived IFN-y is shown to activate macrophages to
eliminate tumor cells and enhance CTL effector functions in a melanoma model.?®

Lastly, some studies have shown that CD4* T cells can confer cytotoxic activity by
killing target cells in an MHC-dependent manner. In a model of established melanoma,
CD4* T cells were able to directly recognize tumor Ags presented on the surface of tumor
cells expressing MHC-II, while conferring cytolytic activity via the release of cytotoxic

granules akin to CTL cytotoxicity.?7-?8

1.1.3 CD8" cytotoxic T lymphocytes (CTLs) in anti-tumor immunity

CD8* CTLs were first discovered to be a key anti-tumor cell type when researchers
found a correlation of better tumor control in patients with higher number of tumor-
infiltrating CD8* T cells.?® Subsequent studies have confirmed that CTLs play an

important anti-tumor role, mainly through tumor cell cytotoxicity upon recognition of tumor-



associated and tumor-specific Ags presented on MHC-1.3° First, CD8* T cells arrive in the
tumor guided by chemokine gradients such as CCL3, CCL4, as well as CXCL9 and
CXCL10." In the TME, CD8* T cells can interact with CD103* DCs via TCR:peptide-
MHC-I interactions, as well as CD28 and CD27 on CD8" T cells with B7.1/B7.2 and CD70
on DCs, respectively.®'3? This interaction can prime or re-stimulate CD8* T cells that may
have previously encountered helped DCs in the draining lymph node.3":32

Upon CD8*:DC interactions, the ligation of CTL adhesion molecules and integrins
to tumor ligands, CTLs can direct the exocytosis of lytic granules to the site of CTL:tumor
cell interaction (the immunological synapse).>®* Some key adhesion molecules and
integrins involved in this process include LFA-1 and CD103, which bind to ICAMs and E-
cadherin expressed on tumor cells, respectively.?*3% The ligation of these molecules is
important for polarizing pre-formed cytoplasmic granules to the membrane of CTLs.34:35

CTL granules are mainly composed of two main classes of proteins: perforin, which
is responsible for forming pores on tumor cells,*® and granzymes, notably granzyme A
and B, which are serine proteases that enter tumor cells to initiate apoptosis.3” Perforin
is particularly critical for the anti-tumor effector activity of CTLs, as perforin-deficient mice
have uncontrollable tumor growth despite having intact granzyme-mediated cytotoxicity.38
The mechanism of granzyme cytotoxicity relies on programmed cell death initiation
through the cleavage of downstream caspases and pro-apoptotic Bcl-2 family proteins.3’
It is interesting to note that the loss of specific granzymes does not necessarily lead to
higher tumor incidence in mice, likely due to the redundancy in function of granzyme

family proteins.3°



In addition to granule-mediated cytotoxicity, CTLs can also eliminate tumor cells
through the expression of death-associated ligands interacting with death receptors on
tumor cells. Known death ligands expressed by CTLs include FasL and TRAIL, which
interact with Fas and TRAIL-R1/2 expressed by tumor cells, respectively.® The receptor-
ligand interaction initiates the downstream activation of procaspases, which activates
apoptotic programs in tumor cells. Mice with deficiency in the death receptor TRAIL-R are
more susceptible to tumorigenesis,*! highlighting the key role of death ligands in CTL anti-
tumor immunity.

Lastly, CTLs have been shown to have indirect anti-tumor immunity through the
release of IFN-y. Autocrine IFN-y production is important for enhancing CTL motility,
survival, as well as cytotoxic functions.#? In addition, there is some evidence suggesting
that CTL-derived IFN-y is crucial for tumor angiostasis, as tumor-bearing mice transferred
with CD8" T cells from IFN-y-deficient mice fail to control lung metastases due to

increased angiogenesis.*3

1.1.4 NK and NKT cells as key anti-tumor innate immune cell types

Natural killer (NK) cells, often considered as the innate counterpart to CTLs due to
their potent cytotoxic activity, have been known to mediate important innate type immunity
against tumor cells.** NK cells are a subset of innate lymphoid cells (ILCs) and are
classified as innate immune cells because they do not express CD3 or TCR, and they
arise from common lymphoid progenitors in the bone marrow similar to other subsets of
ILCs.%5 NK cells mainly rely on the cytokines IL-2 and IL-15% as well as transcription

factors such as EOMES*’ for survival and development.



Unlike CTLs, NK cells are not antigen specific but rather rely on integrating signals
from a host of activating and inhibitory receptors to identify target cells. Activating
receptors from NK cells can receive signals from MHC-I related proteins such as MICA
and MICB, which binds to the receptor NKG2D*849, as well as non-MHC-I molecules such
as heparan sulfate glycosaminoglycans, which binds to natural cytotoxicity receptors
(NCRs) such as NKp46, 44, and 30.5%-%2 In contrast, NK inhibitory receptors such as types
of killer Ig-like receptors (KIRs) that transduce inhibitory signals can interact with MHC-|
to prevent NK targeting of healthy, non-transformed cells.53

There are two main models in which NK cells can be activated to kill tumor cells:
the “missing self” and the “stress-induced self” model. In the “missing self” model, NK
cells become activated due to the reception of activating signals without the delivery of
an inhibitory signal because MHC-I is lost in tumor cells.>* Since many tumor cells often
lack or express low levels of MHC-I, the “missing self” model likely identifies a significant
mechanism of NK cell activation in cancer.>® Recent studies have proposed the “stress-
induced self” model to describe situations where NK-mediated cytotoxicity is intact
despite target tumor cells still expressing MHC-I. The “stress-induced self” model
hypothesizes that NK cells can target tumor cells due to the reception of an overwhelming
amount of stimulation through stress-induced ligands, which are upregulated in tumor
cells. The NKG2D receptor in NK cells play a key role in this model by receiving activating
signals from MICA and MICB, which are proteins that are upregulated in human tumor
cells compared to normal cells.%® Studies have observed increased tumor incidence in
murine spontaneous tumor models with NKG2D deficiency, highlighting the importance

of NKG2D and the “stress-induced self” model in NK tumor immunosurveillance.?” Other



receptors in the NCR family such as NKp30 may also play an important role in the “stress-
induced self” model by delivering an activating signal, as NKp30 binds specifically to B7-
H6, a molecule uniquely expressed on tumor cells but is absent on non-transformed cells
in humans.%®

Upon activation, NK cells employ similar mechanisms of anti-tumor cytotoxicity as
CTLs, such as the use of perforin and granzymes as well as Fas-FasL interactions.5%:60
In addition to direct cytolysis, NK cells are also potent early producers of IFN-y, which can
have apoptotic effects through caspase signaling initiation at high doses.?'-6? NK-derived
IFN-y may additionally have an anti-angiogenic effect by reducing endothelial cell
numbers and interacting with stromal fibroblast to downregulate vascular endothelial
growth factor A (VEGF-A), promoting tumor ischemia.®®%4 Lastly, there is evidence
supporting NK-derived IFN-y inducing M1-polarized macrophages and increasing
macrophage phagocytosis, which inhibits tumor growth.5°

In addition to NK cells, NKT cells have also increasingly been demonstrated to play
key roles in anti-tumor immunity independently of NK cells. For example, in multiple
cancers, the presence of NKT cells correlated with better patient prognosis.®¢7 Despite
sharing part of its name with NK cells, NKT cells, the most well-characterized of which is
the type 1 invariant NKT (iNKT) cells, are in fact a subset of T cells. This is because NKT
cells express TCR specific to lipid antigens presented in the context of CD1d, which is an
MHC-I-like molecule.®® Upon recognition of the lipid-CD1d complex, NKT cells can exert
a variety of functions against tumor cells. For one, NKT cells possess direct cytotoxic
potential against tumor cells via the perforin-granzyme B pathway®® as well as through

Fas-FasL interactions.”® Furthermore, NKT cells can modulate innate and adaptive



immune cells via rapid cytokine release. NKT cells are capable of secreting both type 1
and type 2 cytokines to recruit NK cells, macrophages, and CTLs, as demonstrated in
mouse models where the injection of a-galactosylceramide, a synthetic glycolipid, led to
enhanced anti-tumor immunity.”! Lastly, NKT cells have been shown to promote the
expression of MHC-II and costimulatory molecules on DCs,’? as well as stimulate the
secretion of chemokines that attract CTLs from DCs through interacting with CD1d
expressed on immature DCs.”® Taken together, this suggests that NKT cells are an

important anti-tumor subset with unique mechanisms of tumor rejection.

1.1.5 Treg immunosuppression in pro-tumor immunity

The discovery of regulatory T (Treg) cells originates from its identification as a
CD4*CD25" T cell subset that plays important roles in self-tolerance and the prevention
of autoimmunity.” Later studies were able to identify the transcription factor forkhead box
P3 (Foxp3) as a master transcriptional regulator of Treg lineage. This was discovered
through the identification of humans with Foxp3 mutations, who have a disease termed
immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) characterized by
severe autoimmune diseases.” In addition, mice with Foxp3 mutations (scurfy mice) are
known to be Treg deficient and present with autoimmunity, suggesting that Foxp3
expression plays critical roles for Treg cells.”6:77

There are two main types of Treg cells. Thymic Tregs (tTreg) are CD4"* T cells that
become a distinct T cell subset, having been positively selected in the thymus due to
having moderately high affinity for self-peptide/MHC without being negatively selected.’®

On the other hand, peripheral Tregs (pTreg) are generated from CD4* Tconv cells in the



periphery, often with Ag specificities against non-self Ags such as those derived from the
microbiota.”®

Treg cells were first discovered to be involved in cancer immunity when it was
discovered that tumor-bearing mice given anti-CD25 antibodies, which mostly depleted
CD25" Treg cells, had a reduction in tumor burden along with improved anti-tumor
immunity.8%81 Further studies in humans confirmed that a high Treg:Teff ratio in the TME
was associated with poor patient prognosis in multiple cancers.?? In addition, Treg cells
made up 10-50% of CD4* T cells in the tumor.83 The high frequency of Tregs could be
due to pTregs being induced in tumor sites, where latent TGF-3 binding to tumor surface
integrins such as avp8 can activate TGF-f3 expressed by pTregs. This promotes pTreg
generation through cis interaction with the TGF-B receptor.84 Taken together with results
from early tumor studies in mice, this suggests that tumor-infiltrating Treg cells could be
exerting immunosuppressive functions against anti-tumor immune cells within the TME.

