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Abstract
The Decoy Receptor, IL-1R2, Attenuates Treg Activation in Tumors

Ireneusz Bartlomiej Habrylo

Interleukin-1 (IL-1) is a pleotropic cytokine with complex biology. Because of its potent pro-
inflammatory properties, several mechanisms have evolved to regulate its systemic and local
effects. At the tissue level, a non-signaling decoy receptor, Interleukin-1 receptor 2 (IL-1R2)
plays a major role in attenuating IL-1 mediated signaling. IL-1R2 is highly expressed on
regulatory T cells (Tregs) that infiltrate both mouse and human tumors. Tregs respond to
cytokines in their local environment to modulate their activity. IL-1 signaling is thought to
regulate Treg effector function in the context of Type 1 and Type 17 inflammation and has
primarily been characterized in autoimmune diseases. However, the function of IL-1 in tumor
Treg biology is relatively unknown. Here, we show that a subset of highly activated Tregs induce
IL-1R2 expression upon migration into tumors. In contrast to myeloid cells, induction of IL-1R2
on Tregs was mediated by T cell receptor (TCR) engagement and not IL-1-mediated signaling.
Signaling through the canonical IL-1 receptor (IL-1R1) activated Tregs to express a unique gene
expression signature and IL-1R2 potently attenuated this activation module in tumors.
Accordingly, deletion of IL-1R2 on Tregs resulted in a more suppressive tumor
microenvironment and increased tumor growth. In translational studies, we developed a novel
IL-1R2 depleting antibody which was highly selective for tumor infiltrating Tregs. Tumor Treg
depletion using this approach potently inhibited tumor growth without generating systemic
autoimmunity. Taken together, we define the biology of IL-1R2 expression on tumor Tregs and

provide the foundation for a novel therapeutic strategy to augment anti-tumor immunity.
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CHAPTER 1: Inflammatory mediators in regulatory T cell function
1.1 Treg heterogeneity and effector functions

Regulatory T cells primarily develop and differentiate in the thymus (tTregs). tTregs
constitutively express the transcription factor Foxp3, possess a T cell receptor (TCR) of high
affinity for ‘self” and are the dominant mediators of peripheral tolerance to autoantigens'.
Alternatively, Tregs can be generated from naive CD4" T cells in the periphery (pTregs) in
specific contexts. Resting CD4" T cells exposed to IL-2 and TGF-f ex vivo begin to express
Foxp3 and acquire many phenotypical and functional aspects of tTregs>>. Foxp3 controls the
Treg transcriptional program and is essential for their immunoregulatory function at baseline and
after activation*. Loss-of-function mutations in the Foxp3 gene lead to severe autoimmunity, as
illustrated by scurfy mice and IPEX syndrome in humans>®.

Regulatory T cells are a heterogeneous population comprised of multiple cell states and
differentiated cell fates that differ with respect to their regulatory capacity and tissue-specific
functions’. Major subsets of Tregs have been defined as: a) naive or resting Tregs; b) activated or
effector Tregs; ¢) memory Tregs; and d) T helper- (Th-) like Tregs. These cell states reflect a
Treg’s present environment, including exposure to antigen and inflammatory mediators, i.e.,
cytokines, along with their history of exposures. CD25'°% Tregs can reduce Foxp3 expression and
be skewed toward a Th-like lineage through similar cytokine signals that polarize T helper cells®.
Tregs driven towards Th differentiation in this fashion express many components of the
transcriptional machinery that mirrors their Th counterparts but fail to secrete high levels of Th-
associated cytokines. This differentiation allows Th1- and Th17-like Tregs to optimally regulate

Thl and Th17 cells, respectively®. Similarly, Th2-like Tregs regulate Th2 cells in allergy and



autoimmunity but are not discussed in this work. These type-2 cells do not depend on
interleukin-1 (IL-1) signaling, and have not been described in tumor biology.

The role of cytokines on Treg function has primarily been studied in the context of
autoimmunity and tissue inflammation. Autoimmune diseases are thought to result from an
imbalance between the relative abundance and activation of pro-inflammatory cells and
regulatory cells. Proportional reductions in the number and function of Tregs are thought to be
key contributors to the development and maintenance of tissue inflammation. For example,
specific autoimmune diseases are characterized by a decreased ratio of Tregs to effector Th
(Teff) cells, such as a low Treg:Th17 ratios!®'? and a reduction of their suppressive activity!'>1°,
The opposite phenomenon is observed in tumors, where Treg suppression hinders tumor immune
rejection, and low Treg:CD8" T cell ratios are associated with improved patient outcomes'”!8.
As in inflamed tissue, tumor Tregs are exposed to a variety of cytokines and chemokines
released by injured cells, other immune cells, and potentially the tumor itself!®. Tregs integrate
these signals and modulate their suppression in response.

Tregs suppress innate and adaptive immunity through a variety of mechanisms (Figure
1.1). These include but are not limited to: (1) starving T cells of IL-2, (2) promoting T cell
apoptosis, (3) modulating T cell metabolism to reduce effector function, (4) secreting anti-
inflammatory cytokines; and (5) inhibiting immunostimulatory signals on antigen presenting
cells (APCs)’. While these canonical mechanisms of Treg suppression are broadly applicable,
advances in mouse models and targeted antibody therapy in humans have revealed disease- and
tissue-specific signaling pathways by which Tregs can modulate inflammation. We now

appreciate that the local cytokine environment can influence Treg programming and function in

tissues. Herein, we attempt to address the complex picture emerging whereby Tregs maintain a



delicate balance of differentiating towards the cell types they need to most optimally suppress
and adopting pro-inflammatory traits characteristic of these cells. A disruption in this balance has

been proposed as an underlying mechanism contributing to chronic tissue inflammation.

1.2 Tregs and Type 1 immunity

Human and mouse Tregs can differentiate into Th1-like cells following excessive
activation or exposure to type-1 inflammation. These Treg-Th1 cells can be induced to produce
IFNy and lose their suppressive function. Naive CD4" T cells can be converted to Th1 cells
through IFNy and IL-12 treatment in vitro, and this differentiation is dependent on the
transcription factor 7bx21 or T-bet®. Alternatively, IL-1B, IL-23, and IL-12 treatment can
convert naive cells or Th17s to a non-classical Th1 cell, which expresses CD161 and the IL-1
receptor, IL-1R12!. A subset of human Tregs will downregulate Foxp3 and express T-bet and
IFNy following extensive TCR activation?2.

Treg-Thl differentiation is highly dependent on IL-12, a pro-inflammatory cytokine
known to enhance IFNy production?. IL-12 is associated with autoimmune diseases such as
primary biliary cholangitis and Sjogren’s syndrome. In both conditions, low dose administration
of I[L-12 results in an acquired Th1-like phenotype by Tregs via signal transducer and activator
of transcription (STAT) 4 phosphorylation*. IFNy can induce Treg-Th1 cells directly in vivo®.
IFNy plays a role in cell-mediated immune responses against viral infections, but excessive
cytokine levels are associated with inflammatory and autoimmune diseases. Patients with
autoimmune hepatitis, Sjogren’s syndrome, and multiple sclerosis have IFNy-secreting Tregs

present at a relatively increased frequency in their peripheral blood?¢-28.



Treg-Thl cells that express T-bet but not IFNy are adapted to suppress Thl cells in
disease. T-bet induces expression of CXCR3, a chemokine receptor used by Thl cells when
migrating to inflamed tissue?®. Treg-Thl cells also express CXCR3, allowing them to traffic to
the site of Th1-mediated inflammation and suppress these cells. Mice treated with anti-CD40
antibody develop robust type 1 inflammation, associated with increased T-bet” CXCR3" Tregs™.
These Tregs can inhibit naive T cell proliferation in vitro, indicating their suppressive function is
preserved. T-bet may also be involved in Treg-Th1 homeostasis. In a mixed bone marrow
chimera, T-bet-deficient Tregs were outcompeted by wild-type Tregs in the spleen following
anti-CD40 treatment®.

Tregs can become destabilized to lose suppressive capacity and begin producing IFNy.
These “ex-Tregs” downregulate Foxp3 and may promote autoimmune disease in humans?!.
IFNy™ Tregs extracted from patients with relapsing-remitting multiple sclerosis showed less
suppressive capacity in vitro, which was partially reversed with anti-IFNy treatment?. Similarly,
reduced suppression is observed in IFNy" Tregs isolated from Type 1 diabetes patients®?. In
mice, IFNy" Tregs may retain regulatory function in certain conditions. In a mouse model of
colitis, a subset of intestinal Tregs began expressing IL-17A (Treg-Th17), while others began
expressing IFNy (Treg-Thl). The IFNy" Tregs were able to suppress naive T cell proliferation in
vitro®.

While IFNy is generally thought to be pro-inflammatory, this cytokine may limit
inflammation through direct effects on Tregs and indirect effects on other effector T cells. In
mice, IFNy neutralization and genetic deletion both abrogate Treg function®®. Interestingly, IFNy
may promote Treg generation, potentially through upregulating CD25 expression®>-*¢, IFNy uses

STAT]I as a signaling mediator. Though STAT]1 has been identified as a powerful inhibitor of



Treg development in the periphery?’, the absence of STAT1 contributes to impaired development
of Tregs and increases the risk of developing autoimmune disease’®. This cytokine also limits
proliferation of some T cell subsets and induces apoptosis of naive T cells and Th2 cells***. In
the experimental autoimmune encephalomyelitis (EAE) model of brain inflammation, MIS416 (a
microparticle that activates NOD-2 and TLR-9-signaling) enhanced Treg function and
proliferation in an IFNy-dependent manner*!. Rheumatoid arthritis patients treated with anti-
TNFo (adalimumab) showed elevated IFNy production by NK cells and an expansion of Tregs*?.
Autoimmune disease therapies that target type-1 inflammation may also affect Treg-Th1
cells. Understanding and avoiding these unintended effects may improve disease outcomes, as
Treg-Thl cells optimally limit Th1- and Th17-mediated inflammation. Over the last decade, two
clinical trials have investigated the potential of anti-IFNy therapy for autoimmune disease
treatment. Fontolizumab and AMG 811, two monoclonal antibodies against IFNy, were tested in
Crohn’s disease* and RA in one trial arm, and lupus nephritis* in the other arm. Unfortunately,

both trials failed to show a discernible clinical effect., This is most likely secondary to the

complex biology of IFNy in potentiating both pro-inflammatory and regulatory responses.

1.3 Tregs and Type 17 immunity

Th17 cells and Tregs use shared signals to induce their initial differentiation, and under
the appropriate circumstances, Tregs can take on the transcriptional profile or cytokine
production of Th17 cells to form Treg-Th17 cells. Naive CD4" T cells can be skewed toward a
Th17 lineage via addition of TGF-f} and IL-6 in vitro, and this polarization is dependent on the
transcription factor STAT3%°, The addition of IL-23 can further induce a pathogenic Th17

phenotype with increased secretion of inflammatory cytokines. Tregs secrete and activate latent



TGF-B, and TGF-B without IL-6 skews CD4 cells toward an induced Treg lineage, highlighting
the interconnectedness of these two cell types*. IL-1B and IL-6 treatment can induce RORyt and
IL-17A expression in human Tregs, while retaining suppressive function in most
circumstances*’#8,

IL-17A is required for mucosal immunity against extracellular pathogens, but also plays a
role in autoimmune inflammation*’. IL-17A induces production of antimicrobial peptides and
granulocyte colony-stimulating factor (G-CSF) to mobilize neutrophils to the site of infection®.
Excessive IL-17 signaling contributes to several autoimmune conditions, including psoriasis,
psoriatic arthritis, and ankylosing spondylitis. Th17 cells express IL-21 in severe psoriasis,
which promotes upregulation of RORyt and suppression of Foxp3 in Tregs®!. A low Treg/Th17
ratio has been implicated in inflammatory bowel disease (IBD), systemic lupus erythematosus

(SLE), multiple sclerosis (MS), and autoimmune hepatitis>>->*4

. Given the plasticity between
Tregs and Th17 cells, this simple metric may overlook intermediate cell types with either
suppressive or inflammatory function.

