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Chapter 1

General introduction

The T cell response to cancer

CD8* and CD4* T cells can defend higher organisms against pathogens and cancer through the
recognition of foreign (“non-self”) molecules, called antigens. CD8* T cells are particularly effective
in targeting tumors, because they can identify intracellular antigens presented by MHC Class |
molecules that are expressed on all cell types, including all tumor variants. CD8* T cells differentiate
into cytotoxic T lymphocytes (CTL) upon activation that can directly kill infected or cancer cells.
In contrast, CD4* T cells recognize antigens presented in the context of MHC Class I, which is
predominantly expressed on antigen-presenting immune cells (APCs). They can therefore directly
recognize only certain cancers and are primarily involved in immunomodulatory functions. CD8" T
cells are activated (primed) in secondary lymphoid organs and after clonal expansion and effector
differentiation, go into the blood, from where they can reach and infiltrate infected or cancerous
tissues. For successful cancer immunotherapy, a durable and self-sustaining anti-tumor CD8* T cell
response is crucial. Efficient priming of effector T cells relies on the activity and migration of dendritic
cells (DCs) from the tumor. DCs encompass three different lineages, including plasmacytoid (p)
DCs and conventional (c)DC type 1 (cDC1) and type 2 (cDC2). cDC1s and cDC2s are discerned in
migratory and lymph node-resident subsets?. cDCs are specialized in engulfing infected cells and
cellular debris, which they process and present as antigens via MHC Class | and Il molecules to
CD8* and CD4* T cells, respectively. cDCs need to be adequately activated to express specific
costimulatory molecules and cytokines to induce (prime) CD8* and CD4* T cell responses. Activation
of DCs in cancer depends on the release of danger-associated molecular patterns (DAMPs) from
dying cancer cells. Additionally, cDCs require “help” or licensing from CD4* T cells through MHC
Class ll-mediated interaction to fully mature®®. CD4* T cell help equips CD8* T cells with effector
and memory functions required to overcome negative regulation®’. Intravital imaging argues that
priming of effective CD8* T cell immunity occurs in two steps: The initial priming step takes place
separately for CD8" and CD4* T cells in distinct areas of lymphoid organs, involving cDC1s and cDC2s,
respectively. Subsequently, CD8* and CD4* T cells interact with the same lymph node-resident or
perhaps migratory cDC1, where CD4* T cells provide their help signals allowing for effector CD8" T
cell differentiation to occur>®°, cDCs are crucial in determining whether a response by conventional
CD8* and CD4* T cells (Tconv) occurs. Insufficient DC activation can lead to tolerogenic mechanisms,
including the development of non-responsive (anergic) T cells or the priming of regulatory CD4* T
cells (Tregs)™. Tregs promote immune tolerance by attenuating conventional T cell (Tconv) responses

through inhibition of cDC activation and migration'2 or by suppression of effector T cell function?3.

Thus, a series of intricate and carefully orchestrated steps is required to mount an effective anti-
tumor T cell response. Several bottlenecks commonly hinder this response, including the lack

of recognizable non-self antigens, insufficient presence of T cells with tumor antigen-specific T



General Introduction & Scope of thesis

cell receptors (TCRs) in the patient’s repertoire, inadequate abundance of cDCs in the tumor, or
inadequate activation of cDCs, and effector T cell suppression in the tumor micro-environment
(TME). Targeting of these bottlenecks has been the focus of current cancer immunotherapy
strategies and has resulted in a surge of clinical trials in the past years**>. However, only a small
fraction of patients with solid tumors benefit from these treatments?®, emphasizing the requirement

for a better understanding of the immunogenicity and immune responsiveness of cancers.

Interplay between tumors and the immune system

Recent advances in multi-omic analysis of human cancer have provided valuable insights into the
relationship between tumors and the immune system and the impact of the immune response on
patient survival'’*8, These studies have revealed that tumors of the same type, e.g. non-small cell
lung cancer (NSCLC) or colon cancer can present a wide range of immune constellations that can
be favorable or unfavorable in terms of overall patient survival and response to immunotherapy.
Generally, lymphocyte paucity, in combination with high levels of fibroblasts and/or myeloid cells, is
typically associated with a higher mortality rate, whereas a high abundance of lymphocytes, often
accompanied by elevated levels of DCs and robust IFN responses, is strongly linked to improved
response to antibody-based immunotherapy and overall survival*”*®, These “inflamed” tumors
usually meet the required conditions for T cell priming in the TdLN, but suboptimal priming,
combined with immunosuppression in the TME often impairs their activity, resulting in T cell
exhaustion®. In such cases, antibody-based blockade of the inhibitory pathways imposed by PD-(L)1
or CTLA-4 can restore anti-tumor T cell responses?®?, In contrast, tumors lacking T cells generally
experience immunosuppression or immune ignorance at an early stage in development, rendering
them unresponsive to the same immunotherapy approaches. For these tumors, strategies should

focus on inducing T cell priming rather than overcoming immunosuppression in the TME?2.