Treg cells utilize a diverse variety of immunosuppressive mechanisms to exert its
effector functions. For one, Treg cells express high levels of the coinhibitory receptor
CTLA-4, which binds to B7.1 and B7.2 on APCs with higher affinity than CD28, effectively
preventing T cell activation.®> The CTLA-4-B7.1/B7.2 complex can also be trogocytosed
by Treg cells, which limits the costimulatory signals available to Tconv cells.8¢ The
importance of CTLA-4 in Treg function is highlighted in mice whose Tregs lack CTLA-4,
which led to impaired Treg immunosuppression accompanied with augmented anti-tumor
immunity due to hyper-proliferative Tconv cells.?’

In addition to the expression of coinhibitory receptors, Treg cells are also potent

producers of the cytokines IL-10 and TGF-f, which appear to have immunosuppressive
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effects. Although the mechanism of IL-10 and TGF-B immunosuppression remains
unclear, the loss of IL-10" Treg cells is associated with increased disease severity in
mouse models of type 1 diabetes.®® This suggests that Treg-derived IL-10 indeed has
important suppressive functions. On the other hand, TGF-3 secreted by Treg cells has
been demonstrated to be required for autoimmune colitis prevention.®® And in tumor
models, TGF-3 receptor deficient CD8" T cells were more resistant to Treg suppression,
leading to increased tumor rejection and CTL cytotoxicity in the mice.®® This further
suggests that Treg-derived TGF-f is involved in Treg immunosuppression.

Aside from adaptive Tconv cells, Treg cells also appear capable of suppressing
innate immune cell types such as NK cells. Treg suppression of NK cells appears largely
mediated through the TGF- pathway. Studies have shown that adoptively transferred
Treg cells in tumor-bearing mice inhibited NKG2D-mediated cytolysis by NK cells, a
process that was dependent on the presence of membrane-bound TGF-B.°" In addition,
TGF-B neutralizing antibodies added in vitro to NK-Treg co-cultures restored NK cell
cytotoxicity of tumor cells,®? confirming the requirement of TGF-B in suppressing NK
activity. Other mechanisms of NK suppression by Treg cells include direct cytolysis of NK
cells via granzyme B release,®®®* or by limiting the availability of IL-2 to NK cells and
inhibit NK cell proliferation because Treg cells express high levels of the IL-2R subunit
CD25.74.9

Recent studies have suggested that Treg cells may also be important in the
suppression of pathogenic yo T cells. For example, mice with defective Treg cells had an

increase in the activation of IL-17*, colitis-inducing y5 T cells.*® However, adoptive transfer

of healthy Treg cells was able to inhibit pathogenic y6 T cell activation, proliferation, and
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cytokine production.®® Additional studies in bacterial infection models also demonstrated
that CD4*CD25* Tregs can inhibit IFN-y production specifically in v T cells,®” further

solidifying the ability of Treg cells to suppress v T cells.

1.1.6 Controversial players in tumor immunity: Th17 cells

Th17 cells are a subset of CD4" Th cells that are induced by the polarizing
cytokines IL-1, IL-6, IL-21, and TGF-B.%-19° Th17 cells are characterized by the master
transcription factor RORyt and the production of the cytokines IL-17A, IL-17F.'® The role
of Th17 cells in cancer has been controversial in recent years, with studies proposing
both anti- and pro-tumor roles of Th17 that seem to depend on the type of cancer model
studied.

Studies that suggest Th17 cells act as a mostly pro-tumor subset largely focus on
the pro-angiogenic effects of its effector cytokine IL-17A."°' There is evidence suggesting
that IL-17A can promote tumor proliferation by stimulating fibroblasts to upregulate the
expression of VEGF.'%? In addition, in a lung adenocarcinoma model, IL-17 was shown
to promote the expression of IL-6, IL-8 and VEGF in the tumor tissue which enhanced
tumor angiogenesis.'®® Other studies focused on immune cells that are impacted by IL-
17 production. One study demonstrated that in a model of breast cancer, IL-17 could
recruit pro-tumorigenic neutrophils to the TME.'% In addition, neutralizing IL-17 by IL-17
blockade was able to slow tumor progression due to neutrophil migration being
prevented.04

On the other hand, correlational studies examining patient prognosis with Th17

infiltration found that having higher levels of IL-17A and RORyt gene expression,
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indicating activated Th17 cells, correlated with better patient prognosis and longer
disease-free survival in colorectal cancer and oropharyngeal squamous carcinoma.'05.106
A proposed mechanism of action includes the ability of IL-17 to synergize with IFN-y to
induce tumor cell production of CXCL9 and CXCL10, which could enhance the migration
of CD8* Teff and NK cells to the TME."” |L-17 also appears to modulate macrophage
activation, inducing macrophages to produce IL-12 which may promote the production of
anti-tumor CTLs."% Furthermore, IL-17F has been suggested to play an anti-angiogenic
role in hepatocellular carcinoma, where IL-17F transfected tumor cells had reduced
production of angiogenic factors that corresponded with decreased tumor size when
tumor cells were transplanted into mice.'® Altogether, the two lines of evidence
demonstrate the controversial nature of Th17 in cancer immunity and highlight the need

for more definitive studies to precisely parse out its role.

1.1.7 Controversial players in tumor immunity: v T cells

1o T cells are a subset of T cells whose TCR is composed of y and § chains in
contrast to the a and B chains found in Tconv cells."’® Unlike Tconv cells, v T cells
recognize Ags in a non-MHC restricted manner and are potent secretors of cytokines
upon activation.""® Due to its ability to recognize a broad spectrum of stress-induced
molecules, including tumor-associated stress proteins, ydT cells have become attractive
targets in adoptive cell therapies to treat cancer.’® However, whether v3 T cells play a
mainly anti- or pro-tumor role remains to be elucidated.

Studies that propose an anti-tumor role of yd T cells tend to focus on the human

Vy9Vé2 T subset, which has been shown in vitro to lyse cancer cells through granule
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cytotoxicity after recognizing MICA, MICB, and phosphorylated Ags accumulated on
cancer cells."" The Vy9V52 subset was also shown to express death ligands such as
FasL and TRAIL, as well as innate cytotoxicity markers associated with NK cells.'"? In
addition, blocking TRAIL via antibodies in vitro inhibited Vy9Vs2 killing of colon cancer
stem cells,''? suggesting the importance of death ligands as a mechanism of Vy9V§2 anti-
tumor immunity. In a model of neuroblastoma, the V52 subset was also found to kill cancer
cells via antibody-dependent cytotoxicity, which requires the expression of CD16 on V52
T cells."”® While murine yd T cells do not have a Vy9V§2 subset that recognizes
phosphoantigens like the human y5 subset, studies have identified in murine skin cancer
models the importance of IFN-y-producing v T cells in enhancing anti-tumor immunity.
For example, in a melanoma model where yd T cells were depleted then reconstituted
specifically with the Vy4 y3 T cell subset, mice achieved better tumor control that was
dependent on the potent production of IFN-y and perforin from this population.'*

On the other hand, studies suggesting that yo T cells play a key pro-tumor role
largely focus on the pro-tumor effector functions of the yo T17 subset, which is
characterized by its potent secretion of IL-17."19 Similar to IL-17A production from Th17
cells, IL-17 derived from yd T17 has been shown to promote angiogenesis in various
cancers by inducing VEGF production.' In addition, IL-17 from y5 T17 attracted myeloid-
derived suppressor cell (MDSC) accumulation in human colorectal cancer, favoring tumor
progression.''® Other studies examining metastasis suggested that y5 T17-derived IL-17
can expand pro-tumor neutrophils, which in turn can suppress CTLs and the anti-tumor

Vy9V§2 subset in humans.'”

14



Taken together, it appears that the role of y3T cells in cancer may be quite diverse,
with different subsets having opposing effector functions in the cancer immune response.
Further studies aiming to understand the role of yd T cells in cancer should focus on
elucidating the subsets of yd T cells present in each tumor model in mice vs. in humans

to determine their impact on tumor progression.

1.2 Inducible T-cell costimulator (ICOS)

1.2.1 Structure and expression pattern of ICOS and ICOSL

Inducible T-cell costimulator (ICOS) is a CD28 family costimulatory receptor first
discovered in activated human T cells."”® It is composed of an extracellular
immunoglobulin domain, a transmembrane glycoprotein, as well as a cytoplasmic tail
(Figure 1.1)." On the cell surface, ICOS is formed as a sulphide bond-linked homodimer."
ICOS is an inducible receptor that is expressed upon TCR ligation, with CD28
costimulation further upregulating its expression, hence the name “inducible”
costimulator.'® The availability of ICOS costimulation is tightly regulated, as ICOS ligation
with its only known ligand, ICOS ligand (ICOSL), leads to the internalization of ICOS from
the cell surface to prevent T cell hyperactivation.'?° ICOSL can also be shed from the cell
surface upon ICOS:ICOSL ligation, a process that is dependent on ADAM family
metalloproteinases. 20121

ICOS is found to be expressed mainly on T cells, especially on T follicular helper
(Tfh) cells, a subset of CD4* T cells that are involved in humoral immune responses.’