When exposed to type-17 cytokines, mouse and human Tregs can upregulate Th17
transcription factors without production of IL-17A. These Treg-Th17 cells retain their
suppressive function and are better adapted to block Th17 cell mediated inflammation. In mouse
models of colitis, Treg suppression is dependent on STAT3, suggesting that Tregs co-opt a type
17 transcriptional program to better regulate pathogenic Th17 cells®. STAT3-deficient Tregs can
suppress T cell proliferation in vitro but are unable to suppress Th17 differentiation in colitis and
mice develop fatal intestinal inflammation. Treg-Th17 cells may be optimized to suppress Th17

cells due to their localization. In a pristane-induced model of lupus (SLE), Treg17 cells limited

Th17-mediated peritoneal and renal inflammation. Treg-Th17 cells in these tissues expressed the



chemokine receptor CCR6, which activated Th17 cells utilize to traffic to sites of inflammation.
STAT3-deficient Tregs showed reduced CCR6 expression and reduced migration to inflamed
tissue>®. In human Treg cultures, RORyt" Treg-Th17 cells can also be identified by CCR6
expression®’.

Tregl7 cells can release pro-inflammatory IL-17A while maintaining suppressive
function. IL-17A production by human Tregs is enhanced by IL-1p, IL-23, and IL-21 treatment
in vitro, and the process is partly dependent on epigenetic modifications. Inhibition of histone
deacetylase (HDAC) activity reduced IL-17 production in human Tregs®’. These IL-17-secreting
Treg-Th17 cells retain suppressive function in response to weak TCR stimulation, but transiently
lose their regulatory function in response to strong TCR and APC stimulation*’. This mechanism
may be mediated via tumor-necrosis factor receptor super family (TNFRSF) signaling on Tregs.
In mice, TNFR receptors prevent them from expressing RORyt and IL-17A under healthy
conditions. Defects in both CD27 (TNFRSF7) and OX40 (TNFRSF4) cause Tregs to express
high levels of IL-17A and lose suppressive function in mouse models of skin inflammation®®,
This temporary and rapid switch between regulatory or effector function could allow Tregs to
precisely modulate the amount of tissue inflammation in a rapid manner. Treg-Th17 cells could
therefore be adapted to maintain a set level of inflammation in auto-immune disease or cancer,
but the effect of these cells on human disease is unclear.

IL-17A-producing Treg-Th17 cells have been identified in human autoimmune disease,
but the clinical implications of these cells is unclear. Treg-Th17 cells have been described in
psoriasis, hidradenitis suppurativa, systemic sclerosis, and autoimmune hepatitis®*>°-¢!, In
psoriasis patients, lesion severity is associated with Treg-Th17 levels, but it is unclear if the

Treg-Th17 cells are contributing or merely following inflammation. In systemic sclerosis, IL-



17A-expressing Tregs had reduced suppressive capacity and CTLA-4 expression, suggesting that
Treg-Th17 cells may be pathogenic in these patients.

Therapies that target Th17 cells in autoimmune disease may also alter Treg-Th17 cells. In
autoimmune hepatitis patients, blocking IL-17 signaling by several methods increased Foxp3
expression on Tregs and their suppressive capacity. Similarly, inhibiting IL-1 signaling may
reduce Treg differentiation toward a pro-inflammatory state. In human rheumatoid arthritis
patients, recombinant IL-1 receptor antagonist (hIL-1Ra) treatment decreased IL-17 expression
on Tregs in peripheral blood and increased Foxp3 expression. In mice, the same hIL-1Ra
treatment induced Treg differentiation in the spleen®?. IL-17 and IL-1 modulating therapies are
already used to treat autoimmune disease, and part of their effect may be mediated through
inhibition of abnormally functioning pathogenic Treg-Th17 cells. As some of these cells still
maintain suppressive function, it will be important to mechanistically delineate between healthy
and pathogenic Treg-Th17 cells in the hopes of developing novel therapies that skew towards the

more suppressive or ‘regulatory’ state in autoimmune disease or less suppressive in cancer.

1.4 Discussion

Tregs were initially described as a relatively homogeneous cell population. However, we
now appreciate that these cells can have varied origins, localization, and function. In addition,
these cells, and their CD4" Teff counterparts, demonstrate plasticity, altering their phenotype and
function in response to the local cytokine milieu. Tregs have multiple effector programs that are
based on the expression of master transcription factors in addition to Foxp3. These cells have co-

opted the transcriptional regulators and programming of their Teff targets to better colocalize and



suppress these cells. Tregs will express T-bet, IRF4, and RORyt to inhibit Th1, Th2, and Th17
responses, respectively®?.

Tregs can adapt to their local environment through sensing of chemokines and cytokines.
Tregs express the cytokine receptors for Th1- and Thl7-polarizing cytokines. Under certain
contexts, such as in inflamed tissue, Tregs can express the cytokines of their target cells, such as
Treg-Thls, which produce IFNy and become pro-inflammatory cells or Treg-Th17s, which begin
producing IL-17A but retain their suppressive capacity apart from excess. While Th2
differentiation is generally anti-inflammatory, it can mediate inflammation in certain
autoimmune diseases. Treg-Th2 cells generally maintain suppressive capacity, but IL-4 and IL-
13 released by these cells can still promote inflammation. In practice, these relationships are
complicated by multiple functions of each cytokine.

A better understanding of how Tregs sense and respond to their local cytokine
environment is critical in our attempt to elucidate how these cells function in healthy tissues and
the mechanisms by which dysfunctional Tregs may contribute to autoimmune disease or tumor
immune suppression. While a greater ratio or frequency of Tregs is generally considered to better
control tissue inflammation, understanding the expression profile and heterogeneity of these cells
is extremely important. An expansion of Tregs that have lost suppressive capacity in favor of
pro-inflammatory cytokine production may not be clinically efficacious.

As new antibody and small molecule therapies continue to be developed for autoimmune
diseases, it is important to be aware of how these might affect Tregs with different effector
functions. Similarly, when designing therapies to expand Treg populations either in vivo or ex
vivo, targeting an appropriately polarized subset of Tregs for expansion may be more efficient

and effective to suppress the relevant form of inflammation®. Conversely, Treg depletion



approaches are being explored to bolster anti-tumor immunity®®. Surface markers preferentially
expressed on tumor-infiltrating but not circulating Tregs are desirable targets for depleting
approaches, and many of these of these are receptors for inflammatory cytokines, including
TNFa and IL-1. But due to the conserved nature of biology, these cytokine receptors can be
located on a broad range of cell types. Understanding the local inflammatory environment and
how Tregs respond to these cytokines is critical for the development of new Treg depletion

therapies.
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Figure 1.1 Mechanisms of regulatory T cell (Treg) suppression
Tregs can suppress CD4" effector T cell (Teff)-mediated inflammation by multiple direct and

indirect mechanisms. Teffs require continuous IL-2 signaling for proliferation and survival (1).

Tregs preferentially bind IL-2 using the high-affinity IL-2Ra receptor (CD25) and serve as an
IL-2 sink. Tregs can induce Teff apoptosis through FasL-Fas interactions or the release of
perforin and granzyme (2). Tregs can disrupt Teff metabolism to inhibit effector function (3).
Tregs convert adenosine triphosphate (ATP) to adenosine using ectonucleotidase CD39 and

CD73. Tregs can also transfer cyclic adenosine monophosphate (cAMP) directly to Teffs through
gap junctions. Tregs release anti-inflammatory cytokines IL-10, IL-35, and TGFp (transforming

growth factor beta) (4). Tregs use CTLA4 to block co-stimulation on antigen presenting cells
(APCs) such as dendritic cells (DCs). CTLA4 binds and endocytoses CD80/CD86 on APCs,
preventing Teff binding through CD28 (5).
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CHAPTER 2: Decoy receptor IL-1R2 in tumor-associated Treg biology
2.1 Introduction

Regulatory T cells (Tregs) are a suppressive immune cell population and key inhibitors of
anti-tumor immunity. Low CD8:Treg ratios are associated with poor outcomes in a variety of
cancers!' . Treg depletion can bolster tumor immune rejection, but risks generating systemic
autoimmunity*¢. Tregs can inhibit effector T cells through sinking of survival factor IL-2 or
release of anti-inflammatory cytokines TGF-B and IL-107. In addition to modifying the local
cytokine milieu, we increasingly appreciate that Tregs are activated by inflammatory cytokines,
such as TNFa and TLR agonists®!°. Manipulating the local cytokine environment could be used
to limit inflammation-induced Treg activation in tumors.

IL-1 is a potent inflammatory cytokine with complex biology in tumors. IL-1f expression
can be induced on myeloid populations, while IL-1a is also produced by healthy mesenchymal
cells. Chronic IL-1 signaling can promote keratinocyte hyperproliferation and skin
carcinogenesis. In early tumor growth, IL-1f induces angiogenesis via VEGF and invasiveness
through metalloproteinases. At the same time, IL-1f bolsters adaptive immunity by inducing
effector function in CD4" T helper cells (Tconv) and antigen-specific CD8" T cells!'!"!2, A large
clinical trial found that anti-IL-1p treatment (canakinumab) reduced the incidence of tumors over
several years'®. The competing effects of IL-1p are likely mediated by different cell types!4.
While IL-1 signaling on CD4"* T conventional cells (Tconv) has been studied extensively!'>~!, the
role of IL-1 signaling on Treg biology is still an active area of study. IL-1f in concert with other
cytokines can increase effector functions and cytokine production of Tregs in vitro, but these

results are difficult to replicate in vivo 202!,
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Due to its broad pro-inflammatory effects, IL-1 signaling is tightly regulated at the
systemic and tissue level (Figure 2.1). IL-1a or B bind IL-1 receptor 1 (IL-1R1), which forms a
heterodimer with IL-1 receptor associated protein (IL-1RAP or IL-1R3). The heterodimer signals
via cytoplasmic Toll/IL-1 receptor (TIR) domains to initiate a signaling cascade including
MYD88 (myeloid differentiation primary response gene 88), IRAK1/4 (interleukin-1 receptor
activated protein kinase 1 and 4), and TRAF6 (tumor necrosis factor receptor-associated factor
6). This signaling activates transcription factors NF-kB (Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) and AP-1 (activator protein 1), among others??. IL-1
receptor antagonist (IL-1RA) competitively inhibits IL-1R1 and prevents the formation of a
signaling heterodimer. IL-1 receptor 2 (IL-1R2) lacks an intracellular signaling domain and
serves as a sink or decoy receptor for both IL-1f and IL-1RAP. IL-1R2 can exist in soluble form
due to alternative splicing or proteolytic cleavage by metalloproteases?®. While both Il1ra-/- and
I11r2 -/- mice show increased tissue inflammation in arthritis, only IL-1RA deletion increases the
risk of systemic shock?*2%, This distinction suggests that IL-1R2 primarily functions at a local
tissue level.

Single cell RNA sequencing (scRNAseq) has identified a subset of IL-1R2 expressing
Tregs in mouse and human cancers?’3°. Characterization of suppressive tumor Tregs has shown
IL-1R2 is co-expressed with several markers of suppressive tumor Tregs including 4-1BB, but its
function has not been examined?'2. As such, IL-1R2 has been labeled as a marker of tumor
Tregs®3. TCR activation can induce IL-1R2 expression on circulating human Tregs in vitro but
has not been examined in tissue-resident or tumor-infiltrating cells**. Though IL-1R2 expression
and structure are highly evolutionarily conserved between mouse and human??, its role in tumor

biology is currently unknown.
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Here, we characterize a subset of suppressive IL-1R2* Tregs across a variety of human
tumors and in a syngeneic mouse model of colon cancer. We identified the factors that promote
IL-1R2 expression on tumor-infiltrating Tregs. We show that IL-1R2 attenuates tumor growth by
limiting IL-1 signaling on the most activated Tregs. A depleting IL-1R2 antibody was able to
selectively reduce tumor-infiltrating Tregs. Leveraging our understanding of IL-1R2 function on
Tregs, we have defined a novel therapeutic approach to augment tumor immunity and treat

cancer.

