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Abstract

Immune checkpoint inhibitors targeting PD-1 have been a breakthrough in the treatment of
advanced melanoma. This pharmacological class was designed to target specifically tumor-
infiltrating CD8" T cells and counteract their exhaustion. While they induce durable remissions in
a subset of patients, >50% of patients do not experience a clinically significant benefit. Regulatory
T (Treg) cells, a specialized subset of CD4" T cells whose main function is to suppress self-reactive
T cells and prevent the development of autoimmunity, also express PD-1 in and outside of the
tumor. Furthermore, tumor cells, whose antigens are often derived from self-peptides, are adept at
hijacking the numerous suppressive mechanisms of Treg cells to inhibit the development of anti-
tumor responses and promote the establishment of an immunosuppressive microenvironment that
supports their growth and metastatic potential. However, it remains unclear how PD-1 blockade

affects Treg cell function and fate and how Treg cells impact the outcome of tumor immunotherapy.

In this work, we describe the impact of anti-PD-1 on Trg cell homeostasis at the systemic
level and its consequences on Treg cell fate in tumors that respond or fail to respond to anti-PD-1
monotherapy. First, using a melanoma model that is poorly responsive to checkpoint inhibition,
we demonstrate that anti-PD-1 downregulates PD-1 expression on Trg cells locally and
systemically, resulting in increased Treg cell activation that may constitute an acquired mechanism
of resistance to treatment. Second, we demonstrate using a highly immunogenic melanoma model
that successful response to anti-PD-1 is associated with a functional adaptation of regulatory T
cells in response to inflammatory signals within the tumor microenvironment which alleviates their
local suppressive capacity. Finally, we identify IL-18 signaling on T cells as a key mediator of

inflammation in the tumor, required for the successful response to PD-1 blockade.
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Résumé

Les inhibiteurs de point de contrdle ont entrainé une révolution dans la prise en charge des
mélanomes avancés. Cette classe de médicaments est concue pour cibler spécifiquement les
lymphocytes T tumoraux et prévenir leur épuisement. Bien qu’ils induisent des rémissions
durables dans un nombre important de cas, plus de la moitié des patients n’obtiennent pas de
bénéfice clinique significatif. Les lymphocytes T régulateurs (Tregs), une population de
lymphocytes T CD4" dont la fonction est de supprimer les lymphocytes auto-réactifs et prévenir
le développement de maladies auto-immunes, expriment aussi PD-1 dans la tumeur, et méme en
périphérie. De plus, les tumeurs, dont les antigénes sont souvent dérivés du soi, sont capables de
détourner les mécanismes de suppression des Tres pour établir un environnement
immunosuppressif et ainsi promouvoir leur croissance et leur capacité métastatique. Toutefois, les
conséquences des anti-PD-1 sur la fonction et la destinée des Tregs, ainsi que le réle des Tregs dans

le succes ou I’échec de I’immunothérapie restent a définir.

Dans ce corpus, nous décrivons I’impact d’un anti-PD-1 sur ’homéostase des Tregs €t ses
conséquences sur la destinée des Tregs dans des tumeurs qui répondent ou résistent au traitement
par anti-PD-1 en monothérapie. Dans un premier temps, nous mettons en évidence dans un modele
de mélanome résistant a I’immunothérapie, que 1’anti-PD-1 module le niveau d’expression de PD-
1 a la surface des Tregs au niveau systémique et dans la tumeur, ce qui conduit & une augmentation
de leur niveau d’activation et pourrait constituer un mécanisme de résistance secondaire au
traitement. Dans un second temps, nous démontrons a I’aide d’'un modéle de mélanome murin
hautement immunogénique que la réponse a I’anti-PD-1 est associée a une adaptation fonctionnelle
des Tregs €n réponse a des signaux inflammatoires dans 1I’environnement tumoral, qui atténue leur

capacité suppressive localement. Enfin, nous identifions la réponse des lymphocytes T a
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I’interleukine-18 comme un déterminant majeur de I’établissement d’un environnement tumoral

inflammé et nécessaire a la réponse a I’anti-PD-1.
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Chapter 1 — General Introduction




1. Melanoma

1.1. The deadliest form of skin cancer

Cancer is defined as the uncontrolled growth of some progenitor cells. It originates from a
primary tumor, which first gains malignancy and can further invade nearby tissues and migrate to
unconnected parts of the body. Skin cancers are the most frequently diagnosed cancers in Canada
(1). According to the American Academy of Dermatology Association, the three major subsets are:
(7) basal cell carcinoma, which commonly affects the inside layer of the epidermis of the head,
neck, and face, (ii) squamous cell carcinoma which affects cells in the outside layer of the
epidermis upon sun exposure, and (ii7) melanoma, which affects melanocytes, a cell type
specialized in producing melanin found in cutaneous, acral, mucosal and uveal skin. While most
skin cancers are diagnosed early and readily treatable in a dermatology clinic, melanoma
represents the most highly aggressive and metastatic form, accounting for 75% of deaths related
to skin cancer (2) and 1200 deaths per year in Canada (3). The prognosis of advanced metastatic
melanoma had a median survival of 6-12 months until the 2010s (4), but the advent of immune
checkpoint inhibitors (ICIs) has considerably increased the survival rates (5). Furthermore,
melanoma is the first indication for which ICIs received marketing authorization, as early as 2011,

and 1s considered a poster child for the success of tumor immunotherapy (6).

1.2. Biology and function of melanocytes in human and mice

Melanoma is a malignant cancer of melanocytes. While these cells originate from the neural
crest, they populate the epithelia of the skin, iris and rectum, where they account for 1 to 5% of
cells (7). As such, they do not express epithelial cell markers that allow for the histological

identification of certain tumor tissues. In humans, skin melanocytes are present at the



dermal/epidermal layer. However, despite mouse skin also being structured in an epidermal, a
dermal and a hypodermal layer, mouse dorsal skin is unpigmented, and as such melanocytes are
mostly found in the hair follicles, the mice’ fur (8).

The role of melanocytes is to produce melanin which protects from UV exposure and color
tissues. Melanin production is triggered by activation of the Microphthalmia-associated
Transcription Factor (MITF), downstream the activation of the melanocortin-1 receptor by the
release of a-melanocyte-stimulating hormones by DNA-damaged keratinocytes. This melanin is
produced in specialized organelles called melanosomes, which are released into the neighbouring
layer of keratinocytes to limit DNA damage. However, excessive sun exposure leads to a UV
damage signature characteristic of melanoma, with mutations in the Telomerase Reverse
Transcriptase (TERT) promoter region being the most frequent genetic alteration, found in 70% of
patients (9). Thus, sun exposure represents the major risk factor for cutaneous melanoma. As such,

90% of melanoma cases are sporadic.

1.3. Types of melanoma and stages of disease

Melanoma is further classified into 4 main types: (i) superficial spreading melanoma is the
most frequent, it is flat, displays radial or vertical growth and usually develops on the trunk, arms
or legs; (ii) nodular melanoma grows vertically in a polypoid shape, on the chest, face or back;
(iii) lentigo maligna melanoma develops from an early flat brown lentigo maligna lesion on the
face, ears or arms, (iv) acral lentiginous melanoma presents as a discoloured patch of acral skin
(soles, palms, under nails) and is not related to sun exposition. Furthermore, rarer types of
melanomas include mucosal lentiginous and intraocular melanomas, which target mucosal and

uveal skin.



In the clinic, melanoma is commonly graded using the TNM system which defines 5 main
stages of disease. At early stages of disease (0-2c), the melanoma lesion is localized to the skin; at
stage 3, melanoma is locoregional, i.e., has metastasized to sentinel lymph nodes. At stage 4,

melanoma has distant metastases and is usually non-resectable.

1.4. Molecular mechanisms of melanomagenesis and immune evasion

1.4.1. General mechanisms of tumorigenesis

Tumor immunity develops concomitantly to tumorigenesis and is classically described as
following three stages: elimination, equilibrium, and evasion, which are not reflected in the clinical
pathology staging of tumors. At the elimination stage, the immune system recognizes and destroys
tumor cells. Along this course, cancer immunoediting occurs through which tumors acquire
enough protective mutations to survive selective pressure from the immune system recognizing
and destroying tumor cells, reaching an equilibrium. Finally, the escape phase is characterized by
tumor cells evading anti-tumor immunity and becoming clinically detectable. Reaching the escape
phase requires the genetic alteration of an oncogene, a gene that is altered dominantly by a gain of
function alteration and stimulates the synthesis of a protein controlling cell growth and division
(e.g. Kras, Nras, Braf, ERBB2), and a tumor-suppressor gene that encodes a protein that inhibits
cell proliferation (e.g., p53, INK4, PTEN, CDKN2A). In the case of melanoma, the important role
of UV damage in tumorigenesis confers to melanoma the highest mutational burden amongst
human tumors (10). Nonetheless, while the target lesions initiating melanoma-genesis vary, they
typically target up to 3 major signalling pathways: MAPK, PI3K and CDKN2A which are key
controllers of cell cycle progression, proliferation, survival, and melanin secretion and favor

Immune evasion.



1.4.2. Braf'is the most frequently altered oncogenic pathway in melanoma.

The most common of these oncogenic mutations is the Braf’!7**4 point mutation which is
found in 65% of patients (11). It encodes the constitutively activated BRAFV6E kinase, and thus
sustains MAPK signaling in melanocytes. A murine model of inducible activation of this mutation
revealed that mutation of this oncogene triggers melanocyte hyperplasia and pigmented lesions,
but is insufficient to progress towards malignancy (12). While other oncogenes such as Nras can

be mutated, these alterations rarely coexist (13), as their effects are not synergistic.

1.4.3. Loss of the tumor suppressor PTEN induces metastatic potential.

Indeed, melanomagenesis requires the deletion of a tumor-suppressor gene, such as PTEN,
a negative regulator of the PI3K/Akt pathway. As such, Braf'*®t and PTEN loss is the most
common combination of genetic alterations, found in around 20% of patients and 44% of Braf-
mutated tumors (13), reducing their sensitivity to Braf inhibitors (14). Furthermore, this
constitutive activation of the PI3K pathway can be amplified by stabilizing mutations in exon 3 of

Bcat, which stabilize -catenin signaling, and accelerate melanomagenesis and metastatic potential
(15).

1.4.4. Inactivation of cell cycle control genes promotes melanoma cell division.

Furthermore, germline inactivating mutations in Cdkn2a, which encodes p16INK4A and
pl4ARF, promote tumorigenesis by constitutively promoting G1-S cell cycle transition and
inhibiting the degradation of p53 respectively; and are found in both sporadic and hereditary

melanomas (2).



1.4.5. Melanoma genetic alterations promote a phenotype switch through convergent
activation of eiF4E.

fVO00E  expression leads to activation of MAP Kinase Interacting

Constitutive Bra
serine/threonine-protein kinase 1 and 2 (MNK1 and MNK?2) and phosphorylation of the initiator
of translation eIF4E. Furthermore, the eIF4E pathway is also synergistically amplified by increased
mTOR signaling consecutive to PTEN loss (16). Phosphorylation of eIF4E leads to the translation
of proteins involved in melanocyte survival, proliferation and metastatic potential (17).
Furthermore, it regulates the translation of NGFR (18), a receptor which acts as a molecular switch
for melanoma phenotype switching, a process of dedifferentiation through which the expression
of most melanoma antigens, expressed in the melanosomes of terminally differentiated cells, is
thus reduced (19). Therefore, in addition to their increased invasiveness, phenotype switched

melanoma cells display reduced immunogenicity which limits T cell infiltration and favors the

chemoattraction of myeloid-derived suppressor cell (MDSC) populations (20) (Figure 1).

1.5. Murine models allow to study the anti-melanoma immune response.

1.5.1. The B16 cell lines

Murine models have allowed to study the key features of melanoma biology and the anti-
melanoma immune response. One of the earliest is the B16 melanoma model, which has been the
gold standard for the preclinical development of anti-melanoma therapeutics. This cell line was
derived from a spontaneous melanoma in a C57B1/6 mouse in the 1930s. However, it does not
recapitulate some of the key oncogenic mutations found in human pathology, thus tumor-intrinsic
immunogenicity and low mutational burden limit the diversity of antigens available for T cell

recognition, allowing for aggressive tumor growth and limited lymphocyte infiltration (21).



1.5.2. Oncogene-driven models

In order to study the individual roles of each of the commonly identified melanoma oncogenic
pathways, a series of cell lines recapitulating these mutations were generated, the Yale University
Mouse Melanoma (22) and the Dartmouth Murine Mutant Malignant Melanoma (23), derived from
inducible knockout systems. These models have successfully contributed to the development of
targeted therapies, a class of drugs that directly target specific oncogenic pathways, including Braf
inhibitors (dabrafenib, vemurafenib) and MEK inhibitors (trametinib, cobimetinib). However,
while Braf¥¢®°E and PTEN"" are found in a large frequency of tumor lesions, the D4M and YUMM
cell lines do not present the high somatic mutational burden characteristic of most human
melanomas (24). As such, most of these preclinical models respond poorly to immunotherapies
that have proven their efficacy in the clinic (22).

Paucity of tumor-antigens is hypothesized to contribute to ineffective priming of anti-tumor
responses. However, UV signature mutations can produce neoantigens that increase overall
immunogenicity. Following this rationale, Wang and colleagues irradiated BrafV®°® PTEN"-
Cdkn2a™ cells and expanded a single clone bearing additional somatic mutations. At low inoculum
numbers, the resulting highly immunogenic YUMMERI.7 tumor spontaneously regresses
following a strong T-cell response. Furthermore, established tumors respond fully to ICI (25).

However, in depth characterization of the immune response to these tumors is still lacking.
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Figure 1. Molecular mechanisms leading to melanoma phenotype switching.
(1) UV mutations induce DNA damage, thereby releasing neoantigens captured by migratory
dendritic cells. (2) Constitutive Braf expression initiates melanocyte hyperplasia and leads to
phosphorylation of eIF4E. (3) Loss of PTEN induces malignancy and reinforces elF4E expression
which induces NGFR expression which acts as phenotypic switch for melanoma dedifferentiation.

(4) Constitutive B-catenin signaling further inhibits T cell exclusion. Created with biorender.com®



2. Mechanisms of tumor immunity

2.1. Tumor antigens

Tumors are identified by the immune system through their expression of tumor antigens,
presented on MHC molecules in the context of an adaptive T cell response. These tumor antigens
are classified in different categories depending on their nature. Tumor-specific antigens are found
on cancer cells only, and result from point mutations or rearrangements of a protein. Such antigens
are by-products of the genetic alteration of an oncogene, a tumor-suppressor gene, or a point
mutation in a normal self-protein that generates a change in amino acids and binding of this
neoepitope to an MHC-I molecule. A second family of tumor antigens are cancer-testis antigens,
generated through aberrant expression of proteins normally expressed exclusively in male germ
cells (e.g., MAGE, NY-ESO-1). These two classes encompass non-self-antigens, in contrast to the
family of tumor-associated antigens which are found at elevated levels on tumor cells but are
expressed at lower levels by healthy cells. TAAs include differentiation antigens (e.g., Tyrosinase,
Mart-1, Pmel, CD19), proteins normally only expressed at a specific phase of a cell type’s
differentiation; and antigens resulting from overexpression of a particular gene (e.g., HER-2,
WTT1), abnormal post-transcriptional, or post-translational modifications. Finally, proteins

expressed following the incorporation of a viral oncogene are a source of tumor antigens.

2.2. Tumor-infiltrating lymphocytes mediate tumor cytotoxicity.

Tumor-infiltrating lymphocytes (TILs) are major effectors of anti-tumor immunity (26) and
most of the hallmarks of the anti-tumor T cell response have been established or confirmed in the
setting of melanoma. Indeed, the recruitment of TILs to primary melanomas is dependent on
CXCR3 chemokine receptor signaling following their priming in the draining lymph node. Both

these processes are orchestrated by migratory CD103" dendritic cells (DCs (27)) which capture
8



the cognate antigen and establish an early type 1 interferon (IFN) response that leads to the
secretion of CXCL9 and 10 (28). Upon T cell recruitment, local production of IL-12 by tumoral
antigen-presenting cells (APCs) allows for the establishment of a type 1 adaptive immune
response, with recruitment of CD8" and CD4" Tnl cells and production of IFNy, a dominant
mediator of antitumor responses through inhibition of tumor cell proliferation, induction of tumor
cell apoptosis and necroptosis, facilitating antigen presentation through upregulation of MHC-I

expression, and enhancing CD8" T cell cytotoxicity (29).

2.3. Multiple primary mechanisms of immune-evasion limit T cell recruitment.

2.3.1. Lack of immunogenicity

Tumors evade immune responses using a large variety of mechanisms which enable it to
reach malignancy. Lack of immunogenicity, through low mutational burden, limits the amount of
recognizable tumor antigens, and thus restrains T cell infiltration in the tumor, especially in the
early phases of tumor growth. While melanoma is a highly immunogenic solid tumor type, as
described earlier, it undergoes phenotype switching which represents an example of antigenic
modulation. Indeed, during the cancer equilibrium phase, escape variants with low levels of
antigen expression are selected. Loss of expression of MHC-I molecules further diminishes
melanoma immunogenicity and represents a secondary mechanism of evasion to avoid CDS-
mediated tumor cytotoxicity (30). Moreover, melanoma-associated antigens (e.g., NY-ESO-1,
Martl, Pmel) are expressed at low levels by normal melanocytes, and thus considered self-
antigens. Thus, they are recognized in the absence of co-stimulation, leading to T cell anergy and

tolerization of APCs.



2.3.2. Modulation of the tumor microenvironment limits T cell infiltration and fitness.

In addition to limiting tumor immunogenicity, tumors can modulate the tumor
microenvironment (TME) to avoid immune recognition and inhibit T cell activation and migration.
By secreting factors such as collagen, tumors create physical barriers that render them an immune-
privileged site. In melanoma, aberrant Wnt-B-catenin signaling inhibits T cell trafficking by
modulating cancer-associated fibroblasts (31). Furthermore, tumor cells also outcompete T cells
for nutrients such as glucose and amino acids, especially in hypoxic environments, though
expression of HIF-1a. Anaerobic glycolysis leads to the production of lactate by tumor cells, which
is then exported in the TME and in turn, alters the extracellular lactate gradient which inhibits T
cell glycolysis and acidifies the pH which hinders T cell effector functions (reviewed in (32)).
Tumor cells also modulate the local metabolic activity of T cells by inducing indoleamine 2,3-
dioxygenase (IDO) expression, an enzyme that diminishes tryptophan availability and produces

metabolites that induce Tetr cell apoptosis (33).

2.3.3. Recruitment of immunosuppressive leucocytes drives T cell exclusion.

Tumors induce immunosuppression through the secretion of anti-inflammatory cytokines
(IL-10, TGFp), and recruitment of a wide variety of suppressive myeloid cells such TAMs,
neutrophils, tolerogenic dendritic cells and MDSCs. TAMSs usually adopt a pro-tumorigenic M2
profile, through their interplay with cancer-associated fibroblasts, which contributes to T cell
exclusion through densification of the extracellular matrix and altering the composition of the
chemokine milieu (34). They inhibit T cell responses by producing reactive oxygen species,
inducing NO synthesis, depriving arginine locally, and secreting anti-inflammatory cytokines such
as TGFp and IL-10. Furthermore, they inhibit T cell migration by inducing vascular dysfunction

and promoting local hypoxia (35). Neutrophils also infiltrate tumors where they produce reactive
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oxygen species and contribute to T cell exclusion through the formation of extracellular traps (36)
(NETS), all the while promoting metastasis by seeding trapped circulating tumor cells (37), and
are thus associated with worse prognosis (38). In addition, tumors inhibit the terminal
differentiation of macrophages and neutrophils by producing factors such as GM-CSF and VEGF,
giving rise to immature populations of MDSCs (39) which share some of their suppressive
mechanisms with TAMs and neutrophils. In melanoma, the common key oncogenic pathways
synergize to induce the recruitment of these immunosuppressive populations. For example,
constitutive Braf expression polarizes dendritic cells towards a tolerogenic phenotype and induces
PD-L1 expression (40); and PTEN loss promotes the recruitment of MDSCs and TAMs which

contributes to T cell exclusion (41, 42).

2.4. Immunological classifications of tumors

In the clinic, tumors are staged using the TNM system, which aggregates primary tumor size,
number of metastatic lymph nodes and distant metastases. However, tumors are not solely
comprised of tumor cells and their phenotype and clinical properties also rely on the composition
of their stromal cells, vascularization and infiltrating immune cells. Alongside the development of
tumor immunotherapies, immunological classifications of tumors were developed (43). They
categorize tumor microenvironments (TMEs) along a gradient from cold (scarcity of T cells),
excluded (T cells sequestered in the margin), immunosuppressed (low infiltration in the core) to
hot (high infiltration in the core and/or tertiary lymphoid structure). Overall, this degree of

inflammation predicts treatment outcome better than cancer-based classifications (44, 45).
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2.4.1. Hallmarks of the cold tumor immune phenotype

The progressive establishment of a cold TME results from a feedback loop from poorly
immunogenic tumor cells that promote the activation of immunosuppressive pathways that further
inhibit T cell responses. It is characterized by defective homing of APCs and T cells to the primary
tumor and low CD8:CD4 ratios (43). On the other hand, cold TMEs are dominated by the various
myeloid populations previously described that contribute to dampening local inflammation
(Figure 2). Immunogenicity is the main determinant of the tumor immune phenotype (46). As
such, melanoma and its high mutational burden is often considered a prototypical hot tumor.
However, tumor immune phenotype is not set in time. As previously outlined, immunogenicity is
tightly linked to cancer genotype (47), and the melanoma oncogenic pathways confer it a colder
phenotype in advanced disease stages. On the other hand, a tumor’s immune phenotype can be
manipulated through clinical intervention. Indeed, new tumoral antigens are released upon
treatment with either chemotherapy (48) or radiotherapy (28), which contributes to their

therapeutic efficacy.
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Figure 2. Mechanisms of immune evasion in cold tumor microenvironments.
Adapted from Attias and Piccirillo, BJP, 2023 (in revision). Low immunogenicity limits T cell
recruitment. Presentation of tumor self-antigen by immature DCs in the absence of CD28 co-
stimulation leads to T cell anergy. Tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) further inhibit T cell responses by secretion of anti-inflammatory
cytokines and reactive oxygen species. Cancer-associated fibroblasts (CAFs) and neutrophil
extracellular traps (NETs) create physical barriers that prevent T cell infiltration of the tumor core.

Created with Biorender.com®

2.4.2. Establishment of hot tumor microenvironments
In tumors with higher mutational burden, such as melanoma, higher antigen uptake allows for
stronger early type 1 IFN responses and establishment of a hot TME, which is characterized by its
abundance of T cell-recruiting chemokines, antigen-presenting cells, and lymphocytes.
Furthermore, melanoma immunogenicity can be increased by the formation of tertiary lymphoid

structures (TLS) (49). Indeed, secretion of CXCL13 by stromal cells induces the recruitment of
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lymphoid tissue inducer cells such as Th17, B cells or M1 macrophages. These cells then interact
with the stromal cell through Lymphotoxin a1B2 which triggers the production of VEGF, thus
high endothelial venule formation (50). Meanwhile, chemokines and adhesion molecules attract B
and T cells to the TLS. In the context of anti-tumor responses, this is a net positive, as it allows for
better antigen-presentation and the coordinated actions of CD8" cytotoxic effector T cells and B
cells generated in TLSs. This enables in situ tumour destruction via direct tumor cell killing,
antibody-dependent cellular cytotoxicity (ADCC) mediated by macrophages and/or natural killer
cells and local complement activation (51). Furthermore, central memory T and B cells generated
in TLSs circulate and protect against metastasis. As such, presence of TLS is associated with better
prognosis and response to treatment (52). However, they are not associated with melanoma stage,
probably because they don’t appear from the beginning of tumor growth.

As a result, hot tumors are abundantly infiltrated by CD8" and CD4* Tnl cells, whose
production of IFNy also contributes to the polarization of TAMs toward an M1 phenotype, which
is associated with the gain of anti-tumor functions such as antigen-presentation through induction

of MHC-II (53) and reinforces the hot immune phenotype.

2.5. Acquired mechanisms of immune evasion dampen inflammation in hot tumors.
However, tumors develop mechanisms to escape the antitumor effects of IFNy, such as the
acquisition of loss of function mutations in JAK1 and JAK2 to resist the induction of apoptosis
(54). Furthermore, while early type 1 IFN responses are necessary for T cell recruitment to the
tumor, sustained signaling leads to I1L-10 secretion by APCs, as well as regulatory T (Treg) cell and
MDSC accumulation (55), thereby diminishing IFNy signaling throughout the TME and inhibiting

the polarization of TAMs towards an anti-tumor phenotype (Figure 3) (56).
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2.5.1. Role of checkpoint molecules in modulating T cell activation

IFNy signaling also promotes the upregulation of co-inhibitory ligands such as PD-L1, PD-
L2, galectin-9, CEACAM-1 and CD155 which provide an inhibitory feedback loop on TCR
activation and promote T cell dysfunction (57). As such, high amounts of PD-L1 expression is a
feature of hot TMEs which renders them sensitive to immunotherapies targeting immune
checkpoint molecules (44). Engagement of their TCR by a peptide-MHC complex is not sufficient
to transduce a fully activating signal in T cells. This process requires the formation of an immune
synapse with the antigen-presenting cell, grouping CD3 to maintain the TCR at the surface and
transduce additional signals through Immunoreceptor Tyrosine-based Activating Motifs (ITAMs);
CD4 or CDS co-receptors to stabilize TCR/pMHC interactions and phosphorylating ITAMs; and
engagement of the co-stimulatory receptor CD28 by CD80 or CD86 to induce signaling through
the Phosphoinositide 3-kinase (PI3K)/Akt pathway, which ultimately promotes T cell proliferation,
effector functions, cytokine production and survival.

Immune checkpoint molecules are a family of either co-inhibitory or co-activating ligands and
receptors that act as secondary signals to modulate various components of the PI3K/Akt pathway,
thus governing T cell fate. Indeed, the expression of co-inhibitory receptors is induced upon acute
productive TCR activation to provide an inhibitory feedback loop on T cell activation. CTLA-4
inhibits T cell activation by competing with CD28 for binding to CD80 and CD86 on the surface
of APCs, thus inducing self-tolerance (58). On the other hand, interaction of PD-1 with any of its
ligands leads to activation of its immunoreceptor tyrosine-based switch motif, which recruits Shp-
2 phosphatases that dephosphorylate CD3(, Zap70 and CD28 (59), leading to inhibition of Bcl-2
and Ras, and downstream inactivation of PI3K/Akt signaling (60). As such, CTLA-4 and PD-1

play a role in functions such as maintaining immune tolerance and contraction of physiological
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immune responses, to minimize tissue damage by mediating apoptosis of mature T cells in

peripheral tissues.

2.5.2. Chronic TCR stimulation induces states of T cell dysfunction in melanoma.

However, prolonged TCR stimulation induces chronically high expression of PD-1 through
FoxOl1, and other checkpoint receptors such as TIGIT, Tim-3 and LAG-3, in contexts such as
LCMYV infection or anti-tumor responses (61). Signaling through these pathways converge around
inhibiting PI3K/Akt/mTOR signaling and ultimately lead to the establishment of an exhausted
phenotype, with diminished proliferation and protein synthesis and metabolic consequences that
render the cell dysfunctional.

While T cell exhaustion also affects CD4" T cells, its hallmarks have mostly been studied in
CD8" T cells. T cell exhaustion is defined by high expression of multiple inhibitory checkpoint
receptors through chronic antigen stimulation, progressive loss of proliferative capacity and
capacity to secrete pro-inflammatory cytokines IFNy, TNFa and IL-2, reduced cytotoxic activity
because of a metabolic shift towards fatty acid oxidation, leading to eventual apoptosis. As
opposed to anergy, it is not a transient state that can be readily rescued by certain cytokines (62),
but results from a stable form of differentiation driven by the transcription factor Tox (63). As
such, two main subsets of exhausted cells have been described: progenitor-exhauster cells and
terminally exhausted cells.

Progenitor exhausted cells are memory cells that express intermediate levels of PD-1 and differ
from effector CD8" T cells by their expression of the transcription factor Tcf-1, which endows
them with stem-like properties (64). Ontogenically, they derive from effector cells that escape the

initial contraction of the immune response to become long-lived. Their differentiation into
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terminally exhausted cells is associated with a loss of Tcf-1 and high levels of PD-1 and Tim-3
expression (65).

Terminal exhaustion was initially described in chronic viral infections, where it is hypothesized
to alleviate immunopathology all the while maintaining partial control of pathogen replication. In
tumor microenvironments, PD-1%¢" CD8" T cells share a large part of their transcriptional
signature with LCMV gp-33 specific terminally exhausted cells (64), but often completely lack
effector functions and are thus referred to as dysfunctional rather than exhausted by some groups
(66). Indeed, tumor-associated antigen-specific dysfunctional CD8" TILs originate from anergic
cells that did not differentiate in an effector phenotype like is seen in chronic viral infections (67).
Thus, the dysfunctional phenotype is associated with tumor-reactive rather than bystander TCR
specificity (68). As such, while surface expression of PD-1 is a useful biomarker of exhaustion and
therapeutic target, it does not fully capture the heterogeneity of exhausted cell subsets and is also
observed in effector populations. Furthermore, while exhaustion is readily induced by removing
CD4" T cell help (69) and Treg cells suppress the effector functions of both CD4" and CD8" T cells,

the role of Treg cells in promoting immune exhaustion remains ill-defined.
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Figure 3. Establishment of a hot tumor microenvironment and subsequent immune

exhaustion.

Adapted from Attias and Piccirillo, BJP, 2023 (in revision). Early type 1 interferon responses
induce the migration of CD103" DCs to the tumor-draining lymph nodes where they prime T cell
responses. Local T cell re-activation by IL-12-secreting DCs promotes CD4" Tyl and CD8" Test
cell differentiation, PD-1 expression, and production of IFNy, which in turn induces PD-L1
expression by tumor cells and APCs. CD11b" DCs, TAMS, Treg cells and MDSCs secrete 1L-10
with inhibits T cell function. If the antigen is not cleared, PD-1 expression persists and signaling

through PD-L1 and Tim-3 induces T cell exhaustion. Created with Biorender.com®
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3. Treg cells play a dominant role in tumor-induced immunosuppression.

3.1. Treg cells are essential mediators of peripheral tolerance.

Whether hot or cold, tumors are adept at hijacking the numerous suppressive mechanisms of
Treg Cells to dampen the proliferation and effector functions of anti-tumor Tes cells. Treg cells are a
specialized subset of CD4" T cells whose major function is to prevent the development of
autoimmunity by inhibiting autoreactive T cells and are essential mediators of peripheral tolerance
(70). They are defined by their expression of their master transcription factor Foxp3 which endows
them with their unique immunosuppressive transcriptome (71). Indeed, Foxp3 represses the
expression of key genes that play a role in T cell activation, proliferation and acquisition of pro-
inflammatory effector functions (IL-2, IFNy, IL-4, IL-17) (72). As such, genetic alterations of
Foxp3 expression lead to a catastrophic lethal multi-organ autoimmune disease called IPEX
syndrome in humans (73) and scurfy in mice (74). Another defining feature of Treq cells is their
constitutive high expression of the IL-2Ra (CD25) which allows them to readily capture the IL-2

they can’t produce and supports their proliferation and survival in the periphery (75, 76).

3.2. Developmental origins of melanoma-infiltrating T,.g cells

Treg cells can arise from two separate developmental pathways: (i) natural-occurring or thymic
Treg (tTreg) cells stem from single positive CD4" thymocytes expressing Foxp3 following TCR
engagement of self-antigen (77). In mice, expression of the zinc-finger transcription factor Helios
is associated with these tTreg cells (78). On the other hand, (ii) peripherally-induced Treg (PTreg)
cells arise in the periphery from naive CD4" T cells activated in the presence of Foxp3-inducing
factors such as TGF-B and IL-2 (79) which are readily found in tumor microenvironments (80),
and often lack Helios expression (78). Thus, it has long been hypothesized that local induction is

an important source of Treg cells in TMEs (81).
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To this date, it remains unclear which of these subsets dominates melanoma tumor
microenvironments. Some reports indicate that a majority of Treg TILs are Helios™ in human breast
(82) and colorectal (83) cancers. However, Helios is not a perfectly reliable marker of Treg cell
ontogeny as Helios expression can be acquired by pTrg cells induced upon antigen-specific
challenge of TCR-transgenic CD4" T cells (84). While pTreg cells are readily detected in TMEs
upon adoptive transfer of purified polyclonal Tconv Splenocytes (80), it remains to be determined if
these cells are tumor antigen-specific. Indeed, there is no pTreg induction observed when
transferring OT-1I cells into OVA-expressing murine melanomas (85). Furthermore, in B16
murine melanoma, single-cell sequencing of purified Trg cells revealed that local skin and
melanoma-infiltrating Treg cells share genetic signatures of tissue adaptation, suggesting an active
migration of circulating Treg cells (86). Finally, TCR sequencing analyses have found limited
overlap between the repertoires of Tconv and Treg TILS in preclinical models of lung cancer (87),
and in patients with colorectal carcinoma (88) metastatic melanoma, gastrointestinal and ovarian
cancers (89), despite shared antigen-specificity (90). Taken together, these data suggest that in
melanoma, the establishment of the tumoral Trg cell niche is highly dependent on the local
proliferation of thymic-derived Helios™ Treg cells recruited from the lymph node rather than a local

induction of pTreg cells.

3.3. Suppressive mechanisms of Treg cells within melanoma microenvironments

Melanomas co-opt the multiple Trg cell suppressive mechanisms to induce local
immunosuppression and favor their own growth. Indeed, Treg cells (i) mediate the deletion of
melanoma-infiltrating Tess cells through direct cell contact, by secreting cytotoxic granules
containing Granzyme B and Perforin (91); (ii) secrete anti-inflammatory cytokines TGFp, I1L-10

and IL-35 (92) which inhibit the effector functions of Tess cells and increase tumor cell survival,
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proliferation and metastatic potential (93); (iii) establish inhibitory interactions with dendritic cells
via LAG-3 which suppresses DC maturation (94) and via CTLA-4 which induces the endocytosis
of its ligands CD80 and CD86 (95), polarizes dendritic cells towards a tolerogenic phenotype,
limits the availability of co-activating signals to Tes cells (96) and induces secretion of IDO which
mediates Tesr apoptosis (97); (iv) increase the availability of inhibitory adenosine metabolites by
inducing local adenosine secretion via surface expression of CD39 (98), by releasing adenosine
during their own apoptosis in conditions of oxidative stress in melanoma TMEs (99) and by
transferring cyclic AMP to target Tes cells (100) which leads to inhibition of their proliferation
and cytokine production; and (v) compete for nutrients with Tesr cells and act as an IL-2 sink
through their constitutive expression of the trimeric high affinity form of IL-2R, which limits Tes
cell activity and ultimately leads to their apoptosis by cytokine-deprivation (101). As such,
abundant Treg cell infiltration correlates with worse prognosis, metastatic potential, and resistance

to treatment (102).

3.4. Accumulation of T,eg cells in tumor microenvironments

In addition to the direct suppression of Tes cells, multiple mechanisms concur to the
establishment of large Treg cell niches within TMEs. First, the tTreg cell TCR repertoire is skewed
towards self-antigens and distinct from Teonv Cells. Thus, Treg TILS are reactive to tumor self-
antigens and neoantigens in melanoma (89). Furthermore, tTreg cells are preferentially recruited to
certain tumor types through chemokines that are secreted directly or induced by tumor cells. For
example, production of CCL22 by tumor cells and TAMs drives the recruitment of CCR4™ Tieg

cells in ovarian carcinoma, where they suppress Her-2 specific T cells (102).
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Multiple pathways confer Treg cells a competitive advantage over Tes cells in melanoma TMEs.
(i) Secretion of Foxp3-inducing factors such as TGF promote Treg cell homeostasis locally and
can trigger the conversion of Teonv Cells into pTregs in the TME (80). (ii) PD-L1 signaling synergizes
with TGFp to stabilize Foxp3 expression epigenetically and promote Treg cell fitness (103). (iii)
Secretion of IDO by melanoma cells and APCs promote Treg cell survival and expansion, all the
while inducing Tesf cell apoptosis (104). (iv) Treg cells have higher rates of fatty acid synthesis and
glycolysis which confer them a proliferative advantage over Tes cells in low-glucose environments
such as the melanoma TME (105). (v) In hypoxic conditions, HIF-1a binds to the Foxp3 promoter
and favors Treg cell migration and proliferation, at the detriment of their suppressive potency.
Nonetheless, they retain some suppressive capacity through oxidative phosphorylation of free fatty

acids (106).