However, ICOS can also be expressed at varying levels in other activated T cell subsets
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such as Th1, Th2, Th17, Treg, and CD8* CTLs.! ICOS can also be found on innate
immune cells such as vd T cells, NK cells, and innate lymphoid cells (ILCs)."22125

ICOSL is a B7 family costimulatory ligand whose members also include the CD28
ligands B7.1 and B7.2.'%6 |COSL is predominantly expressed on APCs and B cells to
stimulate T cell activation,'?” similar to B7.1 and B7.2. However, studies have also found
ICOSL expression in non-hematopoietic cells such as alveolar epithelial cells'® and
podocytes'?®, suggesting that ICOS:ICOSL costimulation has unique roles compared to
CD28:B7.1/B7.2 costimulation, as B7.1/B7.2 molecules are exclusively presented on
APCs. Uniquely in ILCs, ICOS and ICOSL can both be constitutively expressed and are
crucial for ILC homeostasis and function,’?#125 which challenges the inducible nature of

ICOS.
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Figure 1.1 Structure of ICOS’

Depicted is the polypeptide sequence of the transmembrane segment and cytoplasmic
tail of murine 1ICOS. Evolutionarily conserved residues are highlighted in green. Motifs
linked to known signal transducers are in red boxes: KKKY for PLCy1; IProx for TBK1;
YMFM for PI3K. The transmembrane segment of ICOS associates with Lck facilitating

PI3K activation and intracellular calcium release possibly through PLCy1.
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1.2.2 ICOS signaling mechanisms

ICOS can potentiate 3 distinct signaling pathways through motifs in the
cytoplasmic tail: PI3K signaling, PLCy1-mediated Ca?* flux, and TBK1-mediated signaling
(Figure 1.2)." First, the induction of ICOS-PI3K signaling relies on the key cytoplasmic
tail residues Tyr181 in the SH2-binding YMFM motif. Knockin mice with a point mutation
that leads to a Tyr181 to Phe substitution at this residue abrogates PI3K activation,
without affecting other ICOS-mediated signaling pathways.'° The ability of ICOS to
activate PI3K and downstream signaling is much more potent than CD28, suggesting that
ICOS plays a unique costimulatory role in T cell activation in addition to CD28 effects.
Second, ICOS has been shown to mobilize intracellular Ca?* to potentiate PLCy1-
mediated Ca?* flux initiated by TCR engagement, a process that is dependent on the
KKKY motif on its cytoplasmic tail. Point mutations that lead to the substitution of Tyr170
to Phe within the KKKY motif led to a deficiency in ICOS-mediated Ca?* signaling.?’
Lastly, a signaling motif named IProx was described which was crucial for the recruitment
of TBK1 and the activation of TBK1-mediated signaling upon TCR engagement and
ICOS:ICOSL interaction.'®? However, this signaling pathway in ICOS has only been

identified in Tfh cells, with downstream mechanisms not fully clarified.

1.2.3 ICOS deficiency in Tfh-mediated humoral immunity

The most striking immune defect in both ICOS-deficient mice and humans is the
defect in humoral immunity due to a lack of Tfh cells.’'®133-135 Studies in Tfh biology
suggest that ICOS is critical for multiple aspects of Tfh cell differentiation and effector

functions. Tfh cells are a CD4"* T cell subset that play key roles in sustaining germinal
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center (GC) reactions. Upon activation, pre-Tth cells express the master transcription
factor Bcl6 as well as upregulate the expression of CXCRS5, allowing pre-Tfh cells to
migrate into the T-B border following chemokine gradients.’3¢.'3” |COS is important for
Tfh identity as this stage, as ICOS protects the Bcl6 protein from ubiquitin-dependent
degradation,’® and mice with a deficiency in ICOS-PI3K signaling have reduced Tfh
populations.'% In addition to supporting Tfh lineage, ICOS supports the activity of Tfh
cells in the GC. ICOS costimulation is required to maintain Tfh motility as they discriminate
cognate B cells from bystander B cells in order to deliver crucial survival signals only to
cognate B cells.”®® In mice with an abrogation of ICOS-PI3K, T cells were less mobile in
lipid bilayers, with a reduced activation of small GTPases that could remodel actin and
promote motility."3' ICOS-PI3K signaling in Tfh cells can additionally promote IL-4
production, a cytokine important for promoting B cell maturation upon T:B interactions. 40
Therefore, recurrent infections in humans with homozygous null mutations in ICOS can

be attributed to the abrogation of humoral immunity in the absence of Tfh cells.®

1.2.4 Role of ICOS in CD4"* Tconv cells

While most of the literature examining the role of ICOS in CD4* T cells focuses on
its function in Tfh cells, ICOS has nonetheless important roles in CD4" Tconv subsets
such as Th1, Th2 and Th17 cells that may be involved in tumor immunity. To begin, the
role of ICOS in Th1 cells is controversial and appear to depend based on the type of
immune challenge used. For example, in Mycobacterium tuberculosis lung infection,
ICOS deficiency led to a lower chronic bacterial burden along with enhanced Th1

immunity in the form of increased IFN-y* Th1 cell frequency, suggesting that ICOS
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costimulation suppresses Th1 functions.’*' However, this study utilized germline
knockout of ICOS, which may impact cells other than Th1 cells leading to the observed
increase in Th1 immunity. On the other hand, other infection models using Salmonella
and Listeria showed that ICOS knockout or blockade instead led to a lack of IFN-y
responses from CD4* T cells, resulting in poor bacterial control.'#2143 These results
suggest that ICOS signaling promotes Th1 responses. While the role of ICOS in Th1 cells
in the cancer context have not been fully elucidated, recent studies propose a positive
correlation between ICOS expression on tumor-infiltrating Th1 cells, enhanced effector
functions, and improved survival in colorectal cancer patients.' This seems to suggest
that ICOS may play an important costimulatory role to support Th1 cell function in cancer,
similar to that observed in Salmonella and Listeria infection models.'44

In contrast to Th1 cells, ICOS is well-known to promote Th2 immunity. For one,
ICOS promotes the expression of the Th2-polarizing cytokine IL-4 and the IL-4 receptor,
leading to enhanced Th2 differentiation.’> The abrogation of ICOS signaling also led to
a decrease in the production of Th2 type cytokines.'33134.146 Dye to its importance in
supporting Th2 cells, infection models such as Nippostrongylus brasiliensis, where Th2
responses are crucial for parasite eradication, showed impaired parasite control and
enhanced parasite egg production in ICOS deficient mice. '’

ICOS is also thought to support the generation and effector functions of Th17
cells.'8 ICOS is a key regulator of c-Maf expression, a transcription factor that is critical
for committed Th17 precursor cells to become stable Th17 cells when exposed to the
polarizing cytokine IL-23.74° ICOS-PI3K signaling was also found to be important for anti-

chlamydial Th17 responses, as ICOS deficient CD4* T cells had impaired production of
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IL-17 which resulted in difficulty controlling Chlamydia lung infections.'® In tumor models,
ICOS seems to potentiate Th17 signature gene expression and led to better tumor control
in one study. It was observed in this study that ICOS-activated Th17 cells expressed
higher levels of Rorc (encoding RORyt), MAF (encoding c-Maf), /l/17a (encoding IL-17A),
and //121 (encoding IL-21) compared to CD28-activated Th17 due to potent ICOS-PI3K
activation.’® This suggests that ICOS serves important roles for Th17 cells, but since the
role of Th17 cells in cancer is controversial, whether ICOS-mediated Th17 responses is

anti- or pro-tumor remains to be fully elucidated.

1.2.5 Role of ICOS in CD8* CTLs

Past studies investigating the role of ICOS in CD8" T cells suggested that ICOS is
important for supporting CTL effector functions.’? For example, ICOSL expression on
tumor cells has been shown to enhance CTL-mediated tumor cytotoxicity, possibly due
to enhanced costimulation because of ICOS* CTLs ligation with ICOSL expressed on
tumors.’3 In addition, injecting ICOSL* tumor cells led to the efficient destruction of these
cells by CTLs compared with the injection of ICOSL- tumor cells.’®® Other studies in
infectious models confirm that ICOS is important for CTL functions, as ICOS blockade in
Listeria monocytogenes infection led to poor CTL-mediated infection control. This was
due to reduced numbers of Listeria-specific CD8" T cells that expressed signature effector
cytokines.'*3 However, further studies that specifically explore the mechanism of ICOS in
supporting CD8* anti-tumor immunity are required, since there is generally a larger focus

on the role of ICOS in CD4* T cells.
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1.2.6 Role of ICOS in Treg cells

Multiple studies have collectively proposed that ICOS is critical for the generation,
proliferation, and immunosuppressive capacity of Treg cells. 20% of Foxp3* Treg cells
express ICOS, which suggests that ICOS is likely important for Treg cells.'® Indeed,
ICOS deficiency leads to a decrease in number of Foxp3* Treg cells.’® A proposed
mechanism of how ICOS supports Treg cells is that ICOS maintains Foxp3 expression,
since deficiency led to the downregulation of Foxp3 expression along with increased
methylation of the Foxp3 conserved non-coding DNA sequence 2 (CNS2) in Tregs.'5®

In addition, ICOS appears to support Treg proliferation, evident from the
observation that ICOS* Tregs have higher expression of the proliferation marker Ki-67
compared to their ICOS™ counterparts.8 ICOS is also well-established in promoting the
survival of Tregs, as ICOS* Tregs stimulated in vitro with anti-CD3 became
hyperproliferative, compared to ICOS- Tregs which died within hours of stimulation.'s’
Furthermore, enhanced ICOS expression in aged mice was shown to attenuate the
expression of the pro-apoptotic molecule Bim, sustaining effector Treg survival.'s8

Lastly, ICOS* Treg cells also seem to have increased immunosuppressive
capacities. In a non-obese diabetic (NOD) mouse model, the loss of ICOS expression in
pancreatic Tregs was correlated with diabetes progression.®8 ICOS" Treg cells were also
correlated with increased expression of the immunosuppressive cytokine IL-10 in some
studies. %1% Although precise mechanisms in which ICOS supports Treg suppressive
activity remains unclear, it nonetheless highlights ICOS as an important marker with

functional roles in Treg cells.
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1.3 Role of ICOS in cancer immunity and immunotherapy

1.3.1 Overview

The advent of immune checkpoint blockades like anti-CTLA-4 and anti-PD-1
shows promise in curing cancer by lifting the inhibition on anti-tumor Teff cell activation
and function.’®' Nonetheless, many patients do not respond to checkpoint blockade
therapies, making urgent the need to elucidate the immune mechanisms underlying
patient unresponsiveness to improve therapeutic outcomes.'%?