2.2 Suppressive Tregs highly express IL-1R2 in human tumors

To identify the genes that define tumor-infiltrating Tregs in human cancer, we sort
purified Tregs and Tconv cells from metastatic melanoma tumors and subjected them to bulk
RNA sequencing. These samples were matched from our previously published data on CD8" T
cells in melanoma®¢. IL1R2 was one of the most differentially enriched genes in Tregs vs. Tconv
cells by fold change and significance, with high RNA counts in tumor-infiltrating Tregs but
almost no expression in tumor-infiltrating Tconv cells from the same patients (Figure 2.2A, B).
To identify whether IL1R2 was heterogeneously expressed across tumor Tregs, we re-analyzed
our scRNAseq from the same melanoma cohort®S. IL1R2 was expressed across all Tregs
(CD4"FOXP3"), with minimal expression across Tconv (CD4"FOXP3") or CD8" T cells (Figure
2.2C). These IL1R2" Tregs also showed high expression of TNFRSF9 (4-1BB), a T cell
costimulatory receptor and immune checkpoint associated with Treg suppressiveness in cancer’’~
40 To examine IL1R2 expression across tumors more broadly, we integrated scRNAseq data
from 46 mixed breast, colorectal, lung, and ovarian cancers in Qian et al. (2020)32. After

subsetting on Tregs and re-clustering the dataset, we observed a cluster significantly enriched for
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ILIR?2 (Cluster 1) (Figure 2.2D). Treg cluster 1 was also highly enriched for TNFRSF9 (4-1BB)
and TNFRSF4 (0X40), a T cell costimulatory receptor (Supp. Figure 2.9A)374!=*3_ This gene
expression profile matched top candidates in the suppressive Treg signature in non-small cell
lung cancer described by Guo et al. (2018) and the pan-cancer tumor-reactive Treg signature
described by Zheng et al. (2021)*%. We applied this suppressive signature of ILIR2, TNFRSF9,
and TNFRSF4 to the Cancer Genome Atlas (TCGA) and performed gene set variation analysis to
identify cancers enriched for suppressive tumor Tregs*®4’. We observed enrichment of IL1IR2*
suppressive Tregs in 20 of 33 cancer cell types, including many carcinomas of the
gastrointestinal tract (Figure 2.2E). Taken together, sequence data from our melanoma patient
cohort and the available literature suggest that /L/R?2 is preferentially expressed on a highly
activated (and putatively highly suppressive) subset of Tregs across multiple human cancers.

To investigate IL-1R2 expression in mouse Tregs, we bred the Foxp3-IRES-mRFP Treg
reporter mouse to the EGFP-knock-in I11r2-/- reporter strain*®*°. When heterozygous (EGFP/+),
these mice contain one functioning allele of 11112, and EGFP in place of the other allele (Supp.
Figure 2.9C). We subcutaneously (s.c.) injected dual-reporter mice with MC38 cells, a
syngeneic colon adenocarcinoma line derived from C57B1/6 mice®’. MC38 cells produce a “hot
tumor” that is rich with immune infiltrate and responds to immunomodulatory treatments®' -4,
We harvested tumors, adjacent skin, and skin draining lymph nodes (sdLN) at multiple
timepoints for flow cytometry (Figure 2.2F, G). We observed a marked increase in IL-1R2
expression on tumor Tregs over the time course of the experiment (Figure 2.2H). We observed
minimal to no expression of IL-1R2 on Tconv cells across the time course. In these experiments,
approximately 75% of tumor Tregs expressed IL-1R2, with an average 30% expression observed

on skin resident Tregs and 15% in tumor-draining lymph node Tregs (tdLN, i.e., inguinal and
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axillary lymph nodes on the left side) (Figure 2.2I). We stained the same samples with anti-
mouse [L-1R2 antibody clone 4E2, the only commercially available monoclonal validated for
flow cytometry, and observed significantly lower expression of IL-1R2 in tumor Tregs (~25%).
This discrepancy is partially explained by IL-1R2 that is released from cells rather than
membrane bound,> % and poor antibody affinity. We note the use of either I11r2-EGFP reporter
or anti-IL-1R2 antibody staining in all successive flow cytometry data.

Lastly, we subdivided Tregs by IL-1R2 EGFP reporter expression into low or high
expressing cells and compared the expression of Treg effector molecules. In tumors, IL-1R2*
Tregs showed significantly higher expression of 4-1BB compared to IL-1R2™ Tregs, with no
difference in other tissues (Figure 2.2J). Similarly, we observed significantly higher PD-1
expression among IL-1R2* Tregs in both the tumor and tdLN (Figure 2.2K), which is associated
with chronic antigenic stimulation®®. Taken together, these results suggest that Tregs in mouse
tumors preferentially upregulate IL-1R2 progressively with tumor growth, likely in response to

significant and prolonged activation.

2.3 IL-R2* tumor Tregs are not predominantly derived from adjacent skin

We consistently observe a subset of IL-1R2" Tregs in adult mouse skin, with similar
levels of receptor expression between tumor-adjacent skin, and contralateral (unaffected) skin
(Supp. Figure 2.10D). This raised the possibility that IL-1R2-expressing tumor Tregs may arise
from pre-activated IL-1R2* Tregs that migrate into tumors from adjacent skin; particularly when
injecting syngeneic cancer lines into skin. To test this, we bred mice with an inducible Cre
recombinase under the Foxp3 promoter (Foxp3-CreER™?) to mice expressing Rosa26-lox-stop-

lox-(LSL)-tdTomato (Ail4) strain, permitting fate mapping of Tregs (Figure 2.3A)%%%!, When
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administered intraperitoneally (i.p.), tamoxifen (tam) is metabolized to the active form Z-4-
hydroxytamoxifen (4OHT) by the liver, and induces tdTomato expression in Tregs systemically
(Figure 2.3D Inset)®2. By contrast, when we apply topical 4OHT to shaved skin, we can
selectively label skin Tregs and track their migration to other tissues. We treated mice with
topical 40HT to the left skin and topical vehicle (acetone) to the right for five consecutive days,
then injected MC38 cells bilaterally (Figure 2.3B). We harvested tumors, tdLLN, and treated skin
on Day 21 for flow cytometric analysis. Topical 4OHT labeled approximately 40% of Tregs with
tdTomato in the left skin, but only 2% of Tregs in tdLN, ipsilateral tumor, and contralateral
tumor (Figure 2.3C, D). The majority of Tregs in MC38 tumors are not derived from adjacent
skin and may have originated as circulating Tregs, which do not express significant IL-1R2. This
finding, along with our kinetic data in Figure 2.1H suggests that Tregs upregulate IL-1R2 once in

the tumor microenvironment (TME), likely in response to local inflammation.

2.4 Tumor Tregs upregulate IL-1R2 in response to TCR stimulation but not IL-1 family
members

To better understand the factors that promote IL-1R2 expression on Tregs, we first
cultured sorted Tregs from the spleen and lymph nodes of Foxp3-RFP, I11r2-EGFP/+ dual-
reporter mice. We observed that TCR stimulation using anti-CD3/CD28 beads caused a
progressive increase in Treg IL-1R2 expression over 48 hours in culture (Figure 2.4A). This
finding is consistent with previous work on human Tregs in culture**. When we further
subdivided these Tregs by IL-1R2-EGFP expression and observed that IL-1R2" cells were
significantly enriched for 4-1BB (Figure 2.4B), consistent with the Treg activation module we

observed in human tumors (Figure 2.2). In myeloid cells, IL-1R2 expression is increased in
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response to local IL-1p and this acts to attenuate IL-1 signaling through the canonical IL-1

receptor on adjacent cells®>%4

. Thus, we tested whether Treg expression of IL-1R2 was
influenced by local IL-1p. Lymph node and splenic Tregs were isolated and treated ex vivo with
increasing concentrations of IL-1p and IL-1a for 48 hours. Tregs are typically cultured with high
concentrations of anti-CD3/CD28 to increase cell count and viability®>®, but the strong TCR
signaling causes most Tregs to express IL-1R2 and could mask any effect of exogenously added
IL-1. To overcome this limitation, we cultured Tregs in either a mixed population of lymphocytes
without anti-CD3/CD28 beads (Figure 2.4C) or cultured Tregs alone with suboptimal TCR
stimulation (1:10 bead to cell ratio) (Figure 2.4D). Under either condition we did not observe a
significant increase in IL-1R2 expression. Similarly, we observed an increase in IL-1R2
expression on human Tregs (hTregs) isolated from peripheral blood following TCR stimulation
(Supp. Figure 2.11B), but no change in expression with the addition of IL-1f to cultured hTregs
from a lymph node containing a metastatic melanoma lesion (Supp. Figure 2.11C). Because
Tregs isolated from lymphoid organs may not accurately represent the biology of tissue-resident
Tregs in vivo, we injected IL-1f subcutaneously into the back skin of healthy mice and harvested
treated skin for flow cytometry analysis. We observed a rapid influx of neutrophils 24 hours after
injection, confirming that the IL-1f had generated local inflammation (Figure 2.4E, Supp.
2.11D). Interestingly, this treatment had no effect on IL-1R2 expression on skin Tregs (Figure
2.4F). Thus, results from both ex vivo and in vivo experiments suggest, that unlike in myeloid
cells, IL-1a or IL-1P are not sufficient to increase IL-1R2 expression on Tregs. These cytokines
may still play a role in IL-1R2 upregulation in concert with other factors, but not independently.
To confirm that IL-1R2 expression is induced on Tregs by signaling through the TCR, we

bred Foxp3-CreER™ mice with Tcra-flox mice. In heterozygous animals (flox/+), tamoxifen
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treatment deletes one allele of TCRa in all Tregs. Due to allelic exclusion at the TCR locus,
approximately half of Tregs will lose TCRa expression and consequently TCRf, which can be
detected by antibody staining®’-%°. We treated all mice with i.p. tamoxifen, injected MC38 cells
and then harvested tumors and tdLN for flow cytometry on Day 21 (Figure 2.4G). We
subdivided Tregs based on TCRJ expression, with each mouse serving as an internal control
(Figure 2.4H). The TCRB" group was most likely larger than 50% due to the generation of new
Tregs after tamoxifen treatment. We observed a significant decrease in IL-1R2 antibody staining
among TCRf™ Tregs compared to TCRB" Tregs in both tdLN (Figure 2.41, J) and tumor (Figure
24K, L). The lower baseline expression of IL-1R2 on tumor Tregs compared to previous
experiments may reflect the earlier timepoint of analysis (14 days post-MC38 implantation).
These results demonstrate that TCR signaling in vivo plays a major role in inducing IL-1R2

expression on tumor-infiltrating Tregs.