Tumor progression not only affects the local immune landscape but also triggers systemicimmune
alterations?. This leads to a state of general immunosuppression, typically due to the mobilization
of immunosuppressive myeloid cells in the host, creating a favorable environment for tumor
metastasis to distant organs®. The tumor-draining lymph nodes (TdLNs), acting as downstream
lymph draining site for (tumor) tissues, are often the first affected sites. This results in significant
immunosuppression that hinders effective tumor-specific T cell responses?, presenting another

hurdle for effective cancer immunotherapy.

Cancer immunotherapy

Immunotherapy strategies are designed to overcome barriers that impede effective anti-tumor T

cell responses. Among these, therapeutic vaccination aims to expand the pool of tumor-reactive
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T cells. This is achieved by incorporating either tumor-associated “self” antigens like cancer-testis
antigens, or “non-self” antigens including virus-derived antigens and tumor-specific neoantigens®.
However, clinical benefit of vaccination is limited by challenges in antigen identification (for
both CD8* and CD4"* T cells), inadequate MHC class | expression on tumors, local and systemic
immunosuppression and tumor burden?. To overcome these hurdles, adoptive cell therapy (ACT)
with autologous or allogeneic tumor-specific T cells was proposed as a promising strategy?’. ACT
involves infusion of highly active effector T cells, and recent advances in genetic engineering of
tumor-specific TCRs and the development of chimeric antigen receptor (CAR)-T cell have further
improved its effectiveness, particularly in hematopoietic malignancies. However, outcomes with
ACT depend on the presence of defined tumor antigens, the availability of tumor-specific T cells
with the appropriate functional capabilities and resistance to exhaustion, and have a risk of life-

threatening toxic off-target effects?.

Immunomodulatory antibodies, commonly known as immune checkpoint blockade (ICB), like
anti-PD-(L)1 and anti-CTLA-4 alleviate suppression imposed on tumor-specific T cells existing
within patients. This approach presents a potential solution to lack of defined tumor-specific
antigens. The co-inhibitory receptors PD-1 and CTLA-4 attenuate CD28 costimulation®°, required
to support T cell division, metabolism, and survival®' through distinct mechanisms. PD-1 dampens
CD28 costimulation by binding to its ligands PD-L1 or PD-L2, which are presented by cDCs. This
interaction causes the recruitment of SHP2 tyrosine phosphatase to PD-1, which leads to CD28
dephosphorylation and subsequent signaling inhibition®2. CTLA-4, constitutively expressed on
Tregs and upregulated by Tconvs post activation, downregulates the CD28 ligands CD80 and
CD86 from the cell surface of cDCs*®. Thereby, it plays a crucial role in peripheral tolerance by
establishing Treg-mediated inhibition of the priming of self-reactive T cells**. Notably, PD-(L)1
blockade can act in the TME, but also promotes T cell priming in the TdLN3*%*, Impressive curative
responses following CTLA-4 blockade were observed in melanoma®, whereas PD-1 inhibition
achieved significant successes in non-small-cell lung cancer®, renal carcinoma®, and head and
neck squamous carcinoma®. Additionally, the combination of CTLA-4 and PD-1 blockade can be
synergistic, as was first shown in melanoma*® and has yielded considerable successes in other
difficult-to-treat cancers, including mismatch-repair proficient colorectal cancer* and advanced
esophageal cancer*. However, the mechanism underlying this synergistic response has not yet
been fully elucidated?**®. Despite these successes, response rates for most solid tumors are
disappointing®®, which can be attributed to the lack of pre-existing T cell responses in these
tumors. Thus, especially for cancers displaying robust immunosuppression, immunotherapy
approaches should aim to 1) evoke an effective, preferably endogenous, anti-tumor T cell response
without the requirement for prior identification of tumor antigens, and 2) overcome prevailing

immunosuppression. To achieve this, ICB may be combined with radiotherapy (RT)*.

10
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Radiotherapy

RT is a common cancer treatment given to over 50% of patients for curative or palliative
purposes®. RT inflicts DNA damage and selectively targets tumor cells, owing to their high
proliferation rate and frequent loss of DNA repair capabilities. This leads to either a permanent
cell cycle arrest or tumor cell death*. In contrast to chemotherapy, RT is applied locally to the
tumor field and thereby offers the advantage of reduced off-target toxicity to healthy tissues.
Moreover, RT not only causes tumor cell death, but also induces local immunomodulatory effects.
For example, RT targets endothelial-cellular junctions and enhances the expression of adhesion
molecules, potentially resulting in improved permeability and enhanced infiltration of circulating
immune cells into the TME®. Additionally, RT may expose immunogenic neoantigens by
upregulating mutated gene expression*%® and it can potentially increase the expression of MHC
Class | on tumor cells®. Furthermore, depending on the anatomical location, proliferative state,
and level of differentiation, RT may also target other cellular components in the TME, including
immunosuppressive cells*®. Thus, in addition to reducing tumor size, RT can create a more

immune-permissive environment, potentially reducing the likelihood of local tumor recurrence.