ICOS first became of interest to the field of cancer immunity when it was
discovered that bladder and breast cancer patients receiving CTLA-4 blockade showed
elevated levels of ICOS-expressing CD4* and CD8* T cells, both in circulation and within
the tumor.163.184 |nitial work on the role of ICOS in cancer suggested that increased ICOS
expression on CD4* T cells could be an effective, highly-specific biomarker for monitoring
the therapeutic response of cancer patients treated with checkpoint blockade therapy.'®®
Subsequent work on ICOS in cancer has since consistently demonstrated that ICOS
serves a functional role at the cancer immune interface, beyond its usage as a
pharmacodynamic biomarker. However, an important point of contention in the field
remains centered around whether ICOS plays a mainly anti- or pro-tumor role. ICOS is
expressed on both Teff and Treg cells, two immune cell types that are implicated in
opposing sides of the cancer immune response, further confounding the understanding

of ICOS and its precise role in cancer immunity.
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1.3.2 Evidence supporting the anti-tumor role of ICOS

Early evidence supporting the idea that ICOS serves an anti-tumor function came
from studies of cancer patients undergoing CTLA-4 blockade, where it was observed that
the elevated population of ICOS-expressing CD4* and CD8" Teff cells that arose post-
therapy were largely IFN-y-producing in a tumor Ag-specific manner.'83.164 In addition, the
ratio of CD4*ICOS" Teff to Foxp3* Treg cells increased post-treatment, concomitant with
an increase in overall Teff:Treg ratio.'®® Given the well-documented role of IFN-y and Th1
Teff cells in promoting tumor eradication,®®167 it was proposed that ICOS may play an
anti-tumor role by enriching the Teff cell compartment and enhancing their anti-tumor
functions. This idea was supported in a study using a model of B16/BL6 murine melanoma,
where tumor-bearing mice after CTLA-4 blockade had an increased ICOS* Teff: Treg ratio
that corresponded with elevated levels of IFN-y production from ICOS* Teff cells and a
subsequent reduction in tumor burden.'®® In contrast, mice deficient in ICOS experienced
a drastically dampened CTLA-4 therapeutic response compared to their wild-type
counterparts, leading to tumor persistence.'® Thus, it appears that ICOS:ICOSL
engagement may be essential for facilitating the anti-tumor response that is resuscitated
during checkpoint blockade therapy, supporting the idea that ICOS plays an anti-tumor
function.

Additionally, using a tumor cell vaccine engineered to express ICOSL in murine
models of melanoma and prostate cancer, it was shown that ICOS costimulation provided
concomitant with CTLA-4 blockade can increase CD4* Teff cell release of
proinflammatory cytokines as well as CD8* T cell-associated granzyme B cytotoxicity.'6

This enhancement in anti-tumor effector functions again correlated with lower tumor
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burden and decreased mortality in mice.'®® Similar augmentations in anti-tumor Teff
function were also demonstrated in murine breast cancer models treated with oncolytic
viruses engineered to express ICOSL."° Furthermore, the observed increase in Teff
functional capacity is likely because of ICOS-mediated PI3K signaling effects, which has
been shown in the context of CTLA-4 blockade therapy to upregulate T-bet expression
and IFN-y production.'”’ Combined together, these studies present an anti-tumor view of
ICOS, where ICOS costimulation modulates the ratio of anti-tumor and pro-tumor immune
cells in the tumor microenvironment, as well as impacting Teff functional capacity in order

to boost anti-tumor immunity.

1.3.3 Evidence supporting the pro-tumor role of ICOS

Other works in the cancer immunity field have challenged the idea that ICOS plays
a largely anti-tumor role through studies into the impact of ICOS on Treg cells, an
important pro-tumor immune cell type. ICOS is known to be highly expressed on Treg
cells, where it is critical for Treg homeostasis, proliferation, and function in autoimmune
diabetic mouse models.88172.173 Similarly, it has been suggested that ICOS may support
the pro-tumor immunosuppressive activity of Tregs in cancer. In human melanoma
patients receiving high-dose IL-2 therapy, a high expansion of the ICOS*™ Treg
compartment was observed, which in turn correlated with poor prognosis.'”* In addition,
ICOSL expression has been detected in multiple human cancers. In human metastatic
melanomas, around 50% of patients expressed ICOSL to a high degree.’”® ICOSL*
human melanoma cells potently activated Tregs in vitro by promoting high CD25 and

Foxp3 expression as well as increasing the capacity of Tregs to produce the
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immunosuppressive cytokine IL-10."7% In vivo ICOSL-blockade in a mouse melanoma
model reduced tumor-infiltrating Foxp3*ICOS* Tregs."”® Similarly, acute myeloid
leukemia (AML) cells in human patients also expressed ICOSL and can expand ICOS*
IL-10 producing Tregs, a subset of cells that concurrently marked reduced overall patient
survival in disease-free conditions.'”® Collectively, these studies propose a tumor-intrinsic
model of ICOS costimulation whereby tumors exploited ICOS:ICOSL interactions to
actively induce regulatory T cells, then hijacked Treg immunosuppressive functions to aid
tumor progression.

In addition to a tumor-intrinsic sources of ICOS costimulation through ICOSL
expression, studies have also shown that plasmacytoid dendritic cells (pDCs) may serve
as a source of ICOSL in the tumor microenvironment to recruit Treg cells. In human breast
and ovarian cancer, Foxp3" Treg cells were the main T cell subset that expressed
ICOS."77:178 |COS* Tregs and ICOSL* pDCs were co-localized in the tumor site, while
ICOS-ICOSL interactions between tumor-infiltrating ICOS* Tregs and ICOSL* pDCs
amplified IL-10 secretion by Treg cells.'”'78 This interaction also correlated with poor
patient prognosis, proposing that ICOS costimulation may overall play a pro-tumor role

by supporting ICOS* Treg cells.'’7:178

1.4 Rationale and objectives

ICOS costimulation seems to play an important role in supporting immune cells
such as CD4* and CD8" Teff cells, which mediate key anti-tumor immune responses. In
bacterial infection models, the abrogation of ICOS signaling decreased IFN-y production

from CD4* T cells, which could potentially limit macrophage-mediated tumor elimination
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reliant on type 1 cytokine activation.'® Studies have also showed that ICOS blockade
can limit CD8" cytotoxicity, a crucial immune mechanism that facilitates tumor rejection. %3
However, immune cell subsets that oppose anti-tumor immunity such as Treg cells are
also supported by ICOS costimulation. ICOS deficiency reduced Treg numbers,'® and
ICOS*™ Treg cells have better survival and immunosuppressive capacity via IL-10
production in autoimmune models.'®®1%0 Further studies in immunotherapy reflect this
paradoxical role of ICOS in cancer, with some studies suggesting that ICOS-deficient
mice respond less robustly to CTLA-4 blockade,'®® while other studies correlated the
expression of ICOSL on tumor cells with increased ICOS* Treg cells in the tumor that
may hasten tumor progression.'”® Since many anti-ICOS antibodies, mainly ICOS
agonistic antibodies, have been developed and are actively being tested in phase 1 and
2 clinical trials as a novel cancer therapeutic,'”® there is an urgent need to clarify the
precise role of ICOS in cancer immunity to achieve the greatest clinical benefits.

Given these conflicting lines of evidence, we hypothesize that ICOS plays a dual
role in promoting anti- and pro-tumor T cell subsets, with each subset having a differential
requirement for ICOS. We have two main objectives in this study:

1. Investigate the impact of ICOS costimulation in late-stage metastatic tumor burden
and immune cell composition.

2. Elucidate the role of ICOS in modulating various anti- and pro-tumor immune cell
types at an early stage of tumor progression, when there are dynamic changes

occurring in the immune cell compartment.
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Chapter 2: Materials and Methods

2.1 Mice and animal procedures

CD4c (Jax 017336)'® and Foxp3Y -t mice (Jax 016959)'®! were purchased
from the Jackson Laboratory. ICOS conditional knockout mice were generated in
C57BL/6 background as previously described.'® Mice used were 6-12 weeks of age
unless otherwise specified. For CD4%¢ lines, female mice were used to allow for co-
housing. For Foxp3YFP-Cr lines, male mice were used. All mice were housed in the Institut
de Recherches Cliniques de Montréal animal care facility under specific pathogen-free
conditions. Animal experiments were performed in accordance with animal use protocols
approved by the Institut de Recherches Cliniques de Montréal Animal Care Committee.
For intravenous injections, mice were injected in the tail vein with 6 x 10° B16-OVA cells

in 200 L of PBS.