2.5 IL-1R2 expression on Tregs results in reduced tumor growth in vivo

The function of IL-1R2 as a decoy receptor on myeloid cells has been previously
described’®"!. However, it is currently unknown how expression of this receptor influences Treg
biology. Because IL-1p is a potent pro-inflammatory cytokine that can augment anti-tumor
immunity’?, we hypothesized that Treg expression of IL-1R2 acts as a local ‘sink’ for IL-1,
effectively reducing Tconv cell function. Thus, we reasoned that deletion of IL-1R2 on Tregs
would result in increased anti-tumor immunity and reduced tumor growth. Alternatively, IL-1R2
could act in a cell intrinsic manner and affect Treg function directly. To test these hypotheses, we
26,61

bred Foxp3-CreER™ mice to Ir2-flox mice to permit inducible deletion of IL-1R2 on Tregs

We treated mixed male and female littermates with tamoxifen or vehicle, then injected MC38
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cells in the left flank. We measured tumor volume every other day from Day 8 to 22, and
harvested tissues on Day 24 (Figure 2.5A). In contrast to our hypothesis, we observed
significantly increased tumor growth in mice with IL-1R2 deleted on Tregs compared to controls
(Figure 2.5B). The effect was observed in both male and female mice, although we observed sex
differences in tumor size (Figure 2.5C). Flow cytometry at Day 24 confirmed reduction of IL-
1R2 antibody staining among Tregs in the tdLN, adjacent skin, and tumor (Figure 2.5D, E).
These results suggest that IL-1R2 expression may promote survival and/or the stability of Tregs
in the tumor environment by limiting IL-1 signaling in a cell intrinsic manner. To investigate the
effect of IL-1R2 on tumor-associated Tregs, we examined expression of key Treg effector
molecules by flow cytometry. Mice with IL-1R2 deleted on Tregs showed a significant increase
in CTLA4 expression on tdLN and tumor Tregs compared to control mice (Figure 2.5F, G). In
addition, we observed a similar increase in I[COS expression on IL-1R2-deficient Tregs in the
tdLLN and skin, but not in tumor, where ICOS expression was high at baseline (Figure 2.5H, I).
We observed no change in the frequency or absolute number of Tconv or CD8" cells (Supp.
Figure 2.12B-E). To confirm that the increase in tumor growth was not due to tamoxifen or Cre
recombinase itself, we repeated the experiment with mice bearing a constitutive Foxp3-Cre
crossed to I11r2-Flox, versus Foxp3-Cre only control mice’?. We observed a similar increase in
tumor growth among I11r2-/- mice and verified the decrease in IL-1R2 antibody staining by flow
cytometry on Day 24 (Supp. Figure 2.12F-H). IL-1R2 expression on neutrophils was
unaffected, suggesting Treg-specific cre activity (Supp. Figure 2.12I). Taken together, these
experiments revealed that IL-1R2 deletion on Tregs increases tumor growth and results in greater

Treg activation.
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2.6 IL-1R2 attenuates Treg activation in tumors

The experiments outlined above suggest that IL-1 signaling may activate Tregs in tumors
independent of antigen and that Treg expression of IL-1R2 attenuates this activation. To
investigate the effect of IL-1 signaling on tumor-infiltrating Tregs and how IL-1R2 regulates
inflammation-induced activation of Tregs in vivo, we compared the gene expression profile of
wild-type and IL-1R2-deficient Tregs in the same tumor environment. We isolated lymph node
and spleen T cells from wild-type CD45.1 mice (Ctrl) and Foxp3-mRFP; 11112-EGFP/EGFP
dual-reporter mice, which lack 7/7r2 systemically (I11r2-/-) (Figure 2.6A). T cells were
transferred into Rag2-/- hosts at a 50:50 ratio to generate mixed chimeras with ~50% of Tregs
able to express IL-1R2 and ~50% of Tregs with IL-1R2 genetically deleted 7*7°. We injected
MC38 cells into each Rag2-/- host on Day 14, and harvested tumors on Day 28. Samples were
pooled, sorted on Live CD4" T cells, and submitted for 3’ scRNAseq (10X genomics). Pooled
tdLN from the same mice were also sequenced (Supp. Figure 2.13A). We created a custom
mouse reference genome with the sequences of EGFP and IRES-mRFP1 appended for
alignment. A module score composed of canonical Treg markers (Foxp3, Ctla4, 112ra, Icos)
identified Tregs along the bottom edge of the UMAP projection’® (Figure 2.6B). Feature plots of
Sell (CD62L), Cd44, and Foxp3 further delineated populations of Tregs, T effector cells (Teffs),
and naive CD4" T cells (Figure 2.6C). 1/1r2 was expressed throughout most of the Treg clusters,
but not in Tconv clusters. Notably, [11r2-/- cells can still show 77772 expression by RNA
sequencing as Exon 1 is transcribed without modification in the dual-reporter mouse. We
subsetted the dataset on Tregs and re-clustered to produce eleven populations (C0-C11) (Figure
2.6D). Overlaying I11r2-EGFP and Foxp3-mRFP expression over the data identifies an even

distribution of [11r2-/- cells from the dual-reporter mice in all clusters except C3 and C8 (Figure
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2.6E). mRFP expression was low, but consistent with the sparse Foxp3 expression in the dataset.
By contrast, EGFP was a top feature with expression in approximately 20% of Tregs (Supp.
Figure 2.13B). Due to the significant amount of transcript dropout (zero counts) in sScRNAseq,
we are undercounting the number of 111r2-/- cells using EGFP and mRFP expression’’. Flow
cytometry analysis of one of the mixed chimeras showed approximately 66:33 distribution of
CD45.17" Ctrl cells vs. CD45.2" dual-reporter cells (I11r2-/-) (Supp. Figure 2.13A). This
undercounting of I1112-/- cells signifies that any expression differences measured between the
two populations are likely greater than reported.

We identified the top differentially expressed (DE) genes in I1112-/- Tregs compared to
Ctrl Tregs using a Wilcoxon rank sum test ’® (Figure 2.6F). The signature for IL-1R2 deletion
included several T cell costimulatory receptors (OX40, Gitr, Lfa2) and Treg effector molecules
(Ctla4, Cd25, Vimentin, Icos). Jund was also a top DE gene, suggesting increased IL-1 signaling
on Il1r2-/- Tregs. Jund codes for AP-1, a major transcription factor downstream of IL-1R1
activation”®!. To identify biological pathways affected by IL-1R2 deletion, we compared the
full DE gene list against the REACTOME database using geneset enrichment analysis (GSEA)®*
8 (Figure 2.6G). Top gene sets included metabolic and signaling pathways, suggesting that
tumor-infiltrating Tregs lacking IL-1R2 have a more activated phenotype than control IL-1R2
expressing Tregs cells. Enriched pathways include ‘Tnfr2 Non Canonical Nf Kb pathway,” which
further suggests increased IL-1 signaling in IL-1R2 deficient Tregs.

To identify differences between the Treg clusters, we created a module score from 10 top
DE genes and applied it to our dataset (Supp. Figure 2.13C). The module score was positively
correlated with UMAP-2, with low expression in clusters C3 and (blue), and high expression in

CO0 and C5 (red). Cluster C7 had an intermediate module score, but showed the greatest
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difference in expression of DE genes between I1112-/- and Ctrl Tregs (Supp. Figure 2.13D). We
hypothesized that C7 has intermediate activation and is most sensitive to changes in IL-1
signaling. We performed Branching pseudotime analysis using Slingshot®>, with C3 on the
control cells as a starting point, believing these to be recent entrants into the tumor (Supp.
Figure 2.13E). Indeed, C7 was predicted to be an intermediate population on the way toward
highly activated clusters CO and C5. These findings suggest that the partially activated cells in
C7 are sensitive to IL-1R2 deletion, while cells in CO and C5 are maximally activated and
unaffected by additional stimulation.

We subset and clustered Tregs from tdLN in a similar manner (Supp. Figure 2.13F).
Most tdLN cells did not express [11r2 (Supp. Figure 2.13G), and all but one cluster had a low
DE gene module score (Supp. Figure 2.13H). The absence of this gradient among tdLN tumors
suggests that the I1112-/- phenotype is driven by local factors in the TME. Taken together, these
results demonstrate that IL-1R2 expression on Tregs acts to attenuate IL-1-mediated activation of

these cells in the tumor microenvironment.

2.7 Depleting IL-1R2 expressing Tregs reduces tumor growth

While Treg depletion therapies can bolster antitumor immunity, the reduction of systemic
Tregs produces significant autoimmunity*-. Depletion approaches that preferentially target
tumor-associated Tregs based on the expression of surface molecules, such as CCR8, are
currently under active clinical investigation?’-?%3¢, Given that IL-1R2 expression is preferentially
induced in tumors, we hypothesized that it could be an effective target for tumor-associated Treg
depletion. To test this hypothesis, we generated and screened antibodies with high affinity for

human IL-1R2, but not IL-1R 1. One high-affinity clone (59353) also bound to the murine IL-

31



1R2 homolog. The sequence of this antibody clone was fused to mouse-IgG2a (m2A-WT) Fc
region to promote antibody effector functions, including antibody-dependent cellular cytotoxicity
(ADCC)¥. To further increase cell depletion, we also generated a modified IgG2a with three
mutations (S239D, A330L, I1332E) in the C(H)2 portion of the Fc region (m2a-XTM) that had
been previously described to enhance ADCC®.

To determine if targeting IL-1R2 can enhance antitumor immunity, we injected female
C57/B16 mice with MC38 cells s.c. in the left flank (Figure 2.7A). Seven days later, we began a
series of 5 i.p. injections with anti-IL-1R2 (59353-m2a-XTM) or isotype control (m2a-XTM).
Treatment with anti-IL-1R2 (59353-m2a-XTM) mAb produced a significant decrease in MC38
tumor volume across the time course, with the greatest difference at Day 27 (Figure 2.7B, C).
Anti-IL-1R2 significantly increased mouse survival i.e., the time until mice reached tumor
endpoint (2cm?). Over half of anti-IL-1R2 treated mice never reached maximum tumor volume
by the end of measurement on Day 50 (Figure 2.7D). 20% of anti-IL-1R2 treated mice showed
complete tumor rejections, compared to 0 of 10 controls (Supp. Figure 2.14A), suggesting that
IL-1R2" Treg depletion can not only reduce MC38 growth, but also bolster anti-tumor immunity.
We observed similar tumor volume and survival differences using the m2a-WT variant (Supp.
Figure 2.14B-D), indicating that the unmodified IgG2A Fc region is sufficient to generate cell
depletion.

We also performed tumor experiments with CT26, a syngeneic mouse colorectal

b

carcinoma cell line derived from BALB/c mice®’. The CT26 model also generates “hot tumors’
with immune cell infiltrate and has been used to study immunomodulatory cancer therapies®-°,

Similarly, we injected CT26 cells s.c. into the left flank and began a series of 5 i.p. injections

with anti-IL-1R2 or isotype control on Day 9 (Figure 2.7E). Anti-IL-1R2 (59353-m2A-WT)
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significantly decreased tumor volumes over the time course, with the greatest difference at Day
26 (Figure 2.7F, G). Again, anti-IL-1R2 treatment increased mouse survival time compared to
control, with median survival extended by 4 days (Figure 2.7H). To confirm Treg depletion, we
harvested a subset of mice for immunophenotyping on Day 14. Anti-IL-1R2 treatment
significantly reduced (~50%) the percentage of tumor Tregs without affecting the frequency of
other T cells in the tumor (Figure 2.71, Supp. 2.14F). Importantly, the percentage of Tregs in
tdLN and in circulation were not affected, suggesting that IL-1R2" Treg depletion is limited to
the TME and does not generate systemic autoimmunity. We did not observe skin inflammation in
the depleted group, despite the presence of IL-1R2" Tregs in healthy skin. Further studies to
understand the role of IL-1R2 on skin Tregs and to characterize the effects of depleting skin
Tregs are warranted.

IL-1R2" Tregs also in the skin and other tissues will require further Furthermore, anti-IL-
1R2 treatment preferentially depleting the most activated Tregs, as marked by a decrease in the
percentage CCR8" and 4-1BB* Tregs in the tumor, but not in circulation (Figure 2.7J, K). The
slight, but not significant increase in CCRS8 expression on tdLN Tregs may reflect that CCR8
expression is regulated independently from 4-1BB and IL-1R2 expression. CCR8 may therefore
mark a compensatory population of alternatively activated Tregs. Taken together, these results
suggest that IL-1R2 antibodies can selectively deplete tumor Tregs resulting in reduced tumor

growth.