Radiotherapy and immunogenicity

RT has gained increasing interest for its potential effects on systemic anti-tumor immunity. In 1953,
Robin Mole observed that local RT may result in anti-tumor effects outside the field of treatment,
described as the abscopal effect™. The contribution of the immune system to this effect was not
identified until 1979, when it was observed that an intact immune system was crucial for RT-induced
tumor control®l. Many years later, the abscopal effect to RT was shown to depend on the recruitment
of effector T cells to the tumor>2. However, the fact that RT could support T cell priming remained
unknown for two decades until the groundbreaking study by Lugade, et al.>*, who demonstrated that
local RT supports the differentiation of tumor-specific effector T cells in the TdLN. These studies not
only emphasized the importance of T cells for achieving curative effects with RT, but also highlighted

the potential of RT to generate new T cell responses.

Upon causing tumor cell death, RT may release cellular debris, including antigens and DAMPs
required to achieve DC maturation and migration to the TdLN®%. Specifically, RT-induced DNA
damage activates the nucleic acid sensor cGAS in tumor cells, leading to the activation of the
Stimulator of Interferon Genes (STING) pathway and subsequent production of type | interferons
(IFN-1)>>°¢, Release of IFN-I is crucial to improve the activation and migration of DCs*’. Thus, RT
can essentially kickstart the cancer-immunity cycle to promote endogenous anti-tumor T cell
responses®. In principle, this may be further supported by concomitant ICB, but the combination

of RT and such immunotherapy thus far has not consistently achieved combined curative

11
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responses*. This is likely primarily due to our limited understanding of the mechanisms by
which RT affects immune responses in tumors with varying immune complexities. Specifically,
spontaneously immunogenic tumors containing tumor-specific T cells in the TME prior to
treatment may exhibit intratumoral T cell activation upon RT alone*® or in combination with ICB®°.
This may lead to regression of the irradiated tumor without the requirement of a systemic T cell
response. In contrast, tumors lacking tumor-specific T cells in the TME prior to treatment, require

for regression the development of a RT-induced anti-tumor T cell response in the TdLN.

Various factors limit the effectiveness of RT in eliciting systemic anti-tumor T cell responses,
including the lack of RT-induced release of antigens and DAMPs®®2, insufficient recruitment
of DCs®® and immunosuppression in the TME®. Additionally, RT may cause the upregulation of
inhibitory molecules, including PD-L1 and CD73%5%, further contributing to immunosuppressive
effects that could limit curative responses. Importantly, these factors are often overlooked
or diluted in pre-clinical mouse studies, as these typically take advantage of tumor models
that contain dominant, non-self antigens and therefore poorly reflect human cancers®*®7%, |t
is currently unclear to what extent RT can induce T cell priming in the human cancer setting,
specifically in immunosuppressive tumors lacking a tumor-specific T cell infiltrate prior to
treatment. Therefore, we need a comprehensive, mechanistic understanding of how RT affects
the T cell response to poorly immunogenic tumors. This is essential to rationally combine RT with

specificimmunotherapeutic interventions, to achieve a synergistic effect on anti-tumor immunity.

Scope of the thesis

In this thesis, | used mouse tumor models of different immune complexities to define and
optimize determinants for RT-induced T cell priming and subsequent anti-tumor immunity. First,
| identify, in a tumor model resembling human lymphocyte-depleted cancer, impediments that
prevent systemic RT-induced T cell responses and present interventions that overcome these
impediments. Next, | describe work investigating the role of RT and other interventions to

overcome local T cell suppression in the TME, using different tumor models.

In chapter 2, we examined the potential and challenges of using RT to generate novel T cell responses
in a tumor model representing human lymphocyte-depleted cancer. We observed that low
lymphocyte levels and high myeloid cell content negatively impact overall survival after RT in human
tumors. We utilized the transplantable TC-1 tumor model to replicate these immune characteristics
in mice. This tumor model is characterized by systemic immunosuppression, indicated by increased
monocyte and Treg levels in the TdLN and tumor. In this model, RT promotes CD8* T cell priming
in the TdLN, required for RT-induced tumor control. However, concurrent Treg priming, which is

spontaneously induced by the tumor and further exacerbated by RT, hindered these responses. We

12
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proved that in this setting, CTLA-4 and PD-1 blockade further enhanced RT-induced Treg responses
and resulted in failed tumor control. Mechanistically, we identified CD28 costimulation, engaged
upon CTLA-4 and PD-1 blockade, as the main driver of the RT-induced Treg response. We discovered
that the CD28-ligand CD86 promoted this Treg response. Inhibition of CD86, but not CD80, prevented
RT-induced Treg expansion, enhanced cDC1 activation and CTL priming, and together with anti-PD-1

led to improved RT-induced tumor control and overall survival.