2.2 Cell culture

The B16-OVA (B16 melanoma cell line transfected with ovalbumin cDNA) was
obtained from Dr. John Stagg, Université de Montréal.’® Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 4.5 g/L L-glucose, 2 mM L-
glutamine, 1 mM sodium pyruvate, 10% heat-inactivated fetal bovine serum (above all
from Wisent), 10 mM HEPES, 100 U/mL penicillin, 100 ug/mL streptomycin, and 55 yM
2-mercaptoethanol (from ThermoFisher) at 37 °C with 5% CO.. Cells were passaged
every 2-3 days at 1:10 or 1:12 ratio using 0.05% trypsin-EDTA (ThermoFisher). Cells
were harvested for injection using 10 mM EDTA (ThermoFisher) in PBS and were used

before the 4™ passage to prevent genetic drift.
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2.3 Flow cytometry

Tumor-bearing lungs were cut into small pieces using scissors, then digested to
obtain single cell suspensions in 300 U/mL collagenase type 2 (Worthington Biochemical)
and 10 mg/mL DNase | (MilliporeSigma) for 50 minutes at 37 *C, with 300 rpm horizontal
shaking. Cells were then filtered using 70 ym and 40 ym cell strainers. To assess cell
viability, 1 x 10° cells were stained in PBS at 1 x 107 cells/mL with 1:200 dilution of fixable
viability dye eFluor 450 (ThermoFisher) for 15 minutes at 4 °C. Anti-CD16/CD32 (1
pug/sample, BioXCell) was used for 5 minutes at room temperature to block non-specific
binding mediated by Fc receptors. Surface stainings were performed for 20 minutes at 4
°C in 1% bovine serum albumin (Wisent) in PBS. Intracellular stainings were performed
using the Transcription Factor Staining Buffer Set (ThermoFisher) to fix and permeabilize
cells (45 minutes at 4 °C for each of the steps). The following antibodies were used in
stainings. ThermoFisher: anti-CD45 APC-eFluor780 (30-F11), anti-CD4 Alexa Fluor 700
(RM4-5), anti-CD8 PerCP-Cyanine5.5 (53-6.7), anti-Foxp3 PE or APC (FJK-16s), anti-
NK1.1 APC (PK136). BioLegend: anti-ICOS FITC (7E.17G9) or Brilliant Violet 650
(C398.4A), anti-CD44 Brilliant Violet 605 (IM7), anti-TCR y/d FITC (GL3), anti-NKp46 PE
(29A1.4). Antibodies were diluted in 1% bovine serum albumin in PBS according to
manufacturer's recommended concentrations. Data was acquired on BD LSRFortessa

and analyzed using Flowjo version 10 (BD Biosciences).

2.4 Single cell RNA sequencing
A CD4°¢ICOS** and a CD4°¢ICOS" female mouse was intravenously injected

with B16-OVA cells and euthanized 10 days post-challenge. Tumor-infiltrating T cells
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were isolated from the collagenase digested lungs using the EasySep mouse T cell
negative isolation kit (StemCell). 15,000 cells from CD4°¢ICOS** and CD4°¢ICOS" mice
were sent for library preparation. Libraries were generated 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 Kkit.
Sequencing was performed by Genome Québec using a NovaSeq 6000 (lllumina) with a
flow cell S1 PE28*91.

For the analysis of the single cell expression matrix, dying or dead cells were
filtered out of the dataset by eliminating any cells with more than 10% mitochondrial RNA
contamination. Cells expressing less than 200 or more than 7500 unique genes,
corresponding to empty droplets and multiplets, were also filtered out. The data was then
log normalized. The most differentially expressed genes within the dataset were
identified, and the data was subsequently scaled. Linear dimensional reduction was then
performed using the Principal Component Analysis (PCA) method based on the 2000
variable features. The first 40 most important principal components generated by the PCA
were selected to construct a Shared Nearest Neighbor (SNN) graph, and Modularity
Optimizer version 1.3.0 was used to identify 26 clusters.'® Uniform Manifold
Approximation and Projection (UMAP), a non-linear dimensional reduction technique,
was used to visualize the cells on a 2D space.'®® Clusters corresponding to T cells were
identified using the Seurat FindMarkers function, and were separately clustered. 12 T cell
clusters were generated and visualised in a 2D UMAP space. The expression of genes

of interest were visualized by generating violin plots using the Seurat VInPlot function,
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and statistical significance was assessed via the Wilcoxon rank sum test provided by the

Seurat FindMarkers function.

2.5 Statistical analysis

Two-tailed Student t test was used to assess statistical significance in single
comparisons. For single cell gene expression comparisons between clusters, the
Wilcoxon ranked sum test was used. p values were used to determine statistical
significance: ns = p>0.05, *p<0.05, **p<0.01, ***p<0.001. Analysis was performed using

Prism 7 (GraphPad software).
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Chapter 3: Results

3.1 ICOS deletion in Treg cells, but not in all T cells, decreases tumor

burden

To investigate the role of ICOS costimulation in cancer immunity, we first sought
to analyze the impact of ICOS deletion in all T cells in a murine model of experimental
‘metastatic’ melanoma, where tumor nodules develop following circulating tumor cell
seeding in the lung. This model allows us to quantify tumor burden in the lungs in a
synchronous manner compared to other metastatic melanoma models, where mice
develop spontaneous pulmonary metastases from primary tumors.'® Control
(Cd4°®lcos**) and mice lacking ICOS in all T cells (Cd4°¢lcos” here after) were
challenged intravenously with B16-OVA melanoma cells, then the lung tumor burden as
well as tumor-infiltrating immune cells were assessed after 17 days (Figure 3.1A). The
metastatic tumor burden was similar between control and Cd4°¢/cos” mice (Figure 3.1B).
We then performed flow cytometry analysis of tumor-infiltrating T cell populations by
gating on CD45*CD4" and CD45*CD8* T cells (Supp. Figure 3.1), since only about 1-3%
of CD45*CD4* T and 0.7-2% of CD45*CD8* T is TCR-B* (data not shown). We confirmed
that ICOS expression is lost on all T cell subsets (Supp. Figure 3.2A). In addition, we
found that the percentage and number of total CD4* and CD8" cells were similar between
genotypes (Figure 3.1C and D), while the percentages and number of non-Treg CD4"*
cells and Treg cells (Figure 3.1E and F) were also comparable between control and
Cd4°elcos” mice. Accordingly, the ratio of CD8* Teff to Treg cells and non-Treg CD4* to
Treg cells was maintained despite the loss of ICOS in Cd4°¢lcos” mice (Figure 3.1G).

This suggested to us that when ICOS costimulation is missing from all T cell subsets,
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there could be a global defect in both anti- and pro-tumor T cell functions without changes
to the percentage and number of T cells present in the tumor microenvironment. This
could have contributed to the net zero difference in the tumor burden between control and
Cd4°elcos” mice.

Given that ICOS deficiency in all T cells did not affect tumor burden, we next sought
to analyze the impact of ICOS deletion selectively in the regulatory T cell compartment.
Interestingly, when ICOS is selectively deficient in Foxp3™ Tregs while intact on effector
CD4* and CD8" T cells (Foxp3°®lcos™ here after, Supp. Figure 3.2B), the tumor burden
was drastically reduced compared to control mice that have |ICOS-intact Treg cells
(Foxp3°*lcos**, Figure 3.2A). Unexpectedly, there was a decrease in the percentage
and number of tumor-infiltrating CD4* T as well as the number of CD8" Teff cells (Figure
3.2B and C). Nonetheless, the ratio of CD8" Teff and non-Treg CD4" to Treg cells was
significantly elevated in Foxp3°elcos” mice (Figure 3.2G), suggesting that the relative
anti-tumor T cell compartment was augmented in these mice. There was also a small
increase in the percentage of non-Treg CD4* T cells along with a drastic reduction in the
percentage and number of Treg cells in Foxp3°elcos” mice (Figure 3.2D and E). In
addition, these mice had slightly reduced CD44" activated Treg populations compared to
controls, while the mean fluorescence intensity (MFI) of Foxp3 remained comparable
between genotypes (Figure 3.2F). This indicated that ICOS deletion in Treg cells
decreased Treg numbers and Treg activation. Taken together, this data suggested that
in a cancer context, ICOS may play important roles in both Teff and Treg cell biology so
that when ICOS is selectively impaired in Treg cells, pro-tumor immunity is dampened

allowing anti-tumor immunity to predominate, ultimately improving tumor control.
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3.2 The impact of ICOS deletion in Treg cells is established at an early
stage of tumor growth

Since we found that ICOS deletion in all T cells did not seem to alter T cell profiles
at a late stage of tumor progression, we next sought to understand the impact of ICOS
on T cells at an earlier stage of tumor growth, when there are dynamic changes taking
place in the immune cell compartment. We challenged mice with B16-OVA cells, then
assessed tumor-infiltrating immune cell profiles 10 days post-challenge when tumor
nodules were beginning to become visible in the lung (Figure 3.3A). Interestingly, we saw
similar trends in the profiles of tumor-infiltrating Teff and Treg cells at this stage compared
to later stages of tumor growth. Notably, there were no significant differences in the
percentage and number of CD4* and CD8" Teff cells (Figure 3.3B and C), as well as in
the percentage and number of non-Treg CD4* T and Treg cells between control and
Cd4°lcos” mice (Figure 3.3D and E). In addition, the ratio of CD8* Teff and non-Treg
CD4" to Treg cells remained similar between genotypes (Figure 3.3F). This suggests that
the impact of ICOS deficiency may impair both Teff and Treg cells even at early stages
of tumor progression, and this defect is likely maintained into the later stages of tumor
growth.

To confirm that ICOS deficiency impairs T cells at an early stage of tumor
progression, we next analyzed the T cell profiles of control and Foxp3°¢Icos™ mice at an
early stage of tumor growth. We observed similar trends as mice in the late stage of tumor
progression, including the reduction of tumor-infiltrating CD4* and CD8" Teff percentage
and numbers (Figure 3.4A and B), as well as a small increase in non-Treg CD4*

percentage along with a drastic reduction in Treg cells (Figure 3.4C and D). There was
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also an augmentation in the ratio of CD8" and non-Treg CD4" Teff cells to Treg cells in
the Foxp3°®lcos™ mice (Figure 3.4F). Unlike mice at late stages of tumor progression,
there was no significant differences in the activation status of Treg cells in control vs.
Foxp3°¢lcos” mice at the early stages of tumor growth (Figure 3.4E). This data highlights
the importance of ICOS in maintaining potent Treg cell activation as tumor cells multiply,
likely enhancing the pro-tumor immunosuppressive capacities of Treg cells and favoring

tumor progression.