2.8 Discussion

IL-1R2 was first described on myeloid cells and has been well-characterized in the context of

arthritis and local tissue inflammation®!. The decoy receptor is expressed on the cell surface or
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released to bind free IL-1 family members and can block IL-1 signaling in a cell-intrinsic (cis) or
extrinsic (trans) manner®>3. More recently, sScRNA seq has identified a subset of ILIR2
expressing Tregs in human and mouse tumors?”?%, IL1R2 has appeared as a top differentially
expressed gene in several datasets and has consequently been labeled as a marker of tumor Tregs
without further investigation into the receptor. Other studies have included IL1R2 in gene
signatures of suppressive tumor Tregs primarily defined by TNFRSF9 (4-1BB) expression®244,
The correlation between /L/R2 and TNFRSF9 expression potentially masks a distinct role of IL-
1R2 separate from 4-1BB. While the narrow function of /L/R2 as a decoy receptor is understood,
its role in tumor-associated Tregs was still unclear. Answering this question required
manipulation of not only IL-1R2 expression, but also of IL-1 signaling on Tregs. In this study we
adapted genetic tools developed to study IL-1R2 on myeloid cells for use in Treg biology.

We identified a population of IL-1R2* Tregs in the skin of healthy and tumor-bearing
mice. IL-1R2 expression in the skin was not affected by tumor volume or time since
implantation, suggesting that this population is independent from tumor Tregs. To confirm that
tumors are not being seeded by skin Tregs that already express IL-1R2, we used a skin-
restricted fate mapping system developed by our group. Topical 4OHT treatment labeled 40% of
skin Tregs, and we observed only 2% of labeled Tregs in each of the ipsilateral tumor,
contralateral tumor, and tdLN. With maximal skin labeling, we would extrapolate that 5% of
tumor-associated Tregs are labeled, suggesting that the skin is not a major contributor of tumor
Tregs. This rare population may represent a subset of recirculating tissue Tregs and warrants
further study. If these recirculating Tregs retain their CCR8 expression, they could account for

the slight increase in CCR8" lymph node Tregs with our depleting antibody therapy. IL-1R2 has
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been described to regulate recirculation of Tregs into the thymus®?, and these labeled cells may
be utilizing similar mechanisms for migration.

A growing body of literature suggests that Tregs are activated by inflammatory mediators
in tissues to regulate their effector functions in addition to antigen engagement. Our data
suggests that in tumors, TCR stimulation induces an activated Treg signature that includes IL-
1R2 expression. IL-1R2 on Tregs functions to attenuate further activation by limiting IL-1
signaling in a cell-intrinsic manner. In this way, Treg expression of IL-1R2 regulates the amount
of inflammation-induced activation these cells receive in tumors.

IL-1R2 deficient Tregs in tumors showed higher expression of canonical Treg markers
used to suppress immunity, suggesting that IL-1p directly augments Treg function. This finding
is consistent with previous findings that IL-1 promotes effector functions of CD4" and CD8* T
cells!’!2, On Tregs specifically, IL-1pB in concert with other cytokines can augment Treg
suppression of Th17 cells in disease®®. IL-1 signaling also activate myeloid cells, and IL-1R2 has
been shown to limit local tissue inflammation in rheumatoid arthritis models?*#°. While myeloid-
derived IL-1R2 can regulate cells in trans, the decoy receptor likely functions in a cell intrinsic
manner on Tregs, as evidenced by significant expression differences between I11r2-/- and wild-
type Tregs in the same animal. Unlike IL-1R2 expressing myeloid cells, Tregs do not secrete IL-
1B, precluding the possibility of an IL-1 negative feedback loop on Tregs. Instead, Tregs are
likely integrating cytokine signaling with TCR engagement to regulate their responses.

These IL-1R2 functions may extend to other diseased tissues. We report a subset of IL-
1R2 expressing Tregs in mouse skin, suggesting that these cells are experiencing chronic antigen

engagement. IL-1R2 may function to limit Treg activation in inflammatory skin lesions,
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particularly in response to IL-1 released by injured and proliferating keratinocytes®>®. Further
study into the role of IL-1R2 in skin is warranted.

We initially hypothesized that IL-1R2 on Tregs would promote tumor growth by limiting
the amount of free IL-1p available for T effector cells, thus limiting their activation. Tumor-
infiltrating Tregs are generally detrimental for anti-tumor immunity, with high Treg frequency
associated with poor prognosis in human cancers'~. Single-cell expression data from a broad
cross-section of tumors revealed that IL-1R2" Tregs co-express TNF receptor super family
member 4-1BB, which has been shown to bolster Treg suppression and increase tumor
growth®”3°, We speculated that IL-1R2 on Tregs may have a similar pro-tumor effect. Instead, we
observed that deletion of IL-1R2 on Tregs increased tumor growth. In these animals, free IL-1f3
was acting directly on Tregs rather than effector cells, again suggesting a cell intrinsic role for
IL-1R2 on Tregs.

In our mouse scRNAseq, IL-1R2 deleted Tregs showed increased NF-kB activation,
which is downstream of IL-1 signaling. The enriched NF-«kB pathway is associated with TNF
receptor 2 (TNFR2), suggesting that IL-1R signaling either synergizes with TNFR2 signaling, or
that the two receptors share a converging signaling cascade. TNFR2 engagement promotes cell
survival in highly activated T cells. On Tregs specifically, TNFR2 stabilizes Foxp3 expression
and maintains a suppressive phenotype in inflamed tissues®’. This function carries over to
tumors, where TNFR2" Tregs are highly suppressive and promote tumor immune evasion”®. We
speculate that TNFR2-mediated non-canonical NF-kB activation may be particularly important
to retain Treg identity during cytokine exposure in the tumor. While IL-1f can promote a
Th1/17-like Treg phenotype, pro-inflammatory cytokines in excess could destabilize Foxp3

expression and convert the cells to ex-Tregs.
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While IL-1R2" Tregs limit tumor growth compared to IL-1R2-deficient cells, the decoy
receptor does not mark a ‘beneficial’ population of tumor-infiltrating Tregs. Indeed, IL-1R2 is
expressed on the most suppressive tumor Tregs which inhibit tumor immune rejection. Instead,
we propose that IL-1R2 limits excessive inflammation-induced activation on Tregs in tumors.
The decoy receptor may protect Tregs from activation-induced cell death®®, and we noted
decreased numbers of 11112-/- Tregs compared to wild-type cells in our bone marrow chimeras.
Any change in Treg survival was not enough to overcome the increased suppressiveness of these
cells in response to IL-1 mediated activation. Given these findings, we did not see reason to
investigate IL-1R2 blocking as a therapeutic approach for cancer.

Selective expression of IL-1R2 on the most suppressive tumor Tregs makes the decoy
receptor an appealing target for cell depletion therapy. Treg depletion is an active area of study,
with demonstrated potential to promote tumor immune rejection.3610%101 Systemic depletion of

Tregs carries a significant risk of autoimmunity?!%?

, so identifying surface markers that are
selective for tumor Tregs is critical to limit side effects. 4-1BB has been proposed as a depletion
target, but the molecule is broadly expressed on activated Tconv cells!?*~1%5_ Depleting anti-
CCRS therapy is currently in phase 1 clinical trials'%. Chemokine receptor CCRS is highly
expressed on suppressive tumor Tregs but not circulating Tregs, and depletion of CCR8" cells
amplifies anti-tumor immunity'%”-!%, However, CCRS8 expression is also observed in Th2
cells!®-110 NK cells!!!, and tissue resident memory (Trm) cells in human skin!'?. Approximately
50% of af T cells in skin are CCR8", including CD8" and CD4" Tconv cells!!3-'!°, The effect of
depleting these cells is not yet known. By contrast, IL-1R2 is not expressed by any other

population of T cell. In mouse skin, only 30% of Tregs express IL-1R2, and these cells are not

depleted by our anti-IL-1R2 antibody (clone 59353). These results suggest that [L-1R2 may be a
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cleaner marker for tumor Treg depletion than other proposed targets. Additionally, any off-target
depletion of myeloid cells would likely strengthen anti-tumor immunity. Tumor-associated
neutrophils and macrophages are generally immunosuppressive and are associated with poor

survival in cancer!!®

. We observed a partial, but significant decrease in tumor neutrophil count
following anti-IL-1R2 antibody treatment (data not shown).

To our knowledge, this study is the first comprehensive investigation of IL-1R2 function
in tumor Treg biology. We defined an inflammation-induced activation signature on Tregs that
includes IL-1R2 expression. We showed that IL-1R2 on Tregs limits tumor growth, and defined a
cell intrinsic mechanism by which Tregs can use IL-1R2 to attenuate IL-1 mediated activation in
cancer. These findings are summarized in our proposed model of IL-1R2 on Tregs (Figure 2.8).
Cancer cells express self-antigens that can be recognized by Tregs. Continuous antigen
engagement via the TCR induces IL-1R2 expression on Tregs. Immunologically “hot” tumors
also contain tumor associated macrophages (TAMs), neutrophils, and other myeloid cells that
produce IL-1p. Membrane-bound IL-1R2 binds free IL-1f and IL-1RAP on the same cell to
inhibit IL-1R signaling. Deleting IL-1R2 on Tregs results in increased IL-1R signaling and NF-
kB activity. While soluble IL-1R2 released by Tregs could act in trans, Tregs compose a
relatively small fraction of cells in tumors. NF-kB promotes the expression of multiple Treg
effector genes, including I12ra and Ctla4, that allow the cells to suppress CD8* and CD4" Teff
activity. High affinity IL-2Ra reduces the free IL-2 available to Teff cells, while CTLA4 binds
CD80/CD86 on antigen-presenting cells (APCs) to prevent Teff binding through CD28. Lastly,
we exploited the specificity of IL-1R2 on tumor Tregs to develop a novel cell depleting approach

for cancer. Future clinical trials will be needed to determine the safety and efficacy of this

approach.
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2.9 Methods
Animals

All animals were bred and maintained in a specific pathogen free mouse facility in
accordance with the Laboratory Animal Resource Center and Institutional Animal Care and Use
Committee of the University of California San Francisco (UCSF). Mice were socially housed
under a 12-hour day/night cycle. Littermate controls were used for all experiments except for
tumor experiments utilizing Foxp3-Cre; [11r2-Flox mice vs. Foxp3-Cre Only controls. Animals
of both sexes were used, unless otherwise noted. Sex, parental cage, and weaning cage were
randomized among experimental groups. All experiments were conducted using adult mice aged
6-18 weeks. Mouse strains used in this study include Foxp3-IRES-mRFP (Jax:008374); Foxp3-
GFP-CreERT2 (Jax:016961); Rosa26-LSL-tdTomato [Ail4] (Jax:007914); Foxp3-YFP-Cre
(Jax:016959); Cd4-Cre Tg (Jax:022071); I11r1-Flox (Jax:028398); B6 CD45.1 (Jax:002014);
C57Bl1/6 (Envigo:057); Balb/C (Envigo:047); (I11r2-EGFP (kindly provided by Dr. Yoichiro
Iwakura); I11r2-Flox (kindly provided by Dr. Cem Gabay); Tcra-Flox (kindly provided by Dr.

Daniel Mucida).

Administration of Tamoxifen, 4OHT, and IL-1p

Tamoxifen (Sigma-Aldrich) was dissolved in corn oil (Sigma-Aldrich) at 37C by shaking
overnight. For systemic Cre recombinase induction, tamoxifen was administered to mice
intraperitoneally at a dose of 100 mg/kg every day for 5 days. For tumor growth experiments
using Foxp3-CreERT2 mice, we administered additional injections of tamoxifen or vehicle (corn

oil) every 6 days to induce Cre recombination in newly generated cells. In experiments using
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topical z-4-Hydroxytamoxifen (Sigma-Aldrich), 5 mg of 4OHT was dissolved in 10 ml of
acetone (Sigma-Aldrich) to generate a stock concentration of 500 pg/ml. 4OHT was then diluted
with acetone to generate working aliquots of 20 pg/ml (1:25 dilution) stored at -80C. We applied
100 pl of 40HT or vehicle (acetone) to anesthetized mice in a dropwise manner to exposed
dorsal back skin over 5 consecutive days. Mice were shaved in a “mohawk” configuration (no
depilation was performed), with back skin divided into a left section treated with 4OHT and a
right section treated with acetone. Due to the high vapor pressure of acetone, there is no residual
liquid to remove from the skin and the mice are returned to their cage.