3.5. Dominant role of T cells in establishing a cold melanoma immune phenotype

Through their suppressive mechanisms and competitive advantages, Treg cells play a dominant-
role in establishing tumor-induced immunosuppression. Indeed, temporal depletion of Treqg cells,
either through the use of anti-CD25 antibodies or administration of diphtheria toxin to Foxp3P™®
mice, leads to the clearance of established tumors in a variety of cancer types, including melanoma
(107-110). Furthermore, subtle alterations to the canonical Trg cell phenotype in the TME are
sufficient to render poorly immunogenic melanoma models hot, and delay tumor growth (111). As
such, the role of Helios in promoting Trg cell fitness is crucial in melanoma. Indeed, the
constitutive deletion of Helios in Foxp3™* cells enhances anti-tumor responses as reflected by a
reduced frequency of tumor-infiltrating Trg cells and delayed B16 tumor growth (112).
Functionally, while it does not directly bind of Foxp3 or its promoter (113), Helios plays a crucial

role in Treg cell fitness by stabilizing the canonical Treq cell phenotype upon priming through Stat5
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signaling (114). Furthermore, Helios promotes cycling and survival by preserving Bcl-2
expression in these activated Treg cells. As such Helios” Treg cells are outcompeted by their WT
counterparts upon adoptive transfer and fail to control Thl and T responses (115). Furthermore,
the remaining tumor-infiltrating Helios” Treq cells display impaired lineage stability, characterized
by reduced expression of Foxp3 and CD25, secretion of otherwise-repressed cytokines such as
IFNy (112), and increased expression of genes associated with Thl and Tn2 differentiation (116).
However, it remains unclear if this delay in melanoma growth is a consequence of reduced Treg

cell survival or suppressive capacity.

3.6. Functional specialization of Treg cells in tumor microenvironments

3.6.1. Role of Helios in orchestrating the tissue-specialization of Treg cells

Foxp3 is the master transcription factor of Treg cells and its sustained expression stabilizes
Treg Cell suppressive function in time (117). However, Treg cells demonstrate functional plasticity
and adopt other master transcription factors associated with conventional CD4* (Tconv) T helper
linages in response to local inflammatory cues (Figure 4). Furthermore, in addition to promoting
Treg cell fitness in melanoma TMEs, emerging data links the expression of the transcription factor
Helios to these functional adaptations of Treq cells. Functionally, circulating Helios™ and Helios
Treg Cells have similar capacity to control effector cell proliferation in vitro and in a model of T
cell-mediated colitis. However, they harbor distinct transcriptional profiles which suggests they
are differentially susceptible to polarizing and inflammatory signals. Indeed, circulating Helios*
Treg Cells express higher levels of genes associated with a Tn1-profile compared to their Helios™
counterparts (118). Furthermore, our lab confirmed that Helios™ Treq cells express higher levels of
RORyt (119), and preferentially adopt a Thl7 phenotype (84). Accordingly, TCR sequencing of

circulating Helios™ and Helios™ Treg cells isolated from Foxp3-Helios dual reporter mice revealed
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very little overlap between the two repertoires, suggesting these two subsets represent different
Treg lineages (118). Nonetheless, Helios is not a reliable marker of tTreg cells as recent data from

our lab and others indicates that Helios expression can be modulated both in vitro and in vivo (84,

118, 119).
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Figure 4. Functional adaptation of regulatory T cells in response to inflammatory cues.

In response to distinct polarizing signals, Treg cells gain the expression of the respective T helper
master transcription factor. In turn, they gain the expression of chemokine receptors and alarmin
receptors which allow them to co-localize with Te cells at the site of inflammation and proliferate
and survive in tissues. As such, they are hypothesized to be functionally specialized in the control

of a subtype of inflammatory response. Yet, the role of this adaptation in TMEs is ill-defined.
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3.6.2. Acquisition of Th1-like characteristics

Expression of T-bet allows Thl-like Treg cells to colocalize with infiltrating Tegr cells
through CXCR3 (120, 121). In the context of mucosal infections, this Tx1 specialization is believed
to be required for their local survival, proliferation and suppressive ability, and to promote the
temporal control of type 1 immune responses and return to homeostasis (122). Tn1-like Treg cells
have been identified in human ovarian carcinoma and oropharyngeal cancer (123, 124). However,
the consequences of this adaptation on Ty cell function and fate remain to be determined in the
context of anti-tumor immunity. Indeed, while CXCR3" Ty, TILs appeared to suppress T cell
proliferation in vitro (123), and promote dendritic cell tolerization in situ (125), they are associated
with stronger IFNy secretion by Tcony cells in vivo (124). Furthermore, IL-12-induced upregulation
of T-bet drives the secretion of low levels of IFNy by Tre, cells (126), which has been associated
with strong anti-tumor responses and delayed tumor growth (111), suggesting such functional
plasticity could render these cells susceptible to a dysregulation of the canonical Treg cell

phenotype.

3.6.3. Reprogramming towards an effector phenotype

Treg Cells can ultimately reprogram into inflammatory Tconv Cells contributing to anti-tumor
immunity. Loss of Foxp3 expression results in abrogated Treg cell suppressive capacity and
unleashes their inflammatory potential (127). These reprogrammed cells are thus called
“exFoxp3™” and were first observed upon adoptive transfer of purified Treg cells into lymphopenic
mice. Emerging exFoxp3* cells produce cytokines normally repressed in Treg cells, like 1L-2, IL-
4, IL-17A and IFNy (72, 127, 128). Our laboratory showed that exFoxp3* cells mediate potent
inflammatory, effector functions in the gut microenvironment or sites of parasitic infection (128).

In melanoma, these reprogrammed Treg cells contribute to anti-tumor immunity by acting as
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conventional helper T cells and licensing DCs to mount CD8" T cell responses to a cross-presented
antigen (129). However, this process is inhibited by expression of IDO which suppresses IL-6

secretion in dendritic cells and in Foxp3™ cells through the GCN2 kinase pathway (130).

3.6.4. Role of IL-18 in the specialization of Tyeg cells during Ty1 responses

One of the most highly upregulated genes by exFoxp3 cells is I/L/8RI which encodes the
IL-18 receptor (131). IL-18 is a member of the IL-1 family of alarmins which is secreted by tumor
cells and by infected cells during type 1 immune responses. It was first described as an IFNy-
inducing factor and synergizes with IL-12 to promote the differentiation of CD4" T cells into Tnl
cells, despite being insufficient to induce Tnl development by itself (132). Another mechanism
through which IL-18 potentiates the establishment of Ty1 responses is by promoting the expansion
and survival of effector-like CD8" T cells (133). Importantly, T cells also sense IL-18 through
expression of the IL-18 receptor in cancer and during viral infections (131, 134).

Our lab has shown that IL-18R expression by tissue-infiltrating Treg cells is associated with
their acquisition of Tul-like characteristics. Indeed, IL-18 potentiates IL-12-induced IFNy
secretion by Treg cells in vitro, and IL-18 promotes Tresp cell evasion from suppression without
impairing Treg cell suppressive capacity (135). Furthermore, through a Tree-specific conditional
deletion of IL-18R1 expression, we demonstrated that Treg cell responsiveness to IL-18 is required
for the specialized suppression of Tn17 cells during Tx1-biasing infections such as Influenza A
Virus and Leishmania (135). In addition, IL-18R" Ty cells display promote tissue-repair
mechanisms by secreting amphiregulin (136). Taken together, these results are coherent with a
model whereby IL-18 allows Trg cells to expand and survive without impairing the effector
functions of Tul cells during the initiation of a type 1 immune response, before favoring the

effective contraction of the immune response and return to tissue homeostasis after pathogen
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clearance (122). However, numerous knowledge gaps remain on the role of IL-18 sensing by Treg
cells in the context of anti-tumor responses. Administration of exogenous IL-18 decreased Treg cell
accumulation and improved survival in a model of metastatic melanoma treated with either anti-
PD-L1 or anti-CTLA-4 (137), suggesting that IL-18 may potentiate Terr evasion from Treg cell
suppression. However, IL-18 also has pro-tumor effects, such as inducing the exhaustion of CD8"
TILs (138), thus it remains to be determined how IL-18 impacts the fate of T, TILs. Taken
together, these data suggest that IL-18 may promote the acquisition of Tn1-like characteristics and

Treg cell reprogramming in inflamed TME:s.

3.6.5. Acquisition of Th2-like characteristics

On the other hand, the acquisition of Th2-like features, is associated with a more stable Treg
cell phenotype. Indeed, GATA-3 promotes Foxp3 expression through direct binding to the Foxp3
locus (139). In addition, it drives their upregulation of CCR4 (140), which has been identified as
mechanism of preferential recruitment of Treq cells to the tumor bed (102). GATA-3 expression is
associated with tissue-resident Treg cells (86) and Tn2-like Treg cells are enriched in melanoma
compared to healthy skin (141). However, the direct role of GATA-3 in regulating the functional
fate of Trg cells, and their capacity to selectively inhibit Thl or Th2 responses remains to be
determined. Nonetheless, recent data supports the notion that the Tnh2-adaptation of Treg cells favors
tumor-induced immunosuppression. GATA-3" Treg cells co-express the 1L-33 receptor ST2 (142),
allowing them to fine-tune their function in response to inflammation. Our lab has shown that cells
that expression of ST2 was increased in the stable Treg cells that maintain Foxp3 expression upon
adoptive transfer in lymphopenic (131). Indeed, ST2" Treq cells are highly suppressive through
high secretion of IL-10 and TGFp (143). Furthermore, ST2" Treg cells were found to predominate

at advanced disease stages in a model of lung adenocarcinoma, in which conditional deletion of
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ST2 in Trg cells delays tumor growth (144). Moreover, ST2-deficient Trg cells displayed

diminished suppressive capacity and adopted a Th1-like phenotype in B16 melanoma (145).

3.6.6. Acquisition of Th17-like characteristics

Polarization of Treg cells towards a Th17 phenotype is driven by TGFp and IL-6 signaling and
drives their upregulation of RORyt and CCR6 (119). These cells are found predominantly in tissues
such as the gut and the kidney, alongside Thl17 responses (146). Our lab has shown that this
phenotype is associated with increased rate of Foxp3 loss in lymphopenic mice (131). Nonetheless,
RORyt" Treg cells are potent suppressors of gut inflammation (147). Thl7-like Treq cells are found
at high frequencies in colon cancer (148). However, Treg cells play paradoxical roles in the control
of colon cancer development. In established primary lesions, Treg TILS dampen anti-tumor T cell
responses (149) and a specific subset of CD45RA™ memory Treqg cells is correlated with worse
prognosis (150). However, multiple reports correlate high Treg frequencies with positive clinical
outcomes (151-153). Indeed, the onset of colon cancer is linked to persistent gut inflammation,
thus Treg cells can protect from cancer through local 1L-10 production (154). In this context,
RORyt* Treg cells were shown to play a pro-tumorigenic role by failing to control IL-6 production
by DCs (155). However, the role of Trh17-like Treg cells remains to be established in melanoma.

Thus, while Trg cell play a key role in tumor-induced immunosuppression, numerous
knowledge gaps remain regarding the relationship between stages of tumor growth and Treg cell
specialization, the factors that promote distinct Trg cell adaptations in melanoma, their
consequence on Treg cell localization within hot and cold tumor microenvironments and the

contribution of Treg cells to primary and acquired resistance to treatment.
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4. Place of immune checkpoint inhibitors in the therapeutic arsenal against melanoma

4.1. Place of immune checkpoint inhibitors in the treatment of solid cancers

While Treg cell depletion induces tumor regression in preclinical models of melanoma, this
potent anti-tumor efficacy comes at the cost of severe systemic autoimmunity (110). Thus, while
Treg cells represent an extremely attractive therapeutic target for the development of tumor
immunotherapies, they have yet to be successfully harnessed for the safe and efficacious treatment
of cancer in the clinic (156). Nonetheless, immunotherapy is at the forefront of therapeutic
guidelines for the treatment of multiple metastatic cancers. ICIs are FDA-approved in a variety of
tumors such as Hodgkin’s lymphoma, melanoma, head and neck squamous cell carcinoma, renal
cell carcinoma, non-small cell lung cancer and urothelial carcinoma. The three main cellular targets
of these drugs are CTLA-4 (ipilimumab, tremelimumab), PD-1 (nivolumab, pembrolizumab,
cemiplimab, tislelizumab, dostarlimab), and PD-L1 (atezolizumab, avelumab, durvalumab). ICIs
are monoclonal antibodies (mAbs) that alleviate inhibitory signaling on Tefrand cytotoxic T cells
by competing with their targets’ natural binding partners. The rationale behind developing this
pharmacological class was to increase TCR signal strength and activation of the effector and
cytotoxic T cell compartments to amplify the anti-tumor response. The clinical efficacy of ICIs
depends on the solid tumor type and is maximal in melanoma (157), which was the first indication

for which these molecules received marketing authorization.

4.2. Therapeutic strategy in melanoma
If diagnosed at an early stage, the gold standard treatment is surgical resection. However, if a
patient is at risk of local recurrence, pembrolizumab can be used as an adjuvant treatment to

prevent relapse (158). At stage 3, surgical excision of the primary tumor and neighbouring lymph

fV6OOE/K

nodes is the standard of care. For patients presenting with Bra mutations, a combination of
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targeted therapies (signal transduction inhibitors: dabrafenib and trametinib) is indicated as
adjuvant strategy (159). For patients with Braf-negative tumors, 3 immune checkpoint inhibitors
have been approved: pembrolizumab, nivolumab (160) (anti-PD-1) and ipilimumab (161) (anti-
CTLA-4). At stage 4, the primary lesion is usually non-resectable and metastasized distally. For
patients with Braf-negative advanced melanoma, anti-PD-1 antibodies demonstrated superiority
to chemotherapy (162) and are thus the recommended first line of treatment (163). Furthermore,
combination of nivolumab and ipilimumab has shown to increase overall survival in advanced
melanoma patients (5). Finally, recent phase II and III clinical trials indicate a benefit to using

immunotherapy in a neoadjuvant setting, prior to surgical resection (164, 165).

4.3. The variable outcomes of immune checkpoint inhibition

4.3.1. Clinical assessment of responses

Checkpoint inhibitors have been a breakthrough in cancer immunotherapy, inducing durable
remissions which can persist after treatment interruption in responding patients. Nonetheless,
many patients do not experience a clinically significant response, defined by RECIST criteria as a
reduction in the sum of the area of target lesions. These include partial responses, a >30% reduction
of tumor burden compared to baseline with no appearance of new metastatic lesions, and complete
responses which are defined as the disappearance of the primary tumor and distant metastatic
nodules. While Overall Survival (OS) is the gold standard to assess efficacy in the clinic, it is
usually considered too lengthy in the context of evaluation in clinical trials (166). Instead, Overall
Response Rates (ORR), the percentage of patients whose cancer shrinks or disappears after
treatment, and Progression-Free Survival (PFS), the average length of time after the start of
treatment in which a person is alive and their cancer does not grow or spread, are the FDA-

recommended primary endpoints to assess efficacy in phase III clinical trials.
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Checkpoint inhibitors improve patient outcomes regardless of the clinical endpoint used: in the
case of advanced melanoma, in a phase IlI-controlled study, the overall survival rate at one year
was 72.9% in the nivolumab group compared to 42.9% with dacarbazine (162). The overall
response rate of nivolumab is estimated around 44% at 6.5 years of follow-up (167). The median
progression-free survival of melanoma patients receiving nivolumab in monotherapy is 6.9

months, and goes up to 11.5 months in combination with ipilimumab (168).

4.3.2. Pseudo- and hyper-progressions

Progression is defined as an increase in the size of lesions or the appearance of new lesions.
While nivolumab and pembrolizumab display clinical superiority to chemotherapy and
radiotherapy in a variety of solid tumors (169), they can be slower to induce tumor regression.
Indeed, contrary to other treatment alternatives such as chemotherapy and radiotherapy, they rely
on the induction of an adaptive anti-tumor response and do not induce direct cancer cytotoxicity
and the immediate shrinkage that correlates with survival with these agents (170). As such, new
criteria, such as iRECIST had to be established to account for the delayed efficacy of ICI (171)
when defining the appropriate time points to assess primary endpoint in clinical trials. Indeed,
pseudo-progressions are described in ~10% of patients treated with ICI, whereby patients undergo
a response after an initial disease progression (172). Thus, it is recommended to confirm initial
progression at least 4 weeks after initial assessment (171), and continuation of immunotherapy can
be considered in patients that do not experience severe toxicity and whose disease-related
symptoms improved (173). However, in another ~10% of patients, treatment with ICI induces
cancer hyper-progression, a catastrophic outcome associated with higher mortality (174, 175) and
an expansion of Treg cells post-treatment (176). While the criteria diverge between studies, it is

broadly defined as an increase in tumor growth rate following the initiation of ICI. The concept of
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hyper-progression remains controversial as it is not defined against a control arm. Nonetheless, it

is recommended to discontinue ICI in such outcomes (177).

4.3.3. Onset of immune-related adverse events

Treatment-induced toxicities are the other outcome that may require treatment discontinuation.
Due to their absence of direct cellular toxicity, ICIs present with a much better safety profile than
chemotherapy and radiotherapy (169). Indeed, no maximal tolerated dose was reached during
phase | trials for nivolumab (178). Notably, most frequent toxicities associated with ICls are
immune-mediated and dubbed immune-related adverse events (irAEs). They are classified into
early (skin, gastrointestinal, hepatic) and late (endocrine, renal, pulmonary) toxicities, based on
median time of onset (179). Early toxicities are the most common forms of irAEs, including
symptoms of diarrhea and colitis (10%), pruritus and skin rashes and occur within the first few
weeks of treatment initiation (178). Most of these adverse events are mild, yet 10% of patients
treated with nivolumab develop grade 3-4 adverse events (180). As such, fatal cases of colitis,
pneumonitis, hepatitis and myocarditis have been reported (181). In the case of melanoma, the
incidence of vitiligo is notably increased, up to 25% of patients during pembrolizumab treatment.
Indeed, vitiligo is a pathology mediated by the infiltration of healthy skin by autoreactive Melan-
A specific CD8" T cells, which indeed share antigen-specificity with melanoma cells (182). As
such, heavy infiltrates of resident CD8" T cells are found in ICI-induced vitiligo lesions (183), and
the onset of vitiligo is associated with tumor clearance (184), suggesting that this irAEs is mediated
by tumor-specific T cells breaching peripheral tolerance in healthy tissue. Nonetheless, given the
wide range of clinical manifestations, and their varying immunological nature (autoimmune,
inflammatory, allergic), it is unlikely a single causal mechanism is at play.

Considering the critical role of Treg cells in maintaining peripheral tolerance to self and non-
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self-antigens, and the diversity of tissues affected, the question of Treg dysregulation induced by
checkpoint inhibitors is raised. Indeed, CTLA-4 and PD-1 are both expressed at steady state by
Treg cells. Thus, a prevalent hypothesis is that unintended effects of ICIs on Treg cells could lead to
a breach in tolerance. However, to date, the strongest statistical association with onset of irAEs is
treatment efficacy (185). Thus, a better understanding of the factors that influence response to
treatment, primary and acquired resistance and onset of irAEs is warranted to better identify
patients that are susceptible to the development of these toxicities and to guide clinical practice

regarding the discontinuation of ICI therapy and the timely assessment of treatment efficacy.

4.4. Hallmarks of response to immune checkpoint inhibitors

PD-1" cells are a highly heterogeneous population, spanning multiple cell types (CD8", CD4"
Teonv and Treg, but also B cells, macrophages, and dendritic cells), tissue types (tissue-resident,
tumor-infiltrating, lymph-node dwelling, circulating) and functional states (recently primed,
follicular helper cells, effector memory, progenitor exhausted, terminally exhausted). Thus,
understanding of the differential consequences of checkpoint blockade on these different subsets

is needed and the subject of intense research within the field.

4.4.1. Confirmed mechanisms of action of PD-1 blockade.

Increased infiltration of CD8" T cells is a major hallmark of response to treatment (186), and
the presence of tumor-infiltrating lymphocytes pre-treatment is a pre-requisite of a successful
response (45, 187). However, studies in preclinical models show that the efficacy of PD-1 blockade
is maintained when inhibiting T cell egress from lymph nodes after tumor implantation, suggesting
that anti-PD-1 does not increase infiltration through enhancing the migration of lymph-node

dwelling cells to the tumor bed (188), but through increasing PD-1" TIL proliferation instead.
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However, contrary to their stated rationale, anti-PD-1 mAbs do not reactivate anti-tumor
responses by rescuing terminally dysfunctional CD8" TILs (189). Indeed, upon reaching a
threshold of PD-1 signaling, exhausted cells become unresponsive to PD-1 blockade (190). Indeed,
exhaustion represents a terminal differentiation state, with epigenetic reconfiguration of chromatin
accessibility that prevents rescue of its effector functions by cytokines in vitro (62). Instead, anti-
PD-1 provides a proliferative burst to progenitor exhausted CD8" T cells and prevents their
differentiation into terminally exhausted cells (189).

The efficacy of anti-PD-1 antibodies is dependent on a CD28-mediated increase of PI3K/Akt
signaling in these progenitor cells (191), which restores their effector functions, mainly the
secretion of pro-inflammatory cytokines IFNy, TNFa, and IL-2 (192, 193). Indeed, these
polyfunctional CD8" cells have been shown to be the main effectors of tumor cytotoxicity in vivo
(194), whereas terminally exhausted cells continue to produce large amounts of Granzyme B (64).
In line with increased CD8" T cell function, increased CD8: Ty, ratios have been associated with
successful response to PD-1 blockade (195, 196), suggesting that CD8" T cells evade Treg cell
suppression locally. However, the mechanisms by which this ratio is modulated remain unclear.

Recently, analyses of immune cell topography identified that the spatial distribution of CD8"
T cells in close proximity to tumor predicts response to PD-1 blockade (197, 198), a process tightly
controlled by intra-tumoral chemokines. Indeed, the efficacy of anti-PD-1 is abrogated upon
deletion of CXCR3 in preclinical models (188). As such, CD8" T cells preferentially localize in
the vicinity of CXCL9/10-secreting macrophages within immune “hubs” of the TME, and
progenitor exhausted cells co-localize with CCR7" DCs (199). Thus, during a successful response,

anti-PD-1 increases the proliferation and function (200) of tumor-specific (180) CD8" T cells
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which infiltrate the tumor core (43) and provide a positive feedback loop on inflammation by
inducing the expression of interferon-stimulated genes in neighboring myeloid cells (199).
Importantly, anti-PD-1 and anti-PD-L1 antibodies differ by design from anti-CTLA-4 mAbs
in their pharmacological mechanism of action, through the choice of their IgG subunit. Nivolumab,
pembrolizumab (both humanized 1gG4) and their murine counterpart used to evaluate preclinical
efficacy, RMP1-14 (rat [gG2a), were designed to solely inhibit ligand binding, and not engage Fcy
receptors susceptible of inducing antibody-dependent cellular cytotoxicity (ADCC) (201). Indeed,
RMP1-14 only binds with low affinity to mouse activating Fcy receptors IIb, and switching its
isotype to a mouse IgGl, diminished its efficacy by inducing ADCC of CD8" TILs (202).
Interestingly, while atezolizumab (humanized IgG1) was also designed to minimize ADCC of PD-
L1" Tef cells, and increase CD8" T cell activation, murine data suggests that optimal efficacy of

anti-PD-L1 is achieved through FcyR-induced deletion of PD-L1" macrophages (202).

4.4.2. Mechanisms of action of anti-CTLA-4 antibodies

On the other hand, anti-CTLA-4’s efficacy relies on binding to activating Fcy receptors
(203). Indeed, in preclinical models, anti-CTLA-4 induces Treg TIL depletion by tumor-infiltrating
FcyRIV' macrophages in vivo (204). While ipilimumab induces human Treg cell depletion ex vivo
in the presence of CD16" Monocytes (205), and in vivo in humanized mouse models (206), it
remains to be determined if this mechanism plays a role in the success of ipilimumab in the clinic.
Indeed, while activation of NK cells, another effector of ADCC, has been linked with successful
response to ipilimumab in patients (207), NK cell depletion did not affect the efficacy of anti-
CTLA-4 in mice (204). Furthermore, some studies have failed to show significant Ty cell
depletion in melanoma patients (104, 208). Moreover, the murine anti-CTLA-4 clone 4F10

induced Teg TIL expansion through CD28 (209), and ipilimumab expands suppressive Treg cells
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in the blood of melanoma patients (210). Furthermore, maximal efficacy of anti-CTLA-4 requires
blocking CTLA-4 on both the Treg and the Tefr compartment (211). As such, its Treg-depleting effect
remains controversial and expansion of ICOS™ CD4" Tes cells is the consensus hallmark of

response to anti-CTLA-4 (212).

4.5. Proposed biomarkers of response to treatment

Despite retrospective data spanning over 10 years of use in the clinic, and active research, there
is still no robust one-size-fits-all validated predictive biomarker of response to any ICI. This is
partly due to non-immunological considerations such as availability of biopsy samples, variable
choice of the time of sampling, heterogeneity between tumor lesions, use of cost-effective and
readily available technology in a clinical laboratory setting, need for robust tests that withstand
inter-operator variability and the difficulty to identify clear cut-off positivity thresholds. For
example, PD-L1 expression by tumor cells, which can routinely be identified by
immunohistochemistry and is an obvious candidate given the mechanism of action of anti-PD-1,
is an FDA-approved companion test. Nonetheless, its use is only recommended for treatment with
pembrolizumab in non-small cell lung carcinoma patients (213). Indeed, while PD-L1 positivity
identifies a population with a higher response rate to PD-1 blockade (180), its negative predictive
value is only 58% for nivolumab, as 20% of patients with PD-L1 negative tumors experience a
successful response (5).

Nonetheless, immunological classifications of tumors, designed to support the clinical
development of ICls, proved to be a useful tool in research settings to better understand the features
that correlate with beneficial outcomes. Indeed, features associated with hot TMEs, such as
abundance of lymphocyte infiltration, localization of CD8" T cells within the tumor, presence of

TLS, and M1 macrophage phenotypes all correlate with response (214), whereas cold tumor
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features correlate with resistance to treatment (47). One of the main determinants of tumor immune
phenotype is tumor type itself. As such, overall response rates vary depending on the nature of the
solid tumor. In monotherapy, they are lower in non-small cell lung cancer (17% for nivolumab),
and maximal in metastatic melanoma (44% for nivolumab) (reviewed in (157)). Furthermore,
mismatch-repair deficiencies, which lead to considerable increase in DNA replication errors and
thus generation of neoantigens in a variety of tumor types, increase the ORR to 40% in colorectal
cancer patients (compared to 0% in mismatch-repair proficient tumors). Given its remarkable
efficacy in this setting (215), pembrolizumab is now FDA-approved for the treatment of mismatch-
repair deficient solid tumors, regardless of tumor site or histology, a first in oncology. This
illustrates that tumor immunogenicity is a major driver of response to treatment, irrespective of
tumor type.

Finally, Kumagai et al. proposed that the clinical outcome of immunotherapy is dictated by the
Treg: Tert balance within PD-1 expressing TILs at treatment onset (216). Despite limited sample
size, this simple ratio provided remarkable predictive value in metastatic melanoma, non-small
cell lung cancer and gastric cancer, highlighting a potential role of Trg cells in determining the

variable outcomes of tumor immunotherapy.
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5. Impact of immune checkpoint inhibition on regulatory T cells

5.1. Expression of checkpoint molecules identifies highly suppressive Treg cells in

circulation.

Despite ICIs being designed to target preferentially tumor-infiltrating Tesr cells, CTLA-4, PD-
1, and a multitude of other checkpoint molecules are expressed by Treg cells, even at steady state.
As previously described, CTLA-4 is indeed one of the major suppressive mechanisms deployed
by Treg cells to tolerize DCs and limit the availability of co-stimulatory molecules to Tefs cells. As
such, high levels of CTLA-4 expression denotes highly suppressive Treg cells and increased rates
of CTLA-4 internalization cripple Treg cell function (217). LAG-3 is another checkpoint molecule
that is constitutively expressed by Trg cells and allows them to bind antigen-presenting cells
through MHC-II and transduce inhibitory signals for dendritic cell maturation (94).

While they are not directly implicated in Treg cell suppression, expression of ICOS and TIGIT
also identify highly suppressive Treg cells. Our lab and others have shown that ICOS co-stimulation
plays a crucial role in the homeostasis of tissue-infiltrating Treg cells at sites of inflammation (218).
TIGIT expression identifies stably suppressive memory Treg cells in humans (219). Furthermore,
both ICOS and TIGIT-expressing Treg cells are enriched in Thl-like Treg cells and are expert

suppressors of Thl responses (220, 221).

5.2. Biological roles of PD-1 in Treg cells

On the other hand, despite high expression levels at steady state, the function of PD-1 in Treqg
cells is not well established. PD-1 is not known to play a role in Treg cell suppression. Indeed, Treg
cells from PD-17" mice do not display a diminished suppressive capacity and are found at a similar

frequency in circulation (222). However, emerging roles are being proposed:
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a) Restraining Treq cell proliferation: This role was uncovered through the recent generation

of conditional knockout models of PD-1 expression. In 2019, Kamada et al. developed a CD4 "
PD-1"'"" mouse model and showed in bone marrow chimera experiments that PD-17 Tregs have a
higher proliferative rate (176). Concurrently, Tan et al. generated Foxp3"PD-1""" mice and
showed that, in their hands, PD-17" are more suppressive in vitro and outcompete WT Treq cells for
homing to the pancreas (223).

b) Promoting Treq cell metabolism: PD-1 signaling promotes fatty acid oxidation, a metabolic

program which is beneficial for Trg cell development (224). As such, tamoxifen-inducible
conditional deletion of PD-1, using Foxp3-CFP-Cre-ERT2 pp_1-19® mjce reduced lipid metabolism in
Treg cells, leading to reduced survival in a lung cancer model (225).

¢) Peripheral induction of Trq cells: PD-1 has been shown to promote Foxp3 induction in

naive T cells by synergizing with TGFp through Smad3 (103). Indeed, PD-17- CD4* T cells have
a diminished capacity to differentiate into pTrq cells when transferred into lymphopenic RAG2™"

mice (222).

d) Stabilization of Foxp3 expression: Foxp3 is the master transcription factor of Treg cells and
reduction of its expression is correlated with loss of suppressive activity and secretion of
proinflammatory cytokines (117). Sustained activation of the PI3K/Akt pathway is known to
destabilize Foxp3 expression (226) but is directly downmodulated by PD-1 signaling (227).
Indeed, administration of nivolumab has been shown to downregulate Foxp3 expression in vitro
(228). Furthermore, PD-1 was shown to inhibit expression of the Foxp3-cleaving asparagine
endopeptidase in T-bet" pTreg cells (229).

e) Inhibiting the reprogramming of Treq cells: exFoxp3™ cells are potently pro-inflammatory
Inhibiting th fT Il Foxp3* cell tentl fl t

and contribute to CD8" T cell-mediated anti-tumor responses (129) and PD-1 expression affects
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the ability of Treg cells to reprogram. Foxp3®P-C PD-1"M mice, characterized by diminished
Foxp3 expression and conditional absence of PD-1 expression, spontaneously develop lethal
pancreatitis. However, this phenotype can be rescued by adoptive transfer of Trg cells isolated
from PD-1"" mice. The breeding of FoxP3®™P-C¢with Rosa26~F" mice, a Cre-reporter strain, allows
stable in vivo labeling of the cells that once expressed GFP. Fate mapping experiments showed
that cells from Foxp3©Fc PD-1" mice have an increased tendency to lose Foxp3 expression
during their growth, characterized by the Foxp3-GFP- RFP* phenotype (230), suggesting exFoxp3*
cells are pathogenic. Nonetheless, it remains to be determined if PD-1 deletion induces Treq cell
reprogramming in TMEs and if this contributes to increased anti-tumor responses.

Taken together, these results suggest that PD-1 does not play a role in Ty cell function but
regulates their homeostasis, fitness, and lineage stability in tissues, thus contributing to the
regulation of the Treg/Terr balance. pTreg cells could be more sensitive to this effect as partial
methylation of their demethylated evolutionarily conserved foxp3 locus renders them more
sensitive to loss of Foxp3 expression (231). However, knowledge gaps remain regarding the
consequences of PD-1 expression on Treg cells. While Treg TILS express PD-1, it is unclear whether
they undergo exhaustion in the same sense than CD8* TILs. Indeed, circulating Treg cells share
several defining characteristics of exhausted cells such as high expression of multiple inhibitory
checkpoint molecules, inability to secrete pro-inflammatory cytokines and increased rates of fatty
acid oxidation. Thus, it has proven difficult to identify a readout for the consequences of PD-1
signaling on Treg cells. Furthermore, exhaustion dampens Tes cell proliferation, hampering our
ability to determine intrinsic Treg cell suppressive function in tumor environments in vivo. In
addition, while lactic acid has been shown to promote PD-1 expression in Treg cells in glycolytic

TMEs (232), it remains unknown whether the PD-1 expression profile differs between hot and
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cold TMEs, and whether Trg cells express similar levels of PD-1 than their Tes counterparts.
Indeed, Treg cells preferentially consume IL-2, and Stat5 signalling has been shown to override

PD-1 inhibition upon chronic antigenic exposure (233).

5.3. Functional consequences of PD-1 blockade on T,.; cells.

Given their constitutive expression of checkpoint molecules, a prevalent hypothesis is that
unintended effects of ICIs on Treg cells could lead to a breach in tolerance. Indeed, Treg cells are
depleted by anti-CTLA-4 (205) and anti-TIGIT (234) anti-ICOS antibodies (235), and antibody-
mediated inhibition of LAG-3 reduces Treg SUppression in vitro and in vivo (236).

In the case of anti-PD-1 the consequences of PD-1 blockade on Treq cell functional fate are
ill-defined (Figure 5). Given its role in stabilizing Foxp3 expression, it has long been hypothesized
that PD-1 blockade antagonizes Treg functional stability in inflammatory environments. However,
in experimental models where only Treg cells can bind the antibody, administration of anti-PD-1
(i) increases Treg cell proliferation and overall suppression in vitro and (ii) accelerates tumor
growth in vivo (176). Furthermore, Kamada et al. identified increased proliferation of Treg cells
post-treatment in patients with gastric cancer experiencing tumor hyper-progression upon IClI
(176), highlighting that the functional impact of PD-1 blockade on Trq cells can influence the
success of immunotherapy. Yet, it is unclear how to reconcile these findings with the onset of
potent anti-tumor responses and irAEs in high responder patients, and by which mechanisms CD8*
T cells evade Treg cell suppression in highly inflamed TMEs. Furthermore, PD-1 blockade could
contribute to the induction of exFoxp3™ cells which have been shown to contribute to anti-tumor
immunity. Taken together, numerous knowledge gaps persist regarding mechanisms of action of

anti-PD-1 mAbs on Trg cells, dynamics of PD-1 expression and Treg cell function throughout
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tumor growth and checkpoint inhibition therapy. Therefore, a better understanding of how PD-1

signaling affects the adaptation of Treg cells to inflammatory signals is warranted.

Anti-PD-1 Anti-PD-1 Anti-PD-1

}\a CD28TCR \I\Q'\ PD-1 CD28TCR ¥,
/ LV i @

CD28TCR  TGFBR

Responder Non-responder Foxp3*
CD8* cbg* Regulatory
T cell T cell T cell
TCR signal strength TCR signal strength TCR signal strength? Foxp3 expression?
IFNy secretion IFNy secretion Survival? pTreg induction?
Proliferation Proliferation Proliferation? Suppression?
Survival Survival
POLYFUNCTIONAL EXHAUSTED ANTI-INFLAMMATORY PRO-INFLAMMATORY

Figure 5. The functional consequences of PD-1 blockade on Treg cells are ill-defined.