3.3 Single cell transcriptomic analysis reveals augmented expression of

proinflammatory chemokines in CD8" Teff cells

Since the tumor-infiltrating T cell percentages and numbers appear similar at later
stages of tumor growth (17 days post-challenge) compared to an earlier stage (10 days
post-challenge), we sought to elucidate whether there are alterations in Teff and Treg cell
function against cancer cells when ICOS is lost. We performed single cell transcriptomic
analysis of tumor-infiltrating T cells in an ICOS-intact control mouse (Cd4°®Icos**) vs. a
mouse with ICOS-deficient T cells (Cd4°®Icos™) at an early stage of tumor growth (10
days post-challenge). Tumor-infiltrating T cells were isolated using a pan-T cell isolation
kit which achieved about 50% enrichment. UMAP projections revealed that control and
Cd4°elcos™ mice have similar clusters, with no new T cell clusters uniquely present in
either control or Cd4°®Icos” mice (Figure 3.5A). In addition, non-Treg CD4*, CD8* Teff
cells and Treg cells all formed distinctive clusters, with clusters 0, 2, and 5 encompassing
non-Treg CD4" cells, clusters 1, 3, and 6 encapsulating CD8" Teff cells, while cluster 7

identified Treg cells (Figure 3.5A and B). Furthermore, non-Treg CD4" cells in clusters 2
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and 5, CD8" Teff cells in cluster 6, as well as the Treg cell cluster 7 identified activated T
cells due to their high expression of Cd44, encoding the protein CD44, and low expression
of Sell, encoding the protein CD62L (Figure 3.5C).

We next analyzed the functional capacities of CD8" Teff cells in control vs.
Cd4°lcos” mice. We saw a trend of increased Gzmb and Prf1 expression, genes
encoding for proteins granzyme B and perforin respectively, in the activated CD8" Teff
cluster (cluster 6) in Cd4°Icos” mice compared to other CD8* clusters. However, there
was no statistically significant trend in the expression of key genes associated with CD8"
Teff functions in the activated CD8* Teff cluster (Figure 3.5D). This indicated that CD8"
T effector functions might not be completely reliant on the presence of ICOS costimulation.

We next investigated whether ICOS deletion had an impact on the expression of
signature genes associated with Treg cell functions. We observed that Treg cells
expressed a trend of lower Cd44 and Ctla4 expression in ICOS-deficient mice, while other
functional genes such as Foxp3, Pdcd1, Tgfb1, and lI10 were comparable in their
expression in control vs. Cd4°¢/cos” mice (Figure 3.5E). This suggested that Treg cells
in these ICOS-deficient mice may be slightly less activated and less suppressive
compared to their ICOS-intact counterparts. Interestingly, we also observed an increase
in the expression of Ccl/5 and Ccr5 in the activated CD8" Teff cell cluster, genes that
encode the proinflammatory chemokine CCL5 and CCRS (the receptor for CCLS),
respectively (Figure 3.5F). CCL5 is an important chemokine that attracts immune cells to
proinflammatory sites such as the tumor microenvironment.'®”.188 Thus, the elevated
expression of Ccl5 alongside its receptor in CD8" Teff cells may indicate that CD8" Teff

cells are better able to both secrete chemokines and express receptors that target them

35



to the tumor microenvironment, allowing them to exert their anti-tumor functions. However,
further studies are required to determine if this is a result of the indirect effect of ICOS
deficiency in the Treg compartment, or a direct impact of ICOS deficiency in CD8" Teff

cells.

3.4 ICOS deletion decreases the expression level of key genes in Th17

cells

We next aimed to identify additional CD4* Teff subsets that may be impacted by
ICOS deletion. Interestingly, we observed that cluster 5 appeared to have decreased
numbers in Cd4°¢Icos™ mice compared to controls (Figure 3.5A). The cluster is identified
to be Th17 cells based on the expression of Rorc, which encodes the Th17 master
transcriptional regulator RORyt, as well as Th17 signature cytokine genes //17a and II17f
(dotted lines in Figure 3.6A). In addition, we observed that in the Cd4°®/cos” mouse,
there was a significant reduction in the expression level of Rorc, II117f, and Maf, which
encodes the transcription factor c-Maf (Figure 3.6B). c-Maf is known to play key roles in
the development of Th17 cells and is also highly regulated by ICOS costimulation.48.14°
Taken together, this suggests that Th17 cells could be impaired both in their numbers as
well as their effector functions in the absence of ICOS. While the role of Th17 cells in
tumor immunity has been controversial, its decrease in ICOS-deficient T cells warrants

further investigation into its effects on tumor progression.
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3.5 Elevated Y3 T cells in tumor-challenged ICOS-deficient mice

Since we observed a trend of decreased Treg immunosuppression in tumor-
challenged Cd4°*Icos” mice, we sought to identify possible cell subsets that may be
altered as a result. We identified a putative IL-17-producing yo T cell cluster, cluster 4,
that appeared to be decreased in numbers in Cd4°®/cos” mice (Figure 3.5A, 3.6A, and
3.7A). However, subsequent flow cytometry analysis showed an increase in the
percentage and number of total yd T cells in mice at early stages of tumor growth (Figure
3.7B). This suggests that yd T cells may be a population that can thrive in the absence of
potent Treg immunosuppression. This data also highlights that any potential differences
in single cell transcriptomic analysis needs to be validated by flow cytometry using
replicates.

We next observed a small cluster of putative NK cells, identified by their co-
expression of Kirb1c (encoding NK1.1) and Ncr1 (encoding NKp46), which appeared to
have increased in numbers in Cd4°¢Icos” mice (Figure 3.5A, 3.7C). However, flow
cytometry analysis revealed that the percentage and number of NK1.1*"NKp46™ cells were
similar between control and Cd4°®/cos” mice at the early stage of tumor growth (Figure
3.7D). Taken together, this data raises the need for further analysis into specific NK or
other NK1.1*NKp46™* subsets such as NKT cells to identify possible populations that could
be impacted by impaired Treg immunosuppression. In addition, the alteration in non-T or

non-innate cell compartments should be tested in mice lacking ICOS only in Treg cells.
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Chapter 4: Discussion

In our study, we observed that mice with Treg-specific ICOS deficiency had a
reduction in tumor burden compared to controls, a phenotype that was not observed in
mice with ICOS-deficient T cells. We hypothesized that in Foxp3°¢ICOS” mice, Treg cells
could be preferentially reduced leading to augmented Teff anti-tumor immunity.
Interestingly, we discovered that Foxp3°°/COS” mice concurrently had reduced Teff cell
frequency and number not only at the terminal stages of tumor progression but also at an
earlier stage. One plausible explanation for this observation could be that CD4* and CD8*
Teff cells are more effectively exerting effector functions as they have the support of intact
ICOS costimulation, unlike Teff cells in CD4°¢/COS™ mice. As a result, the total number
of Teff cells may be reduced even at 10 days post-tumor challenge because Teff cells
may have already responded in a robust manner to tumor challenge. If this is indeed the
case, future studies that profile Teff cell numbers in Foxp3°¢ICOS” mice at timepoints
earlier than 10 days post-challenge may be able to observe an increase in the Teff
compartment. Another explanation for the observed decrease in Teff cells in
Foxp3°ICOS™ mice could be due to the transient upregulation of Foxp3 in 10-20% of T
cells after activation, leading to a loss of ICOS in these T cells.'%1%0 This could contribute
to the decrease in Teff cells specifically in Foxp3°¢ICOS” mice that is not seen in
CD4°¢|COS™ mice, where ICOS is deleted in all T cells during thymic development as
opposed to post-activation. Future studies where T cells are adoptive transferred into
tumor-bearing recipient mice could help us understand whether Teff cells expressing

Foxp3 upon activation is indeed relevant in our tumor model.
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A caveat in our study of T cells in the tumor is that the entire tumor-bearing lung,
as opposed to individual tumor nodules, was digested for immune cell profiling. As a result,
we cannot confirm whether the T cells in our flow cytometry data were all inside the tumor
nodules. To better refine our analysis, lung immune cell populations in non-tumor-bearing
mice need to be examined in comparison to tumor-bearing mice in order to uncover
changes unique to the tumor microenvironment. In addition, immunofluorescence
microscopy techniques to discern the location of CD4* and CD8" Teff cells in relation to
Treg and cancer cells should be conducted. Imaging would allow us to identify if Teff cells
in Foxp3°¢ICOS” mice could be more specific to tumor Ags and/or better localized inside
tumor nodules to efficiently eradicate tumor cells compared to CD4°¢/COS™ mice.

We also noted that while Treg cells in Foxp3°¢ICOS” mice were significantly
reduced in number leading to an augmented Teff:Treg cell ratio, there were no significant
changes in the Treg numbers or Teff:Treg ratio in CD4°¢/COS" mice which also lost ICOS.
Nonetheless, our single cell transcriptomic data revealed trending decreases in the
expression of genes associated with Treg activation and effector function in CD4°¢/COS"
mice. This could implicate that ICOS may impact Treg biology in other areas such as
proliferation, survival, recruitment, or any combination of these aspects. Previous studies
have demonstrated that ICOS can have an impact on Treg proliferation, with ICOS* Tregs
demonstrating augmented Ki-67 expression.®8 ICOS expression has also been correlated
with reduced expression of the pro-apoptotic molecule Bim in Treg cells, supporting Treg
survival.’®® Moreover, autoimmune mouse models demonstrated that ICOS costimulation
can increase the expression of CXCR3 on Treg cells, which can bind to ligands such as

CXCL9 and CXCL10 to direct Treg migration into inflammatory sites.'”® These studies
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provide evidence that ICOS could impact Treg cells in the CD4°¢/COS" mice without
overt changes in frequency compared to control mice.