In experiments with subcutaneous (s.c.) IL-1p injection, we shaved a 3 x 3 cm square on
the left back skin of [11r2-EGFP/+ reporter mice. We resuspended recombinant mouse IL-13
(R&D) at 2 pg/ml and injected 100 pl of IL-1 (200 ng) or PBS control into the center of the
shaved region. The shaved region of skin and sdLN were harvested after 24 or 48 hours, as

described above.

Adoptive T cell transfer

B6 CD45.1 or Foxp3-RFP; [11r2-EGFP (CD45.2) mice were euthanized, and inguinal,
brachial, axillary, and mesenteric lymph nodes were harvested, pooled by strain, and mashed
through a 40 pm strainer using a 5 mL syringe plunger and strained into Sml of cold RPMI. Cells
were spun down and resuspended in 1 ml of 2% FBS/PBS. Spleens were harvested separately as
above, but resuspended in 3 ml of PharmLyse 1x (BD) and incubated at 37C for 3 minutes. Lysis
was quenched with 12 ml of cold 2% FBS/PBS. Spleen cells were spun down and resuspended in
1 ml of 2% FBS/PBS and combined with lymph node cells. Cells were stained with fluorescent

antibodies for TCR, CD4, CD8a, CD25, CD62L (1:100) and Ghost viability dye (1:500), then
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sorted on a BD FACS Aria 2 as described below. We collected Tregs, CD4" Tconv cells, and
CDB8" T cells at a ratio of 25:25:50, respectively, and then combined cells from both strains
(CD45.1 and Foxp3-RFP;I11r2-EGFP) at a ratio of 50:50. We resuspended the cell mixture in
sterile PBS at 5 x 10° cells/ml, and immediately injected 5 x 10° cells (100 pl) retro-orbitally into

each recipient Rag2-/- host.

Tissue Processing

Mice were euthanized and whole back skin was shaved. For lymph node samples, we
dissected either bilateral axillary, brachial, and inguinal lymph nodes (sdLN collectively) or
inguinal and axillary nodes ipsilateral to subcutaneous tumors (tdLN collectively). Lymph nodes
were mashed through a 40 pm filter with a 5 mL syringe plunger into cold RPMI. Cells were
spun down and resuspended in 500 pl of 2% FBS/PBS for antibody staining. Tumors were
carefully separated from underlying skin, weighed, and finely minced with scissors. Samples
were placed in 50 ml conical tubes containing 1-3 mL of C10 digestion media (RPMI with 10%
calf serum, 1% HEPES, 1% non-essential amino acids, 1% GlutaMAX, 1% penicillin-
streptomycin, 2 mg/mL collagenase XI, 0.5 mg/mL hyaluronidase, and 0.1 mg/mL DNase) and
digested in a bacterial shaker for 45 min at 37C and 225 rpm. For back skin, we removed any
remaining scapular or inguinal fat before weighing and finely mincing the tissue. Samples were
placed in 50 ml conical tubes containing 3 mL of digestion media and digested for 45 min at 37C
and 225 rpm. Tumor and skin digestion was quenched with 10 mL of cold RPMI. Samples were
vortexed for 10 s and immediately passed through 40 pm strainers. Cells were spun down and

resuspended in 1 mL of 2% FBS/PBS for antibody staining.

41



Flow Cytometry

Samples were diluted based on cell number, as calculated using a NucleoCounter
(ChemoMetec). Single-cell suspensions were pelleted and resuspended in 2% FBS/PBS
containing fluorophore-conjugated antibodies listed in the key resources table. Cells were
initially stained with antibodies targeting cell surface proteins and Ghost 510 viability dye
(Tonbo Biosciences) for 30 min. For intracellular staining, cells were fixed and permeabilized
using the Cytofix/Cytoperm kit (BD Biosciences) for 30 min. Samples were resuspended in 2%
FBS/PBS for flow analysis on a BD Fortessa. We added CountBright absolute counting beads
(Invitrogen) to skin and tumor samples to calculate cells/gram. For cell sorting, we resuspended
samples in 25% FBS/DMEM and used a BD FACS Aria2.

For all cell types, initial forward scatter vs. side-scatter gates were carefully adjusted by
backgating on live CD45" populations to include immune cells and exclude debris. Strict dead
cell and doublet exclusion was performed prior to gating for immune cells (CD45%). afT cells
were gated as CD45" TCRB" and subdivided into Tconv (CD4" FoxP3"), Treg (CD4* FoxP3™),
and CD8" T cells (CD8a*" CD4"). For dual-reporter mice, monomeric red fluorescent protein
(mRFP) and enhanced green fluorescent protein (EGFP) were used to report Foxp3 expression

and I11r2 expression, respectively. Neutrophils were gated as CD45" TCRB Ly6G™ MHC IT".

In vitro assays

We isolated cells from the spleen, mesenteric lymph nodes, and skin draining lymph
nodes of CD4-Cre; Il11r1-Flox mice or I11r1-Flox only controls. We enriched for CD4" T cells
using an EasySep negative selection kit (StemCell), then sorted Tregs (Live CD25* CD62L") or

Tconv cells (Live CD25  CD62L"). T cells were expanded in D10F media (DMEM with 10%
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calf serum, 1% HEPES, 1% non-essential amino acids, 1% GlutaMAX, 1% sodium pyruvate, 1%
penicillin-streptomycin) with fresh 2-mercaptoethanol (55 uM) and Proleukin (rhIL-2, 2000
IU/ml). For suboptimal TCR stimulation, we added anti-CD3/CD28 Dynabeads (Gibco) ata 1:10
bead:cell ratio, along with varying concentrations of recombinant mouse IL-1a or IL-1f (R&D).
Cells were collected for flow cytometry or bulk RNA sequencing after 2 days.

For human T cell assays, lymphocytes were extracted from human blood by Ficoll-Paque
gradient centrifugation and stained with fluorescent antibodies. We sorted human Tconv cells
(Live TCRB" CD4* CD8a CD257) and human Tregs (CD25" CD127"). Cells were plated in
D10F media with Proleukin 2000 IU/ml and 2:1 anti-CD3/CD28 beads:cells (Gibco). We
collected cells after 72 hours for flow cytometry. Melanotic lymph nodes were finely minced
with scissors and digested overnight in C10 media with collagenase, hyaluronidase, and DNAse.
Mixed lymphocytes were counted and plated in D10F media with varying concentrations of
recombinant human IL-18 (R&D) and suboptimal 0.1 pg/ml anti-CD3/CD28. We collected the
lymphocytes after 72 hours, stained for CD4" Tconv cells and Tregs, and analyzed by flow

cytometry.

MC38 and CT26 tumor growth

IL1R2-specific antibodies were generated via screening of a human IgG yeast display
library. Clones were selected with a recombinant fusion of the human IL1R2 full-length
extracellular domain (Uniprot P27930 aa 14-343) to the Fc domain of human IgG1. Antibodies
were screened for specificity by confirming lack of binding to a human IL1R1 ECD-Fc fusion
protein (R&D Systems). We bound high-affinity clone 59353 to mouse-IgG2a (m2A-WT) Fc

region to promote antibody-dependent cellular cytotoxicity (ADCC), or to a modified IgG2a
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with three mutations (S239D, A330L, I332E) in the C(H)2 portion of the Fc region (m2a-XTM)
to further enhance ADCC.

Frozen stocks of MC38 and CT26 tumor cells were provided by Murgenics. Aliquots of
cells were thawed and cultured in complete media (DMEM with 10% FBS, 1% sodium pyruvate,
1% GlutaMAX, 1% nonessential amino acids, 1% HEPES, 1% gentamycin sulfate, and 1%
penicillin-streptomycin), with passage every other day. For MC38 tumor experiments, we shaved
the left flank of C57B1/6 mice or both flanks for topical 4OHT experiments. Cultured MC38
cells were resuspended in sterile PBS at 5x10° cells/ml and placed on ice. We implanted tumors
by injecting 100 ul (5x10° cells) or 200 pl (1x10° cells) subcutaneously into the left flank. We
measuried tumor volume every other day with calipers beginning 8 days after cell injection.
Volume was calculated as width (w) * height (h) * (w+h) / 2 and all measurements were taken
blind to mouse treatment or genotype. Depleting antibody treatment was initiated on Day 7,
when mouse tumors averaged a volume of 100 pm?. Antibody was injected intraperitoneally
every third day until Day 19.

For CT26 tumor experiments, we shaved the left flank of Balb/C mice. Cultured CT26
cells were resuspended in sterile PBS at 2.5x10° cells/ml. We injected 200 ul (5x10° cells)
subcutaneously into the left flank. We measured tumor volume every other day from Day 8 to
Day 26. Depleting antibody treatment was initiated on Day 9, when mouse tumors averaged a

volume of 100 um?. Antibody was injected intraperitoneally every third day until Day 21.

Single-cell RNA sequencing

We isolated tumor and tdLN from eight Rag2-/- hosts reconstituted with T cells from

wild-type mice (B6 CD45.1) and Il11r2-/- mice (Foxp3-RFP, [1112-EGFP/EGFP). Samples were
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pooled by tissue type and processed as described above. We enriched for CD4" T cells using an
EasySep CD4 positive selection kit (StemCell) followed by FACS sorting on Live CD4" cells.
We submitted 2 lanes per tissue for single cell RNA sequencing (1x10* cells/lane). Samples were
run on separate lanes of a 10X Chromium chip with 3’ v2 chemistry (10X Genomics) following
manufacturer instructions by the UCSF Institute for Human Genetics Sequencing Core. Libraries
were sequenced on an Illumina NovaSeq 6000.

We generated a custom mouse reference genome using the mkref command in Cell
Ranger v7.0 (10X Genomics). The custom reference was composed of mm10 (2020A) with the
sequences for EGFP and IRES-mRFP1 appended. FastQ files were aligned and filtered using the
count command in Cell Ranger v7.0. Downstream data analysis, including clustering,
visualizations, and exploratory analyses, were performed in R v4.0 using Seurat package v4.3.0.
Cells with <200 features, >2500 reads, > 5% mitochondrial reads, >42% ribosomal reads were
filtered out during preprocessing. Datasets were log normalized and integrated using the
canonical correlate analysis (CCA) based IntegrateData function, with the top 200 most variable
features selected as integration anchors. We ran PCA on the integrated objects and ran the
JackStraw function to determine significant principal components (PCs). Based on the JackStraw
results, we proceeded with the first 30 PCs for tumor samples A and B, the first 20 PCs for tdLN
samples C and D, and the first 40 PCs for combined tumor and tdLN samples A-D. We generated
multiple UMAPs per integrated object to determine an optimal clustering resolution. We
proceeded with a resolution of 1.0 for tumor, 1.0 for tdLN, and 1.2 for combined tumor and
tdLN. Tregs were identified by expression of a Treg module score, composed of Foxp3, 12ra,
Ctla4, Lrrc32, Lag3, Pdcdl, 1110, 11172, Tnfrsf9, and Tnfrsf4. We subset on Tregs, reclustered,

and removed any outliers. Cells were categorized as I1112-/- if they expressed EGFP and/or
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IRES-mRFP or Ctrl if they did not. In the tumor Treg object, clusters C3 and C8 had a low
frequency of I11r2-/- cells and were excluded from differential expression (DE) gene analysis.
We calculate DE genes between I11r2-/- and Ctrl tumor Tregs using the fast Wilcoxon area under
curve function in the Presto package. We performed gene set enrichment analysis (GSEA) using
the Fgsea package, with DE genes (sorted by log2 fold change) as input and Reactome pathways
as the comparator. We created an I11r2-/- module out of Top DE genes Tnfrsf4, Tnfrsf9, Tnfrsf18,
Ikzf2, Icos, 112ra, Vim, Cd2, and Jund. We performed trajectory analysis using the Slingshot

package, with cluster C3 in the control sample set as the starting point.