Upon PD-1 blockade, responder CD8* T cells increase their proliferation, survival, IFNy secretion
and do not differentiate in terminally-exhausted cells. Over a threshold of PD-1 inhibitory
signaling and terminal differentiation, non-responder CD8" T cells fail to reactivate in response to
anti-PD-1. Increasing Treg cell activation increases their survival, proliferation, and suppressive
function in a subset of patients with tumor hyper-progression. However, as high levels of PI3K
signaling destabilize Foxp3 expression, it has been hypothesized that anti-PD-1 inhibits pTreg
induction and dysregulates Treg cell suppressive function in high responder patients. Created with

Biorender.com®
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6. Rationale

Although ICIs were designed to target exhausted Tesr cells within the tumor microenvironment,
anti-PD-1 mAbs have the potential to target Treg cells given their high basal expression of PD-1.
This is critical, as Treg cells play important roles in the maintenance of peripheral tolerance and in
restraining anti-tumor activity. The onset of irAEs associated with ICI use suggests checkpoint
blockade may lead to a systemic dysregulation of Tre cell homeostasis. Incidentally, protection by
ipilimumab stems from antibody-dependent cell-mediated cytotoxicity of tumor-infiltrating
CTLA-4" Trg cells by FcyRIIIA® monocytes (205), demonstrating the potential for Treg
dysregulation by some ICIs.

Knowledge gaps remain regarding (i) the dynamics of Treg infiltration throughout tumor growth
or PD-1 blockade, (i) how CD8" T cells overcome Treg cell suppression and (iif) the mechanisms
through which irAEs arise. Furthermore, despite Helios being a putative binding partner to the
PDCDI promoter, little is known regarding the interplay between Helios and PD-1 expression,
and how PD-1 signalling, or blockade affects Helios expression as well as Treg cell fitness,
adaptation, and overall functional fate in tumor microenvironments. Understanding the effect of
anti-PD-1 on Tyeg cell survival, differentiation and function may lead to a better understanding of
acquired resistance to treatment, onset of adverse events and lead to the development of preventive
therapies for irAEs and novel strategies to enhance anti-tumor immunity.

While the hallmarks of response to treatment are well characterised for CD8" T cells, little is
known about the effect of anti-PD-1 mAbs on Trg cells. PD-1 signaling impacts PI3K/Akt
signaling, a pathway implicated in TCR signaling and activation, which controls T cell
metabolism, differentiation, and acquisition of effector functions (227). In the context of an anti-

tumor immune response, PD-1 blockade has the potential to impact T cell priming, activation and
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migration to and within the tumor, as well as their proliferation and survival. In a Ty cell intrinsic
view, these effects would be anti-inflammatory by increasing Treg cell fitness. However, high levels
of Akt signaling promote the acquisition of Ty1-like characteristics by Treg cells (237), suggesting
that PD-1 blockade might favor this adaptation. Furthermore, it could render these cells Tnl-like
cells more sensitive to epigenetic destabilization of Foxp3 expression (103), leading to secretion
of IFNy (117) and possibly loss of Foxp3 expression itself (230), ultimately dysregulating Tre, cell
phenotype in inflammatory environments. Furthermore, PD-1 blockade could skew the profile of
the cytokines and alarmins secreted in the tumor microenvironment towards pro-inflammatory
molecules that further destabilize Foxp3 expression and inhibit Foxp3 induction in tumor-
infiltrating CD4" T cells. Moreover, given the synergy between PD-1 and TGFp, a reduction in
peripheral Foxp3 induction following PD-1 blockade could curtail tumor-induced
immunosuppression, but also potentially lead to a breach in tolerance in barrier tissues like the gut,
where pTreg induction plays a key role in local immune homeostasis (238) (Figure 6).

Thus, this work examined the overarching hypothesis that while anti-PD-1 can induce Treg cell
activation and proliferation, thereby counterbalancing the increase in Tesr cell activation, and
mediating resistance to treatment in cold TMEs, it also induces induce phenotypic adaptations that
dysregulate Tre cell function and/or fate in hot TMEs, which are required for the success of

checkpoint inhibition.
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Figure 6. Rationale for assessing the functional consequences of PD-1 blockade on Treg cells.

PD-1 plays a role at numerous stages of the Trg cell life cycle and is expressed not only by tumor-
infiltrating Treg cells, but also by effector Treg cells in circulation. (1) PD-1 blockade at the time of
Treg cell priming could increase activation and migration to the tumor. (2) Inhibiting PD-L1 ligation
on Teonv cells could increase the amount of TGFf signaling required for pTreg cell induction. (3)
Increasing CD8" TIL function could trigger the local production of type 1 inflammatory signals
which favor Treg cell functional adaptation to dampen anti-tumor responses. (4) High levels of Akt
signaling could trigger IFNy production by T-bet” Tre, cells and ultimately (5) cause a loss of Fopx3

expression. Created with Biorender.com®.
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7. General Objectives
The hypothesis that PD-1 blockade increases T cell activation and proliferation but dysregulates
their suppressive function in highly inflamed TMEs has been tested by experiments based on the

following three objectives:

1) Investigate the consequences of anti-PD-1 on local and systemic Treg cell homeostasis
in a melanoma model that is poorly responsive to anti-PD-1 (Chapter 2, manuscript in
preparation)

2) Investigate the effects of anti-PD-1 on Treg cell functional fate in a highly immunogenic
melanoma model (Chapter 3, manuscript submitted)

3) Investigate the impact of IL-18 signaling on the Tn1-like functional adaptation of Treg
cells in melanoma and successful response to anti-PD-1 (Chapter 4, manuscript in

submission)
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Chapter 2 — PD-1 signaling dampens Helios* Tres cell activation levels in cold and hot

murine models of melanoma.
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Bridging statement for chapter 2

The use of ICIs has provided a significant amelioration of advanced melanoma prognosis
(239). Yet, the majority of patients do not respond to treatment (240), thus preclinical models are
needed to better understand the mechanisms underlying primary and acquired resistance to
treatment, as well as the conditions that enable successful tumor clearance. The B16 melanoma
cell line was the gold standard during the preclinical development of ICIs, yet it does not respond
to PD-1 blockade in monotherapy (195, 241, 242). Foxp3" regulatory T (Treg) cells play a dominant
role in preventing the rejection of syngeneic melanomas in preclinical models (107, 110), yet little
was known on their contribution to ICI resistance. Specific knowledge gaps concerned (i) the
impact of PD-1 signaling on their functionality, as Treg-specific knockout models were not
generated until 2020 (223), (i) if PD-1 expression levels differ in various tumor environments,
and (ii) how does this impact their response to PD-1 blockade? We hypothesized that PD-1
blockade on Trg cells could increase their activation and proliferation, counterbalancing the

reactivation of CD8" TILs and causing treatment failure.

In this chapter, we perform the first in depth immune characterization of two novel
melanoma models which recapitulate key aspects of human pathogenesis (23, 25) and characterize
the different profiles of PD-1 expression by TILs in both models. Through in vifro modeling, we
establish that PD-L1 restrains Trg cell activation levels and identify features reminiscent of
immune exhaustion in Trg cells at tumor endpoint. Furthermore, we characterize the
responsiveness of D4M.3A tumors to ICI therapy and identify that anti-PD-1 increases the
expansion and activation levels of Treg cells both locally and systemically in a model displaying

acquired resistance to treatment.
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Abstract

Immune checkpoint inhibitors targeting CTLA-4 and PD-1 were designed to counteract the
exhaustion of melanoma-infiltrating effector T cells. While they have improved the survival rate
of patients with advanced melanoma, most patients do not respond to treatment. To further our
understanding of the immunological mechanisms of treatment resistance, new preclinical models
that respond to checkpoint blockade in monotherapy are required. Here, we characterized the
immune phenotype and T cell responses in two preclinical models of melanoma that harbor Braf
and PTEN mutations, the most common combination of genetic alterations found in the clinic.
First, we show that the D4M.3 A melanoma displays a cold immune phenotype with limited T cell
infiltration and a partial response to anti-PD-1 and anti-CTLA-4. Increased inflammation was
associated with a local and systemic expansion of Helios™ Treg cells displaying reduced PD-1
expression and a more highly activated phenotype, suggesting Ty cells counteract the anti-tumor
efficacy of checkpoint blockade. Contrary to D4M.3A, YUMMER1.7 melanomas, which share the
same Braf and PTEN mutations, display a potent T cell response that is countered by abundant Treg
cell infiltration and robust expression of PD-1, driving CD8" T cell exhaustion, and enabling the
tumor to evade immune responses. Importantly, T cells also display PD-1 expression and
phenotypic signs of exhaustion, denoting that Treg cell fitness decreases with tumor growth and
that Treg cell reactivation upon PD-1 blockade contributes to acquired resistance to treatment in

cold TMEs.
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Introduction

Immune checkpoint inhibitors (ICIs) targeting CTLA-4 and PD-1 have been a
breakthrough in the treatment of advanced melanoma. Indeed, the median progression-free
survival of melanoma patients receiving nivolumab (anti-PD-1) in monotherapy is 6.9 months and
goes up to 11.5 months in combination with ipilimumab (anti-CTLA-4) (1). Nonetheless, most
patients do not experience a reduction in the sum of target lesions (2), the threshold used to define
an objective response in clinical trials (3). While there is a lack of robust predictive biomarkers of
response to treatment (4), the presence of tumor-infiltrating lymphocytes prior to treatment is
required for treatment success (5). However, the B16 cell lines which have long been considered
a gold standard during the preclinical development of ICIs display low mutational burden and
lymphocyte infiltration (6). As such, while ICIs are used in monotherapy in the clinic, seminal
papers have relied on adjuvant strategies such as vaccination (7-9) and adoptive transfer of tumor-
specific T cells (10) to demonstrate the efficacy of anti-CTLA-4 and anti-PD-1 mAbs in murine
models. To better understand the immunological mechanisms of treatment success and failure, it
is necessary to develop new melanoma models that recapitulate hallmarks of human melanoma
pathophysiology and response to ICI.

Melanoma is the solid tumor type with the highest overall response rates to immunotherapy
(11). Indeed, it is considered a “hot” tumor type due to its characteristically high mutational load
(12), which generates neoepitopes and thus, increases the diversity of antigens available for T cell
recognition. Nonetheless, Braf and PTEN loss, the most common combination of genetic
alterations found in melanoma lesions (13), are insufficient to render the melanoma TME
immunologically “hot”, in part due to the absence of UV mutations, in a tamoxifen-inducible

model of melanoma growth (14). Specifically, these tumors display tolerogenic dendritic cells with
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high PD-L1 expression (15), and abundant Myeloid-Derived Suppressor Cells (MDSCs) and
Tumor-Associated Macrophages (TAMs) infiltration which contribute to T cell exclusion (16, 17).
To better rationalize the processes that occur in poorly immunogenic melanomas, we explored the
immune landscape that develops during the expansion of a Dartmouth Murine Mutant Malignant
Melanoma (D4M.3A) (Braf¥®°F PTEN™), a cell line that was generated for the preclinical
development of targeted therapies (18). As such, characterization of their immune phenotype and
response to ICI is still lacking.

The high success rate of ICIs suggests that immune exhaustion is a predominant
mechanism of immune evasion in melanoma. Nonetheless, it remains to be determined if resistance
to treatment is driven by tumor-intrinsic mechanisms such as lack of T cell infiltration (19) or
adaptive mechanisms such as tumor-induced immunosuppression. Indeed, Foxp3™ regulatory T
(Treg) cells, which play a dominant role in promoting an immunosuppressive melanoma tumor
microenvironment (TME) (20, 21), also express CTLA-4 and PD-1. In particular, the ratio of intra-
tumor CD8:Tr; amongst PD-1 expressing cells has been proposed as a predictive biomarker of
response to treatment (22). Yet, little is known about the differences in Tre, cell infiltration and PD-
1 expression levels between responding and non-responding tumors. For example, while a subset
of circulating memory Helios" Treq cells expresses PD-1 (23, 24), it is unclear whether Treg tumor-
infiltrating leucocytes (TILs) undergo immune exhaustion in tumor micro-environments (TMEs)
(25), and whether, akin to CD8" TILs, PD-1 expression levels impact the functional consequences
of checkpoint blockade on Ty cells (26). As such, characterizing the differences in PD-1
expression by Treg cells in hot and cold TME:s is key to understanding the variable outcomes of
immunotherapy. Successful response to ICIs is associated with the onset of immune-related

adverse events (irAEs), suggesting a systemic dysregulation of Tre, cell function (27). On the other
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hand, anti-PD-1 was shown to promote Tre, cell activation and proliferation in a subset of gastric
cancer patients that underwent an acceleration of tumor growth upon treatment (28). As PD-1
restrains Treg cell proliferation (29), we hypothesized that increasing the activation of Treg TILs
constitutes a mechanism of acquired resistance to PD-1 blockade in cold TME:s.

To study the impact of PD-1 signaling and its blockade on Tre; cell functional dynamics in
melanoma, we characterized systemic and melanoma-infiltrating Tre cell phenotypes in the
D4M.3A preclinical model. We show that D4AM.3A tumors display a “cold” immune phenotype
and a minor delay in tumor growth in response to anti-PD-1, denoting an acquired resistance to
treatment (30). PD-1 blockade reduced PD-1 expression levels by Trg cells, leading to an
expansion of highly-activated, Helios™ Trg cells, both locally and systemically. While a
combination of anti-PD-1 and anti-CTLA-4 showed increased anti-tumor efficacy, it further
increased local T, cell activation and proliferation. When we compared this response to the highly
immunogenic YUMMERI1.7 melanoma model (31), Helios™ Treg cell infiltration was more
abundant, and Tre; TILs displayed a highly activated phenotype with Tr1-like features, namely T-
bet and IL-18R expression, suggesting a functional specialization that is absent in D4M.3A tumors.
Furthermore, PD-L1 signaling dampened their activation levels, indicating that Treg cells undergo
a form of immune exhaustion throughout tumor growth. Thus, reactivation of Helios™ Treg TILS

contributes to the acquired resistance to checkpoint blockade.
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Material and Methods
Mice

C57B1/6.Foxp3RES-mREP reporter knock-in (Foxp3®Y) mice were provided by Jonathan
Spicer. C57B1/6.Foxp3RESMRIP Helios™RES-GFP qual reporter knock-in (Foxp3RfP-Helios®?) mice
were provided by Ethan Shevach. Wild Type C57Bl/6 mice were purchased from Charles River
Laboratories. All mice used were males and 8 to 14 weeks of age, the examiner was blinded to
group repartition until the end of the analysis.
Tumor cell lines

The D4M cell lines were derived from the tamoxifen-inducible, Braf/PTEN conditional
model of melanoma (14, 18). D4M.3 A cells were kindly provided by Dr. Sonia Del Rincon (McGill
University) and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Wisent), supplemented
with 10% FBS (Wisent) and 1% Penicillin/Streptomycin (Wisent). The YUMMER1.7 cell line was
generated by Wang and colleagues by irradiating BrafV°°® PTEN"- Cdkn2a™" cells and expanding
a single clone bearing additional somatic mutations (31). YUMMERU1.7 cells were kindly provided
by Dr. Marcus Bosenberg (Yale University) and cultured in advanced DMEM/F12 supplemented
with 10%FBS (Wisent), 1% Penicillin/Streptomycin (Wisent) and 1% MEM Non-essential Amino
Acids (Wisent). Tumor cells were tested for mycoplasma and viral contamination by the McGill
Comparative Medicine Animal Resources Centre. Cells were expanded in 225 cm? tissue culture
flasks and 4x10° cells/ml were frozen down and stored in 10% DMSO/FBS in liquid nitrogen.
Prior to injection, cells were thawed and passaged twice at 37°C in humidified air with 5% CO-

and washed twice in cold PBS before preparation of the inoculum.
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In vivo tumor studies

D4M.3A cells were resuspended in PBS and then mixed in Corning® Matrigel Basement
Membrane HC at a 1:1 PBS to Matrigel ratio. D4M.3A (1x10°) cells were injected subcutaneously
in the right flank of male mice, under anesthesia. For evaluation of anti-PD-1 monotherapy, WT

C57Bl/6 mice were used. In subsequent experiments, we used Foxp3R?

mice which displayed
similar kinetics of tumor growth than WT mice. Mice were monitored thrice weekly. Tumor
volumes were measured using an electronic calliper and calculated as: length x width? x 0.5.
Experimental endpoint was defined as the day on which one mouse reached humane endpoint
(tumor volume > 1500mm?). At necropsy, tumors were harvested, and their weights and volumes
were measured post-mortem. Once every tumor had reached palpability (day 8), mice were
randomly attributed to a treatment group. They received 5 doses of either 250ug of anti-PD-1
(clone RMP1-14, BioXcell) or isotype control (rat IgG2A, BioXcell) intraperitoneally, thrice
weekly. For evaluation of combination ICI, mice received 5 doses of 250ug of anti-PD-1, with or
without 5 doses of 200pug of anti-CTLA-4 (clone 9H10, BioXcell). At experimental endpoint, all
mice were sacrificed, and we harvested tumors, tumor-draining inguinal lymph nodes, non-tumor
draining contralateral lymph nodes, and spleen. All mice were cohoused from birth and the efficacy
of ICI did not vary significantly across experiments.

YUMMERI.7 cells were resuspended in PBS and then mixed in Corning® Matrigel
Basement Membrane HC at a 1:1 PBS to Matrigel ratio. D4M.3A (1x10°) or YUMMERI1.7 cells
(2.5x10°%) were injected subcutaneously in the right flank of male mice, under anesthesia. Mice

were monitored thrice weekly. Experimental endpoint was defined as the day on which one mouse

reached humane endpoint (tumor volume > 1500mm?). At necropsy, tumors were harvested, and
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their weights and volumes were measured post-mortem. At experimental endpoint, all mice were

sacrificed, and we harvested tumors, tumor-draining axillary and inguinal lymph nodes, non-tumor

3RFP 3RFP

draining contralateral lymph nodes. Foxp and Foxp3RfP-Helios“t? reporter mice displayed the
same kinetics of tumor growth as WT C57Bl/6 mice.
Isolation of tumor-infiltrating lymphocytes

After CO; euthanasia, tumors were collected in serum-free Hank’s Balanced Salt Solution
(Wisent), then minced manually in <Imm?® pieces using razor blades. Tumors were then digested
in the presence of collagenase IV (Img/ml, Gibco) and DNAse I (0.005uM, Sigma-Aldrich) at
37°C for 1 hour. Cells were then pushed through a 21G needle and washed in cold complete RPMI
1640 with 5% FBS. Red blood cells were lysed by incubating the cells for 30 seconds with ACK
buffer, washed, resuspended in complete RPMI 1640, and filtered twice through a 70pm mesh.
Purification of immune cell subsets

Prior to FACS-sorting splenocytes and TILs, CD4" and CD8" T cells were purified using
CD4/CD8 TIL Microbeads (Miltenyi) and an autoMACS (Miltenyi). Treg cells were sorted as CD4"
RFP", Tresp cells were sorted as either CD4" RFP or CD8" RFP" cells (purity>99%) using a
FACSAria™ (BD Biosciences). Antigen-presenting cells were sorted as live CD45" MHC-IT" from
splenocytes and TILs. Accessory cells were purified from the negative fraction of the CD4/CDS8
MACS and mitomycin-C inactivated for 1 hour at 37°C.
In vitro T cell assays

CD4" RFP" Ty cells, CD4" RFP™ Teony and CD8" T cells were sorted from the splenocytes
or endpoint tumors of untreated YUMMERI.7-bearing mice. For comparison of antigen-

presenting cell potency, live splenic and tumoral APCs (1x10°) were co-cultured with splenic Tcony

or CD8" T cells (5x10%) in RPMI 1640 (Wisent) supplemented with 10%FBS in the presence of
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soluble aCD3 (0.5pug/mL) for 72 hours at 37°C, in 96-well flat bottom plates (0.2ml). For
assessment of CD8" TIL proliferation, splenic or TIL CD8" T cells (5x10%) were co-cultured with
mitomycin-C inactivated accessory cells (1x10°) in RPMI 1640 (Wisent) supplemented with
10%FBS in the presence of soluble aCD3 (0.5pug/mL) and recombinant human IL-2 (100U/ml) for
72 hours at 37°C, in 96-well flat bottom plates (0.2ml).
In vitro activation with PD-L1-Fc¢

FACS-sorted CD4" RFP" Ty cells isolated from either the spleen or endpoint tumors.
CD4" RFP splenic Teony cells were labelled with CellTrace™ Violet (Thermofisher). Teonv cells
(5x10%) and Treg cells (2.5x10%) in RPMI 1640 (Wisent) supplemented with 10%FBS were placed
in 96-well flat-bottomed (0.2ml) plates previously coated with aCD3 (3pg/ml), aCD28 (1pg/ml)
+/- PD-L1-Fc (Spg/ml, R&D systems). Cells were then incubated for 72 hours at 37°C, then
washed and stained for flow cytometry analysis.
Flow cytometry analysis

After lymphocyte isolation, the cells were washed in PBS and stained with antiCD16/CD32
(clone 2.4G2, BD) and fixable viability dye eFluor780 or 506 (Thermofisher). Following a wash,
cells were marked with extracellular markers. For analysis of Foxp3-reporter protein expression,
cells were acquired live within one hour of extracellular staining. For analysis of other transcription
factors, cytokine secretion and intracellular markers, cells were fixed and permeabilized with the
Foxp3 Transcription Staining Buffer Set (eBioscience™) and then stained for intracellular
markers). Samples were acquired on the same day of the intracellular staining using a BD Fortessa
LSR-X20 and analyzed using FlowJo v10 (TreeStar and BD). The following anti-mouse antibodies
were used: CD45.2 (clone 104), CD19 (clone 1D3), CDllc (clone HL3), I-A[b] (clone AF6-

120.1), CD86 (clone GL1), Ly6C (clone AL21), PD-L1 (clone MIHS5), CD3 (clone 17A2), CD8a
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(clone 53-6.7), CD8b (clone H35-17.2), PD-1 (clone J43), Ki67 (clone B56), KLRG1 (clone 2F1),
IFNy (clone XMG1.2), IL-2 (clone JES6-5H4), TNFa (clone MP6-XT22), RORyt (clone Q31-
378) from BD; CD4 (clone RM4-5), CTLA-4 (clone UC-4B9), Helios (clone 22F6), Bcl-2 (clone
BCL/10C4), GRZB (clone Q16A02), Ly6G (clone 1A8) from Biolegend; Foxp3 (clone FIK-16S),
ICOS (clone C396.4A), T-bet (clone 4B10), TIGIT (clone GIGD7), CD25 (clone PC61.5), CXCR3
(clone CXCR3-173), IL-17A (clone ebiol 7B7), F4/80 (clone BM8), CD11b (clone M1/70) from
eBioscience.
Statistical analysis

Unless otherwise stated, all data is depicted as mean +/- 95%CI. For tumor growth curves,
multiple comparisons were made using a mixed-effects analysis with a Geiser-Greenhouse
correction for sphericity and a Sidak correction for multiple comparisons. Tumor weights at
endpoint were compared using a two-tailed unpaired t-test with Welch’s correction.

For flow cytometry data, the normality of each data set’s distribution was determined with
a Shapiro-Wilk test. Homoscedasticity was tested using Fisher’s test. If both conditions were met,
when applicable, proportions and MFIs were compared using ordinary One-Way ANOVA with a
correction to account for multiple comparisons. If the normality condition was not met, a non-
parametric Mann-Whitney test was used. For experiments without treatment, MFI fold changes
were calculated by dividing each MFI measurement by the average MFI in the isotype control
group for a given experiment. Correlation matrixes were generated by computing Pearson r-
correlates with tumor weight at endpoint for each variable and represented as a heatmap. For linear
correlation analyses, all data points were pooled to calculate linear correlations. The slope’s
deviation from zero was evaluated using Fisher’s test. All statistical analysis was conducted using

GraphPad Prism v10.1.
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For in vitro experiments, all conditions were realized in triplicates (n=3) and each
experiment was repeated three times (N=3). Data is shown from N of 1 representative repeat.
Study approval

All mice were housed and bred in specific pathogen-free conditions in the same facility
and used according to the regulations of the Canadian Council of Animal Care Guidelines and
Animal Care and Use Committees at McGill University.

Data availability
Numerical data values presented in the graphs are uploaded as supplementary material.

FCS files generated by flow cytometry are available upon request from the corresponding author.
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Results
Treg cells respond to PD-1 blockade.

While Tr cells express PD-1 and play an important role in melanoma-induced
immunosuppression, their response to PD-1 blockade remains ill-defined. Yet, their preferential
reactivation over CD8" T cells in TMEs could contribute to a failure to respond. Thus, we
investigated the local and systemic impact of anti-PD-1 monotherapy on Tre, cell phenotype in the
D4M.3A murine melanoma, a BrafY®E/PTEN"" cell line that recapitulates key aspects of
melanomagenesis (14, 18). Male C57B1/6 mice were injected s.c. with D4M.3A cells (1x10°) and
were treated with either anti-PD-1 or isotype control once tumors reached palpability, at day 8.
Mice were sacrificed when control tumors reached humane endpoint, on day 20 (N=5) (Figure
1A). While anti-PD-1 treated mice experienced a delay in tumor growth (Figure 1B), we did not
observe any case of tumor regression, which is used to define an objective clinical response (3).
As such, D4M.3A melanomas display an acquired resistance to anti-PD-1 monotherapy (30) and
recapitulate the reduced efficacy of ICIs observed in patients carrying PTEN”" melanomas (16).

A tumor’s immune phenotype is a major determinant of its clinical response to ICIs (32).
Thus, to determine the immunological parameters that underlie this partial response, we
characterized the immune composition of the TME at endpoint and the sources of PD-L1
expression. Anti-PD-1 did not increase immune cell infiltration in the tumor and did not alter the
distribution of immune cell types (Figure 1C). Indeed, D4AM.3A immune TMEs were mostly
comprised of F4/80" TAMs and CD11b" Ly6C" monocytes, while B and T cells only represented
5% of the immune infiltrate, characteristic of a cold tumor phenotype (33). Furthermore, non-
immune CD45" cells represented the major source of PD-L1 in the TME (Figure 1C), a feature

associated with resistance to interferon-mediated cytotoxicity (34).
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As high frequencies of PD-1" Ty, cells have been suggested to counteract the efficacy of
PD-1 blockade (22), we next characterized the PD-1 expression patterns of CD8", CD4" Tecony and
Trg TILs in both treatment groups. In the isotype control group, while Tcony TILs were the
predominant T cell subset expressing PD-1, Treg cells expressed PD-1 in higher frequencies and
expression levels, as evidenced by MFI (Figure 1E), suggesting that Tr; cells undergo higher-
affinity TCR activation in the D4M.3A TME compared to their CD8" and Tconv counterparts (35).
While treatment with anti-PD-1 did not increase the proportion of PD-1 expressing TILs, it resulted
in a 60% reduction in PD-1 MFI by all TIL subsets (Figure 1E), suggesting that TILs are less
susceptible to the co-inhibitory signaling provided by PD-L1 (26).

Given that anti-PD-1 modulated PD-1 expression of TILs and that a subset of memory Treg
cells expresses PD-1 in circulation (23), we next asked if PD-1 blockade modulated PD-1
expression systemically. While CD8" and Tconv splenocytes expressed PD-1 at low frequencies
(<10%), Treg cells expressed the highest proportion (30%) and expression levels of PD-1 amongst
T cell subsets (Figure 1F). Furthermore, anti-PD-1 induced a 20% reduction in PD-1 MFI by Treg
splenocytes, which was not observed in CD8" T cells (Figure 1F). Taken together, these data
indicate that PD-1 blockade modulates PD-1 expression levels and preferentially targets Treg cells

both locally and systemically.

PD-1 blockade promotes the accumulation of highly-activated Helios" Treg cells.

As PD-1 blockade induced a delay in tumor growth and modulated PD-1 expression by
Treg cells in DAM.3 A-bearing mice, we assessed how local and systemic T cell responses changed
in relation to Treg cells. Anti-PD-1 induced a two-fold increase in the density of CD8" and CD4" T
cell infiltration in the tumor (Figure 2A), a hallmark of response to treatment (36, 37). However,

anti-PD-1 induced a modest increase in the proportion of IFNy-secreting CD8" TILs (6.7% vs
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3.8% of CD8" cells) (Figure 2B). Notably, IFNy production by CD8" T cells was also increased
in the spleen and non-draining lymph nodes (Figure 2B and Supplementary Figure 1A), and
their relative abundance was higher in the spleen than in the tumor, indicating that the TME
remains an immunosuppressed environment despite treatment. On the other hand, there was no
increase in the proportion of IFNY" Teony cells (Figure 2C). Rather, anti-PD-1 induced an increase
in the frequency of Treg cells amongst CD4" T cells, both in the tumor and the spleen (Figure 2D).

As anti-PD-1 increases the proliferation and effector functions of CD8" TILs (38), we next
asked if PD-1 blockade impacted Treg cells in a similar way, by assessing markers associated with
stable Tree cell suppressive activity (CTLA-4, TIGIT, Helios (39—41)) and proliferation (Ki67).
Indeed, anti-PD-1 increased the frequency of CTLA-4" and TIGIT" Ty cells, both in TILs and
splenocytes (Figure 2E and Supplementary Figure 1B). Furthermore, the proportion of Ki67"
Treg splenocytes was increased following PD-1 blockade (Supplementary Figure 1C), denoting
increased proliferation. As such, the frequency of Helios" Tre, cells, which displayed preferential
proliferative capacity in the spleen and the tumor, was increased in the anti-PD-1 group (Figure
2F). Furthermore, in the spleen and tumor-draining lymph nodes, PD-1 expression was restricted
to the subset of Helios-expressing Treg cells (Figure 2G), suggesting they were preferentially
targeted. Amongst splenic Treg cells, high expression of Helios was also associated with an absence
of CD25 expression, a phenotype associated with dysfunctional Treg cell function in inflamed sites
(42); and expression of CXCR3, a chemokine receptor which promotes Tieg cell homing (43) but
is associated with increased anti-tumor activity (44). Accordingly, anti-PD-1 increased the
frequency of CD25 and CXCR3" Ty cells at the systemic level (Supplementary Figure 1D).
However, these cells did not seem to preferentially infiltrate the tumor (Supplementary Figure

1E), indicating that Treg TILs retained a stable phenotype. Finally, despite a trend towards increased

62



IFNy production by Teonv cells in the colon (Supplementary Figure 1F), anti-PD-1 treated mice
did not display any clinical symptoms of irAEs, suggesting that the systemic effect of PD-1
blockade on Ty cells is insufficient to induce a breach of tolerance. Taken together, these data
indicate that in conjunction with the increase of IFNy" CD8" T cells, anti-PD-1 promotes the

proliferation and activation of a subset of PD-1" Helios™ Treg cells.

Combination of anti-PD-1 and anti-CTLA-4 increases anti-tumor responses and Treg cell
activation.

While anti-PD-1 monotherapy delayed tumor growth, tumors still underwent immune
evasion. As combined use of ICIs increases survival (1), accelerates the onset of irAEs (45), and
anti-PD-1 increased the frequency of CTLA-4" Ty cells, we hypothesized that adding anti-CTLA-
4 to our treatment regimen would compromise Treg cell functional fate and drive a more efficacious
anti-tumor response. To this end, D4M.3 A-bearing mice received either anti-PD-1 alone (n=11) or
in combination with anti-CTLA-4 (n=11), using the same administration scheme as previously
described (Figure 3A, N=3). While anti-CTLA-4 significantly delayed tumor growth in anti-PD-
1 treated mice (Figure 3B), it was insufficient to induce any tumor regression. Notably, CD45"
cells displayed low expression levels of MHC-I compared to dendritic cells and TAMs (Figure
3C), a phenotype that is acquired during treatment resistance phases in the clinic (46), indicating
a reduced sensitivity to CD8" T cell cytotoxicity (47).

Anti-CTLA-4 mediates its anti-tumor effects through different mechanisms of action than
anti-PD-1 (48), namely the expansion of ICOS™ Tl cells (49) and depletion of Treg TILs through
antibody-dependent direct cytotoxicity (10). To investigate the mechanisms for this incomplete
response to combination therapy, we characterized T cell responses in both groups. Combination

ICI resulted in a modest increase in T cell infiltration compared to anti-PD-1 monotherapy,
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although F4/80" TAMs and CD11b* Ly6C* monocytes remained the dominant immune cell subsets
in the TME (Figure 3D). Despite the maintenance of an immunosuppressive environment, anti-
CTLA-4 further increased IFNy production by CD8" T cells, all the while inducing TNFa
production by CD4" Teony cells (Figure 3E). Nonetheless, combination ICI failed to increase the
frequency of ICOS™ Tconv cells or a depletion of Treg TILs (Figure 3F), hallmarks of a successful
response to anti-CTLA-4 (8).

To better characterise the pharmacodynamics of anti-CTLA-4, we assessed CTLA-4
expression on T cells. While surface CTLA-4 expression was not detectable, combination ICI
induced an increase in the intracellular levels of CTLA-4 by both Tcony and Treg cells, suggesting
both subsets internalize CTLA-4 in response to ICI binding (Supplementary Figure 2A), which
could contribute to the apparent absence of Treg cell depletion. Indeed, the proportion of Treg cells
expressing intracellular CTLA-4 was increased both in the spleen and TILs, upon CTLA-4
blockade (Figure 3G), highlighting the systemic impact of checkpoint blockade (50).
Furthermore, the proportion of actively cycling (Ki67") Treg TILs was increased in the combination
ICI group, as well as the frequency of Trez TILs expressing markers associated with stable Treg cell
suppressive function (ICOS, TIGIT, Helios) (Figure 3H). Moreover, anti-CTLA-4 did not
synergize with anti-PD-1 to further reduce surface PD-1 expression levels on T cells
(Supplementary Figure 2B). Taken together, these data show that in a poorly responsive TME,
combination ICI does not induce Treg TIL depletion in vivo, but instead promotes Treg cell activation
and proliferation.

YUMMERI1.7 tumors display inter-individual variability in tumor growth and a T-cell rich

tumor microenvironment.
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To determine if the increase in Treg cell activation was due to the specific effect of ICIs or
an indirect feature of increased inflammation in the TME, we made use of the highly immunogenic
YUMMERI1.7 model, which shares the same driver mutations than D4M.3A but was further
irradiated to generate additional neoepitopes (31). As this melanoma elicits a potent T cell response
that is sufficient to induce tumor clearance at low inoculum numbers (31), we determined an
optimal administration scheme that enabled us to harness the inter-individual variability in tumor
growth to study Ty cell phenotype in both highly inflamed and immune-evading tumors (Figure
4A). As such, male Foxp3-IRES-mRFP (Foxp3®?) reporter mice (n=22) were injected s.c. with
YUMMERI.7 cells (2.5x10°) and sacrificed as soon as the first mouse reached humane endpoint,
on day 20 (N=4) (Figure 4B).

As in-depth characterization of the T cell response to YUMMERI1.7 tumors is lacking, we
first determined the immune composition of the TME in relation to tumor volume. Immune cell
infiltration was increased in tumors with small volume (Supplementary Figure 3A). On average,
T cells were the most frequent immune cell type in the TME, and their frequency was negatively
correlated with tumor volume at endpoint (r>=0.45, p=0.0009) (Figure 4C). On the other hand,
tumor growth was associated with higher frequencies of TAMs (1*=0.52, p<0.0001)
(Supplementary Figure 3B). Contrary to what we observed in D4M.3A tumors, a large majority
of TAMs and CD11b" Ly6C" monocytes expressed PD-L1 (Figure 4D), a feature associated with
high levels of IFNy signaling in the TME (51), and similar levels of MHC-II than dendritic cells
(Figure 4E), a feature associated with antigen-presenting capacities (52).

Given the expression of PD-L1 by antigen-presenting cells (APCs) in the TME, we
hypothesized that these cells impaired T cell proliferation upon activation. To test this, we isolated

MHC-II" APCs from the spleen and tumors of YUMMER 1.7-bearing mice at tumor endpoint and
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cultured them (1x10°) with CTV-labelled splenic CD4" Foxp3™ or CD8" Tresp cells (5x10%) and
anti-CD3. The proliferation of Tcony and CD8" T cells was reduced in the presence of tumoral APCs
compared to their splenic counterparts (Figure 4F). Notably, tumoral APCs were more potent at
suppressing the proliferation of Tcony than CD8" T cells (39.2% vs 16.9% reduction in proliferation
index relative to splenic APCs) (Figure 4F). Accordingly, the frequency of Tconv cells was reduced
in TILs compared to the tumor-draining lymph nodes, and CD8" T cells composed up to 80% of
the TIL compartment (Figure 4G).