In addition, our single cell transcriptome analysis revealed that CD8" Teff cells in
CD4°¢ICOS™ mice expressed higher levels of the chemokine genes Ccl5 (encoding
CCL5) and Ccrb (encoding the CCL5 receptor CCR5). Given that Treg cells are important
suppressors of CD8" T cells, the augmentation in chemokine profiles could be an indirect
indication of impaired Treg suppression in the absence of ICOS, despite the maintenance
of Treg numbers. The CCR5/CCL5 axis has been demonstrated to be important for Teff
cell recruitment into tumors'@7-188 and CCL5 has been proposed as an adjuvant for cancer
immunotherapy.’® In our CD4°°/COS” model, this could suggest that tumor-infiltrating
ICOS-deficient CD8" Teff cells may be better able to follow proinflammatory chemokine
gradients and migrate into tumor sites, while also secreting the same chemokine to recruit
more CD8* Teff cells to the TME. However, we cannot definitively confirm from our
analysis of CD4°¢/COS" mice whether this augmented chemokine profile was due to a
direct impact of ICOS deficiency in CD8" Teff cells or an indirect effect of ICOS deficiency
in the Treg department. Thus, a future study to examine the transcriptomes of tumor-
challenged control and Foxp3°¢ICOS" mice can better reveal the quality of both Teff and
Treg cells when ICOS is selective lost in Tregs, a model in which tumor control was
improved. This study would help us uncover the increased immune forces that may be
present when Tregs lose ICOS.

Interestingly, our single cell transcriptome analysis demonstrated a reduction in
the expression level of genes associated with Th17 identity and effector functions. This

suggested that Th17 responses are impaired in our model of CD4°¢ICOS" tumor-
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challenged mice. However, whether the observed decrease in Th17-associated genes
was due to the intrinsic lack of ICOS on Th17 cells or the lack of Treg immunosuppression
in the CD4°¢/COS” mice remains unclear. On one hand, ICOS is known to support
precursor Th17 cell commitment to the Th17 lineage and the production of the effector
cytokine IL-17.74° On the other hand, Treg cells have also been shown to suppress Th17
functions, including the secretion of IL-17 and IL-22 by Th17 cells.'®? Therefore, to parse
out these contributing factors to the Th17 defect, experiments should be conducted
specifically in Foxp3°¢ICOS" mice to investigate Th17 activation and effector functions
without impacts from ICOS deficiency in Th17 cells. Moreover, the impact of this Th17
defect on tumor control in our CD4°|COS” mice is unclear due to the controversial nature
of Th17 cells and IL-17 in cancer immunity. Some studies propose that IL-17A derived
from Th17 cells can induce fibroblasts in the TME to produce angiogenic factors, thus
favouring tumor growth.'%2 Other studies suggest that IL-17 could activate macrophages
to produce IL-12, enhancing CTL function and therefore augmenting anti-tumor
immunity.'%® Interestingly, we identified in our study a reduction in //17f (encoding the
cytokine IL-17F) but not //17a (encoding IL-17A) expression in the Th17 cluster of
CD4°¢ICOS™ mice. Given that a study has proposed an anti-angiogenic effect of IL-
17F,'%° we hypothesize that the population of Th17 cells in CD4°¢ICOS” mice could have
been playing a mostly pro-tumor role. Further studies that can specifically deplete Th17
cells or the IL-17A and IL-17F cytokines separately in CD4°¢/COS" mice would help us
better understand the contribution of this T cell subset to overall tumor control.

While screening for potential cells that might be impacted by impaired Treg

suppression in CD4°¢ICOS” mice, we discovered an increase in the frequency and
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number of yd T cells. This increase is likely not an intrinsic effect of ICOS deficiency in
the yd T subset, because while there are rare subsets of CD4" yo T cells, most yo T cells
arise separately from conventional af T cells before the double negative 3 (DN3)
precursor stage in the thymus, prior to the onset of CD4 and CD8 expression.'%319 Thus,
v8 T cells in CD4°¢ICOS" mice would not have been impacted by Cre recombinase
activity in CD4°¢ICOS” mice and likely still expressed ICOS. As a result, the increase in
vd T numbers could be due to a reduction in function of ICOS-deficient Teff or Treg cells.
Studies in the field suggest that Treg suppression is the likely mechanism implicated here,
as autoimmune colitis models showed that pathogenic yd T activation and cytokine
production can be repressed by Treg cells.®® To confirm this implication in our model,
Foxp3°ICOS™ mice should be used to observe the impact of ICOS-deficient Treg cells
on yd T cells without possible contributions from ICOS-deficient Teff cells. With regards
to the identity of the yo T cells in our model, we were able to identify a yo T population in
our single cell transcriptomic data with //17a and 1I17f expression. Thus, we suspected
that the increased y& T population in the CD4°¢/ICOS” mice could in part be made up of
16 T17 cells that secrete IL-17. The role of yd T17 cells in cancer, similar to Th17 cells,
remains controversial. Studies suggest that different y6 T subsets could confer either anti-
or pro-tumor immunity. For example, the human Vy9Vé2 T subset has been shown to
have cytotoxic activity against cancer cells in vitro,""" while y3 T17 cells tend to be viewed
as a pro-tumor immune subset that favor tumor growth via IL-17 release to recruit MDSCs
into the TME.""® Therefore, to understand whether y§ T cells impacts tumor growth in our
CD4°¢ICOS" model, we will need to profile precisely which murine y8 T cell subset(s) and

associated effector functions are involved in the tumor immune response.
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Furthermore, we observed in our single cell transcriptome analysis what appeared
to be an augmented population of NK cells that co-expressed the genes Kirb1c (encoding
the protein NK1.1) and Ncr1 (encoding the protein NKp46), which led us to hypothesize
that these NK cells could be enhanced in number when Treg suppression is impaired by
ICOS deficiency. However, flow cytometry analysis revealed that the frequency and
number of NK1.1*NKp46* NK cells were similar between control and CD4°¢/COS".
Nevertheless, whether the functional capacity of these cells is impaired by intrinsic ICOS
deficiency remains unclear. Studies have shown that some activated NK cells express
CD4, which would mean that NK cells in our CD4°¢/COS” model could also have lost
ICOS."%5 In addition, a recent study has revealed that NK cell activation, effector functions
such as |IFN-yand granule-mediated cytotoxicity are dependent on ICOS
costimulation.'®® Then, if ICOS is deficient in these putative NK cells in the CD4°¢/COS"
mice, it could result in a reduced anti-tumor response from NK cells.

Moreover, the NK1.1*"NKp46™* subset could include NKT cells that also express
these markers.'% Importantly, NKT cells would be ICOS deficient in our CD4°¢ICOS"
model, as NKT cells develop independently from Tconv cells in the thymus at the
CD4*CD8* double positive (DP) stage after TCR:CD1d engagement.'®® A study using a
model of airway hyperreactivity also demonstrated that ICOS:ICOSL interaction is
important for CD4" iNKT cell function, and germline ICOS knockout mice lacked IFN-y,
IL-4, and IL-10 production specifically from iNKT cells.’®” Taken together, this could
suggest that while the number of NK1.1*"NKp46™* cells remained similar in control vs.
CD4°¢|COS™ mice, the effector functions of NK and/or NKT cells could be significantly

impaired. NK and NKT cells both play important anti-tumor roles: NK cells utilize cytotoxic
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mechanisms such as perforin/granzyme B release and death receptor expression,5%:60
while NKT cells produce large amounts of IFN-y to support the function of anti-tumor cells
such as macrophages and CTLs.”" Therefore, there could be an overall reduction of NK-
and NKT-mediated tumor rejection in CD4°¢ICOS” mice. Ultimately, this offers one
possible explanation why the tumor burden is similar in control vs. CD4°¢ICOS" mice,
since both anti-tumor subsets like NK and NKT cells as well as pro-tumor Treg function
are dampened, resulting in a net zero effect on tumor burden. Future experiments that
utilize the Foxp3°°ICOS” model will help us discern the impact of ICOS* Treg on NK
and/or NKT cell responses. Additional studies that can parse out the impacts of ICOS
deficiency on different NK and NKT subsets and their associated functions in
CD4°¢|COS™ mice would better help us solidify our findings.

Nonetheless, it is important to point out a caveat in our single cell transcriptomic
analysis of yd T and NK cells, as these cells should have been removed by the T cell
negative selection kit used to isolate T cells for the study. Thus, the yd T and NK cells
identified in our single cell transcriptomic data may not be representative of all relevant
16 T and NK cell populations within the tumor. To obtain pure populations of these immune
cells from tumor-bearing mice, future analyses should instead sort out y6 T and NK cells
alongside T cells using specific markers of cell lineage.

In sum, our data suggest the idea that ICOS is important for promoting anti-tumor
immune subsets such as NK and NKT cells, while augmenting proinflammatory
chemokine profiles in CD8" Teff cells. However, ICOS also supports pro-tumor immune
subsets like Treg cells, so the impacts of ICOS deficiency seen in anti-tumor immune cells

could be due either to intrinsic ICOS defects or indirectly through impaired Treg

44



responses. In addition, ICOS deficiency can have impacts on subsets of immune cells
that have controversial roles in cancer immunity, including Th17 and yd T cells. As a result,
augmented tumor control is only observed in mice with a Treg-specific ICOS deficiency
as Treg cells become defective without influencing anti-tumor immune subsets that also

rely on ICOS.
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Chapter 5: Concluding Remarks

The aim of the study presented in this thesis was to elucidate the role of ICOS in
cancer immunity. Current studies have largely focused on the impact of ICOS in anti-
tumor immune cells vs. in pro-tumor immune cells, with strong evidence suggesting that
ICOS could play a dual role in these opposing cell types. Using a murine model of
metastatic melanoma, we showed that when ICOS is lost on all T cells, the tumor burden
is similar to that of control mice. However, when ICOS is specifically deficient in Treg cells,
we observed improved tumor control. Our single cell transcriptome analysis in mice with
ICOS-deficient T cells indeed revealed that ICOS deficiency could have impacts on anti-
tumor immune cells such as CD8" T, NK, and/or NKT cells, while leading to a defective
pro-tumor Treg population. We also uncovered that ICOS could have effects in cell types
that play a controversial role in cancer, such as Th17 and yd T cells. Further studies are
required to determine whether these impacts of ICOS deficiency could be due to intrinsic
defects caused by loss of ICOS in the T cell subsets, or indirect effects because of
reduced Treg immunosuppression. Nonetheless, this study could have important
implications in the use of anti-ICOS antibodies in clinical trials for cancer. In particular,
the dual role of ICOS could mean cancers with high Teff and NK cell infiltration will benefit
much more from agonistic therapies, while cancers with high Treg content given the same
treatment may not confer similar benefits. Ultimately, this underlies the importance of fully
elucidating the role of ICOS in cancer immunity to design novel therapeutics most

effectively.
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Figures and Figure Legends

A iv.6x10° B 100 =
B16-OVA f ’ Cd4°lcos™* ‘ ’ Cd4°elcos”

.
Tumor burden by .
. n
60 .
0
40 L]
20
T T

R nodule count
17 days 5 )
ke 3 Tumor-infiltrating
A . w immune cell composition
CD4 cre+ cre+

D ICOS  ++  fif

20 ns 120 . 12 100 *

# of lung nodules

>
@

’ Cd4°jcos™* ‘ ’ Cd4°relcos”

15

.
N
80
.
10 = +
5
20
0 T

% CD4*

#CD4* x 10°
B (=]
3 2
% CD8
N s oo o
e
#CD8" x 103
N » [~
¥ 5 2
1 -k
g
.E.