Reanalysis of Sequencing Data

For bulk sequencing of human melanoma T cells, we obtained un-normalized gene counts
from melanoma Treg and Teff samples in Mahuron et al. (2020). We calculated genes enriched in
Tregs vs. Teffs using the DEseq2 package and plotted genes on a volcano plot using the
Enhanced Volcano package. For single cell sequencing of melanoma Tregs, we obtained filtered
feature matrices of gene expression from patient K409 in Mahuron et al. (2020). We filtered,
normalized, and clustered cell using Seurat as described above. We generated feature plots with
canonical T cell genes (CD8A4, CD4, FOXP3, TNFRSF9) to classify cell types, and plotted
IL1R2 expression across the dataset. To compare IL1R2 expression across human tumors, we
used BBrowser (BioTuring) to integrate scCRNA seq count data from 46 tumors in Qian et al.
(2020) using Harmony with batch correction per patient. We subset the dataset on Tregs and
performed Louvain clustering. We overlayed IL/R2, TNFRSF9, and TNFRSF4 expression on a t-
SNE plot (t-distributed stochastic neighbor embedding) of the dataset to identify a cluster of

suppressive Tregs (C1). We compared expression of C1 Tregs to other Tregs and to other Tconv
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cells from Qian et al to identify C1-defining genes. To identify the tumors most enriched for
these suppressive Tregs, we performed gene set variation analysis (GSVA) using ILIR2,

TNFRSF9, and TNFRSF4 against 33 cancers from the Cancer Genome Atlas (TCGA).

Quantification and Statistical Analysis
Statistical analyses were performed using Prism v9.4.1 (GraphPad). P-values were

calculated using two-tailed unpaired or paired Student’s t-tests or one-way ANOVA and as

indicated in the figure legends. Mice cohort size was designed to be sufficient to enable accurate

determination of statistical significance and no animals were excluded from the statistical
analysis. Mice were assigned to treatment or control groups randomly. Apart from bulk and
single cell RNAseq, all experiments were repeated 2-3 times, and all data points represent
individual biological replicates unless noted otherwise. Experimental schematics were created

with BioRender.com.
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Figure 2.1 Regulation of interleukin-1 (IL-1) signaling

A. IL-1P or IL-1a binds IL-1 receptor (IL-1R1), allowing the formation of a heterodimer with
IL-1 receptor accessory protein (IL-1RAP or IL-1R3). The heterodimer signals through
cytoplasmic Toll/IL-1 receptor (TIR) domains to recruit adaptor proteins MYD88 (myeloid
differentiation primary response gene 88), and IRAK1/4 (interleukin-1 receptor activated protein
kinase 1 and 4). Phosphorylation of IRAK1/4 promotes phosphorylation of TRAF6 (tumor
necrosis factor receptor-associated factor 6) and initiates a signaling cascade that overlaps with
tumor necrosis factor (TNF) receptor signaling. This signaling cascade activates multiple
transcription factors, including NF-xB (Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) and AP-1 (activator protein 1). B. IL-1 receptor 2 (IL-1R2) is a non-signaling
decoy receptor for IL-1 lacking TIR domains. IL-R2 has 100-fold greater binding affinity for IL-
1B over IL-1a. The 1112 gene encodes both a membrane-bound and soluble (sIl1r2) splice
variant. C. Membrane-bound IL-1R2 binds and serves as a sink for both IL-1 and IL-1RAP. The
heterodimer between IL-1R2 and IL-1RAP does not signal. Membrane-bound IL-1R2 can be
cleaved by matrix metalloproteases to form soluble sIL-1R2. D. IL-1 receptor antagonist (IL-
IRA or IL-1RN) is a competitive inhibitor of IL-1R1. The receptor antagonist causes IL-1R1 to
undergo a conformation change, preventing formation of a signaling heterodimer with IL-1RAP.
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Figure 2.2 Suppressive Tregs highly express IL-1R2 in human tumors

A. Volcano plot of gene expression in regulatory T cells (Treg) vs. conventional CD4+ T cells
(Teconv) from melanoma skin by bulk RNA sequencing (RNAseq). Data reanalyzed from
Mabhuron et al. (2020). IL1R2 expression is highlighted. B. ILIR2 counts in Tregs vs. Tconv cells
from melanoma skin by bulk RNAseq. C. Uniform manifold approximation and projection
(UMAP) plot of T cell IL1R2 expression from a melanoma sample by single-cell RNAseq
(scRNAseq). Inset: UMAP plots of CDS8A, FOXP3, TNFRSF9 (4-1BB, CD137), and CD4
expression (clockwise). D. T-distributed stochastic neighbor embedding (t-SNE) plot with IL1R2
expression on Tregs from 46 human tumors (breast, colorectal, ovarian, lung) by scRNAseq,
with clustering overlaid. IL1R2 expressing cluster 1 is highlighted. Data reanalyzed from Qian et
al. (2020). E. Prevalence of suppressive Tregs across 33 different tumors types from the Cancer
Genome Atlas (TCGA) by gene set variation analysis (GSVA). Suppressive Treg signature
composed of ILIR2, TNFRSF9 (4-1BB), and TNFRSF4 (0X40). F. MC38 tumor time course
using Foxp3-IRES-mRFP; [11r2-EGFP/+ dual-reporter mice. G. Representative flow plots of
Treg (Foxp3-RFP+ CD25+) and Tconv cell (Foxp3-RFP-) gating, and I11r2-EGFP reporter
expression on Tregs from skin draining lymph node (sdLN), tumor, and skin on Day 24 post-
MC38 implantation (clockwise). H. Percent of IL-1R2+ cells among tumor Tregs vs. Tconv cells
over time. I. Comparison of IL-1R2 expression using an [11r2-EGFP/+ reporter (left) or anti-IL-
1R2 antibody clone 4E2 (right). Tregs from tumor draining lymph nodes (tdLN) (CD25hi
CD127-), skin or tumor (CD25+ ICOS+) of [11r2-EGFP/+ reporter mice on Day 24 post-MC38
implantation. Expression of 4-1BB (J) and PD-1 (K) on I1112-EGFP+ vs. 11112-EGFP- Tregs
from tdLLN, skin, and tumor of mice on Day 24 post-MC38 implantation. Results are shown as
mean +/— SD, with dots representing individual patients or mice (B, H-K). Statistics are
calculated using unpaired (B, I) or paired two-tailed t-tests (H, J, K) with a False Discovery
Approach (FDR) for multiple comparisons (Benjamini). *, p < 0.05; **, p <0.01; *** p <0.001;
FaEE p <0.0001; #**F** p <0.00001; ns, not significant. FC, fold change. Adj p-val, adjusted p-
value. s.c., subcutaneous. FSC-A, forward scatter area.
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Figure 2.3 IL-R2+ tumor Tregs are not predominantly derived from adjacent skin

A. Diagram of topical z-4-hydroxytamoxifen (4OHT) and vehicle (acetone) application on left
and right back skin, respectively. B. Foxp3-CreER'%; Rosa26-LSL (Ail4) mice were treated with
40HT and vehicle for 5 days, followed by s.c. MC38 injection into left and right flanks. C.
Representative flow plots of tdTomato expression on Tregs from left skin (topical 4OHT-treated),
tdLLN (bilateral), right tumor (contralateral to 4OHT), and left tumor (ipsilateral to 4OHT) on
Day 21 (clockwise). Tregs were gated on CD25hi CD127- (tdLN) or CD25+ ICOS+ (skin,
tumor). D. Percent of tdTomato labeled Tregs per tissue on Day 21 after topical 4OHT. Inset:
Percent of tdTomato labeled Tregs in a control mouse treated with 5 days of intraperitoneal (i.p.)
tamoxifen (tam). Results are shown as mean +/— SD, with dots representing individual mice (D).
Statistics are calculated using paired two-tailed t-tests with a False Discovery Approach (FDR)
for multiple comparisons (Benjamini). *, p < 0.05; **, p <0.01; ns, not significant.
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Figure 2.4 Tumor Tregs upregulate IL-1R2 in response to TCR stimulation but not IL-1
family members

A. Percent of [11r2-EGFP expression on mouse Tregs in culture. Tregs were sorted from sdLN
and spleen of dual-reporter mice, then cultured with anti-CD3/anti-CD28 (aCD3/CD28) beads at
a 3:1 bead:cell ratio. B. Expression of 4-1BB on I1112-EGFP+ vs. I11r2-EGFP- Tregs in culture.
C. Expression of IL-1R2 on Tregs (CD4+ Foxp3-RFP+) after 48 hours in culture with mixed
lymphocytes and varying concentrations of IL-1f. D. Expression of IL-1R2 on sorted Tregs after
48 hours in culture with suboptimal aCD3/CD28 activation at a 1:10 bead:cell ratio and varying
concentrations of IL-1a. E. Neutrophils per gram skin following s.c. injection of 200 ng IL-1f or
PBS. Neutrophil influx used to confirm IL-13-mediated inflammation. F. Percent of I11r2-EGFP
expressing skin Tregs following s.c. injection of IL-1B or PBS. G. Foxp3-CreER?; Tcra-fl/+
were treated with i.p. tamoxifen for 5 days, followed by MC38 injection in the left flank. H.
Representative flow plots of TCR expression on tdLN (left) and tumor (right) Tregs on Day 21.
TCRp staining used as a proxy for TCRa presence. I. Representative flow plots and
quantification (J) of IL-1R2 expression on TCRB+ vs. TCRB- Tregs in tdLN using anti-IL-1R2
antibody staining. K. Representative flow plots and quantification (L) of IL-1R2 expression on
TCRp+ vs. TCRB- Tregs in tumors using antibody. Results are shown as mean +/— SD, with dots
representing individual mice. Statistics are calculated using one way ANOVA (A-D) and paired
two-tailed t-tests (B, E, F, J, L) with a False Discovery Approach (FDR) for multiple
comparisons (Benjamini). *, p <0.05; **, p <0.01; **** p <0.0001; ns, not significant.
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Figure 2.5 IL-1R2 expression on Tregs results in reduced tumor growth in vivo

A. Foxp3-CreER'?; I11r2-Flox mice were treated with i.p. tamoxifen (tam) or vehicle (corn oil)
for 5 days, followed by MC38 injection in the left flank. Tumor volume (w*h*[w+h]*0.5) was
measured from Day 8-22. B. MC38 tumor volume on tam-treated I11r2-/- mice vs. vehicle-
treated (veh) control mice over time. C. Tumor volume data divided into male (left) and female
(right) mice. D. Representative flow plots of Treg (Foxp3+ CD25+) and Tconv cell (Foxp3-)
gating in tumor (left). IL-1R2 expression on tumor Tregs using anti-IL-1R2 antibody staining
(right). E. Percent of [L-1R2+ Tregs in I1112-/- vs. control mice, grouped by tissue. F.
Representative flow plots and quantification (G) of CTLA4 expression on I11r2-/- vs. control
Tregs, grouped by tissue. Baseline CTLA4 expression set in Tconv cells from tdLLN. H.
Representative flow plots and quantification (I) of ICOS expression on I1112-/- vs. control Tregs,
grouped by tissue. Baseline ICOS expression set in Tconv cells from tdLN. Results are shown as
mean +/— SD, with dots representing individual mice. Statistics are calculated using one way
ANOVA (B, C) and unpaired two-tailed t-tests (B, C, E, F, H, J) with a False Discovery
Approach (FDR) for multiple comparisons (Benjamini). *, p < 0.05; **, p <0.01; **** p <
0.0001; ns, not significant.
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Figure 2.6 IL-1R2 attenuates Treg activation in tumors