The profile of PD-1 expression by Treg TILs in hot tumors is ill-defined. CD8", Tconv and
Trg TILs all upregulated PD-1 compared to their tumor-draining lymph node counterparts.
However, contrary to D4M.3A TILs, Tre cells expressed lower levels of PD-1 than their CD8" and
Teonv counterparts (Figure 4H). Furthermore, while the frequency of PD-1" CD8" was inferior to
5% in the tumor-draining lymph nodes, 80% of CD8" TILs expressed PD-1 (Supplementary
Figure 3C), suggesting that most TILs were TCR-activated in the tumor (35) and kept in an
exhausted state. Taken together, these data indicate that YUMMERI.7 tumors recapitulate

hallmarks of “hot” TMEs (32).

CD8" TILs are antigen-experienced and display a dysfunctional phenotype at tumor
endpoint.

Since IFNy-secreting CD8" TILs are potent effectors of anti-tumor immunity, we next
investigated CD8" T cell responses. There was a two-fold increase in the number of CXCR3" and
IFNy" CD8" T cells in the tumor-draining lymph nodes compared to contralateral lymph nodes
(Figure 5A), suggesting CD8" T cells were still primed in the draining lymph nodes, and migrating
to the tumor bed (53). Furthermore, 90% of CD8" TILs displayed an effector memory phenotype

(CD44" CD62L") (Figure 5B), indicating antigen-experience. Accordingly, CD8" TILs
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upregulated their expression of multiple checkpoint molecules (PD-1, CTLA-4, TIGIT), feature of
exhausted cells (54). Nonetheless, CD8" TILs also expressed high levels of T-bet and IL-18R1
compared to their lymph node counterparts (Figure 5C), markers that promote T cell expansion,
effector functions and counteract T cell exhaustion in TMEs (55-57), suggesting some CD8" TILs
may retain anti-tumor activity.

To assess their functional status, we isolated CD8" TILs from YUMMERI1.7 bearing mice
at tumor endpoint and assessed their capacity to proliferate (CTV dilution), secrete pro-
inflammatory cytokines (IFNy) and cytotoxic potential (GRZB) upon in vitro restimulation with
anti-CD3 and IL-2 (N=3). Here, the majority of CD8" TILs failed to proliferate upon in vitro
restimulation (Figure SD), confirming their terminally exhausted differentiation status which
cannot be rescued by cytokines (58). However, the CD8" T cells that proliferated displayed higher
expression of IFNy and GRZB than their splenic counterparts (Figure SE), indicating enhanced
effector functions. To investigate the in vivo functional status of CD8" TILs, we characterized their
production of IFNy in relation to PD-1 expression. [IFNy" CD8" TILs expressed PD-1 in tumors
with delayed growth, albeit to lower levels than levels than CD8" TILs from endpoint tumors
which displayed abrogated IFNy production. Indeed, IFNy production was negatively correlated
with both tumor volume (r=-0.77) and PD-1 MFI (r=-0.45). On the other hand, IFNy production
was strongly associated with the expression of ICOS, IL-18R1 and T-bet (Figure S5F). Taken
together, these data indicate that migrating T-bet” CD8" TILs are submitted to local
immunosuppression and commit to a terminally exhausted phenotype as tumor growth progresses.
Highly-activated Helios* Treg TILs display signs of immune exhaustion at tumor endpoint.

Treg TILs are potent suppressors of anti-tumor immunity, yet little is known about the

consequences of PD-1 signaling on their functional fate. To investigate this, we characterized Treg
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cell phenotype in relation to tumor volume and the functional status of CD8" TILs. First, Treg cells
were highly abundant in the TME (Supplementary Figure 4A), suggesting strong suppression of
Teonv cells. In the tumor-draining lymph nodes, antigen-experience (CD44), proliferative capacity
(Ki67), and migratory potential (CD62L, CXCR3) were associated with high levels of Helios
expression by Treg cells (Figure 6A). Accordingly, there was a two-fold increase in the number of
Helios™ and CXCR3" Treg cells in the tumor-draining lymph nodes compared to contralateral lymph
nodes (Figure 6B), suggesting that, as observed in our model of “cold” tumors, the ongoing anti-
tumor immune response promotes the expansion and migration of Helios™ Treg cells. Indeed, 90%
of Treg TILs displayed an effector phenotype (CD44" CD62L).

Since Helios expression can be downregulated at resting state (59), we injected Helios®?
Foxp3R*? dual reporter mice, in which transcription of IKZF2 triggers the synthesis of a reporter
free-floating GFP (t;2=26h) independent of Helios protein expression, with 2.5x10° YUMMER1.7
cells (N=2, n=10). Regardless of tumor volume and tumor type, >97% of Tz TILs expressed
Helios and a similar phenotype was observed in D4M.3A TILs (n=2) (Supplementary Figure
4B), confirming that the vast majority of Treg TILs originate from Helios" Treg cells.

Compared to their LN counterparts, Treg TILs upregulated the expression of CTLA-4 and
TIGIT (Figure 6C), indicative of a strongly activated phenotype (28, 60, 61), as well as T-bet
(Figure 6D), indicating a Ty 1-like functional specialization (62, 63). However, Tr, TILs displayed
reduced expression of CD25 and Helios, which play key roles in their survival in tissues (42),
compared to their draining LN counterparts (Supplementary Figure 4C). In fact, the frequency
of CD25" Treg cells decreased in endpoint tumors (Supplementary Figure 4C), suggesting some

form of cellular exhaustion.
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Since Treg TILs upregulated PD-1 expression and CD8" TILs displayed an exhausted
phenotype, we hypothesized that PD-1 signaling also inhibits Tre, cell activity. Indeed, high levels
of PD-1 expression by Tre cells were strongly associated with increased tumor volume (r=0.83)
and reduced expression of CTLA-4 (1=-0.49), ICOS (r=-0.75) and TIGIT (r=-0.52) (Figure 6E),
markers associated with highly suppressive Treg cells (39, 64, 65). To test the direct impact of PD-
1 signaling on Treg cell activation levels, we isolated splenic and TIL RFP" Ty, cells from tumor-
bearing mice and re-stimulated them in vitro in the presence of PD-L1-Fc. Engaging PD-1 upon T
cell activation reduced the expression levels of CTLA-4 in both Treg TILs and splenocytes (Figure
6F). Thus, PD-1 signaling dampens Ty cell activation levels in TMEs.

To assess the consequences of chronic activation on Treg TIL fitness, we isolated RFP " Treg
cells from YUMMERI.7 bearing mice at tumor endpoint and activated them in vitro with plate-
bound anti-CD3 and anti-CD28, and splenic Tconv cells to provide a source of IL-2. Tree TIL
expansion was reduced compared to their splenic counterparts, as evidenced by the reduced
number of live T, cells and the reduced proportion of Ki67 expression (Figure 6G). In addition,
Treg TILs expressed reduced levels of Bel-2 compared to splenocytes (Figure 6H), indicating an
increased susceptibility to apoptosis (66). Furthermore, this phenotype was recapitulated in vivo,
alongside expression of KLRG1 (Supplementary Figure 4D), a marker of short-lived highly
suppressive Treg cells (67).

Taken together, these data indicate that in both hot and cold TMEs, high levels of PD-1
expression were associated with reduced Treg cell activation levels, suggesting that Treg TILs are
susceptible to a form of immune exhaustion. Thus, all the while increasing anti-tumor responses,

anti-PD-1 and anti-CTLA-4 promote the expansion of highly activated Helios™ Treg cells, in mice
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with a cold TME, both locally and systematically, which contributes to acquired resistance to

checkpoint blockade.
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Discussion

The degree of pre-existing inflammation in the melanoma TME is one of the best predictors
of response to ICI (68) and is tightly linked to tumor-intrinsic immunogenicity (69). Despite Treg
cells dominantly preventing tumor regression in poorly immunogenic melanoma models (70), little
is known about the differences in Treg cell infiltration and functional fate between hot and cold
TMEs. Since Treg cells express checkpoint molecules, and response to ICI is often associated with
the onset of irAEs (71), a prevalent hypothesis states that ICIs dysregulate the suppressive function
of Treg cells in TMEs (72, 73). However, ICI-induced Tieg cell activation in cold TMEs could
constitute a resistance mechanism to immunotherapy (74). To better understand this dichotomy,
we characterized T cell phenotype in relation to the immune landscape in two novel, preclinical
models of melanoma that recapitulate hallmark genetic alterations of human melanoma but differ
in their levels of immunogenicity (31).

In this study, we established Helios expression as a feature of the population of melanoma-
infiltrating Treg cells displaying high activity and proliferative capacity in both cold and hot murine
models of melanoma. Helios™ Ty cells preferentially expressed PD-1 in circulation, and their
proliferation and activation levels were increased both locally and systemically upon PD-1
blockade despite a delay in tumor growth. While addition of anti-CTLA-4 to the treatment regimen
increased anti-tumor responses, it further increased the proliferation of Helios™ Treg cells in the
TME. Finally, harnessing the potent anti-tumor responses and inter-individual variety in
YUMMERI.7 tumor growth (31), we show that tumor growth is associated with increased
expression levels of PD-1 by Treg cells, which dampens Treg cell activation and leads to reduced

survival upon ex vivo restimulation.
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The Treg:Tesr balance between PD-1" TILs has been identified as a determinant of the
outcome of tumor immunotherapy (22), yet little is known about the factors that dictate this
balance. In line with this observation, Treg cells expressed PD-1 in higher proportion than their
CDS8" TIL counterparts in the ICI-resistant D4M.3A tumors, which have a low tumor mutational
burden (69, 75), whereas we observed the opposite in YUMMER1.7 melanomas, which we and
others have shown responds successfully to ICIs (31, 76). PD-1 expression is induced by TCR
activation, and its level of expression is proportional to TCR affinity (77). The low frequency of
PD-1" CD8" TILs in the D4M.3A model suggests that a large proportion of CD8" TILs are not
tumor-antigen-specific (78, 79), but rather bystander cells (80) in line with the limited number of
melanocyte-lineage antigens available for T cell recognition in this model (69). Furthermore, in
the poorly immunogenic B16 melanomas, immunotherapy fails to broaden their TCR repertoire
(81). In contrast, Treg TILs expressed PD-1 in higher frequency and level of expression than Tesr
TILs, suggesting they harbor a higher degree of tumor-specificity. Indeed, the major melanoma-
associated antigens (Tyr, Mart-1, Pmel) are self-antigens towards which the Tieg TCR repertoire is
skewed (82). Further investigation is warranted to assess the diversity and tumor-specificity of the
Treg TCR repertoire in these models. However, the TCR repertoire of patient melanoma-infiltrating
Treg cells does not overlap with the repertoire of Tconv TILs and is highly tumor-specific with
reactivity against both tumor autologous antigens and neoepitopes (83). Thus, using ontogenically
close melanoma models that share the same oncogenic mutations (18, 31), we show that the profile
of PD-1 expression by TILs is influenced by the abundance of neoepitopes.

While their high levels of PD-1 expression suggests that Treg TILs are susceptible to a form
of PD-L1-mediated inhibition, little is known about Ty cell exhaustion. Circulating memory Treg

cells naturally share many hallmarks of exhausted cells, namely the co-expression of inhibitory
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checkpoint molecules (84), an inability to proliferate (85) and secrete pro-inflammatory cytokines
(86), and a metabolic shift towards fatty acid oxidation (87), yet they are not impaired in their
suppressive effector functions (88). In both models, high levels of PD-1 expression, were
associated with a loss of expression of markers associated with stably suppressive Treg cells
(CTLA-4, TIGIT). While paucity of TILs prevented us from assessing Treg cell function in D4M.3A
tumors, thanks to the high number of infiltrating Tieg cells found in YUMMERI1.7 tumors, we were
able to show that PD-1 signaling dampens Treg cell activation levels, and that akin to their CD8"
counterparts, Treg TILs display reduced proliferation and survival at tumor endpoint, demonstrating
that Treg TILs at end-point suffer from a shortened life-span. In line with these observations and
the lower frequency of Tre TILs in D4M.3A, high levels of PD-1 expression contribute to the
contraction of the Treg cell pool during chronic infections (23).

While the hallmarks of successful response to ICIs are well established for Tesrcells, their
functional consequences on Treg cells remain ill-defined. In an adoptive transfer model where only
Treg cells express PD-1, anti-PD-1 accelerates tumor growth (28), demonstrating that Treg cells
respond to PD-1 blockade. We show that anti-PD-1 decreases the surface expression levels of PD-
1 by both systemic and tumoral Tre cells, in line with our previous report in B16 tumors (89),
highlighting how ICIs may impact peripheral tolerance by targeting Treg cells outside of the tumor.
While these elements suggest that increased Tz cell activation and proliferation promotes
acquired resistance to ICI, it was correlated with a moderate systemic increase in IFNy production,
albeit insufficient to trigger irAEs in this short time span, suggesting a potential for dysregulation
of Treg cells. Indeed, PD-1 blockade induced the expansion of CD25"°% and CXCR3" T cells,
phenotypes observed in autoimmune patients (90, 91), and reminiscent of the IFNy response

signature identified in the Treg cells of patients who develop irAEs (92).
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Importantly, these cells expressed Helios, which plays a crucial role in maintaining the
stability of the Treg cell phenotype in TMEs, preventing their expression of IFNy-associated genes
(21, 93), promoting their cycling and survival through STATS signaling (94), and is required for
Treg cells to control Tnl responses (95). Nonetheless, we and others have shown that Helios" Treg
cells harbor distinct TCR repertoires, transcriptional profiles and are more susceptible to Thl-
polarizing and inflammatory signals than their circulating Helios™ counterparts (24, 63). Thus,
given the low expression of Helios by Tconv and CD8" TILs, downregulation of Helios expression
represents an attractive therapeutic option to specifically target the functional stability and survival
of Treg cells that are prone to the acquisition of inflammatory characteristics. Furthermore, as
combination ICI did not induce ADCC-mediated Treg TIL depletion in D4M.3A tumors, contrary
to models that respond fully (8, 96), we suggest that certain mechanisms of actions of ICIs are
dependent on the degree of inflammation in the TME (10, 97). Taken together, our results identify
Helios expression as a defining feature of the Treg cells that infiltrate tumors and respond to ICls,
and suggest Helios plays a key role in maintaining the functional stability of ICI-reactivated Treg

cells upon acquired resistance to checkpoint blockade.
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A. Schematic of the experimental design. 8—12-week-old, C57B1/6 mice were inoculated with

1x10° D4M.3A cells in 50% Matrigel and were sacrificed as soon as the first mouse in the

experiment reached humane endpoint (tumor volume>1500mm?). At Day 8, mice were randomly

assigned to a treatment group and received 5 injections of 250ug of anti-PD-1 (clone RMP 1-14,

BioXcell) (n=16) or isotype control (n=15). Data collated from N=5 independent experiments.
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B. Tumor volumes were measured three times per week using an electronic calliper. Data
represented as mean and 95% CI. Tumor volumes were compared at each time point using a Two-
Way ANOVA with Sidak’s correction.

C. Flow cytometry analysis of proportions of CD45", CD11b" F4/80" macrophages, CD11b"
Ly6G™ neutrophils, CD11b" Ly6C" monocytes, CD11b" Siglec-F" eosinophils, CD11¢" dendritic
cells, CD3/CD19" B and T cells and CD11b” CD49b" NK cells in endpoint tumors.

D. Flow cytometry analysis of PD-L1 expression by immune cell subsets.

E. Flow cytometry analysis of PD-1 expression by CD8" (black) CD4" Foxp3™ Tconv (White) and
CD4" Foxp3" Treg (green) TILs. For representative flow plots, all mice from a treatment group
were pooled, data shown from one of N=5 independent repeat experiments.

F. Flow cytometry analysis of PD-1 expression by CD8" CD4" Foxp3™ Tconv and CD4" Foxp3™ Treg
splenocytes. Representative flow plots from 1 out of n=15 control mice. All flow cytometry
frequencies were compared using Sidak’s multiple comparisons test. Fold PD-1MFI changes were
calculated by dividing each MFI by the average in the isotype control group for their respective
experiment. Fold MFI changes were compared using a Two-Way ANOVA with Tukey’s correction

for multiple comparisons.
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Figure 2. Increased IFNy production upon PD-1 blockade is associated with an accumulation
of highly-activated Helios* Treg cells.
A. Flow cytometry analysis of CD8 and CD4 density within tumors. Number of live lymphoid-
sized cells were counted post tumor digestion using a hemocytometer. CD8 and CD4 cell densities
were calculated by multiplying raw counts by their respective frequency amongst live lymphoid-
sized cells and dividing by the tumor volume. Means were compared using an unpaired Student’s

t-test.

B-C. Representative flow plots and flow cytometry analysis of IFNy, PD-1 and IL-17 expression
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by CD8" and CD4+ Teonv splenocytes and TILs. Single cell suspensions were stimulated in the
presence of PMA, lonomycin and GolgiStop for 3h then stained for flow cytometry analysis.

D. Representative flow plots and flow cytometry analysis of Foxp3 and CD25 expression by CD4"
TILs and splenocytes.

E-F. Representative flow plots and flow cytometry analysis of CTLA-4, PD-1, Helios and Ki67
expression by Treg TILs and splenocytes.

G. Representative flow plots and flow cytometry analysis of Helios and PD-1. All data represented

as mean +/- 95% CI where each dot represents one mouse.
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Figure 3. Combination of anti-PD-1 and anti-CTLA-4 increases anti-tumor responses and

Treg cell activation.

A. Schematic of the experimental design. 8—12-week-old, C57B1/6 or Foxp3®** reporter mice were

inoculated with 1x10° D4M.3A cells in 50% Matrigel and were sacrificed as soon as the first mouse

in the experiment reached humane endpoint (tumor volume>1500mm?). At Day 8, mice were

randomly assigned to a treatment group and received 5 injections of 250ug of anti-PD-1 (clone
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RMP 1-14) (n=11) or anti-PD-1 and anti-CTLA-4 (clone 9H10) (n=11). Data collated from N=3
independent experiments.

B. Tumor volumes were measured thrice weekly using an electronic calliper. Data represented as
mean and 95% confidence interval in anti-PD-1 (amber) and combination ICI (blue) treated mice.
Tumor volumes were compared using a Two-Way ANOVA with Sidak’s correction.

C. Representative flow plots of MHC-I expression by non-immune CD45 cells (black), CD11b
CDll1c" conventional dendritic cells (blue) and CD11b" F4/80" macrophages (red).

D. Flow cytometry analysis of the frequency of CD11b" F4/80" macrophages, CD11b" Ly6C*
monocytes, CD3" T cells, CD11b" Ly6G" neutrophils, CD11b" CDI11¢" CD11b" dendritic cells,
CD11b CD49b" NK cells and CD11b” CD1lc¢" conventional dendritic cells amongst tumor-
infiltrating CD45" cells. Means compared using Sidak’s multiple comparisons test.

E. Representative flow plots and flow cytometry analysis of IFNy and TNFa production by Teonv
and CD8" T cells. Single cell suspensions were stimulated in the presence of PMA, Ionomycin and
GolgiStop® for 3h then stained for flow cytometry analysis. Means were compared using a two-
way ANOVA with Holm-Sidak’s correction for multiple comparisons.

F. Representative flow plots and flow cytometry analysis of ICOS and Foxp3 expression by CD4"
TILs. Means were compared using unpaired Student’s t-tests.

G. Representative flow plots and flow cytometry analysis of CTLA-4 expression by Treg
splenocytes and TILs. Means were compared using a two-way ANOVA with Holm-Sidak’s
correction for multiple comparisons.

H. Flow cytometry analysis of Ki67, ICOS, TIGIT and Helios expression by Treg TILs. Means

were compared using unpaired Student’s t-tests.
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Figure 4. YUMMERI.7 tumors display inter-individual variability in tumor growth and a T-
cell rich tumor microenvironment.

A. Schematic of the experimental design. 8—12-week-old, Foxp3®FF reporter mice were inoculated
with 2.5x10° YUMMERI1.7 cells in 50% Matrigel and were sacrificed as soon as the first mouse
in the experiment reached humane endpoint (tumor volume>1500mm?®) (n=21, N=4).

B. Tumor volumes were measured thrice weekly using an electronic calliper, data shown as
individual growth curve for each mouse.

C. Flow cytometry analysis of proportions of CD11b"CD11¢" MHC-II" dendritic cells (green),

CDI11b" CD11¢" MHC-IT" CD11b" dendritic cells (dark green), CD11b" F4/80" macrophages (dark
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blue), CD11b" F4/80° Ly6C" monocytes (blue), CD11b" Ly6G ™ neutrophils (purple), CD3" T cells
(red), CD11b- CD49b" NK cells (orange), CD19" B cells (yellow), and other cells (grey). Data
represented as parts of whole. All data points were pooled to calculate a linear correlation. The
slope’s deviation from zero was evaluated using Fisher’s test.

D. Flow cytometry analysis of PD-L1 expression by immune cell subsets.

E. Representative flow plots of MHC-II expression by CD45- cells (black), conventional DCs
(blue) and macrophages (red) in a tumor reaching humane endpoint (1500mm?).

F. Live CD45" MHC-II" antigen-presenting cells were sorted and pooled from the spleens or
tumors of n=2 YUMMERI1.7-bearing mice at tumor endpoint. Splenic or tumoral APCs (1x10°)
were co-cultured with either CD8* or CD4" RFP™ Teonv CTV-labelled splenocytes (5x10°) in the
presence of soluble anti-CD3 (0.5pg/ml) for 72h. Proliferation was measured by representative
flow plots of CD8" and Tconv CTV dilution when co-cultured with splenic (black) or tumor (red)
APCs and quantified by proliferation index (total number of divisions/number of cells at the start
of culture). Means were compared by two-way ANOVA. Data shown from 1 of N=3 independent
repeats.

G. Flow cytometry analysis of CD8, Tconv and Treg cell frequencies in tumor-draining (axillary and
inguinal) lymph nodes and TILs. Means were compared using Tukey’s multiple comparisons test.
H. Flow cytometry analysis of PD-1 expression by CD8", Tconv and Treg TILs. Representative flow
plots from a tumor reaching humane endpoint (1500mm?). MFIs from one representative repeat

out of 4 independent experiments were compared using Tukey’s multiple comparisons test.

82



+
A B TD-LNs @
. 2x105 _— 8x10+ ok - = O 100
© . + e B 80
0D1.5%105 . O 610 . o
g H 8 of  E = 60
T 1%105 = 2 aetos < o
[neg e E"] A 40
Q s g |d| E 2100 ! O & B © %
[&] ErS BHE T ] o
# 0 t I 0 ] T cbe2L ———» g o0
® @ JE) Gated on Live CD8* o
> N N N ‘G\
& _\.Q@ & &
& &
)
C
N
8 )
(v ‘-\“ O D Draining LNs
{ "\, —
(S,
) N / , - O s
BN — - - - e - . e P o
PD-1 —» CTLA4—» TIGIT —» T-bet —» IL-18R—P
Gated on Live CD8*
E .
D okl Splenlc TIiLs sokotok *
80 — — - 80 — 2000
E 60— o T ' . 0 o 1500
u Splenic 'S = [0'd
= E 407 @ | & g G 1000
| > . ) 20 L
- J:-._I:I T ; 207 &k B s & s 50
< CTv 0 T T IFNy Y > 0 "T"" I 0
Gated on CD8" Splenic TiLs Splenic TILs Splenic TiLs
F G
T12: 90 mm?® T5: 15680 mm?3
@
E 2| LN oo & o
N . Q N @
S QO O ,\)0 .
05 @
w
-05 S
10 =

Figure 5. CD8"* TILs are antigen-experienced and display a dysfunctional phenotype at
tumor endpoint.

A. Flow cytometry analysis of CXCR3 and IFNy expression by CD8" T cells in tumor draining
(inguinal and axillary) right lymph nodes and their non-draining (contralateral) counterparts.
Number of live lymphoid-sized cells were counted using a hemocytometer. CXCR3" and TFNy"
cell numbers were calculated by multiplying raw counts by their respective frequency amongst
live lymphoid-sized. Means were compared using a paired Student’s t-test (n=21, N=4).

B. Flow cytometry analysis of CD44 and CD62L expression by CD8" T cells. Representative flow
plots from a mouse bearing a tumor at human endpoint volume (>1500mm?®). Means were
compared using a paired Student’s t-test.
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C. Flow cytometry analysis of PD-1, CTLA-4, TIGIT, T-bet and IL-18R expression by CD8" T
cells. All representative flow plots from tumor-draining lymph nodes (orange) and TILs (pink)
from a mouse bearing a tumor at human endpoint volume (>1500mm?*). Means were compared
using a two-way ANOVA with Holm-Sidak’s correction for multiple comparisons.

D-E. Splenic and TIL CD8" T cells were isolated by FACS from a YUMMER 1.7-bearing mouse
at tumor endpoint, CTV-labelled, and co-cultured (5x10%) with mitomycin C-inactivated accessory
cells (1x10°) in the presence of soluble anti-CD3 (0.5pg/ml) and recombinant human IL-2
(100U/ml) for 72h. After 69 hours of culture, cells were stimulated with PMA, lonomycin and
GolgiStop for 3h then stained for flow cytometry analysis. Undivided cells were defined as dead
CD8" CTVHigh cells. Representative flow plots of CTV dilution, IFNy and GRZB expression.
Means were compared using unpaired Student’s t-tests.

F. Representative flow plots of IFNy and PD-1 expression by CD8" TILs at experimental endpoint.
Single cell suspensions were stimulated with PMA, Ionomycin and GolgiStop for 3h then stained
for flow cytometry analysis.

G. PD-1 MFIs were normalized to their respective average PD-1 MFI for each experiment. Pearson

r-correlates were computed for each pair of variables and represented as a heatmap.
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Figure 6. Highly activated Helios™ Treg TILs display signs of immune exhaustion at tumor
endpoint.

A. Representative flow plots of CD44, Ki67, CXCR3 and CD62L expression in relation to Helios
by Treg cells in tumor-draining (inguinal and axillary) right lymph nodes.

B. Number of live lymphoid-sized cells were counted using a hemocytometer. CXCR3™ and
Helios" cell numbers were calculated by multiplying raw counts by their respective frequency
amongst live lymphoid-sized. Means were compared using a paired Student’s t-test (n=21, N=4).
C. Flow cytometry analysis of PD-1, CTLA-4, TIGIT, T-bet and IL-18R expression by Foxp3™ Treg

cells. All representative flow plots from tumor-draining lymph nodes (orange) and TILs (pink)
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from a mouse bearing a tumor at human endpoint volume (>1500mm?*). Means were compared
using a two-way ANOVA with Holm-Sidak’s correction for multiple comparisons.

D-F. Splenic and TIL RFP" Ty cells were isolated by FACS from a YUMMER1.7-bearing mouse
at tumor endpoint, and co-cultured with CTV-labelled, splenic RFP™ Tcony cells in wells previously
coated with anti-CD3 (3ug/ml), anti-CD28 (2pg/ml), +/- PD-L1-Fc (Spg/ml). Flow cytometry
analysis of Foxp3, Ki67, KLRGI1, Bcl-2 and CTLA-4 expression by Tre cells. Means were
compared using unpaired Student’s t-tests. Data shown from one experiment representative of N=2
repeats.

G-H. PD-1 MFIs were normalized to their respective average PD-1 MFI for each experiment.
Pearson r-correlates were computed for each pair of variables and represented as a heatmap.

I. Flow cytometry analysis of T-bet by Helios™ and Helios™ Trg cells. Data shown from one
representative experiment out of N=4 independent repeats. Means were compared using a
repeated-measures one-way ANOVA.

J. Representative flow plots and flow cytometry analysis of IFNy production by Treg cells. Single
cell suspensions were stimulated with PMA, Ionomycin and GolgiStop for 3h then stained for flow
cytometry analysis. All data points were pooled to calculate a linear correlation. The slope’s

deviation from zero was evaluated using Fisher’s test.
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Supplementary Figure 1

A. Flow cytometry analysis of IFNy expression by CD8" and CD4" T cells in tumor-draining
(inguinal right) lymph nodes and non-draining (contralateral) lymph nodes.

B-C. Representative flow plots and flow cytometry analysis of TIGIT and K167 expression by Treg
cells. Means were compared using a two-way ANOVA with Holm-Sidak’s correction for multiple
comparisons.

D. Representative flow plots and flow cytometry analysis of Helios, CXCR3 and CD25 expression
by circulating Treg cells. Means were compared using a Two-Way ANOVA with Holm-Sidak’s
correction for multiple comparisons.

E. Representative flow plots of CD25, CXCR3 and T-bet expression by Trwg TILs. F. Flow

cytometry analysis of IFNy expression by colonic CD4" Teony cells. Single cell suspensions were
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obtained after digestion in collagenase IV for 1h and stimulated with PMA, Ionomycin and
GolgiStop for 3h then stained for flow cytometry analysis. Means compared with an unpaired

Student’s t-test. Each dot represents one mouse, all data represented as mean +/- 95% CI.
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Supplementary Figure 2

A. Representative flow plots of CTLA-4 expression by Trez TILs and flow cytometry analysis of
intracellular CTLA-4 expression by Tconv and Trg TILs. Fold CTLA-4 MFI changes were
calculated by dividing each CTLA-4 MFI by the average in the anti-PD-1 group for their respective
experiment. Fold MFI changes were compared using a Two-Way ANOVA with Tukey’s correction
for multiple comparisons.

B. Fold PD-1 MFI changes were calculated by dividing each MFI by the average in both groups
for their respective experiment. Fold MFI changes were compared using a Two-Way ANOVA with

Tukey’s correction for multiple comparisons.
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A-B. Flow cytometry analysis of CD45 and F4/80 expression by tumor-infiltrating cells. All data
points were pooled to calculate a linear correlation. The slope’s deviation from zero was evaluated
using Fisher’s test.

C. Flow cytometry analysis of PD-1 expression by CD8", Tconv and Treg cells. Means were
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Supplementary Figure 4

A. Foxp3®? Helios®™ dual reporter mice were inoculated with 2.5x10° YUMMERI1.7 cells as
previously described (N=2, n=10). For analysis of reporter protein expression, single cell
suspensions were stained for extracellular markers and acquired live on the same day. Flow
cytometry analysis of Foxp3 and Helios reporter protein expression.

B. Flow cytometry analysis of Foxp3 expression by CD4" T cells.

C. Flow cytometry analysis of Helios and CD25 expression by Treg cells. Means were compared
using a paired Student’s t-test. All data points were pooled to calculate a linear correlation. The
slope’s deviation from zero was evaluated using Fisher’s test.

D. Representative flow plots of Bcl-2 and KLRG1 expression by CD4" TILs.
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Chapter 3 — Anti-PD-1 promotes a Thl-like functional adaptation of melanoma-infiltrating

regulatory T cells to alleviate immunosuppression locally.
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Bridging statement for Chapter 3

In chapter 2, we described the phenotypes of melanoma-infiltrating Treg cells in both cold
and hot tumor microenvironments. Specifically, we identified a conserved population of Ty cells
expressing high levels of Helios which displayed a highly activated phenotype with preferential
expression of PD-1 and proliferative capacity. In D4M.3A-bearing mice, anti-PD-1 induced an
expansion and activation of Helios" Treg cells, associated with an increase in IFNy production by
CD8" T cells. As these tumors displayed acquired resistance to ICIs, and T TILs displayed
phenotypic signs suggestive of immune exhaustion at tumor endpoint, we concluded that ICI-
induced Treg cell activation contributes to treatment resistance. However, this raises the question
of reconciling this mechanism of action with the onset of tumor regression in high responder
patients. We hypothesized that anti-PD-1 might dysregulate the suppressive function of Helios™
Treg cells through the Foxp3-destabilizing effect of Akt. Thus, in chapter 3, we assessed Treg cell
functional dynamics in response to PD-1 blockade in the YUMMER1.7 model which displayed a
bimodal outcome with High and Low Responder tumors. Specifically, we deepen our functional
characterization of the two phenotypes of YUMMER1.7-infiltrating Treg cells identified in chapter
2, asking if exhausted-like Treg cells are impaired in their suppressive function and are Tn1-adapted
Treg cells specialized in controlling IFNy production? We show that a successful response to anti-
PD-1 is associated with polyfunctional CD8" TILs evading in situ the potent suppressive function
of Treg TILs, which progressively acquire Tn1-like characteristics and expand in response to anti-

PD-1.
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Abstract

PD-1 blockade enhances the effector functions of melanoma-infiltrating CD8" T cells,
leading to durable tumor remissions. However, 55% of melanoma patients do not respond to
treatment. As Foxp3™ regulatory T (Trg) cells play an important role in tumor-induced
immunosuppression and express PD-1, we hypothesized that anti-PD-1 also increases the effector
functions of melanoma-infiltrating Treg cells, which could be detrimental to treatment efficacy.
Here, we used a highly immunogenic melanoma model to study the functional dynamics of Treg
cells following anti-PD-1 treatment. We show that the potent CD8" T cell responses characteristic
of high responder tumors paradoxically correlate with the presence of highly-activated, Helios-
expressing Treg cells. In both high and low responder tumors, Treg cells co-localize with CD8" cells,
and display potent suppressive capacity in vitro. Using spatial proteomics, we demonstrate that
Treg cells display an increased activity of PI3K/Akt signaling in regions of high responder tumors
with an elevated CD8: T ratio. Further characterization revealed that melanoma-infiltrating Treg
cells progressively acquire T-bet and IFNy expression, exclusively in high responders, and
induction of this Ty1-like phenotype in vitro led to CD8" evasion from Tree suppression. Taken
together, these data suggest a mechanism through which anti-PD-1 relieves Treg cell suppression

In tumor microenvironments.
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Introduction

Immune checkpoint inhibitors targeting PD-1 (nivolumab, pembrolizumab) are at the
forefront of therapeutic guidelines for the treatment of many solid tumors but are associated with
highly variable outcomes. Melanoma is the solid tumor type where nivolumab achieves the highest
overall response rate, 45% (1, 2). While responses are durable and can persist after treatment
interruption, most patients do not achieve a significant reduction in tumor burden and
paradoxically, about 10% of patients have increased rates of tumor growth following treatment
initiation (3). The degree of pre-existing inflammation within the tumor was found to be a strong
predictive biomarker of response to treatment (4). As such, a pro-inflammatory or “hot” tumor
microenvironment (TMEs) with abundant lymphocyte infiltration in the tumor’s core and/or
presence of tertiary lymphoid structures (5, 6) is predictive of strong response, whereas non-
responsive tumors are deemed “cold” with sparse lymphocyte infiltration confined to the tumor
margins. To increase the success rate of checkpoint inhibition, a deeper understanding of the
mechanisms that govern the inflammatory status of the TME is required.

To dampen local inflammation and evade immune responses, tumors are adept at hijacking
the suppressive mechanisms of Foxp3™ regulatory T (Treg) (7-10), a specialized subset of CD4" T
cells which suppress autoreactive effector T (Tefr) cell functions to maintain peripheral tolerance
but simultaneously inhibit anti-tumor activity. Through preferential recruitment (11) and a well-
adapted metabolic profile (12, 13), Ty cells accumulate within TMEs, leading to worse prognosis,
metastatic potential, and resistance to treatment (11, 14). Tree cell depletion leads to complete tumor
clearance in immunologically cold, preclinical melanoma models, indicating that tumor-

infiltrating (TIL) Treg cells play a dominant role in tumor-induced immunosuppression (15).
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It is well established that anti-PD-1 increases the proliferation and function of CD8"* TILs
in high responder patients through restoration of Akt signaling (16—18). However, little is known
about the consequences of anti-PD-1 on the functional fate of T, cells systemically and in TMEs.
Outside of tumor environments, deletion of PD-1 has been shown to enhance T cell proliferation
(19), activation and homing (20). Anti-PD-1 increases the proliferation of Tre TILs in hyper-
progressor gastric cancer patients (19), suggesting that PD-1" Treg TILs diminish the efficacy of
PD-1 blockade. However, this effect is not observed in responding patients for whom increased
CD8:Treg ratios have been proposed as a biomarker of successful response to treatment (21, 22).
Furthermore, conditional deficiency of PD-1 expression in Treg cells in @ model of lung cancer also
leads to a loss of lineage stability of Trwg TILs (23), suggesting that PD-1 blockade has the
paradoxical potential to promote T cell activation at the expense of stable Foxp3 expression. As
such, it remains to be determined if anti-PD-1 impacts Treg cell activation, proliferation, and
suppressive function differently in responder and non-responder TMEs.