T hd T T U
CD4 cre+ cre+ cre+ cre+ cre+ cre+ cre+ cre+
ICOS +/+ fif ++ fif ++ fif 4+ If
E Cd4°lcos™* Cd4°relcos™ F ns
ns
100 . 120 . 15 ns 150
ns
o o
)
Q & 2 . @ oo - e
4 X 80q I = 2 10 . X 100 L) .
g % g 8 D &
¥ o > o 5
Q 40 w a w .
%) E 40 O 5 1 3 50
EE i = 20 o e o H
X 1 * o g .
(o)
- rerer e T 0 T T 0 0 . .
> CD4 cre+ cre+ cre+ cre+ cre+ cre+ crle+ cr|e+
CD4 IcOs  ++  fif e s O
G *
40 S 60 ns
. ns 8 .
l'g. 'S
% 30 . &
i g 40
+
3 20 . &
o u o .
~ x ]
P 2 20
a 10 - +
g I 8 é 1 [="
* 0

Figure 3.1 No significant differences in tumor burden and tumor-infiltrating T cell
populations in T cell-specific ICOS deficient mice. (A) Experimental setup for murine
model of metastatic melanoma. (B-G) 9- to 12-weeks old female Cd4°¢lcos** and
Cd4°lcos”™ mice (n = 5 each) that have been co-housed for at least 2 weeks were
challenged with tumor cells as in (A). (B) Representative images of lung tumor burden in
Cd4°elcos** versus Cd4°¢lcos” mice, and statistical analysis of lung nodule count. (C-G)
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
CDA45" cells. (D) Statistical analysis of CD4*and CD8" cell percentage and numbers. (E)
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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) 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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Figure 3.2 Reduced tumor burden and augmented Teff:Treg ratio in Treg-specific
ICOS deficient mice. 8- to 11-weeks old Foxp3YF<*lcos** (abbreviated as
Foxp3°lcos**) and Foxp3YFF-celcos™ (abbreviated as Foxp3°®lcos”™) male mice were
challenged with tumor cells as in Figure 3.1A (n = 5 each). (A) Representative images of
lung tumor burden in Foxp3°lcos** vs. Foxp3°elcos™ mice, and statistical analysis of
lung nodule count. (B-G) 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*Foxp37)and Treg (CD4*Foxp3™) cells pre-gated on CD4" cells. (E) non-Treg CD4*
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and Treg cells percentage and numbers. (F) Percentage of activated Treg
(CD447CD4'Foxp3*) cells pre-gated on CD4* cells and Foxp3 mean fluorescence
intensity (MFI) in Treg cells. (G) 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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Figure 3.3 No significant differences in tumor-infiltrating T cell populations in T
cell-specific ICOS deficient mice at early stage of tumor progression. (A)
Experimental setup for murine model of metastatic melanoma. (B-G) 9- to 12-weeks old
female Cd4°¢lcos** and Cd4°¢Icos” mice (n = 4 each) that have been co-housed for at
least 2 weeks were challenged with tumor cells as in (A). (B-F) Flow cytometry analysis
of tumor-infiltrating immune cells obtained from tumor-challenged mouse lungs. (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
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with error bars denoting SEM, ns = not statistically significant. Data is representative of
at least three independent experiments.
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Figure 3.4 Augmented Teff:Treg ratio in Treg-specific ICOS deficient mice at early
stage of tumor progression. 10- to 13-weeks old Foxp3YFF-°|cos** (abbreviated as
Foxp3°lcos**) and Foxp3YFF-celcos™ (abbreviated as Foxp3°elcos™) male mice were
challenged with tumor cells as in Figure 3.3A (n = 3 each). (A-F) Flow cytometry analysis
of tumor-infiltrating immune cells obtained from tumor-challenged mouse lungs. (A)
Representative flow cytometry plots of CD4*and CD8" cells pre-gated on CD45" cells. (B)
Statistical analysis of CD4" and CD8" cell percentage and numbers. (C) Representative
flow cytometry plots of non-Treg (CD4*Foxp3-)and Treg (CD4*Foxp3™) cells pre-gated on
CD4" cells. (D) non-Treg CD4" and Treg cells percentage and numbers. (E) Percentage
of activated Treg (CD44*CD4*Foxp3*) cells pre-gated on CD4* cells and Foxp3 MFI in
Treg cells. (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, **p<0.01, ***p<0.001. Data is representative of at two independent experiments.
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Figure 3.5 ICOS-deficient mice show enhanced expression of proinflammatory
chemokine and receptor on CD8* Teff cells, with no significant changes in
expression of CD8" T and Treg effector molecules. Single cell transcriptomes of
magnetically sorted CD3¢*CD3y* tumor-infiltrating T cells from a Cd4°¢lcos** and a
Cd4°lcos” mouse 10 days post-intravenous challenge with B16-OVA cells. (A) UMAP

54



projection of T cell clusters in Cd4¢®Icos**and Cd4°¢lcos” mice. (B) Feature plots of Cd4,
Cd8, Foxp3, (C) Cd44 and Sell expression. (D) Violin plots of Cd44, Ifng, Gzmb, and Prf1
showing their gene expression levels in CD8" Teff cells, subdivided by cluster identities
defined in (A) and (B). (E) Violin plots of Foxp3, Cd44, Ctla4, Pdcd1, Tgfb1, and /110
showing their gene expression levels in Treg cells, with cluster identity defined in (A) and
(B). (F) Violin plots of Ccl5 and Ccrb showing their gene expression levels in CD8" Teff
cells, subdivided by cluster identities defined in (A) and (B). Each dot represents one cell.
**p<0.01, ****p<0.0001.
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Figure 3.6 Reduction of Th17 cells in ICOS-deficient mice. Single cell transcriptomes
of magnetically sorted CD3c*CD3y* tumor-infiltrating T cells from a Cd4¢¢lcos** and a
Cd4°lcos” mouse 10 days post-intravenous challenge with B16-OVA cells. (A) Feature
plots of Rorc, Il17a, 1117f expression. Dotted line outlines the Th17 cell cluster. (B) Violin
plots of Rorc, Maf, Il17a, II17f showing their gene expression levels in Th17 cells, with
Th17 cluster identity defined in (A). Each dot represents one cell. ***p<0.001,
****p<0.0001.
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Figure 3.7 Augmented yd T cell compartments with no changes in NK cell
compartments in ICOS-deficient mice. (A, C) Single cell transcriptomes of magnetically
sorted tumor-infiltrating immune cells from a Cd4°®/cos** and a Cd4°*®Icos” mouse 10
days post-intravenous challenge with B16-OVA cells. (B, D) Flow cytometry analysis of
tumor-infiltrating immune cells in Cd4°¢lcos** and Cd4°®Icos”™ mice 10 days post-
intravenous challenge with B16-OVA cells. (A) Feature plot of Cd3¢ expression. Dotted
line outlines the putative IL-17* yd T cell cluster. (B) yd T cells as a percentage of CD45*
cells and numbers. Data shown as mean with error bars denoting SEM, *p<0.05. Data is
representative of two independent experiments. (C) Feature plots of Kirb1c and Ncr1
expression. (D) Putative NK cells (NK1.1"NKp46*) as a percentage of CD45" cells. Data
shown as mean with error bars denoting SEM, ns = not statistically significant.
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Supplemental Figure 3.1 Gating strategy to identify lung tumor-infiltrating T cell
populations. Lymphocytes were gated from total lung cells, with singlets and live cells
further selected. Then, CD45" leukocytes were gated to define tumor-infiltrating CD4* and
CD8" Teff cells. Lastly, within CD4" cells, non-Treg CD4* Teff and Treg cells were gated
based on the level of Foxp3 expression.
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Supplemental Figure 3.2 ICOS expression levels in T cell subsets from tumor-
challenged control and ICOS deficient mice. Mice with indicated genotypes were
challenged as in Figure 3.1A. Tumor-infiltrating T cell populations were analyzed by flow
cytometry. (A) ICOS expression levels in tumor-infiltrating non-Treg CD4* T cells
(CD4*"Foxp3, red), CD8" Teff cells (CD8*, blue), and Treg cells (CD4*Foxp3™, orange) in
Cd4°lcos** and Cd4°®lcos” mice. (B) ICOS expression levels in tumor-infiltrating non-
Treg CD4" T cells (CD4*Foxp3-, red), CD8" Teff cells (CD8", blue), and Treg cells
(CD4*Foxp3*, orange) in Foxp3YFF-<elcos** (abbreviated as Foxp3°lcos**) and

Foxp3YFP-crejcos™ (abbreviated as Foxp3°¢lcos™) mice.
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