A. T cells from Foxp3-IRES-mRFP; [11r2-EGFP/EGFP mice (Il11r2-/-) and CD45.1 C57Bl/6
mice (Ctrl) were transferred at a 50:50 ratio into Rag2-/- hosts via retro-orbital (r.0.) injection.
Rag2-/- hosts were injected with MC38 on Day 14. CD4+ T cells from tumor and tdLN were
collected for scRNAseq on Day 28. B. UMAP plot of CD4+ T cells from MC38 tumor with Treg
module score and cell identities overlaid. C. UMAP plots of Sell (L-selectin, CD62L), Cd44,
I11r2, and Foxp3 (descending). D. UMAP of tumor Tregs after subsetting and reclustering. Cells
are colored and labeled by cluster. E. UMAP of tumor Tregs with expression of EGFP (green)
and mRFP (red) overlaid. F. Top 30 differentially expressed (DE) genes enriched in I11r2-/-
tumor Tregs vs. Ctrl Tregs by fold change. Left: gene names, labeled by category. Middle:
heatmap of average gene expression in I11r2-/- vs. Ctrl cells. Right: -log10 adjusted P-value of
DE genes. G. Top significantly enriched REACTOME pathways in I1112-/- vs. Ctrl Tregs using
gene set enrichment analysis (GSEA). Left: pathway names, labeled by category. Middle: gene
rank plots and normalized enrichment scores (NES) of each pathway. Right: -log10 adjusted P-
value of REACTOME pathways.
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Figure 2.7 Depleting IL-1R2 expressing Tregs reduces tumor growth
A. C57BIl/6 mice were injected with MC38 cells and treated with 5 x 600 pg of depleting anti-IL-
1R2 antibody (alL-1R2) vs. [gG2A isotype control on Day 7, 10, 13, 16, and 19 post-
implantation (arrows). B. MC38 tumor volume in mice treated with alL-1R2 vs. isotype over
time. C. MC38 tumor volume at Day 27 post-implantation. D. Survival curve of MC38 tumor-
bearing mice until experimental endpoint (tumor volume > 2 cm?). E. Balb/C mice were injected
with CT26 cells and treated with 5 days of depleting alL.-1R2 vs. isotype control on Day 9, 12,

*kkk
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15, 18, and 21 post-implantation. F. CT26 tumor volume in mice treated with alL-1R2 vs.
isotype over time. G. CT26 tumor volume on Day 26 post-implantation. H. Survival curve of
CT26 tumor-bearing mice until experimental endpoint (tumor volume > 2 cm?). I. Percent of
Tregs (Foxp3+ CD25+) among total CD45+ cells in alL-1R2 vs. isotype treated mice by flow
cytometry. Cells isolated from blood, spleen, tdLN, and tumor on Day 14 post-CT26
implantation. J. Percent of CCR8+ Tregs and 4-1BB+ Tregs (K.) among total CD45+ cells by
flow cytometry. Cells isolated on Day 14 post-CT26 implantation, grouped by treatment and

tissue. Results are shown as mean +/— SD, with dots representing individual mice. Statistics are

calculated using one way ANOVA (B, F), Mantel-Cox log-rank test (D, H) and unpaired two-
tailed t-tests (C, G, I-K) with a False Discovery Approach (FDR) for multiple comparisons
(Benjamini). **** p < 0.0001; ns, not significant.
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Figure 2.8 Model of IL-1R2 function on tumor Tregs

Cancer cells generate self-antigens, which engage the T cell receptor (TCR) on tumor-associated

Tregs. TCR engagement promotes IL-1R2 expression on tumor Tregs. Tregs use membrane-

bound IL-1R2 to limit IL-1R signaling in a cell-intrinsic fashion. Tumor-associated macrophages

(TAMs) and other activated myeloid cells produce IL-1f in the tumor. Deletion of IL-1R2 on
Tregs leads to increased IL-1R1 signaling and expression of transcription factor NF-kB
(Nfkb1/2, Rela/b, Rel). NF-«B increases expression of Treg effector genes, including I12ra and

Ctla4. High affinity IL-2Ra reduces free IL-2 available for CD8+ and CD4+ Teff cells. CTLA4
binds and endocytoses CD80/CD86 on APCs, preventing Teff binding through CD28. Together,

IL-1 signaling increases Treg activation to suppress Teft function in the tumor.
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Figure 2.9 Supplement to suppressive Tregs highly express IL-1R2 in human tumors

A. t-SNE plots of TNFRSF9 (4-1BB) expression (left) and TNFRSF4 (0X40) expression (right)
on Tregs from 46 human tumors (breast, colorectal, ovarian, lung) by scRNAseq, with d
clustering overlaid. Suppressive cluster 1 is highlighted. Data reanalyzed from Qian et al. (2020).
B. Scatter plot of gene expression in cluster 1 Tregs vs. other Tregs (x-axis) and vs. other T cells
(y-axis) by log> FC. Most significantly enriched genes are labeled in the upper right corner and
colored by p-value and log2 FC to define a gene signature for suppressive cluster 1. Signature
genes included IL1R2, TNFRSF9, TNFRSF4, TNFRSF18 (GITR), LAIR2 (Leukocyte-
associated Ig-like receptor 2), ZBTB32 (Zinc finger and BTB domain containing 32), LTA
(Iymphotoxin A), CUL9 (Cullin 9), and TNFRSF1B (TNF receptor 2). Highest confidence
required x-axis: p < 1x107° and log2 FC > 1.5, y-axis: p < 1x10-° and log2 FC > 3, z-axis p <
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1x107° and log2 FC > 4 (not shown, C1 Tregs vs. all other tumor cells). C. Diagram of Foxp3 in
Foxp3-IRES-mRFP (FIR) mice: IRES-mRFP1 construct inserted into the untranslated portion of
exon 14 (top). Diagram of 1112 in I11r2-EGFP reporter mice: EGFP replaces exons 2-4 to inhibit
1112 translation (bottom). D. Flow gating strategy for CD4+ T cells from MC38 tumors. E. From
left to right: flow gating strategy for surface labeling of Tregs in tdLN using surrogate markers
CD25hi CD127- (panel 1), in skin using CD25+ ICOS+ (p2), and tumor using CD25+ ICOS+
(p3). Representative flow plots of anti-IL-1R2 antibody staining on Tregs from tdLN (p4), skin
(p5), and tumor (p6). For simultaneous staining with the 11112 reporter and antibody, cells could
not be permeabilized to preserve 111r2-EGFP signal, and Foxp3-RFP could not be used due to
overlap with phycoerythrin (PE) anti-IL-1R2.
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Figure 2.10 I11r2-EGFP expression in tumor and skin of MC38-bearing mice

A. Representative flow plot of I11r2-EGFP expression on tumor Tregs 24 days post-MC38
implantation. B. Representative flow plots of 4-1BB expression on EGFP+ (left) and EGFP-
Tregs (right) from the same mouse on Day 24. C. Representative flow plots of PD-1 expression
on EGFP+ (left) and EGFP- Tregs (right) from the same mouse on Day 24. D. [11r2-EGFP
reporter expression on Tregs from back skin adjacent to implanted MC38 tumor (ipsilateral) or
on the opposite side (contralateral). Each pair of dots represents a mouse. Statistics are calculated
using a paired two-tailed t-test. ns, not significant.
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Figure 2.11 Supplement to tumor Tregs upregulate IL-1R2 in response to TCR stimulation
but not IL-1 family members

A. Fluorescence activated cell sorting (FACS) strategy for Tregs from Foxp3-RFP; I11r2-EGFP
dual reporter mice. B. IL-1R2 expression on human CD4+ T conventional cells (hTconv) and
human Tregs (hTreg) in vitro using anti-IL-1R2 clone 34141. Cells were isolated from human
blood, sorted on Live TCRB+ CD4+ CD25- (hTconv) or CD4+ CD25hi CD127- (hTreg), and
cultured for 72 hours with aCD3/CD28 beads. C. IL-1R2 expression on hTconv and hTreg from
melanotic LN with IL-1p. Two melanotic LN were digested overnight, then plated with varying
concentrations of IL-1p, and cultured for 72 hours with suboptimal 0.1 pg/ml aCD3/CD28.
Statistics are calculated using paired two-tailed t-tests. ns, not significant. D. From left to right:
representative flow plots of myeloid cell gating in control mouse skin (24h PBS) (panel 1);
neutrophil staining in skin 24 hours after s.c. injection with PBS (p2) or IL-1p (p3).
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Figure 2.12 Supplement to IL-1R2 expression on Tregs results in reduced tumor growth

in vivo

A. Individual MC38 tumor growth curves for Foxp3-CreERT?2; I11r2-Flox mice treated with tam
(I11r2-/-) or veh (Control). B. Percent of CD8+ T cells out of total CD45+ cells in tdLLN, skin,
and tumor on Day 24 post-MC38 implantation, grouped by treatment. C. Percent of CD4+ Tconv
cells out of total CD45+ cells on Day 24, grouped by treatment. Absolute number of CD8+ cells
(D) and Tconv cells (E) per gram of skin or tumor on Day 24, grouped by treatment. F. MC38
tumor volume on Foxp3-Cre; I11r2-Flox mice (I11r2-/-) vs. Foxp3-Cre only mice (Control) over
time. G. Individual MC38 tumor growth curves for I11r2-/- vs. Control mice. H. Percent of anti-
IL-1R2 antibody expression on Tregs in tdLN, skin, and tumor on Day 23 post-MC38
implantation, grouped by genotype. I. Percent of IL-1R2 expression on neutrophils on Day 23
suggests that Foxp3-Cre is Treg specific. Note that neutrophils are infrequent in tdLN, skin, and
tumor. Statistics are calculated using one-way ANOVA (F) or unpaired two-tailed t-tests (B, C,
D, E, H, I) with a False Discovery Approach (FDR) for multiple comparisons (Benjamini). *, p
< 0.05; **** p <0.0001; ns, not significant.
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Figure 2.13 Supplement to IL-1R2 attenuates Treg activation in tumors

A. Percent of Tregs among CD4+ T cells (left) and ratio of CD45.1+ (Ctrl) to CD45.2+ (111r2-/-)
Tregs (right) in a Rag2-/- host 28 days after cell transfer. tdLN (top) and tumor (bottom)
harvested for flow analysis before proceeding with scRNAseq experiment. B. Fraction of 111r2-/-
tumor Tregs (EGFP and/or mRFP expressing) vs. Ctrl Tregs per cluster. C. UMAP of tumor
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Tregs with module score composed of top DE genes from Figure 2.5F. D. Violin plots of Tnfrsf4
(0X40), Tnfrsf9 (4-1BB), Tnfrsf18 (GITR), Icos, and Ikzf2 (Helios) gene expression among
Tregs in cluster 7, divided by treatment. Median expression and p-value of unpaired two-tailed t-
tests overlaid. E. Branching lineage structure (developmental trajectory) analysis using
Slingshot. Cluster 3 on control cells (low activation) set as starting point, with two independent
trajectories moving toward cluster 7 (intermediate activation), then ending at cluster O or cluster

5 (high activation). F. scRNAseq of tdLN from Rag2-/- mice with transferred CD45.1 WT and
CD45.2 11112-/- T cells. UMAP of tdLLN Tregs after subsetting and clustering. Cells are colored
and labeled by cluster. G. UMAP of 11112 expression on tdLN Tregs. H. UMAP of tdLN Tregs
with module score of top DE genes from I1112-/- tumor Tregs, as in Figure 2.11C.
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Figure 2.14 Supplement to depleting IL-1R2 expressing Tregs reduces tumor growth

A. Individual MC38 tumor growth curves C57B1/6 mice treated with 5 x 600 ng of IgG2A
isototype control (left) or depleting anti-IL-1R2 antibody (right). Tumor rejection observed in 0
of 10 control mice vs. 2 of 10 anti-IL-1R2 treated mice. B. Percent of CD4+ Tconv cells (left)
and CD8+ cells (right) out of total CD45+ cells in the blood of Balb/C mice on Day 12 and 14
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post-CT26 implantation, grouped by treatment. C. Percent of CD4+ Tconv cells (left) and CD8+
cells (right) out of total CD45+ cells in CT26 tumor on Day 12 and 14, grouped by treatment.
Results are shown as mean +/— SD, with dots representing individual mice. Statistics are
calculated using unpaired two-tailed t-tests (B, C) with a False Discovery Approach (FDR) for
multiple comparisons (Benjamini). ns, not significant.
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