Recent evidence points to a key role of the zinc-finger transcription factor Helios in
safeguarding Treg cell function, fitness, and stability in TMEs. Functionally, Helios stabilizes the
canonical Treg cell transcriptional program by reinforcing /L-2Ra expression (24) and promotes the
cycling and survival of activated Ty cells by preserving Bcel-2 expression (25). The conditional
deletion of Helios (Helios”") in Foxp3* cells was sufficient to render the poorly immunogenic B16
melanoma hot, in turn, delaying tumor growth (26). In the absence of Helios, Treg cell accumulation
was reduced amongst TILs, and Helios” Tyee TILs displayed a more unstable Treg cell phenotype
as indicated by reduced Foxp3 and CD25 expression, secretion of otherwise-repressed
inflammatory cytokines such as IFNy (26) and expression of genes associated with Txl and Tx2

differentiation (27). As a Helios binding site is present in the PDCDI promoter (28), Helios-
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expressing Treg cells could preferentially respond to anti-PD-1. However, the functional
consequences of anti-PD-1 on Helios" Treg cells remain ill-defined. As high levels of Akt signaling
drives IFNy secretion in Treg cells (29), a phenotype also associated with enhanced anti-tumor
immunity in mice with Nrp-1 deficient Trg cells (30), we hypothesized that anti-PD-1
preferentially increases Helios™ TIL-Tre cell activation but promotes their acquisition of
inflammatory characteristics (29) in hot TMEs, thereby increasing anti-tumor responses.

To study the dynamics of Treg cell function and fate throughout tumor development and anti-
PD-1 monotherapy in both high (HR) and low (LR) responder TMEs, we used a pre-clinical mouse
model of highly immunogenic melanoma that recapitulates the variability associated with response
to anti-PD-1 in the clinic (31). We identify three novel hallmarks of Treg cells in successful response
to anti-PD-1: (i) increased activation and proliferation of the Helios-expressing Tieg cell subset, (if)
high PI3K/Akt activity in tumor regions with a high CD8:Ty, ratio, and (iii) the acquisition of
Tul-like characteristics, namely T-bet and IFNy expression. Taken together, these data suggest a
mechanism through which PD-1 blockade increases Treg cell activation and proliferation but

relieves their suppression locally in hot tumors.
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Results
Helios* Foxp3™ Treg cells accumulate in melanoma tumors throughout successful response to
anti-PD-1 monotherapy.

While the role of Ty cells in promoting tumor growth is well established, their function
and fate during PD-1 blockade remain ill-defined. Thus, we investigated the dynamics of Treg cell
infiltration in hot or cold TMEs throughout tumor development in the YUMMERI.7 murine
melanoma model, which has variable outcomes in response to checkpoint blockade (31). Male
Foxp3-IRES-mRFP (Foxp3RF?) reporter mice were injected s.c. with YUMMERI1.7 cells (2.5x10°)
and received treatment with either anti-PD-1 or PBS control once tumors reached palpability, at
day 8. Mice were sacrificed when control tumors reached humane endpoint, on day 20 (N=10)
(Figure 1A). As some anti-PD-1 treated mice did not experience a delay in tumor growth (Figure
1B), we identified LR (tumor weight>300 mg) and HR mice (tumor weight <300mg), based on
the bimodal distribution of tumor weights in the anti-PD-1 group (Supplementary Figure 1A).
The success rate of anti-PD-1 was 52% (24 of 46 mice), like previous descriptions (31, 32).
Notably, after treatment discontinuation, HR tumor volume remained below 300mm? (N=3),
indicative of a durable response (Supplementary Figure 1B).

To determine the immune cell populations that associate with response to anti-PD-1, we
correlated tumor weight with the immune composition of the TME at endpoint (Figure 1C). As
expected, tumor weight was positively correlated with a “cold” immune environment, abundantly
infiltrated by CD11b" F480" macrophages (r=0.6), whereas HR tumors displayed a “hot”
phenotype with high frequencies of CD8" (r=-0.6) and CD4" T cells (r=-0.5). There was no
significant difference in immune composition between control and LR tumors (Supplementary

Figure 1C-E).
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To determine the dynamics of T cell responses, we sacrificed tumor-bearing mice at earlier
timepoints: pre-treatment on day 7 (N=3), or halfway through endpoint, at day 14 (N=2), and
assessed the immune composition of TILs. In control tumors, CD8" T cells gradually accumulated
and represented up to 80% of all T cells at tumor endpoint. While anti-PD-1 did not increase the
proportion of CD8" T cells amongst T cells, the density of CD8" TILs increased with time during
a successful response (Figure 1D). Notably, Tr; cell density was increased 10-fold between pre-
treatment and HR tumors, but not in control and LR tumors (Figure 1E). As such, CD8: Ty, cell
ratios in TMEs did not correlate with tumor weight (Supplementary Figure 1F). In contrast, HR
CD8" TILs displayed lower levels of PD-1 and Tim-3 expression (Supplementary Figure 1G)
and were polyfunctional (IFNy" TNFa', Figure 1F), a major hallmark of response to anti-PD-1,
despite the increasing frequency of Treg cells.

Since Helios expression is associated with stable, potent Tre, cell suppressive function (24)
and promotes Tre, cell cycling and survival in TMEs (26), we investigated its expression in CD4"
TILs. Strikingly, the frequency of Helios"€" T, cells within CD4" T cells increased throughout
successful response to anti-PD-1 and was significantly increased compared to LR and PBS tumors
(Figure 1G). As such, one of the strongest indicators of the presence of polyfunctional CD8" TILs
at endpoint was the frequency of Helios"¢" Ty, cells (1?=0.50, p<0.0001, Figure 1H). Taken
together, these data indicate that successful response to anti-PD-1 promotes the simultaneous

accumulation of polyfunctional CD8" T cells and Helios"#" Ty, TILs.

PD-1 upregulation alters the phenotype of melanoma-infiltrating Treg cells at tumor
endpoint.
To better characterize the functional consequences of PD-1 blockade on Helios™&" Ty,

cells, we first investigated their fate during spontaneous tumor growth. To this end, we
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characterized Treg cell phenotype in tumors and draining lymph-node of PBS-treated mice. While

High cells contracted

most Treg TILs expressed high levels of Helios at day 7, the proportion of Helios
by day 20, in favor of Helios®" Tree TILs that expressed higher levels of PD-1 (Figure 2A). As
Helios promotes Treg cell expression of CD25 and proliferation (24), we observed a corresponding
decrease in the proportion of CD25M&" and mitotically active (Ki67") T cells through time
(Supplementary Figure 2A and B), which was not observed in the tumor-draining lymph nodes.
Furthermore, at all timepoints, cycling cells were exclusively found in the Helios™€" compartment,
indicating that Helios'™" cells do not emerge through cellular expansion (Supplementary Figure
2B). As the highest levels of PD-1 expression are reached upon chronic antigenic stimulation (33),
and PD-1" Helios'" cells were not observed at day 7 (Figure 2A), we hypothesized that Helios'"
cells originate from Helios"!#" T, TILs undergoing chronic activation in the TME. In lymphoid

tissues, PD-1 expression was restricted to the HeliosHe"

compartment at all timepoints
(Supplementary Figure 2C), and the proportion of PD-1" Ty TILs increased through time
(Supplementary Figure 2D). Furthermore, high levels of PD-1 expression at endpoint were
associated with reduced Foxp3, Helios and CD25 expression levels (Figure 2B), a phenotype
associated with an absence of IL-2 production by CD4" Teony cells at endpoint (Supplementary
Figure 2E). Taken together these data indicate that Trg cells display reduced fitness at tumor
endpoint.

To test if PD-1 signaling could directly lead to a reduction in the expression of Treg cell
canonical markers, we turned to an in vitro T cell activation model. Using Helios®"*-Foxp3RfF dual
reporter mice, we cultured purified splenic and TIL Helios™&" Foxp3* (GFPM&/RFP") cells

isolated from untreated mice at tumor endpoint, in the presence or absence of PD-L1-Fc (S5pug/ml)

(Figure 2C). At the end of our culture, the expression of Helios and CD25 was decreased in splenic
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Treg cells activated with PD-L1-Fc and further reduced in Treg TILs (Figure 2D, N=3), suggesting
a direct link between PD-1 signalling and the altered phenotype of Treg TILs. Furthermore, Treg
TILs expressed significantly lower levels of Foxp3 and Bcl-2, suggesting reduced STATS signaling
and increased susceptibility to apoptosis (Supplementary Figure 2F).

Expression of high levels of PD-1 renders CD8" TILs dysfunctional (34) and loss of Foxp3
expression is often associated with reduced suppressive potency (35). To determine if Treg TILs
maintain their suppressive function at tumor endpoints, we isolated splenic and TIL RFP" Ty, cells
from untreated, tumor-bearing Foxp3®™® mice and co-cultured them at various ratios with splenic,
CTV-labelled, CD4" RFP" T responder (Tresp) cells (5x10%) (Figure 2E). Tre TILs displayed more
potent suppressive activity than their splenic counterparts, as measured by the reduction of Tresp
division index, despite fewer Treg TILs at the end the assay (Figure 2F). Indeed, as observed ex
vivo, Treg TILs had low expression of CD25 and Ki67 (Supplementary Figure 2G) but expressed
higher levels of ICOS, GRZB and IL-10 than their splenic counterparts (Supplementary Figure
2H), indicating their highly differentiated state with enhanced suppressive mechanisms. Taken
together, despite reduced fitness at endpoint, Treg TILs display enhanced suppressive function and

contribute to the maintenance of an immunosuppressed tumor environment.

PD-1 blockade promotes the activation and proliferation of highly suppressive Helios-
expressing Treg cells.

Given that successful response to PD-1 blockade was associated with an increased
frequency of Helios™" Ty, cells in CD4" TILs, and that PD-1" Ty cells expressed Helios before
treatment initiation (Figure 2A), we hypothesized that these cells might preferentially respond to
anti-PD-1. At day 7, Helios"#" T, cells displayed greater expression of checkpoint molecules

associated with highly-suppressive Treg cells (CTLA-4 (36), TIGIT (37), ICOS (38)), compared to
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their Helios'" counterparts (Figure 3A), and Ty, TILs expressed higher levels of checkpoint
molecules compared to their lymph node counterparts (Figure 3A), suggesting ongoing local TCR
activation (38). At day 14, there was no reduction in tumor weight, and we did not identify any
difference in immune phenotype between PBS and anti-PD-1 mice (Supplementary Figure 3A).
Nonetheless, we observed systemic effects of anti-PD-1 on Treg cell phenotype as shown by the
increased frequency of splenic PD-1" and proliferating (Ki67") Treg cells, in contrast to other Tefr
cells (Figure 3B). Furthermore, the proportion of Tre cells, and specifically the Helios™#" subset,
within the T cell compartment was increased and expressed checkpoint molecules such as ICOS
in higher levels and proportion (Figure 3C) in the spleen. Thus, anti-PD-1 increases the activation

and proliferation of Helios™i"

Treg cells in circulation as early as six days following treatment
onset.

To assess the consequences of anti-PD-1 treatment on T TILs, we assessed their
expression of Tre cell activation markers (CTLA-4, TIGIT and ICOS) relative to their cycling
status (Ki67) at endpoint. Frequencies of cells expressing Helios were elevated in Treg cells from
HR tumors than those from PBS and LR tumors (Figure 3D). Accordingly, HR T, TILs were also
more proliferative as shown by the percentage of Ki-67" cells, and expressed higher levels of
CTLA-4, TIGIT, and ICOS (Figure 3D) suggesting that successful response to PD-1 blockade
increases the proliferation and activation of Helios™#" Ty, TILs, all-the-while enabling strong anti-
tumor responses.

Indeed, high expression of checkpoint molecules such as CTLA-4 and ICOS, while
associated with highly suppressive Tree cells (36—38), strongly correlated with the frequency of

IFNy" CD8" T cells (Supplementary Figure 3B). Thus, we assessed the suppressive potency of

Treg TILs from either HR or LR tumors (Figure 3E). While HR T TILs failed to curtail anti-
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tumor responses in vivo, they nonetheless displayed the most potent suppressive capacity, with up
to 80% suppression at a 1:4 Treg: Tresp ratio, compared to LR Treg TILs (50%) and splenic Treg cells
(40%) (Figure 3F). Nonetheless, HR and LR Ty cells displayed similar suppressive potency on
a per cell basis (Supplementary Figure 3C). Indeed, HR Ty cells displayed increased expression
of fitness markers (Foxp3, CD25, Ki67) and ICOS compared to their LR counterparts
(Supplementary Figure 3D). Taken together, these data indicate that HR Tr cells are not
intrinsically impaired in their suppressive capacity and suggests that conditions within the HR

TME allow for CD8" TIL evasion from suppression.

Treg cells preferentially co-localize with CD8" T cells in tumor microenvironments.

We then asked whether differential localization of Treg cells relative to CD8" TILs in hot
and cold TMEs results in local Trg/CD8 imbalances and consequential Tefr evasion from
suppression in highly inflamed areas of the TME. To this end, we performed immunofluorescence
analysis of FFPE tumor sections collected from PBS (n=6), LR (n=4) and HR (n=6) mice. There
were no differences in terms of Treg and CD8" T cell infiltration between PBS and LR tumors. TILs
were mostly restricted to peritumoral regions, whereas HR tumors presented with abundant
infiltration in the tumor core (Figure 4A). Furthermore, we observed a 2-fold increase in CD8" T
cell density in HR tumors compared to LR and PBS (Figure 4B). Similarly, Treg cell density was
also increased 3-fold in HR tumors compared to LR and PBS (Figure 4C).

Melanoma invasiveness is associated with a process of de-differentiation through which
the expression of Mart-1 and other melanoma antigens, and the resulting immunogenicity, is
reduced (39). Thus, to determine if tumor immunogenicity alters the pattern of lymphocyte
infiltration, we analyzed the distribution of Mart-1 expression in our tumors. Mart-1 expression

was mostly restricted to the tumor periphery in cold tumors (Figure 4D, left panel), whereas Mart-
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11igh melanocytes were found in the core of HR tumors (Figure 4D, right panel). Furthermore,
the proportion of Mart-1"€" tumor cells within the whole tissue was increased in HR tumors
(Figure 4E), confirming their higher immunogenicity. We hypothesized that CD8" TILs are
recruited to immunogenic and differentiated Mart-1-expressing melanoma cells to exert their anti-
tumor activity. Therefore, we overlayed the annotated regions of Mart-1 expression with heatmaps
of CD8 density (Figure 4D). In all 3 groups, CD8" T cell density was increased in Mart-1"€" tumor
regions compared to the rest of the tissue (Figure 4F). Taken together, these data suggest that
expression of tumor-antigens shapes the localization of CD8" TILs within the tumor bed.

Next, we assessed the localization of RFP™ Treg cells relative to CD8" TILs. To this end, we
identified the localization of the five hotspots of maximal Foxp3 density within each tumor. In
PBS and LR tumors, Treg cell density was maximal in peritumoral areas (Figure 4G, left and
central panel). In HR tumors, Ty cells also co-localized with CD8" TILs and were present in
abundance within the tumor’s core (Figure 4G, right panel). As such, CD8" T cell density was
increased in Treg cell dense areas compared to the whole tissue average (Figure 4H). Nonetheless,
we identified regions in HR tumors where despite significant Treg cell infiltration, the local
CD8:Treg ratio was very high (Figure 4D and G, white arrow), suggesting localized evasion from
suppression. Taken together, these data indicate that tumor immunogenicity shapes the lymphocyte

infiltration pattern and that Ty, cells co-localize with CD8" T cells in both hot and cold TMEs.

Spatial proteomic profiling reveals increased PI3K/Akt activity in both CD8" and Treg cells
located in Treg sparse regions of high responder tumors.

To determine if Treg cell phenotype is impacted by localization within the TME of LR and
HR tumors, we performed spatial proteomic profiling using GeoMx® DSP (Nanostring). We

selected 15 regions of interest (ROIs) based on low and high T cell density in LR (n=1) and HR
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(n=3) tumors (Figure SA). Within the LR tumor, Tree sparse areas (<300 Tre/mm?) had reduced
CDS8" T cell density (<1500 CD8"/mm?) compared to Tree dense areas (Figure 5B), indicative of
immunologically cold regions. However, in HR tumors, there was no difference in CD8" T cell
density (>1500 CD8/mm?) between Tree sparse and dense areas indicating that the local Ty, cell
density was not associated with the level of CD8" T cell infiltration (Figure SC). Within each ROI,
CD8", Treg cells, and Mart-1" tumor cell masks, were applied based on fluorescent antibody
expression to segment each cell population in their respective areas of interest (AOIls). Each AOI
was then profiled for the expression of 53 proteins by next-generation sequencing of
photocleavable barcodes (Supplementary Table 1). Unsupervised hierarchical clustering and
principal component analysis revealed that areas of interest clustered according to cell type and
ROI type (Supplementary Figure 4A) and appropriate levels of CD45, CD8 and Foxp3
expression within each AOI (Supplementary Figure 4B).

To confirm the increased levels of CD8" and Treg cell activation observed ex vivo in HR
tumors, we pooled ROIs based on tumor type. We observed a significant increase in CD28 and
ICOS expression in CD8" segments from HR tumors (fold change >1.65, false discovery rate=
5%), indicating increased co-stimulatory capacity in these regions (Figure 5D). Furthermore, in
both CD8" and Trg cell segments, there was higher expression of PLCGI, an enzyme that
mobilizes intracellular Ca?>" upon TCR engagement (40), in HR ROIs, denoting higher TCR-
induced activation (Figure SE). Thus, a reduction in TCR signal strength and co-stimulatory
signals is a major feature underlying the differences between hot and cold TMEs.

To assess Treg cell-mediated suppression in situ in HR tumors, we compared the functional
status of neighbouring CD8" T cells in Ty rich and sparse ROIs. In Tyeg sparse regions, CD8" T

cells had increased expression of ICOS and phosphorylation of mediators of the PI3K/Akt pathway
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(pAktl, pPras40, pS6), indicating highly functional cells (fold change>1.65, FDR=10%) (Figure
5F), and denoting enhanced pharmacological efficacy of the anti-PD-1 antibody in these regions.
Furthermore, these cells displayed increased expression of p21 and BCLXL, suggesting reduced
susceptibility to apoptosis compared to CD8" T cells in Tre dense regions. Next, we asked if
differences in signaling characteristics in Trg TILs could underlie the local evasion from
suppression. In Treg sparse regions, Treg cells also displayed increased PI3K/Akt activity (pAktl,
pGSK3a and b, pPras40 and pS6) and expression of CD44 compared to Treg dense ROIs (fold-
change>1,65, FDR=10%, Figure 5G), suggesting anti-PD-1 also increases TCR signal strength in
these Treg cells. Furthermore, we observed increased expression of BatF3, which has been shown
to antagonize Foxp3 expression (41). Taken together, these data indicate that successful response
to PD-1 blockade is associated with increased activation of the PI3K/Akt signaling pathway in
both CD8" and T cells in the most inflamed regions of the tumor, a condition permissive to CD8"

T cell evasion from Treg cell suppression.

Successful response to anti-PD-1 is associated with a Tnl-like functional adaptation by Treg
cells.

Since increased in situ CD8" T cell activation was associated with phosphorylation of Akt
in Treg cells, which has been shown to promote their acquisition of the transcription factor T-bet
(29), we asked if increased Akt signaling could modulate Trg cell functional adaptation in hot
TMEs. Functional adaptation is a process that leads to the upregulation of transcription factors
from T helper lineages and is linked to increased Treg cell functionality through enhanced homing
and local proliferation (42), but also acquisition of inflammatory, effector functions (43). Thus,
we assessed the expression of T-bet and IFNy by tumor-infiltrating Treg cells through time. Before

the initiation of treatment, T-bet expression was mostly restricted to Foxp3™ Tcony cells and seldom
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expressed in Treg cells (Figure 6A). In contrast, 30% of early infiltrating Treg cells co-expressed
Gata-3 and the IL-33 receptor ST2, indicative of a Th2-bias which is often associated with tissue-
resident Treg cells (44) (Supplementary Figure 5A). However, these cells did not express PD-1,
suggesting that they are likely not readily targeted by the treatment (Supplementary Figure 5B).
However, throughout a successful response to PD-1 blockade, we observed an increased influx of
T-bet" Treg TILs in the tumor, but not in its draining lymph node (Figure 6A and 6B). Furthermore,
T-bet expression increased by ~15% (MFI) in Treg TILs from HR tumors compared to both LR and

control tumors (Figure 6B), mostly in Helios™i¢"

Treg cells (Supplementary Figure SC) and these
T-bet levels were sufficient to induce IFNy production by T cells in HR tumors (Figure 6C),
indicating a dysregulation of the Ty cell canonical transcription program (45). High levels of Akt
signaling have been shown to promote the T 1 adaptation of Ty, cells and indeed, upregulation of
these markers was inversely correlated with PD-1 expression (Figure 6D), suggesting that IFNy"
Treg cells are likely found in the Treg sparse regions of the TME.

We and others have shown that IL-12 is the predominant inducer of T-bet in T cells and
promotes the local Tnl differentiation of Treg cells (46). Given the potent ex vivo CD8" T cell
responses in the presence of T-bet” Treg cells and the suppressive potency of HR Ty TILS in vitro,
we asked if the Tn1-like phenotype was stable outside of the TME and how it relates to suppressive
function. Thus, we assessed the impact of IL-12 signaling on Treg cell phenotype and function in
vitro (Figure 6E). Interestingly, HR Teg TILs lost their Tnl phenotype when cultured in control
media alone and produced IFNy only when exposed to IL-12 (Figure 6F). Furthermore, 1L-12
induced significant IFNy production by LR Trg TILs, suggesting that all tumor-infiltrating Treg

cells are sensitive to this inflammatory signal. Moreover, consistent with a previous report (47),

IL-12 promoted Tresp cell evasion from suppression and IFNy production (Figure 6G). Taken
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together, these data indicate that Treg TILs exposed to local IL-12 undergo a Tn1-adaptation during
a successful response to anti-PD-1, hindering their capacity to suppress in situ. Collectively, these
results show that PD-1 targeting antibodies increase Tre cell activation and proliferation and
provide a novel mechanism through which PD-1 blockade and local inflammatory signals
High

modulate Helios™'#" Tyeg cell suppression.
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Discussion

Anti-PD-1 ICIs were designed to counteract the exhaustion of CD8" TILs by antagonizing
PD-1 signaling (48), thus promoting their proliferation, cytokine production and ensuing anti-
tumor functions. However, in tumors and at steady state, Treg cells express PD-1, and the use of
IClISs is often associated with the onset of irAEs (49), indicating a breach in peripheral tolerance.
Thus, it has long been hypothesized that ICIs target Treg cells and compromise their functional
stability (50). The role of Treg cells in tumor-induced immunosuppression is well established, yet
little is known about the consequences of PD-1 expression, and its ligation by ICI, on their
functional fate. To answer this, we exploited the bimodal response to anti-PD-1 in the highly
immunogenic melanoma tumor YUMMERI1.7 (31, 32) to assess the functional dynamics and fate
of Treg cells in LR and HR TME:s.

In this study, we established increased Treg cell activation and functional adaptation as
novel hallmark features of successful response to PD-1 blockade. First, we identified Helios-
expressing cells as the main subset of Treg cells expressing PD-1 and infiltrating tumors. In PBS
control tumors, we established that chronic PD-1 signaling alters the fitness of terminally-
differentiated and potently suppressive Treg cells, localized in peripheral, immunogenic regions of
the tumor. In lymphoid organs, treatment with anti-PD-1 increased the activation and proliferation
of Helios#" Ty, cells, but not Te cells, highlighting systemic effects of ICIs on non-TILs. In HR
tumors, we show that highly-activated Helios™!¢" Ty; accumulate and transiently acquire Tnl-like
characteristics, a process driven by Akt signaling (29), which alleviates their suppressive potency
in hot TMEs. Finally, through spatial proteomics, we identified elevated phosphorylation of Akt

as a feature of the Treg cells present in regions of highest CD8" T cell activation, suggesting that

IFNy-producing Tieg cells fail to suppress in situ.
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Collectively, these results provide new insights regarding the synergy between PD-1
signalling and Treg cell function to render immunogenic tumors cold. We established that, akin to
terminally-exhausted CD8" T cells, Tre TILs display a phenotype consistent with dampened
activation, proliferation, and survival in endpoint tumors, in line with observations that PD-1
restricts Treg cell activation and proliferation in murine models of Treg-specific, conditional PD-1
deletion (19, 20). In contrast to dysfunctional CD8" TILs, this phenotype was associated with
potent Tree cell suppressive effector functions, consistent with other reports (13, 51, 52). The
reduced expression of Helios and CD25 was suggestive of low IL-2 signaling, which may occur
because of gradual loss of IL-2 secretion by TILs. Indeed, IL-2 overrides PD-1 inhibition through
STATS (53) and downregulates PD-1 expression in chronic settings (54). Our results are consistent
with a model where Ty cell suppression and PD-1 inhibition concur to dampen IL-2 production
and suppress CD4" T cell help, in turn, triggering gradual CD8" T cell dysfunction in immunogenic
tumors (55). Furthermore, their distribution in peripheral regions of the tumor suggests that Treg
cells suppress CD8" TILs upon tumor entry, at a site of local inflammation rather than through
enforcing immunosuppression in cold areas, from which they are absent.

Our observation that PD-1 blockade increases Treg cell activation systemically is in line with
what is seen using PD-L1 blockade in treatment-resistant models (56). Furthermore, Treg cells
express lower levels of PD-1 than Tef cells in this model, suggesting that in LR and colder tumors,
anti-PD-1 could successfully reactivate Treg and not terminally-exhausted CD8" cells. Indeed, in
other cancers, the pre-treatment, baseline CD8:Treg ratio amongst PD-1" cells determines clinical
outcome (57), and anti-PD-1-induced Treg cell proliferation has been linked with disease hyper-
progression (19). While these elements position Treg cell activation as an acquired mechanism of

resistance to treatment, our discovery that highly-activated Treg cells produce IFNy and fail to
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suppress CD8" responses in situ, reconciles Treg cell hyper-activation with potent anti-tumor
responses. HR Ty TILs displayed reduced levels of PD-1 expression, as well as strong levels of
phosphorylated Akt locally. Indeed, anti-PD-1 was shown to increase Akt signaling in Treg cells
(57), which triggers glycolysis, in turn dampening their suppressive function temporarily (58)
while promoting their proliferation and CTLA-4 expression (59). Furthermore, these results are in
line with the increased efficacy of anti-PD-1 and induction of IFNy-secreting Tree cells in mice
treated with a small molecule activator of Akt (60). However, to our knowledge, this is the first
demonstration of anti-PD-1 monotherapy inducing IFNy secretion by Ty cells, a phenotype
associated with clinical outcome.

The induction of T-bet expression is dependent on Akt (29) and promotes the proliferation
and survival of tissue-localized Treg cells during Ty1 responses (61), consistent with increased Treg
cell proliferation and fitness in HR tumors compared to controls. Tn1-adapted T, cells specialize
in controlling type 1 inflammation (62) by colocalizing with TILs (63, 64) through the
chemoattraction of CXCR3" Ty cells towards CCL9-producing DCs and inhibition of
neighbouring CD8" T cell reactivation (65). In contrast, IFNy secretion has also been associated
with dysregulated Treg cell function in melanoma (26, 30). Interestingly, while IFNy™ Treg TILs
expressed high levels of T-bet, there was no correlation between IFNy and CXCR3 expression,
suggesting IFNy" and CXCR3" Ty, cells might represent two different populations of Th1-like Treg
cells with different suppressive capacity and tissue localization. Given the paucity of TILs in
preclinical melanoma models (66, 67), the suppressive function of Treg TILs is often assessed using
indirect in vivo readouts such as CD8:Tre, ratios and IFNy secretion. In this study, we show that
while T-bet" Treg TILs fail to control IFNy production in vivo, they remain potent suppressors of

Tul differentiation in vitro. Our results suggest that the capacity to respond to persistent intra-
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tumoral IL-12 is a key factor in the initiation of the Ty1-like differentiation of Helios" rather than
Helios™ Treg cells (46). Furthermore, the fact that a higher proportion of LR T TILs than
splenocytes produce IFNy in response to IL-12 alludes to the fact that while Helios" Treg cells are
more prone to acquire these Tn1-like characteristics (27), not all of them can respond to IL-12.
Taken together, our results identify the acquisition of Txl-like characteristics by highly-
activated Helios™ Treg cells as a novel hallmark of response to treatment. Determining the effects
of PD-1 blockade on Tr cells is key to dissecting the role of T cells in supporting immune
exhaustion and treatment failure and provide translational therapeutic avenues such as increasing
tumor antigenicity (32), targeting TCR signal strength (60) and Tx1-differentiation pathways (46)

to synergize with anti-PD-1 and increase response rates.

119



Material and Methods
Mice

C57B1/6.Foxp3RES-mREP reporter knock-in (Foxp3®FY) mice were provided by Jonathan
Spicer. C57B1/6.Foxp3RES-mREP Heljos™RES-GFP qual reporter knock-in (Foxp3RfP-Helios“'F) mice
were provided by Ethan Shevach. Wild Type C57Bl/6 mice were purchased from Charles River
Laboratories. All mice used were males and 8 to 14 weeks of age, the examiner was blinded to
group repartition until the end of the analysis.
Tumor cell lines

The YUMMERI1.7 cell line was generated by Wang and colleagues by irradiating Braf¥6%°F
PTEN"" Cdkn2a™" cells and expanding a single clone bearing additional somatic mutations (31).
YUMMERI.7 cells were kindly provided by Marcus Bosenberg (Yale University) and cultured in
advanced DMEM/F12 supplemented with 10%FBS (Wisent), 1% Penicillin/Streptomycin
(Wisent) and 1% MEM Non-essential Amino Acids (Wisent). Tumor cells were tested for
mycoplasma and viral contamination by the McGill Comparative Medicine Animal Resources
Centre. Cells were expanded in 225 cm? tissue culture flasks and 5x10° cells/ml were frozen down
and stored in 10% DMSO/FBS in liquid nitrogen. Prior to injection, cells were thawed and
passaged twice at 37°C in humidified air with 5% CO; and washed twice in cold PBS before
preparation of the inoculum.
In vivo tumor studies

YUMMERI.7 cells were resuspended in PBS and then mixed in Corning® Matrigel
Basement Membrane HC at a 1:1 PBS to Matrigel ratio. YUMMERI.7 cells (2.5x10°) were
injected subcutaneously in the right flank of male mice, under anesthesia. Mice were monitored

thrice weekly. Tumor volumes were measured using an electronic calliper and calculated as: length
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x width? x 0.5. Experimental endpoint was defined either as a pre-determined timepoint (day 7,
day 14) or as soon as one mouse reached humane endpoint (tumor volume > 1500mm?). At
necropsy, tumors were harvested, and their weights and volumes were measured post-mortem.
Once every tumor had reached palpability (day 8), mice were randomly attributed to a treatment
group. They received 5 doses of either 250ug of anti-PD-1 (clone RMP1-14, BioXcell) or PBS,
intraperitoneally, thrice weekly. At the predetermined experimental endpoint, all mice were
sacrificed, and we harvested tumors, tumor-draining axillary and inguinal lymph nodes, non-tumor
draining contralateral lymph nodes, and spleen. All mice were cohoused from birth and the success
rate of anti-PD-1 did not vary significantly across experiments.

Isolation of tumor-infiltrating lymphocytes
After CO; cuthanasia, Tumors were collected in serum-free Hank’s Balanced Salt Solution
(Wisent), then minced manually in 1mm? pieces using razor blades. Tumors were then digested in
the presence of collagenase IV (1mg/ml, Gibco) and DNAse I (0.005uM, Sigma-Aldrich) at 37°C
for 1 hour. Cells were then pushed through a 21G needle and washed in cold complete RPMI 1640
with 5% FBS. Red blood cells were lysed by incubating the cells for 30 seconds with ACK buffer,
washed, resuspended in complete RPMI1640, and filtered twice through a 70pm mesh.
Purification of T cell subsets

Prior to FACS-sorting splenocytes and TILs, CD4" and CD8" T cells were purified using
CD4/CD8 TIL Microbeads (Miltenyi) and an autoMACS (Miltenyi). Treg cells were sorted as CD4"
RFP*, Helios™&" T, cells were sorted as CD4" RFP™ GFP!, Tcony cell were sorted as either CD4”*

RFP- or CD8" RFP  cells (purity>99%) using a FACSAria™ (BD Biosciences).
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In vitro activation with PD-L1-Fc¢

FACS-sorted Helios™" T, cells isolated from either the spleen or endpoint tumors. CD4"
RFP- GFP splenic Teonv cells were labelled with CellTrace™ Violet (Thermofisher). Teonv cells
(5x10%) and Helios"#" Tyeq cells (2.5x10%) in RPMI 1640 (Wisent) supplemented with 10%FBS
were placed in 96-well flat-bottomed (0.2ml) plates previously coated with aCD3 (3pg/ml),
aCD28 (1ug/ml) +/- PD-L1-Fc (5pg/ml, R&D systems). Cells were then incubated for 72 hours at
37°C, then washed and stained for flow cytometry analysis.
In vitro suppression assays

CD4" RFP" Ty cells were sorted from the splenocytes or endpoint tumors of either
untreated mice, or high or low responders to anti-PD-1. Depending on the experiment, Tresp cells
were either CD4" RFP™ or CD8" RFP" splenocytes. Antigen-presenting cells were purified from
the negative fraction of the CD4/CD8 MACS and mitomycin-C inactivated for 1 hour at 37°C. Treg
cells were co-cultured with Tresp cells (5x10%) at various ratios (0:1, 1:2, 1:4, 1:8, 1:16), and antigen-
presenting cells (1x10°) in RPMI 1640 (Wisent) supplemented with 10%FBS in the presence of
soluble aCD3 (0.5pg/mL) for 72 hours at 37°C. For Tnl polarization assays, cells were incubated
in the presence of IL-12 (10ng/ml, R&D Systems) at the start of the culture. After 69h, cells were
additionally stimulated with PMA, Ionomycin, and Golgi Stop at manufacturer-recommended
concentrations for 3h for assessment of cytokine production.
Flow cytometry analysis

After lymphocyte isolation, the cells were washed in PBS and stained with antiCD16/CD32
(clone 2.4G2, BD) and fixable viability dye eFluor780 or 506 (Thermofisher). Following a wash,
cells were marked with extracellular markers. For analysis of Foxp3-reporter protein expression,

cells were acquired live within one hour of extracellular staining. For analysis of other transcription
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factors, cytokine secretion and intracellular markers, cells were fixed and permeabilized with the
Foxp3 Transcription Staining Buffer Set (eBioscience™) and then stained for intracellular
markers). Samples were acquired on the same day of the intracellular staining using a BD Fortessa
LSR-X20 and analyzed using FlowJo v10 (TreeStar and BD). The following anti-mouse antibodies
were used: CD45.2 (clone 104), CD19 (clone 1D3), CDIllc (clone HL3), I-A[b] (clone AF6-
120.1), CD86 (clone GL1), Ly6C (clone AL21), PD-L1 (clone MIHS), CD3 (clone 17A2), CD8a
(clone 53-6.7), CD8Db (clone H35-17.2), PD-1 (clone J43), Ki67 (clone B56), KLRGI1 (clone 2F1),
TCF-1 (clone S33-966), Gata-3 (clone L50-823), IFNy (clone XMG1.2), IL-2 (clone JES6-5H4),
TNFa (clone MP6-XT22), RORyt (clone Q31-378) from BD; CD4 (clone RM4-5), CTLA-4 (clone
UC-4B9), Helios (clone 22F6), Bcl-2 (clone BCL/10C4), GRZB (clone Q16A02), Ly6G (clone
1A8) from Biolegend; Foxp3 (clone FIK-16S), ICOS (clone C396.4A), T-bet (clone 4B10), TIGIT
(clone GIGD7), CD25 (clone PC61.5), Tim-3 (clone RMT3-23), ST2 (clone RMST2-2), IL-17A
(clone ebiol7B7), IL-10 (clone JES5-16E3), F4/80 (clone BMS), CD11b (clone M1/70) from
eBioscience.
Histological assessment

For histological assessment, we repeated the same tumor injection and treatment protocol.
At tumor endpoint (day 19), mice were sacrificed and identified as HR (n=6), LR (n=4) and PBS
(n=6). Tumors were resected and cut in half. Half of the tumor was fixed in 10% Formalin for 72h
then washed and permeabilized in 70% ethanol overnight before being paraffin embedded
according to standard pathology procedures. The other halves were processed as described
previously for confirmatory flow cytometry analysis. The tissues were sectioned at 5 um thickness

and mounted on Superfrost Plus Slides (Fisherbrand).
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For immunofluorescence studies, slides were baked at 60°C for 30 minutes, then
deparaffinized and rehydrated using xylene and 100%EtOH. Slides were incubated for 20 minutes
with 1X Tris-EDTA for antigen retrieval. Tissue sections were blocked with a 3% BSA/PBS
solution for 1 hour, followed by primary antibody incubation overnight in a cold room. The
antibodies used were aCD8-AF647 (clone EPR21769, Abcam), polyclonal aRFP-CF594
(Biotium), aCD4-eF1660 (clone 4SM95, Thermofisher) or aMart-1-AF532 (clone A103, Novus
Biologicals) at 1:100 dilution, then counterstained with DAPI. After 3 washes with 1x TBS-T,
24x50mm coverslips (VWR) were mounted and cells were stored in the dark at 4°C. Images were
acquired using a Zeiss LSM780 Laser Scanning Confocal Microscope and analyzed by QuPath.

For GeoMx Digital Spatial Profiling, tissue sections were baked at 60°C for 45 minutes,
deparaffinized with CitriSolv (Decon Labs) and rehydrated. Antigen retrieval was achieved by
incubating slides with 1X Citrate Buffer (pH 6.0) in a pressure cooker at 121°C and 1.0 bar for 15
minutes. Tissue sections were blocked with manufacture-recommended Buffer W for 1 hour at
room temperature in a closed humidity chamber. Slides were then incubated overnight with 3
morphology markers, and 6 commercially available panels of antibodies coupled to photocleavable
oligos (Supplementary Table 3). aMart-1-AF532 (clone A103, Novus Biologicals) was used to
detect differentiated melanoma cells, aCD8-AF647 (clone EPR21769, Abcam) to detect CD8" T
cells and polyclonal aRFP-CF594 (Biotium) to detect Treg cells. Cells were then post-fixed with
4% paraformaldehyde at room temperature for 30 minutes in closed humidity chamber and
counter-stained with SYTO 13 Green Fluorescent Nucleic Acid Stain (Thermofisher) for 15
minutes. In all tumors, ROIs were selected based on sparse or dense RFP" Ty cell density. Each
ROI type was identified in 3 replicate HR tumors and 1 LR tumor. In total, 15 ROIs of a maximal

surface area of 350 000 pm? were selected. Within each ROI, tumor cells, CD8" T cells and Treg
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cells were segmented into Areas of Interest (AOIs) using adapted fluorescence intensity thresholds
to generate object masks. Each segment was then individually exposed to UV light using digital
micromirror devices to release the oligonucleotide tags. Tags were collected in liquid phase and
placed in a 96well-plate. A library was generated from each well with Illumina unique dual index
primers for paired-end next-generation sequencing, allowing for quantitative measurement of
protein expression within each AOI. Each segment passed sequencing QC, however one Treg AOI
was removed from the analysis for an insufficient Foxp3 count (<20, manufacturer-recommended
threshold). Counts were scaled to the number of nuclei within each ROI to enable comparisons on
a per cell basis. Multiple normalization strategies were then evaluated. The selected method was
to normalize each count to the geometric mean of the pair of housekeeping controls with maximal
consistency (Histone H3 and GAPDH) in its respective AOL.
Statistical analysis

Unless otherwise stated, all data is depicted as mean +/- 95%CI. For tumor growth curves,
multiple comparisons were made using a mixed-effects analysis with a Geiser-Greenhouse
correction for sphericity and a Sidak correction for multiple comparisons. Tumor weights at
endpoint were compared using a two-tailed unpaired t-test with Welch’s correction. The normality
of tumor weights in each group was determined with a Shapiro-Wilk test. Given the bimodal
distribution of tumor volumes in the anti-PD-1 group, mice were categorized as HR or LR based
on a cut-off volume of 300mg. Tumor weights were then compared using a Brown-Forsythe and
Welch ANOVA test with a Dunnett T3 correction for multiple comparisons.

For flow cytometry data, the normality of each data set’s distribution was determined with
a Shapiro-Wilk test. Homoscedasticity was tested using Fisher’s test. If both conditions were met,

when applicable, proportions and MFIs were compared using ordinary One-Way ANOVA with a
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correction to account for multiple comparisons. If the normality condition was not met, a non-
parametric Mann-Whitney test was used. For PD-1 MFI comparisons, data was normalized to the
average expression of PD-1 within the T cell compartment within each experiment. For other MFI
comparisons, data was normalized to the average expression within its T cell subset within each
experiment. Correlation matrixes were generated by computing Pearson r-correlates with tumor
weight at endpoint for each variable and represented as a heatmap. For linear correlation analyses,
all data points were pooled to calculate linear correlations. The slope’s deviation from zero was
evaluated using Fisher’s test. All statistical analysis was conducted using GraphPad Prism v9.5.

For in vitro experiments, all conditions were realized in triplicates (n=3) and each
experiment was repeated 3 times (N=3). Data is shown from N of 1 representative repeat.

For differential protein expression, normalized counts were compared using a linear mixed
model with Benjamini-Hochberg adjustment for multiple comparisons, accounting for the
individual tumors from which AOIs were repeatedly sampled.

Study approval

All mice were housed and bred in specific pathogen-free conditions in the same facility and used
according to the regulations of the Canadian Council of Animal Care Guidelines and Animal Care
and Use Committees at McGill University.

Data availability

Numerical data values presented in the graphs are uploaded as supplementary material. Raw CZI
files generated by confocal microscopy and FCS files generated by flow cytometry are available

upon request from the corresponding author.
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Figure 1. Helios™ Foxp3™ Treg cells accumulate in melanoma tumors throughout successful
response to anti-PD-1 monotherapy.

A. Schematic of the experimental design. At Day 8, mice were randomly assigned to a treatment
group and received 5 injections of 250ug of anti-PD-1 (clone RMP 1-14, BioXcell) (n=46) or PBS
(n=27) every 48 hours.

B. Tumor growth curves shown as boxplots from minimum to maximum (N=10). Each dot
represents one mouse. Tumor volumes were fitted with a mixed-effects model and compared using
Sidak’s multiple comparisons test. Mice sacked on day 20 for flow cytometry analysis were
categorized as HR (n=18) or LR (n=20) based on a cut-off weight of 300mg.
C. Frequency of Dendritic cells (CD11¢* MHC-II"), Macrophages (CD11b" F4/80"), Monocytes
(CDI11b" Ly6C" F480°), Neutrophils (CD11b" Ly6G"), B cells (CD197), CD8" and CD4" cells
amongst live CD45" cells were measured at endpoint. Pearson r-correlates were computed for each
pair of variables and represented as a heatmap.
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D. In subsequent experiments, mice were sacrificed either pre-treatment, at Day 7 (N=3, n=18) or
on Day 14 (N=2, n=15), before HR and LR can be discriminated. Flow cytometry analysis of CD8
expression.

E. Flow cytometry analysis of Foxp3-RFP expression.

F. Flow cytometry analysis and representative flow plots of IFN and TNF expression by CD8"
cells. Single cell suspensions were stimulated in the presence of PMA, Ionomycin and GolgiStop
for 3h.

G. Flow cytometry analysis of Foxp3 and Helios expression. Representative flow plots from
independent experiments acquired on different days. All flow cytometry results shown as mean
and 95% CI, compared using a Two-Way ANOVA with Tukey’s correction for multiple
comparisons (****p<0.0001, ***p<0.001, **p<0.01, *p<0.05).

H. Day 20 data points were pooled to calculate a linear correlation and color-coded to identify
treatment groups. The slope’s deviation from zero was evaluated using Fisher’s test.
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Figure 2. PD-1 signalling alters the phenotype of melanoma-infiltrating Tr.g cells at tumor
endpoint.

A. Representative flow plots of Helios and PD-1 expression by PBS control TIL-Tr; at day 7
(n=18,N=3), day 14 (n=7, N=2), and day 20 (n=24, N=10). Mean and 95% CI, every dot represents
one mouse.

B. MFIs of Foxp3, Helios, CD25 and PD-1 expression by endpoint Treg TILs were normalized to
their respective average in each experiment. Pearson r-correlates were computed for each pair of
variables and represented as a heatmap.

C. Helios®™P-Foxp3R** mice were injected with YUMMERI.7 cells (2.5x10°) and received no
treatment until humane endpoint. Splenic and TIL Helios-GFPH#" T, cells were sorted and pooled
from n=2 mice and restimulated in vitro with plate-bound anti-CD3 (3pg/ml), anti-CD28 (2pg/ml),
with or without PD-L1-Fc (5ug/ml) and splenic Teonv cells (5x10%) for 72h (N=2).

D. Representative flow plots of CD25 expression by Helios™ Tre, cells isolated from the spleen
(black, orange) or the tumor (green and light orange) and restimulated with or without PD-L1-Fc.
MFIs were compared using a Two-Way ANOVA with Sidak’s correction for multiple comparisons.
E. Foxp3®? mice were injected with YUMMER1.7 cells (2.5x10°) and received no treatment until
humane endpoint. Splenic and TIL Foxp3-RFP* cells were sorted and pooled from n=2 mice, then
co-cultured with CTV-labelled splenic CD4" RFP" Tresp cells (5x10%), mitomycin-C inactivated
feeders (1x10°) and soluble anti-CD3 (0.5 pg/ml) for 72h (N=3).

F. Flow cytometry analysis of Tresp cell proliferation (CTV dilution analysis), when cultured with
no Treg cells (white), 1:2 splenic Treg cells (black) or 1:2 Treg TILs (green). % suppression was
calculated by comparing division indexes using 0:1 as a baseline for the absence of suppression.
Means were compared using a Two-Way ANOVA with Sidak’s correction. Slopes were compared
using Fisher’s test (****p<0.0001, ***p<0.001, **p<0.01, *p<0.05).
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Figure 3. PD-1 blockade promotes the activation and proliferation of highly suppressive
Helios-expressing Treg cells.

Mice were injected with 2.5x10° YUMMERI1.7 cells and received up to 5 doses of anti-PD-1, as
previously described.

A. Representative flow plots and analysis of CTLA-4, TIGIT and ICOS expression by Treg cells in
the tumor-draining lymph nodes and the tumor at day 7 (N=3). Proportions and MFIs from 1
representative experiment (n=5) were compared using a paired Two-way ANOVA with Sidak’s
correction and MFIs are represented as a heatmap (****p<0.0001, ***p<0.001, **p<0.01,
*p<0.05).

B-C. Flow cytometry analysis of Ki67, PD-1, Helios and ICOS expression by splenic cells at day
14 in PBS control (n=7) or anti-PD-1 treated mice (n=8) (N=2). Means were compared using either
a Two-Way ANOVA with Sidak’s correction or Student’s t-test. Fold MFI increase was calculated
using the average MFI intensity in the control group for each experiment as baseline.
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D. Representative flow cytometry plots and analysis of Helios, Ki67, ICOS, CTLA-4, TIGIT and
PD-1 expression by Treg TILs from PBS (n=24), LR (n=20) and HR (n=18) tumors at endpoint
(N=10). MFIs were normalized to the average expression in the control group within each
experiment and represented as a heatmap. Means were compared using Two-Way ANOVA with
Sidak’s correction. Frequency of Helios"#" Ty, cells in the PBS group is also shown in Figure 2A.
E. Splenic and TIL-Tyg cells were sorted from 2 HR and 2 LR mice, and then co-cultured as
previously described (N=3). F. Flow cytometry analysis of CTV expression by Tresp cells in each
condition. % suppression was calculated by comparing division indexes using 0:1 as a baseline for
the absence of suppression. Means were compared using a Two-Way ANOVA with Sidak’s
correction. Dot plots show mean and 95%CI.
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Figure 4. Treg cells preferentially colocalize with CD8" T cells in tumor microenvironments.

A-C. At tumor endpoint, mice were sacked, and PBS Control (n=6), HR (n=6) and LR (n=4)
tumors were resected and processed into formalin-fixed paraffin embedded blocks (N=2). Slides
were deparaffinized and stained for assessment of CD8, Foxp3-RFP and Mart-1 expression. Whole
tissue and 10x magnification views of representative tumors from each group. Tissue area, CD8
and Foxp3 counts were obtained from QuPath analysis of fluorescence intensity. Means were
compared using a One-Way ANOVA with Tukey’s correction for multiple comparisons
(****p<0.0001, ***p<0.001, **p<0.01, *p<0.05).

D-E. Mart-1 was stained on independent slides of adjacent tissue sections. Regions of high Mart-
1 expression were annotated and superimposed to the CD8 scan to assess co-localization. CD8
density represented as a heatmap overlayed with Mart-1 regions. CDS8 densities were measured in
and out of Mart-1 annotated regions and compared using Wilcoxon’s matched-pairs signed rank
test.
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F. Hotspots of maximal Foxp3 density were localized using QuPath and represented as heatmaps.
G. Trg cells are localized in zones of high CD8" density in tumor microenvironments. CD8"
density was summed within the 5 major hotspots of Foxp3 density within each tumor and
compared to the whole tissue CD8 density using Wilcoxon’s matched-pairs signed rank test.
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Figure 5. Spatial proteomic profiling reveals increased PI3K/Akt activity in both CD8* and
Treg cells located in Treg sparse regions of high responder tumors.

A. Merged immunofluorescence of LR (n=1) and HR (n=3) samples (scale bars, Imm for whole
section, 100um for ROIs; Syto13: blue, Mart-1: yellow, CDS8: red, Foxp3-RFP: green). ROIs
selected for profiling (n=15) are delimited by orange circles and all spanned 0.34mm? in the LR
tumor and 0.19mm? in the HR tumors. Samples and ROIs were chosen as representative of the
patterns observed by immunofluorescence in n=4 LR and n=6 HR samples.

B-C. CDS and Foxp3 counts were obtained from the immunofluorescence staining and divided
by the surface area of each ROI. The proportion of CD8 and T, cells were derived, plotted, and
colored by ROI type. Means were compared using One-Way ANOVA with Tukey’s correction for
multiple comparisons.

D-G. Differential protein expression between ROIs from LR and HR Tumors. Colored genes have
a fold-change expression greater than 1.65 and a BH adjusted p-value < 0.10 by testing with a
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linear mixed model for multiple comparisons accounting for the individual tumors from which
ROIs are repeatedly sampled. CD28 counts in HR (n=9) and LR (n=6) AOIs in CD8 and Foxp3
segments. One LR Tree segment was removed from the analysis due to insufficient Foxp3 counts.
Boxplots presented as min to max. phosphoAktl counts in LR (n=6), Treg dense (n=5) and Treg
sparse (n=4) AOIs in CD8 and Foxp3 segments. Cell counts were scaled to nuclei count in each
segment to allow for comparison on a per cell basis. Scaled counts were subsequently normalized
to the geometric mean of the pair of housekeeper proteins with the maximal consistency (GAPDH
and Histone H3).
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Figure 6. Successful response to anti-PD-1 is associated with a Tnl-like functional adaptation
by Treg cells.

A. Representative flow cytometry plots and analysis of T-bet expression by CD4" T cells on day 7
(N=3), day 14 (N=2) or day 20 (N=10). Means were compared by pairs using a Two-Way ANOVA
with Sidak’s correction for multiple comparisons (****p<0.0001, ***p<0.001, **p<0.01,
*p<0.05) and represented with their 95% confidence interval.

B. Representative flow plots of T-bet expression by Treg cells from an HR tumor and its draining
lymph node. Flow cytometry analysis of T-bet mean fluorescence intensity in Treg TILs. MFIs were
normalized to the average expression in the control group within each experiment and compared
using a One-Way ANOVA with Tukey’s correction.

C. Flow cytometry analysis of IFNy expression by T TILs. Single cell suspensions were
incubated for 3 hours in the presence of PMA, Ionomycin and GolgiStop.

D. Measurements were pooled from all 3 groups at endpoint and Pearson r-correlates were
computed for each pair of variables and represented as a heatmap.
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E. Splenic and TIL-Trg cells were sorted from 2 HR and 2 LR mice and cultured at a 1:4 ratio with
CDS8" cells, accessory cells and soluble anti-CD3, in the presence or absence of 10ng/ml of IL-12
then re-stimulated in the presence of PMA, Ionomycin and GolgiStop at the end of the 72-hour
culture (N=2)

F. Flow cytometry analysis of IFNy and T-bet expression by HR Trg cells after in vitro
restimulation.

G. Flow cytometry analysis of CD8" Tiesp cell proliferation (measured by CTV expression and
quantified by proliferation index), and IFNy production. Means were compared using a Two-Way
ANOVA with Sidak’s correction. Data shown from one representative experiment from N=2
independent repeats.
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Supplementary Figure 1

A. Distribution of tumor weights at tumor endpoint in the PBS control and the anti-PD-1 group.
Normality of distributions was tested using a Shapiro-Wilk Test.

B. Tumor growth curves shown as a line graph, each line represents one mouse. Mice were treated
as described in Figure 1 (N=3). At day 17, treatment was stopped. At day 19, tumors >500mm?
were sacrificed and tumor growth was monitored in the remaining mice. Remaining mice were
sacrificed when the first tumor reached experimental endpoint, on day 28. Anti-PD-1 treated mice
with a volume <300mm? at endpoint are colored in orange, and those with a volume >300mm? are
colored in blue.

C-E. Flow cytometry analysis of the proportions of CD45" (black), CD11¢* MHC-IT" Dendritic
cells (green), CD11b+ F4/80" Macrophages (dark blue), CD11b* F4/80" Ly6C" Monocytes (blue),
CDI11b" Ly6G " Neutrophils (purple), other CD11b" (light blue), CD8" (red), CD4" (orange), CD19"
B cells (yellow), and other CD11b™ (light orange). Data represented as parts of whole. All means
were compared using One-Way ANOVA with Welch’s correction.

F. CD8:Ty ratios were measured by flow cytometry. All data points were pooled to calculate a
linear correlation. The slope’s deviation from zero was evaluated using Fisher’s test.

G. Flow cytometry analysis and representative flow plots of TCF-1, Tim-3, and PD-1 expression
by CD8" cells. Mean and 95%CI, every dot represents one mouse. MFIs of Tim-3 and PD-1
expression by endpoint Treg TILs were normalized to their respective average in each experiment
and compared using a One-Way ANOVA with Tukey’s correction.
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Supplementary Figure 2

A-B, D. Representative flow plots of Helios, CD25, Ki67 and PD-1 expression by PBS control
tumor-draining lymph node-dwelling and TIL-Tr; at day 7 (n=18, N=3), day 14 (n=7, N=2), and
day 20 (n=24, N=10). Mean and 95% CI, every dot represents one mouse.

C. Representative flow plots of Helios and PD-1 expression by Treg splenocytes in PBS control
mouse at day 20 (n=24, N=10).

E. Representative flow plots and analysis of [L-2 expression by CD4+ Foxp3- Tconv cells in the
control group. Single cell suspensions were stimulated in the presence of PMA, lonomycin and
GolgiStop for 3h. Data represented as mean and 95%CI, means were compared using a One-Way
ANOVA with Tukey’s correction. At endpoint, Pearson r-correlates were computed for each pair
of variables and represented as a heatmap.

F. Flow cytometry analysis of Foxp3 and Bcl-2 expression by Helios" Treg splenocytes (white) or
TILs (green) co-cultured with or without PD-L1-Fc (5pg/ml). MFIs were compared using a Two-
Way ANOVA with Sidak’s correction for multiple comparisons. Data representative of N=3
repeats.

G. Representative flow plots of CD25 and Ki67 expression by RFP+ Ty splenocytes (black) and
TILs (green) after 72h of culture. Data representative of N=3 repeats.
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H. Flow cytometry analysis of ICOS, IL-10 and GRZB expression by Treg cells. Data shown as
mean and standard deviation and compared using Student’s t-test. Data representative of N=3
repeats.
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Supplementary Figure 3

A. Mice were injected with 2.5x10° YUMMER1.7 cells, received 3 doses of either anti-PD-1 (n=8)
or PBS control (n=7) and were sacked on day 14. Tumor weights at day 14, boxplots are shown as
min to max, each points represents one mouse, compiled from N=2.

B. Flow cytometry analysis of IFNy production by CD8" TILs and Helios, Ki67, CTLA-4, TIGIT
and ICOS expression by Tree TILs at day 20. MFIs were normalized to the average MFI intensity
in the control group for each experiment as baseline. Pearson r-correlates were computed for each
pair of variables and represented as a heatmap.

C. Flow cytometry analysis of % suppression and number of live Foxp3+ cells. Data points from
all Treg: Tresp ratios were pooled. Data representative from N=3 repeats.

D. Flow cytometry analysis of CD25, Ki67 and ICOS expression at a 1:4 Treg:Tresp ratio. Data
shown as mean +/- SD. Frequencies were compared using a Two-Way ANOVA with Sidak’s
correction. MFIs were compared using a One Way ANOVA with Welch’s correction. Data
representative from N=3 repeats.
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Supplementary Figure 4

A. Principal components were determined using GeoMX DSP Control Center. AOIs are coded by
cell type: Mart-1 AOIs (yellow), CD8 AOIs (red), Treg AOIs (green) and tumor type: LR AOIs
(square) and HR AOIs (circles).

B. Cluster Heatmap plot of each segment-target with color representing the counts’ Z-scores.
Target counts were normalized according to housekeeper protein expression (GAPDH and Histone
H3). AOI types are colored by type: LR AOIs (blue), HR AOIs (orange), Mart-1 AOIs (grey), CD8
AOQISs (red) Treg AOIs (green).
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Supplementary Figure 6

A. Flow cytometry analysis of ST2 and Gata-3 expression by Tree TILs at day 7 (N=3), day 14
(N=2) and Day 20 (N=10). Data shown as mean +/- 95%CI. Means were compared using a two-
way ANOVA with Sidak’s correction.

B. Representative flow plot of PD-1 and Gata-3 expression by Tree TILs at day 7 (N=3, n=18).

C. Representative flow plots of Helios and T-bet expression by Treg TILs at endpoint (N=10).
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Supplementary Table 1 List of antibody targets for GeoMX Digital Spatial Profiling

PANEL NAME

Targets

Core

Rb 1gG, Ms 1gG1, Ms IgG2a, Histone H3, S6,
GAPDH, CD45, Ki-67, GFP, CD31

Immune Cell Typing

BatF3, CD19, CD28, CD34, CD3e, CD4, CDS8e,
Fibronectin, FOXP3, GZMB

10 Drug Target

B7-H3, CTLA4, GITR, LAG3, OX40L, Tim-3,
VISTA

Immune Activation Status

CD127, CD27, CD40L, CD44, CD86, ICOS, PD-
1, PD-L1

Cell Death

BAD, BCLXL, BIM, PARP, Cleaved Caspase 3,
gamma-H2AX, Neurofibromin, p21, p53, Perforin

P13K/AKT Signaling

MET, Pan-AKT, Phophso-AKT1 (S473),
Phospho-AMPK-alpha (T172), Phsopho-GSK3A
(S21)/Phospho-GSK3B (S9), Phospho-PRAS40
(T246), Phospho-S6 (S235/S236), PLCG1
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Chapter 4 — T cell responses to IL.-18 promote the establishment of an inflamed melanoma

environment and are required for successful response to anti-PD-1.
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Bridging statement for Chapter 4

In chapter 3, we identified the acquisition of Tnl-like characteristics by Treg cells as a
hallmark of successful response to PD-1. Despite IFNy production suggesting a dysregulation of
Treg cell stability, Treg TILs from high responders displayed potent suppressive capacity, pointing
to the existence of factors released within the TME that modulate evasion from suppression
without directly compromising Treg cell suppressive capacity. While IL-12 is known to induce the
differentiation of T-bet™ Treg cells, little is known about the factors that promote the maintenance
of this population. Indeed, the acquisition of this phenotype was transient, as Tyl-like
characteristics were lost upon in vitro restimulation. Furthermore, while IFNy production by Treg
cells was restricted to HR TMEs, T-bet was expressed, albeit to reduced levels by Tre, cells in
tumors that achieved immune evasion, suggesting the need for additional signals to further amplify
their Tp1-differentation. In chapter 2, we identified that upregulation of T-bet was associated with
expression of the IL-18R in both CD8" and Trg TILs. Given the role of IL-18 in promoting the
expansion and effector functions of Ty1 and effector CD8" T cells, and our lab’s report that IL-18
alters the Treg: Ter balance during lung infections, we reasoned that TIL responses to IL-18 could
mediate the evasion from suppression observed in HR TMEs and induce the expression of IFNy
by Treg TILs. In chapter 4, using mice with T-cell deletion of IL-18R1, we identify IL-18 as a key
player in the establishment of a hot TME and a determinant factor in the control of the Tnl:Treg

balance and subsequent response to checkpoint blockade.
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Abstract

IFNy-producing CD8" and CD4" T cells are the most potent effectors of anti-tumor
responses, and their presence in the tumor core is a major predictive biomarker of response to
cancer immunotherapy. However, their effector functions are potently suppressed locally by
tumor-infiltrating Foxp3™ Regulatory T (Trg) cells. To devise adjuvant strategies that improve
treatment efficacy, a better understanding of the factors that govern the abundance of lymphocyte
infiltration and the evolution of their cytokine-secreting capacity through time is warranted. IL-
18, a member of the IL-1 family of alarmins, is abundantly secreted by tumor cells and promotes
the expansion and survival of effector T cells (Tefr) over Treg cells in viral diseases. Yet, its role in
governing the functional fate of melanoma-infiltrating T cells remains ill-defined. To study the
role of IL-18 signaling on shaping the inflammatory phenotype of melanoma, we studied
spontaneous tumor growth and response to anti-PD-1 in a murine model with a T cell-specific
deletion of IL18R1. The inability of T cells to sense local IL-18 lead to the accumulation of Treg
over IFNy" Tyl cells, CD8" T cell exhaustion and accelerated tumor growth. Upon treatment with
anti-PD-1, IL18R1-deficient Trg cells failed to acquire Tnl-like characteristics, and clinical
response to treatment was abrogated. Taken together, these data suggest that IL-18 plays a crucial
role in mediating the balance between Tnl and Treg cells in tumor microenvironments (TME) and
provides further rationale for targeting IL-18 signaling to enhance the efficacy of anti-PD-1

therapy.
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Introduction

A tumor’s immune phenotype is one of the main determinants of the success of immune
checkpoint inhibition (ICI) therapy (1). In the “cold” tumors associated with resistance to
treatment, T cells are excluded to the margins and display impaired function (2). At the opposite
end of this spectrum, “hot” tumors are characterised by an abundant infiltration of tumor antigen-
specific CD4" Thl and CD8" T cells in the tumor core (3), allowing for the blockade of checkpoint
signals to readily support their activation. However, because of the interplay between tumor-
infiltrating immune populations, local metabolic conditions, and immunomodulatory molecules
produced in the tumor microenvironment (TME) (4), “hot” tumors ultimately become
immunosuppressed. As such, a better understanding of the pathways that regulate inflammation
within the tumor is paramount to pave the way to novel adjuvant strategies that synergize with the
use of ICI (5).

Strong type 1 adaptive immune responses are key to the establishment of a “hot” TME (6).
This process is orchestrated by IL-12-producing antigen presenting cells (APCs) that promote the
differentiation of tumor-specific CD4" Tul cells (7, 8), which, in turn, support CD8" tumor-
infiltrating lymphocytes (TILs), by enhancing their survival and effector functions (9). While
polyfunctional CD8" TILs are the most potent effectors of anti-tumor immunity (10), they induce
the expression of PD-L1 by tumor and antigen-presenting cells (11), which in turn inhibits their
effector functions and leads to their apoptosis (12), gradually dampening inflammation in the
TME. In addition, regulatory T cells (Treg) play a dominant role in keeping tumors cold through
direct suppression of TILs (13), reducing the co-stimulatory properties of dendritic cells (14), and

producing anti-inflammatory cytokines that further inhibit T cell function (15). While treatment
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with IClIs increases inflammation in TMEs by preventing T cell exhaustion, it also increases Treg
cell activation, which can limit their efficacy (16, 17).

Importantly, we and others have shown that T., TILs adapt to a given TME by
differentiating into Th-like subsets that respond differentially to inflammatory signals (18-22).
During a successful response to anti-PD-1, Treg TILs acquire Tn1-like characteristics, which leads
to local alleviation from Treg cell suppression (Attias ef al., under review). However, as PD-1
blockade is not sufficient to induce this phenotype in colder tumors or outside the TME, further
investigation is warranted on the local conditions that induce the Tn1-adaptation of Treg TILs. We
have previously shown that Tn1-adapted T, cells preferentially respond to IL-18, a member of the
IL-1 family of alarmins and important potentiator of type 1 responses (23), during Influenza A
Virus infection (24). In this setting, Tre cell responses to IL-18 were required for the specialized
suppression of Tr17 cells and favored the expansion of Tl cells over Treg cells, which increased
immunopathology in the lung and delayed return to homeostasis (24). However, in the context of
an ongoing anti-tumor response, promoting Tl cell accumulation contributes to the establishment
of a more inflamed TME and increases responsiveness to treatment with anti-PD-1 (25), leading
us to hypothesize that IL-18 is a key factor involved in the establishment of strong type 1 responses
and the Tn1-adaptation of Tireg cells that govern a tumor’s responsiveness to anti-PD-1.

While there are many reports on the beneficial role of IL-18 in anti-melanoma responses,
its direct effect in governing T cell responses remains ill-defined. IL-18 is abundantly produced by
tumor cells and APCs in melanoma (26) and synergizes with IL-12 to promote the proliferation,
and survival of Ter cells (23, 27). As such, administration of IL-18 was shown to have anti-
melanoma effects by activating CD4" T and NK cell responses (28), inhibiting angiogenesis

through an [IFNy-dependent mechanism (29) and reducing metastasis formation (30). Furthermore,
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administration of recombinant IL-18 was shown to potentiate the efficacy of ICIs in a preclinical
model of metastatic melanoma (31). On the other hand, tumors counter this effect by producing its
decoy receptor, IL-18BP, limiting the anti-tumor effects of IL-18 (32). Furthermore, depending on
the administration scheme, exogenous IL-18 can promote immune evasion (33, 34). Indeed, IL-18
signaling promotes PD-1 expression in NK cells (34) and contributes to CD8" T cell exhaustion
(35), which in turn induces the loss of IL18R expression (36). Thus, a better understanding of the
ways in which IL-18 governs the fate of Tefr and Treg TILs and controls the Treg: Tefr balance in the
context of anti-tumor responses is warranted.

To dissect the role of IL-18 signaling on T cell function and fate in hot TMEs, we studied
the consequences of a T cell-specific conditional deletion of ILI8R1 expression on tumor growth
and responsiveness to anti-PD-1 in the highly immunogenic YUMMERI1.7 model of murine
melanoma (37). In the absence of IL18R1 expression by T cells, the composition of the TME was
remodeled towards a colder phenotype with reduced co-stimulatory capacity of dendritic cells,
reduced T cell infiltration and preferential accumulation of Treg cells over Tul cells, leading, in
turn, to accelerated tumor growth. Upon treatment with anti-PD-1, Treg TILs failed to acquire Tn1-
like characteristics, and CD8" cells displayed a dysfunctional phenotype in the absence of IL18R1
expression by T cells, abrogating clinical response. Collectively, these results position IL-18
signaling as a crucial factor mediating Tnl evasion from Trwg cell suppression in tumor

microenvironments.
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Material and Methods
Mice

C57B1/6.Foxp3RES-mREP reporter knock-in (Foxp3®FY) mice were provided by Jonathan
Spicer. C57B1/6.CD4-Cre*" IL18R1™"" mice were provided by Dr. Giorgio Trinchieri (NIH,
Bethesda, MA), and were bred to generate CD4-Cre”” IL18R 1% (CD4%T) mice and further crossed
for two generations to obtain CD4-Cre** IL18R 17 (CD4*L18R1) mice, to obtain high numbers of
age and sex-matched groups. All mice used were males and 8 to 14 weeks of age, the examiner
was blinded to group repartition until the end of the analysis.
Tumor cell lines

The YUMMERI1.7 cell line was generated by Wang and colleagues by irradiating Braf"6%F
PTEN"" Cdkn2a™" cells and expanding a single clone bearing additional somatic mutations (37).
YUMMERI.7 cells were kindly provided by Marcus Bosenberg (Yale University) and cultured in
advanced DMEM/F12 supplemented with 10%FBS (Wisent), 1% Penicillin/Streptomycin
(Wisent) and 1% MEM Non-essential Amino Acids (Wisent). Tumor cells were tested for
mycoplasma and viral contamination by the McGill Comparative Medicine Animal Resources
Centre. Cells were expanded in 225 cm? tissue culture flasks and 5x10° cells/ml were frozen down
and stored in 10% DMSO/FBS in liquid nitrogen. Prior to injection, cells were thawed and
passaged twice at 37°C in humidified air with 5% CO; and washed twice in cold PBS before
preparation of the inoculum.
In vivo tumor studies

YUMMERI.7 cells were resuspended in PBS and then mixed in Corning® Matrigel
Basement Membrane HC at a 1:1 PBS to Matrigel ratio. YUMMERI.7 cells (2.5x10°) were

injected subcutaneously in the right flank of male mice, under anesthesia. Mice were monitored
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thrice weekly. Tumor volumes were measured using an electronic calliper and calculated as: length
x width?x 0.5. Experimental endpoint was defined as soon as one mouse reached humane endpoint
(tumor volume > 1500mm?). At necropsy, tumors were harvested, and their weights and volumes
were measured post-mortem. For experiments with administration of anti-PD-1, mice received 5
doses of either 250ug of anti-PD1 (clone RMP1-14, BioXcell) or PBS, intraperitoneally, thrice
weekly, starting on day 8. At the predetermined experimental endpoint, all mice were sacrificed,
and we harvested tumors, tumor-draining axillary and inguinal lymph nodes, and non-tumor
draining contralateral lymph nodes.
Isolation of tumor-infiltrating lymphocytes

After CO; euthanasia, tumors were collected in serum-free Hank’s Balanced Salt Solution
(Wisent), then minced manually in <Imm?® pieces using razor blades. Tumors were then digested
in the presence of collagenase IV (Img/ml, Gibco) and DNAse I (0.005uM, Sigma-Aldrich) at
37°C for 1 hour. Cells were then pushed through a 21G needle and washed in cold complete RPMI
1640 with 5% FBS. Red blood cells were lysed by incubating the cells for 30 seconds with ACK
buffer, washed, resuspended in complete RPMI1640, and filtered twice through a 70um mesh.
Purification of T cell subsets

Prior to FACS-sorting splenocytes and TILs, CD4" and CD8" T cells were purified using
CD4/CD8 TIL Microbeads (Miltenyi) and an autoMACS (Miltenyi). Treg cells were sorted as CD4"
RFP*, Tresp cells were sorted as either CD4" RFP™ or CD8" RFP" cells (purity>99%) using a
FACSAria™ (BD Biosciences).
In vitro T cell assays

CD4" RFP" Ty cells were sorted from the splenocytes or endpoint tumors of untreated

mice. Depending on the experiment, Tresp cells were either CD4" RFP” or CD8" RFP” splenocytes.
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Antigen-presenting cells were purified from the negative fraction of the CD4/CD8 MACS and
mitomycin-C inactivated for 1 hour at 37°C. Tresp cells (5x10%) were cultured alone or co-cultured
with splenic or TIL Tre cells at a 4:1 ratio, and antigen-presenting cells (1x10°) in RPMI 1640
(Wisent) supplemented with 10%FBS in the presence of soluble aCD3 (0.5pg/mL) for 72 hours at
37°C, in 96-well flat bottom plates (0.2ml). Cells were incubated in the presence of IL-12
(10ng/ml, R&D Systems) and/or IL-18 (10ng/ml, R&D Systems) at the start of the culture. After
69h, cells were additionally stimulated with PMA, Ionomycin, and Golgi Stop at manufacturer-
recommended concentrations for 3h for assessment of cytokine production.
Flow cytometry analysis

After lymphocyte isolation, the cells were washed in PBS and stained with anti-
CD16/CD32 (clone 2.4G2, BD) and fixable viability dye eFluor780 or 506 (Thermofisher).
Following a wash, cells were marked with extracellular markers. For analysis of other transcription
factors, cytokine secretion and intracellular markers, cells were fixed and permeabilized with the
Foxp3 Transcription Staining Buffer Set (eBioscience™) and then stained for intracellular
markers). Samples were acquired on the same day of the intracellular staining using a BD Fortessa
LSR-X20 and analyzed using FlowJo v10 (TreeStar and BD). The following anti-mouse antibodies
were used: CD45.2 (clone 104), CD19 (clone 1D3), CDllc (clone HL3), I-A[b] (clone AF6-
120.1), CD86 (clone GL1), Ly6C (clone AL21), PD-L1 (clone MIHS5), CD3 (clone 17A2), CD8a
(clone 53-6.7), CD8b (clone H35-17.2), PD-1 (clone J43), Ki67 (clone B56), KLRG1 (clone 2F1),
TCF-1 (clone S33-966), Gata-3 (clone L50-823), IFNy (clone XMG1.2), IL-2 (clone JES6-5H4),
TNFa (clone MP6-XT22), RORyt (clone Q31-378) from BD; CD4 (clone RM4-5), CTLA-4 (clone
UC-4B9), Helios (clone 22F6), Bcl-2 (clone BCL/10C4), GRZB (clone Q16A02), Ly6G (clone

1A8) from Biolegend; Foxp3 (clone FIK-16S), ICOS (clone C396.4A), T-bet (clone 4B10), TIGIT
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(clone GIGD7), CD25 (clone PC61.5), Tim-3 (clone RMT3-23), ST2 (clone RMST2-2), IL-17A
(clone ebiol7B7), IL-10 (clone JES5-16E3), F4/80 (clone BMS8), CDI11b (clone M1/70) from
eBioscience.
Statistical analysis

Unless otherwise stated, all data is depicted as mean +/- SD. For tumor growth curves,
multiple comparisons were made using a mixed-effects analysis with a Geiser-Greenhouse
correction for sphericity and a Sidak correction for multiple comparisons. Tumor weights at
endpoint were compared using a two-tailed unpaired t-test with Welch’s correction. The normality
of tumor weights in each group was determined with a Shapiro-Wilk test. Given the bimodal
distribution of tumor volumes in the anti-PD-1-treated mice, they were categorized as HR or LR
based on a cut-off volume of 300mg. Tumor weights were then compared using a Brown-Forsythe
and Welch ANOVA test with a Dunnett T3 correction for multiple comparisons.

For flow cytometry data, the normality of each data set’s distribution was determined with
a Shapiro-Wilk test. Homoscedasticity was tested using Fisher’s test. If both conditions were met,
when applicable, proportions and MFIs were compared using ordinary One-Way ANOVA with a
correction to account for multiple comparisons. If the normality condition was not met, a non-
parametric Mann-Whitney test was used. For experiments without treatment, MFI fold changes

were calculated by dividing each MFI measurement by the average MFI in the CD4V"

group for
a given experiment. For experiments with anti-PD-1, all samples were stained with the exact same
antibody panels and lots and acquired on an LSR-Fortessa x20 using the same application settings.
Voltage settings were calibrated using Sphero® Rainbow Calibration Particles (8 peaks), 3.0 - 3.4

um (BD). Correlation matrixes were generated by computing Pearson r-correlates with tumor

weight at endpoint for each variable and represented as a heatmap. For linear correlation analyses,
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all data points were pooled to calculate linear correlations. The slope’s deviation from zero was
evaluated using Fisher’s test. All statistical analysis was conducted using GraphPad Prism v10.1.
For in vitro experiments, all conditions were realized in triplicates (n=3) and each
experiment was repeated twice (N=2). Data is shown from N of 1 representative repeat.
Study approval
All mice were housed and bred in specific pathogen-free conditions in the same facility
and used according to the regulations of the Canadian Council of Animal Care Guidelines and
Animal Care and Use Committees at McGill University.
Data availability
Numerical data values presented in the graphs are uploaded as supplementary material.

FCS files generated by flow cytometry are available upon request from the corresponding author.
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Results
IL-18 signaling in T cells delays tumor growth and contributes to the establishment of a hot
tumor microenvironment.

While IL-18 was shown to promote anti-melanoma responses by enhancing the expansion
and survival of CD8" and Tl cells (28, 38), it can also induce immune evasion by promoting the
development of myeloid-derived suppressor cells (39, 40) and inducing CD8" TIL exhaustion (35).
To determine the impact of endogenous IL-18 signaling in T cells on melanoma growth and the
functional fate of TILs, we used the highly immunogenic YUMMER 1.7 murine melanoma model
(37) and a constitutive, T cell-specific deletion of IL-18R 1, which targets both CD4" and CD8" T
cells during the double positive stage of thymic selection. Male CD4-Cre™* IL-18R17%
(CD4ALI8RI '1h=9) and CD4-Cre”" IL-18R 171 (CD4™T, n=7) were injected s.c. with YUMMERI.7
cells (2.5x10%) and sacrificed as soon as one tumor reached humane endpoint (volume>1500mm?,
Figure 1A). CD8", CD4" Foxp3™ Tconv and CD4" Ty TILs expressed the IL-18R in higher
proportions than their draining lymph node-resident counterparts in the CD4*"T group, and the
increase was most pronounced in Teconv cells (mean= 3.35 vs 78.24, Supplementary Figure 1A).
Furthermore, abrogation of the IL-18R1 was fully penetrant in both draining lymph nodes and
TILs in the CD4* 18R oroup (frequency <1%, Supplementary Figure 1A). Absence of IL18R1
in T cells accelerated tumor growth, with humane endpoint reached on day 17 (N=2). At endpoint,
there was a 3-fold increase in tumor volume, and a 4-fold increase in tumor weight in the
CD4AM8R! oroup (Figure 1B).

Next, we asked if a T cell-specific deletion of IL18R promotes the establishment of a “cold”
TME. To this end, we determined the immune composition of the TME at endpoint in both groups.

Absence of IL-18 signaling reduced the overall immune infiltration, as evidenced by the reduced
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proportion of CD45" hematopoietic cells, and specifically a reduction in CD4" and CD8" T cell
infiltration (Figure 1C). As a result, while CD8" T cells were the most abundant in the CD4"T
group, CD11b" F4/80™i2" macrophages and CD11b* Ly6C" monocytes were predominant in tumors
from CD4* 8R! mice, (Figure 1D), feature that is characteristic of a poorly inflamed TME (41).
Indeed, while tumor-infiltrating macrophages from WT mice displayed an M]1-phenotype,
associated with pro-inflammatory functions and tumor-antigen presentation in the TME (42) their

level of MHC-II expression was reduced in the CD4AIL18R1

group (supplementary Figure 1B). In
addition, dendritic cells displayed a more tolerogenic phenotype, evidenced by reduced expression
of MHC-II and CD86 in the CD4*18R1 oroup (Figure 1E). Taken together, these data show that
T cells require IL-18 to promote the establishment of a hot TME and enhance the co-stimulatory

properties of local antigen-presenting cells.

Functional Tul cells accumulate in the tumor microenvironment in response to IL-18.

IL-18 promotes the expansion and survival of IFNy-secreting Tnl and CD8" T cells (23),
key effectors of anti-tumor immunity, but IFNy signaling induces PD-L1 expression which in turn
promotes the gradual exhaustion of these cells throughout tumor progression (11). To better discern
the functional impact of IL-18 on TILs, we next assessed how the T cell-specific abrogation of
IL18R1 expression affects the balance between T cell subsets in the TME. In this model, CD8" T
cells dominated the T cell compartment, and their proportion was unchanged, suggesting IL-18
does not promote their accumulation over other T cell subsets. (Figure 2A). However, the
proportion of Teonv cells was halved from 10 to 5% of total T cells in CD4*18R! tymors and there
was a converse trend towards increased Treg cell frequency (p=0.1) compared to WT (Figure 2A).

CD4" Tul cell differentiation is required to produce IFNy and to support the cytotoxic

activity of CD8" TILs (43). Tnl cell function is dependent on the expression of the master
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transcription factor T-bet (44) and inhibited by Foxp3™ Tree cells (45). To assess how IL-18
signaling impacts the functional balance between Tnl and Ty cells, we investigated T-bet
expression in Teonv TILS in relation to Treg cell frequency. While Foxp3™ T-bet™ Tul cells were more
abundant than Foxp3" Treg cells in CD4™T TILs (Tn1:Tree ratio =2), the inverse was observed in

CD4ALIBRL TILs (Th1:Treg ratio = 0.3). Accordingly, the frequency of differentiated T-bet” TILs

4AIL18R1 4WT

was reduced 3-fold within the Tconv compartment of CD mice relative to CD mice,
which correlated strongly with increased tumor weight (r>=0.44, p<0.01). Furthermore, a lack of
IL-18 signaling led to a 20% reduction in T-bet MFI intensity within Tul cells (Figure 2B).
Accordingly, we observed both a reduced frequency of IFNY" Teony TILs and lower amounts of
IFNy on a per-cell basis (MFI) (Figure 2C). Interestingly, IL-2 secretion, was almost fully
abrogated (frequency <2% of Teonv cells) in CD4*18R! TILs (Figure 2C), suggesting reduced T
cell activity. Indeed, the loss of Tn1 cell function was associated with a 30% increase in PD-1 MFI
in CD4AILBRET o+ cells, compared to their WT counterparts, indicative of an exhausted phenotype
(Supplementary Figure 2A). Furthermore, there was no sign of immune deviation towards a Tn2
or a Tul7 phenotype, as evidenced by the absence of Gata-3, or RORYT, and IL-17A expression,
respectively (Supplementary Figure 2B). Taken together, these data indicate that IL-18

modulates the Tetr: Treg balance by promoting the accumulation of cytokine-secreting Tnl cells over

Treg cells, demonstrating its key role in the establishment of “hot” TMEs.

IL-18 impairs Treg cell-mediated suppression of IFNy production in vitro.

While IL-18 is not required for the differentiation of Tn1 cells, it synergizes with IL-12 to
promote their expansion (46). However, the impact of IL-18 on the suppressive function of Treg
TILs remains unknown. Since we observed decreased proportions of Tn1 TILs compared to Treg in

CD4AL8R! mice, we hypothesized that IL-18 decreases the potency of Tree TILS to suppress Thl
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cell function and expansion. To test this hypothesis, we inoculated male Foxp3-IRES-mRFP
(Foxp3RFP) reporter mice with YUMMERI1.7 cells (2.5x10°) s.c. and isolated splenic and TIL RFP*
Treg cells when tumors reached humane endpoint to assess their suppressive function in the
presence the presence or absence of IL-18 (Figure 3A). While IL-18 increased responder CD4"
RFP™ T cell (Trwsp) proliferation, quantified by division index, Tre TILs were more potent
suppressors of Tresp cells, regardless of the presence of IL-18 (30% for TILs versus 20% for splenic
Treg) (Figure 3B). Interestingly, IL-18 improved the capacity of Tresp cells to produce IFNy in the
presence of splenic Treg cells, but not with Tree TILs (Figure 3B), suggesting that Tre, TILs are
more potent suppressors of Tnl cell function. Overall, these results suggest IL-18 promotes Th1
cell expansion and function rather than cause a direct impairment of T cell-mediated
suppression.

However, IL-18 was insufficient to induce a complete Tnl differentiation, with less than
10% of Tresp cells producing IFNy in our assay, in line with previous reports (27). Therefore, to
assess the capacity of Treg TILs to suppress the Tul polarization of Tconv cells, we cultured these
cells in the presence of saturating concentrations of recombinant mouse IL-12 (10 ng/ml), the main
initiator of Tx1-differentiation (47). While IL-12 reduced the suppression provided by splenic Treg
cells, the suppression of proliferation of Tresp cells cultured in the presence of Tree TILs remained
stable even in the presence of IL-18 (Figure 3C). On the other hand, while Ty TILs displayed
superior potency in inhibiting the production of IFNy by Tresp cells compared to their splenic
counterparts in the presence of IL-12 alone, addition of IL-18 facilitated the complete evasion of
IFNy" Tresp cells, which maintained levels of IFNy (MFI) equivalent to that of cells cultured in the
absence of Treg cells (Figure 3D). Thus, a synergy between IL-12 and IL-18 is required for Tnl

cells to fully evade Treg TIL-mediated suppression.
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T cell responses to IL-18 promote T-bet expression by melanoma-infiltrating Treg cells.

Cumulating evidence links the acquisition of Tnl-like characteristics by Treg cells with
increased anti-tumor immunity (48—50), while deviation to a Trh2-like phenotype promotes immune
evasion (51, 52). Yet, little is known on the role of IL-18 in this adaptation. Given the decreased
accumulation of Tyl cells in CD4*18RI TILs and the fact that IL-18 impairs Tree-cell control of
[FNy production in vitro, we next asked how IL-18 signaling impacts the phenotype of Treg TILs.
To this end, we assessed the expression of markers associated with Tre, cell fitness in the TME
(Helios, CD25, PD-1) and tissue-adaptation (T-bet, Gata-3). The proportion of Treg cells amongst
total CD4" T cells was increased in in CD42!M 8R! TILs compared to WT. However, these cells had
reduced expression of Helios and CD25, by both frequency and MFI (Figure 4A), which correlated
strongly with the abrogation of IL-2 production by Teonv TILs (r*=0.51, Supplementary Figure
3A). Furthermore, CD4*M18R! T, TILs had a 20% increase in PD-1 MFI compared to WT Treg
TILs (Figure 4B). Conversely, they displayed a reduction in levels of CTLA-4 expression (25%
reduction in MFI versus WT) (Figure 4C), in line with decreased expression of CD86 on dendritic
cells (Figure 1E). Thus, despite accumulating readily over Tconv cells, CD4*18RI Ty, cells display
signs of reduced fitness.

Recently, we identified the acquisition of Tnl-like characteristics by Trg TILs as a
condition permissive to TIL evasion from suppression (Attias et al., manuscript submitted).
Therefore, we asked if IL-18 impacts the tissue adaptation of Treg cells. The frequency of T-bet"
Tree cells was reduced in CD4AL3RI T, TILs, as was T-bet MFI compared to WT counterparts
(Figure 4D). This was not compensated by a deviation towards a Tr2-like phenotype, as there also
was a decrease in the proportion of Gata-3 and ST2-expressing Treg TILs (Supplementary Figure

3B).
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Next, we asked if recombinant IL-18 was sufficient to modulate the expression of T-bet
and IFNy by Treg cells. To this end, we cultured Treg TILs in the presence of IL-18, as described in
Figure 3. While IL-18 alone had no effect on T-bet and IFNy expression of splenic Treg cells, it
induced a two-fold increase in the frequency of T-bet” Treg TILs and a four-fold increase in IFNy™
Treg TILs, suggesting that TILs are more responsive to IL-18 (Figure 4E). Furthermore, this effect
was amplified by the addition of IL-12, upon which 80% of T cells secreted IFNy, conditions
upon which Treg cells did not reduce IFNy production by Tresp cells (Figure 3D). Taken together,
these data show that while Treg TILs are potent suppressors of Txl responses, IL-18 can promote
their acquisition of Tnl-like characteristics, which, in turn, alleviates their capacity to suppress

IFNy production by Tnl cells.

IL-18 promotes the expansion and effector functions of CD8" TILs.

As deletion of ILI8R1 accelerated tumor growth, and CD8" T cells are the main effectors
of anti-tumor immunity, we next asked how IL-18 impacts the function of CD8" TILs. To this end,
we assessed the expression of pro-inflammatory cytokines (IFNy, TNFa), and markers of cytotoxic
activity (CD107a, GRZB) and functional status (PD-1, T-bet) at tumor endpoint. CD4L18RI CDg*
TILs displayed a dysfunctional phenotype, with a reduced proportion of IFNy" cells, a 30%
reduction in IFNy MFI compared to their WT counterparts, and abrogated production of TNFa
(frequency <2% of CD8" TILs, Figure 5A). Furthermore, these cells had no surface expression of
CD107a, indicating an absence of capacity to degranulate (53), which was corroborated by a trend
of increased accumulation of GRZB (Figure 5B). In line with this reduced functionality, AIL18R1
CD8" TILs displayed a 25% reduction in T-bet MFI and a converse 40% increase in PD-1 MFI
(Supplementary Figure 4A) compared to their WT counterparts, indicative of a terminally

exhausted phenotype.
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Next, we asked if IL-18 could restore the effector functions of exhausted CD8" TILs. To
this end, we purified CD8" TILs and splenocytes isolated from YUMMER1.7-bearing Foxp3®™®
mice at tumor endpoint, and cultured them with accessory cells (1x10°), in the presence or absence
of recombinant murine IL-18 (10ng/ml). In line with previous reports (27), IL-18 increased the
proliferation of IFNy-secreting cells (Figure 5C). In addition, while CD8" TILs reactivated poorly
upon in vitro restimulation, IL-18 increased their proliferation and restored their capacity to secrete
IFNy (Figure 5C). To assess if IL-18 influenced the evasion of CD8" cells from Treg cell-mediated
suppression, we then co-cultured CD8" splenocytes (5x10) with splenic or TIL-Tre cells
(1.25x10%), with or without recombinant murine IL-18 (10ng/ml). Contrary to what we observed
with CD4" Teony cells, addition of IL-18 impaired Treg cell suppression of CD8" T cell proliferation,
and IFNy-production, and further addition of IL-12 completely abrogated it (Figure 5D). Taken
together, these data indicate that IL-18 promotes the effector functions of CD8" TILs and their

evasion from Treg cell suppression.

Successful response to anti-PD-1 is dependent on IL-18 signaling in T cells.

Given that abrogation of IL-18R expression promoted the establishment of a cold TME
and altered the Tnl:Treg balance in tumors, we then asked if T cell responsiveness to IL-18 was
required for a successful response to anti-PD-1. To this end, we injected CD4L18R! (n=8) and
CD4VT(n=9) mice with YUMMERI1.7 cells (2.5x10°) s.c. and treated them with anti-PD-1, starting
on day 8 (N=2). All mice were sacrificed as soon as one tumor reached humane endpoint
(volume>1500mm?, Figure 6A). There was a significant acceleration of tumor growth in the
CD4ALBRY oroup, as evidenced by the 10-fold increase in tumor volume compared to the WT
group (Figure 6B). In line with previous reports (54), there was a bimodal distribution of tumor

weights at endpoint, thus we used the same 300mg cut-off as established in our previous work to
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assess treatment success. In the CD4 W group, the success rate was 7 out of 9 mice, whereas in the
CD4AM8RI group, response to anti-PD-1 was abrogated in 7 out of 8 mice (odds ratio=24.5, Figure
6C). Since absence of IL-18R1 expression in T cells abrogated the response to anti-PD-1, we next
asked if adjuvant treatment with IL-18 could potentiate the efficacy of anti-PD-1 in our model. To
this end, we administered 5 daily doses of 0.2ug of recombinant mouse IL-18, starting at day 8
(34, 55) to mice treated with anti-PD-1 thrice weekly. However, in line with previous reports (32),
exogenous IL-18 did not increase the previously observed 50% success rate of anti-PD-1 in
YUMMERI.7 tumors (2 out of 5 mice, p=0.83) (Supplementary Figure 5A).

In line with the failed response to anti-PD-1, tumors in the CD4M8R1 group displayed a
“colder” immune phenotype with reduced CD8" and CD4" TIL frequencies compared to WT
tumors (Supplementary Figure 5B), and a predominance of macrophages with reduced MHC-II
and PD-L1 expression (Supplementary Figure SC-D). Furthermore, while CD4VT TILs displayed
polyfunctional (IFNy" TNFa") CD8* TILs, CD8* TILs from CD4*"18®! mice had a dysfunctional
phenotype, evidenced by the absence of TNFa" and CD107a" cells, the reduced MFI of IFNy
(Figure 6D), and the increased levels of PD-1 expression (Supplementary Figure SE) compared
to their WT counterparts. In parallel, cytokine-secretion capacity was also impaired in the CD4"
Teonv compartment of CD4*M3R! T[Ls (Figure 6E), correlating strongly with increased tumor
weight (r=-0.75) and reduced expression of MHC-II by dendritic cells (r=0.92) (Supplementary
Figure 5F). In the CD42 8R! oroup, Treg cells outnumbered Twl cells, in stark contrast with the
CD4WT group (mean Tn1:Treg= 0.4 vs 4.44, Figure 6E). Taken together, these data indicate that the

direct effect of IL-18 on T cells plays a crucial role in the success of anti-PD-1 therapy.
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IL-18 is required for the acquisition of a Tnl-like phenotype by Treg cells in response to anti-
PD-1.

While anti-PD-1 increases Treg cell activation, evasion from suppression is not observed in
poorly responsive TMEs (Attias et al., manuscript submitted). Thus, we asked if T cell responses
to IL-18 were required for the induction of permissive IFNy" T cells in response to anti-PD-1.
Tumors in the WT group displayed an abundance of Helios™ Treg cells with high levels of CD25
and CTLA-4 expression (MFI), but these markers were significantly reduced in their CD4*L18R1
counterparts (Figure 7A). Furthermore, the proportion and level of expression of T-bet was
reduced in Treg TILs from the CD4AEER oroup (Figure 7B). Correspondingly, while IFNy* and
TNFa" Treg cells were readily observed in the CD4WVT group, their frequency was reduced in the
CD4ALIBRY oroup, as was their level of expression of IFNy and TNFao (MFI) (Figure 7C).

Given the potent Tn1 responses observed in vivo, we then asked if Treg cells isolated from
tumors that responded to PD-1 blockade were capable of suppressing [FNy production when re-
stimulated outside of the TME. To this end, we purified Trg TILs and splenocytes isolated from
anti-PD-1 treated Low Responder and High Responder YUMMER1.7-bearing Foxp3®™ mice at
tumor endpoint, and cultured them with splenic CD4" Tresp cells, accessory cells (1x10°), and
recombinant murine IL-12 (10ng/ml). Tre, cells isolated from tumors successfully responding to
PD-1 blockade displayed the most potent capacity to suppress IFNy production and T-bet
upregulation (Figure 7D), suggesting that an additional factor is required to enable Tefr evasion
from their suppression in vivo. Taken together, these data indicate that IL-18 plays a crucial role in
the establishment of a hot tumor microenvironment and the control of the Treg: Tefr balance within
tumors. In turn, this promotes the Tr1-adaptation of Tr cells and alleviates their suppression of

IFNy production, thus enabling a successful response to anti-PD-1.
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Discussion

The degree of inflammation in the TME is the result of the recruitment of TILs and the
competitive balance between the anti-tumor effector and regulatory cells, and the respective
cytokines they release in the local environment (3, 57), and is one of the main determinants of the
success of tumor immunotherapy (58). Amongst the abundant factors involved in modulating
immune responses, IL-18 contributes to anti-tumor immunity by inducing IFNy production in
CD8" and CD4" Tefr cells (27) but was also shown to contribute to T cell exhaustion (34). As such,
its role in determining the functional fate of TILs and promoting a successful response to anti-PD-
1 blockade remains to be determined. Here, we dissected the role of IL-18 on the growth and
immune phenotype of the highly immunogenic YUMMERI1.7 murine melanoma (37) in mice with
a T cell-specific conditional deletion of the IL18R1 (CD4*L18R1) We uncovered that preventing
IL-18 signaling in T cells not only limits TIL accumulation, but also alters the phenotype of tumor-
associated macrophages and dendritic cells towards a more tolerogenic profile, positioning IL-18
as a key determinant of “hot” versus “cold” melanoma phenotype.

Collectively these results provide new insights on how IL-18 shapes the Treg: Tetr balance
in TMEs to promote a stronger anti-tumor Th1 response. While CD4" and CD8" T cell frequencies
were reduced in CD42M18R! mice, we did not observe a difference in the proportion of cycling
(Ki67") CD4" and CD8" TILs, suggesting that dysfunctional TIL subsets can proliferate in the
TME. However, although IL-18 favors Tnl over Treg cells in the TME, it is not required for the
Tnl-differentiation of CD4" TILs. Indeed, while the STAT4-dependent IL-12 signal is key to the
acquisition of the Tyl master transcription factor T-bet (59), IL-18 increases their production of
IFNy and their survival (46), thus preferentially promoting the expansion of IFNy" T,1 and CD8"

T cells. Similarly, IL-12 is the main driver of the Tx1-like adaptation of Treg cells (60) and induces
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their expression of IL18R1 in the process (24). T-bet expression promotes the proliferation of
tissue-infiltrating Treg cells during type 1 immune responses (61) and allows them to suppress TILs
by enabling their co-localization through CXCR3 expression (19, 62). In line with these
observations, we demonstrate that, in the absence of IL-18 signaling, Tw; TILs are potent
suppressors of Tn1-polarization and IFNy production. However, while IL-18R is not required for
the acquisition of T-bet by Tree TILs, it potentiates its expression to levels that allow for IFNy
production in vitro, and in response to anti-PD-1 in vivo, leading Tesr cells to evade Treg cell
suppression in both experimental conditions, a mechanism conserved in Influenza A Virus
infection (24). Thus, while IL-18 promotes the evasion of IFNy" Tef cells from Tre, cell-mediated
suppression, further investigation is warranted regarding the role of IL-18 on T, cell functional
fate specifically. Indeed, while IFNy production by T TILs is associated with increased anti-
tumor responses (37, 38, Attias et al. manuscript submitted), it remains to be determined if it
compromises Treg cell suppressive function (49).

Our finding that T cell response to IL-18 shifts the immune phenotype in the TME and is
required for a successful response to PD-1 blockade has important therapeutic and translational
implications. The scarcity of functional TILs prior to treatment is one of the principal mechanisms
of primary resistance to treatment with ICIs (63). Thus, increasing the level of inflammation in the
tumor to promote a “hot” immune phenotype represents an attractive target for the development
of adjuvant treatment strategies (6, 64). Here, we show that IL-18 not only increases TIL
accumulation, but in doing so, reinforces the M1-polarization of tumor-associated macrophages
and the expression of co-stimulatory molecules by dendritic cells, presumably through reinforcing
IFNy signaling locally (65). Indeed, IL-18 has been shown to potentiate the efficacy of ICIs in

various preclinical models (31). Here, we observed that PD-1 expression levels were reduced in
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IL-18R-expressing Tconv, Treg and CD8" TILs, in line with the increased local availability of IL-2
(66) and the role of functional Tul cells in preventing terminal-exhaustion (9). However, these
results contrast with a report, using a model of adoptive CD8" T cells transfer, stating that IL-18
promotes PD-1 expression on T cells and their subsequent exhaustion (35). While our model
encompasses the entire T cell compartment, this report focused on monoclonal CD8" T cells whose
function is partially directed by local Tnl and Trg cell responses. Indeed, in the absence of
sufficient Tn1 cytokines, IL-18 has pro-tumorigenic effects by notably inducing NK cell exhaustion
(34), promoting the differentiation of myeloid-derived suppressor cells in the bone marrow (39,
40), and facilitating metastatic dissemination of melanoma by modulating their expression of
adhesion molecules (67). Furthermore, IFNy promotes the release of its decoy receptor IL-18BP
(68), which constitutes an inhibitory feedback loop on IL-18 signaling. As such, IL-18 has failed
to provide significant clinical benefits in clinical trials (69). In line with previous findings (32), we
did not observe any potentiation of the efficacy of anti-PD-1 by IL-18 in our model. This could be
due to pharmacokinetic considerations, as some of the pro and anti-tumor effects of IL-18 can be
attributed to the dosing and administration scheme (34, 39). Finally, elevated serum levels of IL-
18 are associated with worse prognosis (70) and poor response to ICI (71), highlighting that the
systemic impacts of IL-18, distally from the TME, might impair the efficacy of IL-18 therapy.
Thus, further investigation into the kinetics of IL-18 secretion is warranted to better understand
the temporal role of IL-18 in promoting Tn1 responses in the tumor and guide the development of
therapeutic strategies. Development of a decoy-resistant variant of IL-18 has shown promising
results in potentiating the efficacy of anti-PD-1 in various preclinical models (32). Furthermore,
strategies to target IL-18 delivery specifically towards TILs could be envisaged to limit systemic

toxicities and enhance the specificity of IL-18 towards T cells.
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Taken together, we show that IL-18 plays a critical role in governing the Tes: Treg balance,
promoting the expansion of functional Tnl cells in TMEs and their evasion from Trg cell
suppressive function. Furthermore, IL-18 promotes IFNy secretion by Trg TILs, a phenotype
associated with successful response to PD-1 blockade. Thus, therapeutic strategies targeting IL-18
signaling and Treg cell adaptation provides an interesting therapeutic avenue to increase response

rates to anti-PD-1.
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Figure 1. IL-18 signaling in T cells delays tumor growth and contributes to the establishment

of a hot tumor microenvironment.

A. Schematic of the experimental design. 8—12-week-old, age-matched CD4-Cre IL-18R171
(CD4AILI8RY 'n—0) and IL-18R 171 (CD4™T, n=7) mice were inoculated with 2.5x10° YUMMERI1.7
cells in 50% Matrigel and were sacrificed as soon as the first mouse in the experiment reached

humane endpoint (tumor volume>1500mm?). Data collated from N=2 independent experiments.
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B. Tumor growth curves and tumor weight at endpoint. Tumor volumes were measured thrice
weekly using an electronic calliper. Data resented as mean and 95% confidence interval. Tumor
volumes were compared using a Two-Way ANOVA with Sidak’s correction. Tumor weights were
compared using Welch’s t-test.

C-D. Flow cytometry analysis of proportions of CD45" (black), CD11¢" MHC-II" dendritic cells
(green), CD11b" F4/80" Macrophages (dark blue), CD11b" F4/80" Ly6C" Monocytes (blue),
CDI1b" Ly6G"™ Neutrophils (purple), CD8" (red), CD4" (orange), CD19" B cells (yellow), and
other cells (grey) of live (C) or live CD45" (D) cells. Data represented as parts of whole. All means
were compared using One-Way ANOVA with Welch’s correction.

E. Representative flow plots of MHC-II, CD86 and PD-L1 expression by CD11¢” MHC-IT*

dendritic cells from CD4"T (black) and CD4*!-18R! (blue) TILs.
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Figure 2. Functional Tnl cells accumulate in the TME in response to IL-18.

A. Flow cytometry analysis of CD8, CD4 and Foxp3 expression by CD3" TILs. Data represented
as representative flow plots and mean and 95% CI. Means were compared using Welch’s t-test.
B. Flow cytometry analysis of Foxp3 and T-bet expression by CD4" TILs. Data represented as
representative flow plots and mean and 95% CI. Tnl:Treg ratios were calculated by dividing the
proportion of CD4" T-bet” Tu1 cells by the proportion of CD4" Foxp3™ Tre, cells. Fold MFI changes
were calculated by dividing each individual measurement by the average MFI in the CD4 %" group
for its respective experiment. Means were compared using Welch’s t-test. All data points were
pooled to calculate a linear correlation, CD4"T points are colored in black and CD4*18R! are in
light blue. The slope’s deviation from zero was evaluated using Fisher’s test.

C. Flow cytometry analysis and representative flow plots of IFN and IL-2 expression by CD4"

Foxp3™ TILs. Single cell suspensions were stimulated in the presence of PMA, Ionomycin and
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GolgiStop® for 3h then stained for flow cytometry analysis. Means were compared using Welch’s

t-test. Data represented as representative flow plots and means with 95%CI.
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Figure 3. IL-18 impairs Treg cell-mediated suppression of IFNy production in vitro.

A. Schematic of the experimental workflow. 8—12-week-old Foxp3™RES-REP reporter mice were
inoculated with 2.5x10° YUMMER1.7 cells in 50% Matrigel and were sacrificed as soon as the
first mouse in the experiment reached humane endpoint (tumor volume>1500mm?). TILs and

splenocytes were pooled from n=2 mice bearing endpoint tumors (N=2).
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B-C. CTV-labelled CD4" Foxp3-RFP" Tresp cells (5x10%) were co-cultured with either splenic or
TIL CD4" Foxp3-RFP" Ty cells (1.25x10%) in the presence of mitomycin-C inactivated accessory
cells (1x10°), soluble anti-CD3 (0.5pug/ml), with or without recombinant murine IL-12 (10ng/ml)
and/or IL-18 (10ng/ml) for 72h. After 69h, cells were additionally stimulated with PMA,
Ionomycin, and Golgi Stop for assessment of cytokine production. % suppression measurements
were derived from the division indexes for their respective culture conditions.

D. Flow cytometry analysis of IFNy and T-bet expression by Trs, cells. Data shown as
representative flow plots and mean +/-95%CI and compared using a Two-Way ANOVA with

Tukey’s correction. Data shown from one representative experiment of N=2 independent repeats.
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Figure 4. T cell responses to 1L-18 promote T-bet expression by melanoma-infiltrating Treg

cells.

A. Flow cytometry analysis of Foxp3 and Helios expression by CD4" TILs. Data represented as
representative flow plots and mean and 95% CI. Means were compared using Welch’s t-test.

B. Flow cytometry analysis of PD-1 and Ki67 expression by CD4" Foxp3" TILs. Fold changes
were calculated by dividing each data point by the average in the WT group for the respective
experiment. Data represented as representative flow plots and mean and 95% CI. Means were

compared using Welch’s t-test. C. Flow cytometry analysis of CTLA-4 expression by CD4" Foxp3*
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TILs. Data represented as representative flow plots from CD4VT (black) and CD4*-13R! (Jight
blue) and mean and 95% CI. Means were compared using Welch’s t-test.

D. Flow cytometry analysis of T-bet and Gata-3 expression by CD4" Foxp3™ TILs. Data
represented as representative flow plots and mean and 95% CI. Means were compared using
Welch’s t-test.

E. Foxp3-RFP" Ty cells were isolated and pooled from n=2 YUMMER.7-bearing mice and co-
cultured as previously described in Figure 3. Flow cytometry analysis of IFNy and T-bet expression
by Treg cells. Data shown as representative flow plots and mean with 95%CI and compared using
a Two-Way ANOVA with Tukey’s correction. Data shown from one representative experiment of

N=2 independent repeats.
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Figure 5. IL-18 promotes the expansion and effector functions of CD8" TILs.

A-B. Flow cytometry analysis and representative flow plots of IFNy, TNFa, CD107a and GRZB
expression by CD8" TILs. Single cell suspensions were stimulated in the presence of PMA,
Ionomycin and GolgiStop for 3h then stained for flow cytometry analysis Fold MFI changes were
calculated by dividing each individual measurement by the average MFI in the CD4 %" group for
its respective experiment. Means were compared using Welch’s t-test. Data represented as

representative flow plots and means with 95%CI.
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C. CD8" TILs were isolated and pooled from n=2 YUMMER .7-bearing mice. CD8" TILs were
CTV-labelled and cultured (5x10%) with or without recombinant murine IL-18 (10ng/ml) and IL-
12 (10ng/ml) in the presence of accessory cells (1x10°) and anti-CD3 (0.5ug/ml) for 72h. After
69h, cells were additionally stimulated with PMA, Ionomycin, and Golgi Stop for assessment of
cytokine production. Flow cytometry analysis of CTV and IFNy expression by CD8" TILs. Flow
cytometry data shown as representative flow plots and mean with 95%CI and compared using a
Two-Way ANOVA with Tukey’s correction. Data shown from one representative experiment of
N=2 independent repeats.

D. CD8" splenocytes and CD4" Foxp3-RFP" Ty cells were isolated and pooled from n=2
YUMMERI1.7-bearing mice. CD8" Tresp cells (5x10%) were co-cultured with splenic or TIL Treg
cells (1.25x10%) with or without recombinant murine IL-18 (10ng/ml) and IL-12 (10ng/ml) in the
presence of accessory cells (1x10°) and anti-CD3 (0.5pg/ml) for 72h. After 69h, cells were
additionally stimulated with PMA, Ionomycin, and Golgi Stop for assessment of cytokine
production. Flow cytometry analysis of CTV and IFNy expression. Flow cytometry data shown as
representative flow plots and mean with 95%CI and compared using a Two-Way ANOVA with

Tukey’s correction. Data shown from one representative experiment of N=2 independent repeats.
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Figure 6. Successful response to anti-PD-1 is dependent on IL-18 signaling in T cells.

A. Schematic of the experimental design. 8—12-week-old, age-matched CD4"! (n=9) and
CD4AILI8RY (n=8) mice were inoculated with 2.5x10° YUMMERI1.7 cells in 50% Matrigel. On day
8, treatment with 250pg of anti-PD-1 (clone RMP1-14) was initiated for each mouse. Mice were
sacrificed as soon as the first mouse in the experiment reached humane endpoint (tumor

volume>1500mm?). Data collated from N=2 independent experiments.
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B. Tumor volumes were measured thrice weekly using an electronic calliper. Data resented as
mean and 95% CI and compared using a Two-Way ANOVA with Sidak’s correction.

C. Tumor weights were measured post-necropsy and represented as mean and 95% CI. As we
determined previously that treatment with anti-PD-1 results in a bimodal outcome, with Low
Responders being phenotypically not distinguishable from PBS controls, we forewent the control
group and compared the ratio of High Responders in each group using Fisher’s test.

D. Flow cytometry analysis and representative flow plots of IFNy, TNFa, CD107a and GRZB
expression by CD8" TILs. Single cell suspensions were stimulated in the presence of PMA,
Ionomycin and GolgiStop for 3h then stained for flow cytometry analysis. Means were compared
using Welch’s t-test. Data represented as representative flow plots and means with 95%CI.

E. Flow cytometry analysis and representative flow plots of IFN and IL-2 expression by CD4"
Foxp3™ TILs. Single cell suspensions were stimulated in the presence of PMA, Ionomycin and
GolgiStop for 3h then stained for flow cytometry analysis. Means were compared using Welch’s
t-test. Data represented as representative flow plots and means with 95%CI.

F. Flow cytometry analysis of Foxp3 and T-bet expression by CD4" TILs. Data represented as
representative flow plots and mean and 95% CI. Means were compared using Welch’s t-test. For
MFI comparisons, all samples were stained with the exact same antibody panels and lots and

acquired using the same application settings following voltage calibration.
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Figure 7. IL-18 is required for the acquisition of a Th1-like phenotype by Treg cells in response

to anti-PD-1.

A. Flow cytometry analysis of Helios, CD25, and CTLA-4 expression by CD4* Foxp3 TILs. Data
represented as representative flow plots and mean and 95% CI. Means were compared using
Welch’s t-test.

B. Flow cytometry analysis of T-bet expression by CD4" Foxp3*TILs. Data represented as

representative flow plots and mean and 95% CI. Means were compared using Welch’s t-test.
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C. Flow cytometry analysis of T-bet, IL-10, IL-2 and TNFa production by CD4" Foxp3™ TILs.
Single cell suspensions were stimulated in the presence of PMA, lonomycin and GolgiStop for 3h
then stained for flow cytometry analysis. Means were compared using Welch’s t-test. Data
represented as representative flow plots and means with 95%CI. For MFI comparisons, all samples
were stained with the exact same antibody panels and lots and acquired using the same application
settings following voltage calibration.

D. CD4" Foxp3-RFP" Ty TILs and splenocytes were isolated and pooled from n=2 YUMMER1.7-
bearing High Responder (tumor weight<300mg) and n=2 Low Responder (tumor weight>300mg)
to anti-PD-1 mice. CD4" Foxp3-RFP~ Tresp cells (5x10%) were co-cultured with splenic or TIL Treg
cells (1.25x10%) with or without recombinant murine IL-12 (10ng/ml) in the presence of accessory
cells (1x10°) and anti-CD3 (0.5ug/ml) for 72h. After 69h, cells were additionally stimulated with
PMA, Ionomycin, and Golgi Stop for assessment of cytokine production. Flow cytometry analysis
of CTV and IFNy expression by Tresp cells. Flow cytometry data shown as representative flow plots
and mean with 95%CI and compared using a Two-Way ANOVA with Tukey’s correction. Data

shown from one representative experiment of N=2 independent repeats.
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Supplementary Figure 1.

A. Flow cytometry analysis of IL-18R1 expression by TILs and T cells from the tumor-draining
lymph nodes. Data represented as representative flow plots and mean and 95% CI. Means were
compared using Sidak’s multiple comparisons test.

B. Flow cytometry analysis of PD-L1 and MHC-II by CD11b" F4/80"¢" tumor-associated
macrophages. Data represented as representative flow plots and mean and 95% CI. Means were

compared using Welch’s t-test.
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Supplementary Figure 2.

A. Flow cytometry analysis of PD-1 expression by CD4" Foxp3™ TILs. Data represented as
representative flow plots and mean and 95% CI. Means were compared using Welch’s t-test. Fold
MFI changes in PD-1 expression were calculated by dividing each measurement by the average
PD-1 MFI in the WT group for a given experiment.

B. Flow cytometry analysis of RORyt, Gata-3 and IL-17 by CD4" Foxp3™ TILs. Data represented

as representative flow plots and mean and 95% CI. Means were compared using Welch’s t-test.
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The slope’s deviation from zero was evaluated using Fisher’s test.

B. Flow cytometry analysis of Gata-3 and ST2 expression by CD4" Foxp3* TILs. Data represented

as mean and 95% CI. Means were compared using Welch’s t-test.
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Supplementary Figure 4.

Flow cytometry analysis of PD-1, T-bet and IL-18R1 expression by CD8" TILs. Data shown as
representative flow plots and mean with 95% CI. Fold MFI changes in PD-1 expression were
calculated by dividing each measurement by the average PD-1 MFI in the WT group for a given

experiment. Means were compared using Welch’s t-test.
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Supplementary Figure 5.

A. Male Foxp3® reporter mice were inoculated with 2.5x10° YUMMERI1.7 cells in 50%
Matrigel and received 5 doses of 250ug of anti-PD-1, starting on day 8 post tumor-inoculation.
Starting on day 8, we also administered 5 daily doses of 0.2pg of recombinant mouse IL-18 (n=5)
or PBS (n=4). Mice were sacrificed as soon as the first mouse in the experiment reached humane
endpoint (tumor volume>1500mm?). Tumor weights were measured post-necropsy and

represented as mean and 95% CI. As we determined previously that treatment with anti-PD-1
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results in a bimodal outcome, with Low Responders being phenotypically not distinguishable from
PBS controls, we forewent the control group and compared the ratio of High Responders in each
group using Fisher’s test.

B-C. Flow cytometry analysis of proportions of CD45" (black), CD11¢” MHC-II" dendritic cells
(green), CD11b" F4/80" Macrophages (dark blue), CD11b" F4/80" Ly6C" Monocytes (blue),
CDI11b" Ly6G" Neutrophils (purple), CD8" (red), CD4" (orange), CD19" B cells (yellow), other
lymphoid cells (grey) and other myeloid cells (dark grey) of live (C) or live CD45+ (D) cells. Data
represented as parts of whole. All means were compared using One-Way ANOVA with Welch’s
correction.

D. Flow cytometry analysis of MHC-II and PD-L1 expression by tumor-associated macrophages,
monocytes, and dendritic cells. Data shown as representative flow plots and mean with 95% CI.
For MFI comparisons, all samples were stained with the exact same antibody panels and lots and
acquired using the same application settings following voltage calibration. Means were compared
using Sidak’s multiple comparisons test.

E. Flow cytometry analysis of PD-1 expression by CD8" TILs. Data shown as representative flow
plots and mean with 95% CI. Means were compared using Welch’s t-test.

F. Frequency of IL-2" Teonv,JENY™ CD8", Tyl:Treg ratio (CD4" Foxp3™ T-bet”/ CD4" Foxp3™),
MHCII-MFI in DCs and PD-1 MFI in CD8 " T cells were measured at endpoint. Pearson 1-

correlates were computed for each pair of variables and represented as a heatmap.
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Chapter 5 — General Discussion and Conclusions
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1. Recapitulation of major findings

The role of Foxp3™ Regulatory T cells in peripheral tolerance and tumor immunity has been
the focus of extensive research since their discovery in 1995 (71). Indeed, systemic depletion of
Treg cells, through targeting their high surface expression of CD25, leads to tumor clearance in
poorly immunogenic murine models, at the cost of systemic autoimmunity (110). As such,
immunotherapies aimed at depleting Tr, cells and presenting a satisfactory safety, efficacy and
quality profile remain to be successfully developed and receive marketing authorisation. On the
other hand, immune checkpoint inhibitors, a pharmacological class targeting co-inhibitory ligands
and receptors highly expressed by TILs, has provided significant clinical benefits to advanced
melanoma patients, inducing durable remissions in the absence of further treatment (239) and
considerably increasing the median overall survival from 6-12 months until the 2010s (4) to 72
months for patients receiving a combination of ipilimumab and nivolumab (240). While ICIs were
designed to primarily target exhausted TILs, it is apparent that they also target Tree cells (176).
Given the variable outcomes of tumor immunotherapy (177), and the differential responsivity of
various subsets of PD-1" CD8" TILs to PD-1 signaling and its blockade (190, 243), it was
important to characterize the functional consequences of PD-1 signaling and anti-PD-1
administration on Treg cells in the contexts of both successful and failed response to ICI.

While reliable and clinically-applicable predictive biomarkers remain to be validated, the
consensus determinant of successful response to ICls is the degree of pre-existing inflammation in
the TME, which is dictated by the abundance and tissue distribution of lymphocyte infiltrates (44).
While abundant Treg cell infiltration is associated with poor prognosis and resistance to treatment
in most solid tumors (244), little is known regarding the difference between Ty cell infiltration

and PD-1 expression patterns in “cold” and “hot” TMEs. To address this, in Chapter 2, we
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characterized anti-melanoma T cell responses in a novel melanoma model, driven by genetic
alterations to Braf and PTEN, but displaying low tumor mutational burden (23). In cold D4M.3A
melanomas, we established that T cells expressed PD-1 in higher proportions and MFIs than their
Tefr counterparts, an observation we reproduced in poorly immunogenic B16 melanomas (245).
Furthermore, treatment with anti-PD-1 resulted in a downregulation of PD-1 expression by Treg
cells and a systemic expansion of Helios™ Tr cells, a subset which displayed preferential
expression of PD-1 as well of other checkpoint molecules associated with enhanced suppressive
capacity (95, 246, 247), in line with the emerging hypothesis that ICI-induced Treg cell proliferation
is a mechanism of acquired resistance to treatment (176, 209, 248).

To investigate if PD-1 blockade dysregulates the suppressive function of highly-activated
Helios™ Treg cells, in chapter 3, we studied their functional dynamics in a model that yields high
responders to anti-PD-1 monotherapy (25). We established three novel hallmarks of successful
response to anti-PD-1: (i) expansion of highly activated Helios™ Treg cells, (ii) high levels of Akt
signaling, which drive T-bet expression in Treg cells (249), in the tumor regions where CD8" TILs
evade Treg cell suppression, and (iii) secretion of IFNy by Tnl-like Treg TILs. On the other hand,
LR Tieg cells eventually succumbed to the same exhausted-like phenotype as control Treg TILS.

As IFNy" Treg TILs were observed at day 14, but not at endpoint in low responder tumors, in
chapter 4, we asked what factors maintain this population. Our attention was drawn to IL-18, which
is a known potentiator of IFNy production in Tefr cells, whose receptor was highly expressed in
TILs. We demonstrate that IL-18 is sufficient to induce IFNy production by Trg TILs in vitro.
Furthermore, using a T cell-specific deletion of IL18R1, we show that the acquisition of
inflammatory characteristics by Tn1-like Treg TILs in response to PD-1 blockade is dependent on

IL-18. Furthermore, IL-18 promotes the accumulation of Tnl cells over Tre TILs, thereby
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promoting the establishment of a hot TME that is required for successful response to anti-PD-1.
Collectively, these data demonstrate that while anti-PD-1 targets Tr cells both locally and
systemically, its efficacy in inducing Tefr cell evasion from Treg cell suppression depends on the
presence of inflammatory factors within the TME to unleash anti-tumor immunity (Figure 7).
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Figure 7. Graphical summary of the role of PD-1 signaling gradients on dictating the
functional adaptation of melanoma-infiltrating Treg cells.

Adapted from Attias et, JCI Insight, 2023 (manuscript submitted). In hot TMEs, at low levels of
PD-1 signaling, Treg TILs are highly-activated and proliferative. Expression of T-bet enables them
to co-localize with Tesrcells and suppress IFNy production by TILs. However, in response to local
IL-18, Treg cells secrete IFNy as Tefr cells evade their suppression. Upon chronic signaling through
PD-1, Treg TILs progressively lose the expression of Foxp3, CD25 and Helios and adopt a short-

lived, exhausted-like phenotype, despite retaining suppressive potency.
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2. Roles of PD-1 signaling throughout Treg cell homeostasis

PD-1 signaling determines T cell fate during thymic selection (250, 251), T cell activation
(252), differentiation (253), memory formation (254) and apoptosis of tissue-resident cells (255).
Yet, the function of PD-1 signaling in Tre, cells is not well understood. Indeed, Treg-specific models
of PD-1 deletion were not developed until 2020 (223), after the start of this project, are not
commercially available, and have yet to be investigated in the context of anti-melanoma responses.
While early reports established the role of PD-1 signaling on curtailing T cell activation in

proliferation (176, 223), numerous knowledge gaps remain to be addressed.

2.1. Does PD-L1 promote pTye cell induction in TMEs?

While PD-1 does not impact the thymic development of tTwg cells, it regulates pTreg
development (222). Indeed, PD-L1 and PD-L2 synergize with TGFf3 by antagonizing Akt signaling
to promote the induction of Foxp3 expression in naive Teonv cells (103, 256). Furthermore, acute
activation of human memory T cells in the presence of PD-L1 promotes a transient upregulation
of Foxp3 expression, in the absence of the Treg-polarizing cytokines TGFP and IL-2 (257).

As absence of Helios expression was proposed as a marker of pTrg cells, we originally
hypothesized that Helios'®” Tr, TILs were locally induced. However, Helios is not a reliable
marker of Trg cell ontogeny (258), as we show in Chapter 3 that PD-1 signaling modulates its
expression levels. Furthermore, using adoptive transfer models, we found little evidence of pTreg
induction in both D4M.3A and YUMMERI1.7 models (data not shown), in line with the absence
of Foxp3-induction by OT-II specific TILs in B16-OVA melanomas (85). Thus, while PD-1
regulates pTre development, the relevance of this mechanism in the context of anti-tumor

immunity remains to be determined.
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2.2. Does chronic PD-1 signaling trigger T, cell exhaustion?

Little is known regarding the role of PD-1 signaling on T cells during situations of chronic
activation. Indeed, in our hands, anergic T, cells failed to expand using in vitro models of chronic
activation of Tesr cells, which rely on sequential activations with anti-CD3 (259, 260). Furthermore,
in vitro Treg cell monocultures require high concentrations of exogenous IL-2, which overrides PD-
1 signaling and T cell exhaustion (233). Recently, Perry et al showed that a Treg-specific deletion
of PD-1 reduces the ratio of pathogen-specific Tesr cell to Treg cells during Toxoplasma gondii
infection, indicating that PD-1 signaling plays a role in the contraction of Tre, cells during chronic
infections. In line with this observation, we observed smaller Trg TIL frequencies in D4M.3A
tumors, where Trg cell expressed the highest level of PD-1, than in YUMMERI1.7 TMEs.
Furthermore, through in vitro studies, we show in Chapter 3 that PD-1 signaling reduces the
expression of Foxp3, Helios and CD25, which play a crucial role in Treg cell fitness and survival
(114, 261, 262). Future experiments will be aimed at assessing STATS signaling in Treg TILs and
upon PD-1 signaling, but ex vivo PD-L1 blockade was shown to increase STAT5 phosphorylation
in patients with Hepatitis C Virus Infection (263). While these elements suggest that, in chronic
contexts, PD-L1 mediated inhibition of STATS5 signalling reduces Treg cell survival, it was
nonetheless shown to protect Treg cells from activation induced cell death during low-dose IL-2
therapy (264).

The differentiation pathways that induce CD8" T cell exhaustion or dysfunction in chronic
inflammatory contexts have been recently characterized (63, 65). As steady-state Treg cells share
multiple features of exhausted Tesr cells, namely expression of multiple inhibitory checkpoint
molecules, absence of production of inflammatory cytokines, reduced proliferation, and high rates

of fatty acid oxidation; the concept of Treg cell exhaustion has not been defined in the literature. In
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chapter 2, we show that Trwg TILs express higher levels of PD-1 than their dysfunctional Tesr
counterparts in a poorly immunogenic model of melanoma, suggesting that T cells undergo
chronic activation in the TME. In line with these findings, PD-11¢" T, cells display short
telomeres and transcriptional signatures of exhaustion in malignant gliomas (265). In chapter 3,
we identify that akin to terminally-exhausted CD8" TILs, a subset of Treg TILs express Tim-3 but
not Tcf-1, a transcription factor whose deletion reduces Treg cell survival (266), yet increases their
suppression of CD8" T cell cytotoxicity (267). Nonetheless, it remains to be determined if the
acquisition of this terminally-exhausted-like Trg cell phenotype is also driven by expression of the
transcription factor Tox (63) and how much their transcriptional signature is shared with
dysfunctional CD8" TILs. Furthermore, the consequences of this form of exhaustion on Treg cell

suppressive capacity remain to be determined.

2.3. Does PD-1 signaling inhibit T cell suppressive function?

To tackle this question, in Chapters 3 and 4, we took advantage of the high level of TIL
infiltration in YUMMMERI1.7 tumors to sort out Foxp3-RFP" Tre TILs and cultured these cells in
a variety of conditions to test multiple aspects of their fitness, activation levels, responsiveness to
inflammatory signals, and suppressive capacity. In line with numerous reports (99, 248, 268), we
show that Treg TILs display potent suppressive function, with an enhanced expression of multiple
Treg cell suppressive mechanisms (CTLA-4, GRZB, IL-10). These results suggest that contrary to
CD8" TILs, the induction of an “exhausted” phenotype does not render Treg cells dysfunctional.
However, Treg TILs are heterogeneous in their levels of PD-1 expression, and Treg TIL reactivation
was significantly reduced compared to splenic Treg cells, which introduces a survival bias. As such,
the increased suppressive potency at the populational level could be driven by the expansion of

PD-1'°% cells with no contribution from the most exhausted cells. Nonetheless, release of adenosine
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by apoptotic Treg cells has been proposed as a suppressive mechanism of Treg TILs (99). In addition,
it remains to be determined if this reduced survival is caused by the death of exhausted cells.
Indeed, we also identified a subset of KLRG1" Ty TILs, a marker of terminally-differentiated,
short-lived effector Treg cells whose expression is dependent on multiple rounds of IL-2 induced
proliferation (269, 270). Thus, further investigation, using single-cell transcriptomic analysis,
should be aimed at characterizing the heterogeneity of Ty cell populations in TMEs and their
developmental pathways.

Finally, the unavailability of PD-1 deficient mice prevents us from directly testing the role of
PD-1 signaling on T cell suppressive function. Using PD-1X0 Ty, cells isolated respectively
from CD4™ PD-1"1 Foxp3-iresPTRGFP mice and Foxp3©™ PD-1"" mice, Kamada et al and Tan et
al, found a modest increase in the in vitro suppressive potency PD-17" Ty cells (176, 223).
However, we argue that this effect is caused by the increased frequency of highly-activated effector
Treg cells in the spleens of these mice, rather than a direct consequence of PD-1 signaling, as there
is no source of PD-L1 signaling provided during in vitro suppression assays. Unfortunately, the
use of PD-L1-Fc requires plate-bound activation conditions with high concentrations of anti-CD28
which override Treg cell suppression (271). However, this limitation could be addressed using

tumoral APCs, which express PD-L1 and inhibit T cell proliferation, as shown in Chapter 2.

2.4. Does PD-1 prevent Tre cell reprogramming in TMEs?

In highly inflammatory contexts, we and others have shown that Trg cells can lose Foxp3
expression and become potently inflammatory exFoxp3 cells (128, 129). Fate mapping
experiments using Foxp3°fP-C.Rosa26R? reporter mice showed that PD-17" mice have an
increased frequency of Foxp3-GFP~ Rosa-RFP" exFoxp3 cells in circulation (230). However,

Rubtsov ef al., generated a different, tamoxifen-inducible fate-mapping system, and dispute the
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prevalence of (RFP" GFP") exFoxp3 cells (272). Recently, Kim et al combined the tamoxifen-
inducible fate-mapping system to a conditional deletion of PD-1 expression in Foxp3™ Treg cells to
study the role of PD-1 in exFoxp3 generation during anti-tumor responses. They found that
conditional deletion of PD-1 in T, cells delays the growth of TC-1 lung cancer and increased the
frequency of exFoxp3 cells amongst cells with a history of Foxp3 expression (RFP") (225).
However, these results have important caveats: (7) notably the authors observed a reduction in Treg
cell proliferation, activation levels, suppressive capacity, and survival upon PD-1 deletion, in
complete contrast with reports by Tan et al, in both constitutive and tamoxifen-inducible models.
This could be explained by unproper controlling for the effects of tamoxifen, which is highly toxic
to T cells, especially during phases of clonal expansion, reducing the proliferative rate of surviving
cells (273, 274). (ii) Using the same tamoxifen-inducible fate-mapping mice, we observed
spontaneous regression of YUMMERI1.7 tumors (data not shown), even in the absence of
tamoxifen administration. Indeed, integration of large cassettes in Foxp3 3’UTR regions has the
potential to alter Foxp3 stability. For example, a Foxp3-GFP™! model impairs the interaction
between Foxp3 and histone acetyltransferase Tip60 leading to accelerated onset of T1D in NOD
mice (275), and was sufficient to render D4M.3A melanomas hot and fully responsive to PD-1
blockade in our hands (data not shown). Thus, we could not assess ourselves the generation of

exFoxp3 cells in TMEs and their biological significance remains highly controversial.
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3. Impact of PD-1 blockade on Treg cell functional fate.

Despite retrospective data spanning almost 10 years since its first marketing authorization, the
impact of PD-1 blockade on Tre, cell functional fate is still debated. Indeed, in conventional T cell
assays, Tresp cells are mostly naive and do not express PD-1, and the antibodies used to FACS-sort
PD-1" cells have antagonistic pharmacological activity. As such, nivolumab has little effect on T
cell proliferation and effector functions in vitro (228). Furthermore, anti-PD-1 fails to reinvigorate
terminally exhausted cells (189) and as such, we found little effect of anti-PD-1 on IFNy

production upon in vitro restimulation of CD8" TILs (data not shown).
3.1. What is the mechanism of action of anti-PD-1 on T, cells?

3.1.1. Cell-intrinsic mechanism

In chapters 2 and 3, we identified that PD-1 blockade induces a reduction in PD-1 expression
levels by TILs, as well as by splenic Treg cells. This observation is in line with the fact that the
reported mechanism of action of anti-PD-1 mAbs is pharmacological inhibition of PD-1, and not
dependent on Fc-effector functions (202). These results suggest that anti-PD-1 can induce PD-1
endocytosis, but the precise mechanism of PD-1 downmodulation remains to be determined, as we
were not able to observe this effect upon in vitro activation where PD-1 expression is transient.
Indeed, several transcription factors, cytokines, and metabolic factors could further modulate PD-
1 expression in response to anti-PD-1 (232,233, 276). As such, in chapter 3, we observed a steeper
reduction in PD-1 expression in High Responder TILs compared to Low Responders. Nonetheless,
this observation provides a novel pharmacodynamic readout of anti-PD-1 activity.

The systemic impact of checkpoint blockade on Trg cell phenotype is in line with
pharmacokinetic studies that show that anti-PD-1 antibodies distribute in the spleen and lymph

nodes and remains stable in circulation seven days after injection (277, 278). Furthermore, the

209



increased expansion of activated effector Treg cells was observed in models of PD-1 deletion (223)
and upon treatment with anti-PD-L1 in the peripheral blood of lung cancer patients (248).

To identify the cell-intrinsic effect of anti-PD-1 on T, cells, Kamada et al devised an adoptive
transfer system in which lymphodepleted tumor-bearing mice are reconstituted with PD-1X0 Teg
cells and PD-1WT Ty, cells. In their model, only Treg cells can bind the mAb, and administration of
anti-PD-1 accelerated tumor growth, suggesting that this expansion of highly-activated Tre cells
is detrimental to treatment efficacy. Taken together with our observations in chapter 2, these results
suggest that increased Treg cell activation acts as a mechanism of secondary resistance to treatment

in non-responder patients.

3.1.2. Environment-dependent effects

In chapter 3, our spatial proteomics data, which identifies increased phosphorylation of
multiple effectors of the Akt signaling pathway in regions with a high CD8:Tieg, ratio, suggests
that IFNy production by Treg TILs happens in the zones where the pharmacological inhibition of
PD-1 signaling is most efficacious (Figure 8). Nonetheless, while anti-PD-1 was required to
maintain a population of IFNy" Ty, cells at endpoint, this effect was not observed in low responder
tumors or outside the TME, suggesting that environmental conditions play a role in mediating this
effect. As such, Tr cells from high responders were highly suppressive once removed from the
TME, and the expansion of Helios™ Trg cells was a conserved mechanism of action in high
responder mice, indicating that the ICI-induced evasion from local suppression in hot TMEs is
mediated via cell-extrinsic mechanisms. Indeed, in chapter 4, we show that T cell responsiveness
to IL-18 is required to achieve this effect, revealing a synergy between PD-1 blockade and

inflammatory cues to promote the Tn1-adaptation of Treg cells.
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Figure 8. Proposed model for the systemic and local effect of anti-PD-1 on T cells.

In circulation and lymphoid organs, anti-PD-1 selectively targets Helios™ Treg cells. In both tumor
models, treatment with anti-PD-1 resulted in a downregulation of PD-1 expression and an
expansion of highly-activated Treg cells. In hot TMEs, Helios™ Trg cells acquire Tul-like
characteristics which enable them to potently suppress IFNy production. In high responders, a
subset of these cells secretes IFNy while Tesr cells evade suppression. In cold TMEs, ICI-
reactivated Treg cells contribute to acquired resistance before adopting an exhausted phenotype

themselves. Created with Biorender.com®.

3.1.3. Is the Tihl-adaptation of Teg cells detrimental to tumor growth?

Through characterizing Trez cell phenotypes at multiple time points through anti-tumor
responses, we show that the abundance of Tn1-like Treg cells is higher in high responders than at
day 14, suggesting that this population enables the maintenance of abundant IFNy production in
the TME. Nonetheless, these cells display potent suppressive capacity, in line with the hypothesis

that these cells are specialized in suppressing type 1 responses (125). Indeed, we show that the
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acquisition of these inflammatory characteristics is transient, thus, Tree cells could downregulate
T-bet expression in cold TMESs, subsequently to a successful inhibition of the CD8" T cell response.
As such, further characterization of the heterogeneity of these Treg cell subsets is warranted to
evaluate their degree of transcriptional overlap with bona fide Tnl cells, their developmental
relationship with exhausted-like Treg cells and their TCR repertoire. Given the association between
TCR signal strength, Akt signaling and the generation of Th1-like Treg cells (237), we reason that
clonotypes with the highest affinity for tumor self-antigens are the most prone towards Tnl-
adaptation. Furthermore, we hypothesize that PD-1 blockade promotes the oligoclonal expansion
of these cells rather than increasing Treg cell repertoire diversity.

While we took advantage of the natural inter-individual variability in tumor growth rate to
associate the Tnl-adaptation of Tre cells with enhanced anti-tumor responses and show that
response to treatment persists for 10 days post-treatment interruption, this correlation is not
predictive of treatment outcome. However, tumors injected bilaterally in one mouse show
synchronous growth (279) and respond symmetrically to checkpoint blockade, indicating that the
variability in response is a mouse-centric phenomenon (280). Therefore, to characterize the fate of
Tul- adapted Treg cells, we propose a bilateral tumor injection approach where one tumor can be
surgically resected and immunophenotyped while the second one can be used for survival analysis.
Indeed, this paired approach would allow us to identify predictive biomarkers of response to
treatment. Furthermore, mechanistic approaches such as Treg-specific deletions of T-bet, CXCR3,
IL-18R1 and IFNy are warranted to elucidate the role of these individual Tn1-like features on Treg
cell migration, proliferation, specialized suppression of Tu1 cells, functional stability, and survival

in TMEs.
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3.2. Can PD-1 blockade promote the adaptation of T,.; cells towards other helper subsets?

PD-L1 is thought to mainly suppress Tn1 cells and Tn1-like Treg cell generation (281). As such,
Gata-3" Treg cells did not express PD-1 in YUMMER1.7 tumors, and RORyt" Treg cells were not
readily detected, suggesting that these Treg cell subsets are not cellular targets of anti-PD-1. As
Tn2-adpated Treg cells play a strong pro-tumorigenic role in melanoma (102, 144), anti-PD-1 could
promote anti-tumor responses by favoring the Tnl-adaptation of Treg cells, in a process akin to
immune deviation. In both our tumor models, we did not find evidence of ongoing Tr2 or Ty17
responses at any stage of tumor growth, although mixed tumor-specific responses are often seen
in melanoma lesions (282—284). Furthermore, these results raise the question of whether PD-1
blockade can promote the development of Tn2 and Tn17 responses in other cancer types, such as
colon cancer, where these specialized responses are more prevalent and contribute to anti-tumor
immunity (285, 286), or even distally from the primary tumor lesion.

As evidenced by the limited B cell infiltration and the absence of naive TILs, our models did
not induce the formation of tertiary lymphoid structures, a feature that improves the response rate
to ICIs in melanoma (49). Notably, PD-1 expression is a defining feature of Tm and Tg cells,
suggesting that these subsets are also targets of anti-PD-1. Indeed, through mining of publicly-
available single-cell transcriptomic datasets, Eschweiler et al found that a subset of tumor-
infiltrating Treg cells express high levels of Bcl-6, Tef-1, PD-1 and ICOS, features of Tx: cells, and
expands following PD-1 blockade, limiting its anti-tumor efficacy in preclinical models (287).
However, it remains to be determined if these tumor-infiltrating cells were truly specialized in
inhibiting germinal center reactions or if this phenotype was a T equivalent of progenitor-
exhausted CD8" TILs. Notably, the Helios™!€" CD25" T subset that expands in spleens and lymph

nodes upon PD-1 blockade is also reminiscent of the phenotype of T cells (288). A systemic
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impairment of T cells could favor the production of auto-antibodies, a feature found in close to

50% of patients with irAEs (289).

3.3. Which therapeutic approaches could target adapted T, cell subsets?

Our results suggest that the acquisition of Tn1-like characteristics by Treg cells in response to
PD-1 blockade renders them more permissive to sustained IFNy production by TILs without
triggering systemic autoimmunity. As such, promoting the Tx1-adaptation of Trez TILs appears as
a more relevant therapeutic strategy than depletion of this subset. This body of work provides a
strong rationale for developing several translational approaches to adjuvant ICIs by modulating
Treg cell functional adaptation through: (i) dysregulating their lineage stability by impairing Helios
signaling (112), or increasing Akt signaling (290), (i) synergizing with PD-1 blockade to reduce
PD-1 expression with small molecules inhibitors (291), (iii) promoting Tx1 cell accumulation by
maximizing local IL-18 availability (292), (iv) reducing local Treg cell fitness with CD25-
antagonizing IL-2 muteins (293), and (v) alter the CD8: Ty, ratio within tumor-specific TILs by

increasing the release of neoepitopes using epigenetic modifiers (294).

In contrast, the recruitment of Tn2-like Trg cells through CCR4 signaling leads to the
development of a cold TME (295). In addition, CCR8, while not required for Tre cell recruitment
to the tumor bed (296), promotes the trafficking of clonally expanded Tre, cells towards M2 TAMs,
contributing to the establishment of highly immunosuppressive niches within the TME (297). As
such, anti-CCR8 mAbs are currently under clinical investigation for their potential to selectively
target TIL Treg cells and unleash CD8" T cells and anti-tumor responses (298). Alternatively,
deletion of the IL-33 receptor ST2 on Ty cells leads to their conversion to a Tn1-like phenotype
in melanoma TMEs, all the while delaying tumor growth (145), highlighting the fact that IL-1
family alarmins can counter-regulate the tissue-adaptation of Treg cells (131). Thus, therapeutic

214



approaches promoting an immune deviation towards Tr1-like Tre cells could prove sufficient to
enhance anti-tumor immunity while presenting a potentially safer risk profile than Ty cell

depleting strategies.

3.4. Does PD-1 blockade dysregulate T.s cell function to induce irAEs?

As evidenced in chapters 2 and 3, PD-1 blockade alters Treg cell phenotype systemically,
highlighting the potential for Trg cell dysregulation. Nonetheless, the short-time span of our
experimental approach did not enable us to detect irAEs symptoms in non-predisposed mice.
Indeed, the onset of irAEs is often secondary to tumor regression (185), which was not achieved
in our models. Furthermore, while ICIs are indicated to neutralize metastatic lesions, our models
do not spontaneously metastasize, presumably limiting the circulation of tumor-specific CD8" T
cells to other tissues than the primary lesion. Alternatively, we could use tail vein injections of our
melanoma models to mimic their metastasis to the lung.

Furthermore, we could adapt an existing model of immunotherapy-induced vitiligo secondary
to melanoma clearance. B16 tumor clearance necessitated immunization with an altered peptide
ligand and high doses IL-2 to support the activation and proliferation of adoptively transferred
gp100-specific CD8" T cells. Gp100, a melanocyte antigen, is also expressed by both D4M.3A
tumors and YUMMERI1.7 tumors (23, 294). Given the high responsiveness of YUMMERI1.7
tumors to PD- 1 blockade, we hypothesize that ICI would be sufficient to reactivate adoptively
transferred Gpl00-specifc cells. Alternatively, we could reduce the initial inoculum of
YUMMERI.7 cells and assess tumor-rejection, vitiligo onset, and eventually characterize Treg cell
phenotype within the lesioned skin.

Finally, PD-1 blockade could mediate irAEs through non-tumor-specific T cells. Given the role

of PD-L1 in promoting Foxp3 induction in synergy with TGF (103), it has long been proposed
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that anti-PD-1 modulates the Treg: Terr balance by inhibiting pTreg generation (299). In vitro, we saw
no effect of PD-1 blockade on pTreg cell induction using soluble instead of plate-bound anti-CD3
(data not shown). To assess the impact of PD-1 blockade on pTreg cell induction in vivo, we propose
to focus our efforts on the gut, where pTre, cells play a crucial role in the maintenance of peripheral
tolerance (81). Adoptive transfer of congenically-labelled purified CD4" Foxp3-RFP™ Tcony cells in
lymphopenic TCRB™ hosts results in both pTree induction and the induction of a Tyl and Tn17-
driven colitis whose development is inhibited by the co-transfer of Treg cells. Using this system,
we expect that immunotherapy will inhibit the induction of congenically-labelled RFP" pTieg cells,
thus facilitating the onset of colitis. This model would demonstrate the direct biological effect of

PD-1 blockade on Treg cell homeostasis in a known T-cell mediated autoimmune model.
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4. Concluding remarks

In this work, we demonstrate that the functional consequences of PD-1 blockade on the
functional fate of Ty cells are dependent on the inflammatory context in the TME. Akin to CD8"
T cells, the strength of PD-1 signaling differentially affects Treg cell effector functions (243), and
their responsiveness to PD-1 blockade (190). As such, while increased Treg cell activation was
observed in both high and low responders and at the systemic level upon treatment, Tr; cell
proliferative capacity was lost at end-stages of tumor growth. Furthermore, in high responder
TMEs, anti-PD-1 promotes the Tn1-adaptation of Ty cells, a phenotype associated with Tefr cell
evasion from T, cell-mediated suppression, and dependent on local IL-18 signaling. Finally, we
identify expression of Helios as a defining feature of the population of Ty cells that expands in
response to PD-1 blockade.

The next frontier to enhance responsiveness to ICIs lies in the understanding of the
mechanisms that govern the localization of T cell subsets within the tumor to propagate
inflammation within immunosuppressed niches of the TME. Our results provide a framework for
the assessment of Treg cell suppressive activity in sifu using spatial proteomics. Furthermore, they
highlight that the pharmacological efficacy of PD-1 blockade varies regionally within the tumor
microenvironment, which provides a strong rationale to clarify the intercellular communications
that potentiate or inhibit PD-1 signaling within the tissue and allow for the propagation of
inflammation to colder regions of the TME.

Understanding the functional consequences of PD-1 signaling and its blockade on Treg cells is
key to better understanding the role of T, cells in immune exhaustion as well as treatment failure,
improving clinical care by predicting the variable outcomes of tumor immunotherapy, and

reducing the onset of irAEs.
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