This chapter presents compelling evidence for the potential of RT to induce a potentially tumor
eradicating CTL response even in the presence of systemic Treg-based immunosuppression.
Furthermore, it emphasizes the significance of considering the patient’s tumor immune profile,
particularly the Tconv/Treg ratio, when designing combination strategies involving RT. This is
crucial, as conventional ICBs may inadvertently promote undesired Treg responses. In addition,
we propose CD86 blockade as a promising potential therapeutic target to prevent (RT-induced)

Treg responses in the TdLN and tumor.

The influence of Tregs as an impediment to (RT-induced) anti-tumor immunity has received much
attention by earlier studies®’%7*, However, clinical targeting of Tregs has been impeded by the
limited availability of targetable molecules exclusively expressed by Tregs, and the challenge of
identifying targets that can discriminate tumor-specific Tregs from healthy tissue to preserve
homeostatic immune tolerance. Thus, a comprehensive characterization of the development
and origin of tumor-induced Treg responses is crucial to identify potential targets that can
effectively differentiate them from healthy surrounding tissue. In chapter 3, we characterize the
Treg response triggered by TC-1 tumor development and highlight potential future experiments

necessary to better identify the factors to determine potential targets for Tregs.

In chapter 4, we study the potential of RT to promote CD8* T cell responses in the TME locally. Here,
we investigated the use of RT as a strategy to overcome anti-PD-1 resistance in a transplantable breast
carcinoma model. Combined infusion of inhibitory anti-PD-1 and agonistic anti-CD137 facilitated the
priming of CTLs, while RT created a T-cell permissive TME. Additionally, the presence of an unirradiated
second, contralateral tumor, further emphasized the contribution of RT in supporting local CTL
activity, as CTL infiltration in these “metastatic” tumors was not enough to improve tumor control
and survival. Rather, low-dose systemic cisplatin infusion created a permissive CTL environment in the
non-irradiated lesion, leading to prolonged overall survival. This chapter proposes that even following
sufficient CTL priming and infiltration, local immunosuppressive mechanisms within the TME may
prevent CTL functionality, alongside PD-1 blockade. In such cases, strategies like RT and cisplatin can

be used to overcome these impediments and restore CTL reactivity.

Classically, TMEs have been categorized into “immune desert”; lacking T cell infiltration,

“immune excluded”; containing T cell restricted to the tumor border, and “immune infiltrated”;

13
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characterized by T cell infiltration’2. However, the mechanisms that prevent immune infiltration
are not completely understood. In chapter 5, we uncover a novel role for autotaxin (ATX), a
lysophospholipase D secreted by tumor cells and other cells, in preventing CTL infiltration into the
TME. Through production of lysophosphatidic acid (LPA), we show that ATX secreted by human
melanoma cells prevents T cell migration, predominantly through binding to the G protein-
coupled receptor 6 (LPAR6). Upon anti-cancer vaccination of tumor-bearing mice, enforced ATX
overexpression in tumor cells did not interfere with the development of systemic T cell responses,

but prevented CTL infiltration into the TME, resulting in abrogated tumor control and survival.

This chapter is fundamental in uncovering a potential mechanism employed by tumors to prevent
T cell infiltration, even in the presence of optimal CTL responses. In addition, it offers a promising
therapeutic opportunity, that may be combined with existing anti-tumor immune interventions

for use in the clinic.

Importantly, the findings in chapter 4 and chapter 5 illustrate the significance of effectively
engaging every step in the cancer-immunity cycle to establish a durable anti-tumor immune
response. Specifically, despite the generation of robust tumor-specific CTL responses, either by
using immunomodulatory antibodies or by vaccination, tumor control was not achieved unless

local immune inhibition was alleviated.

Finally, in chapter 6, | discuss the concepts and clinical implications explored throughout this

thesis considering the current literature.
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Chapter 2

Abstract

Radiotherapy (RT) is considered immunogenic, but clinical data demonstrating RT-induced T-cell
priming are scarce. Here, we show in a mouse tumor model representative of human lymphocyte-
depleted cancer that RT enhances spontaneous priming of regulatory T-cells (Treg) by the tumor.
These Tregs impede RT-induced CD8* cytotoxic T-cell (CTL)-mediated tumor control. CTLA-4 or
PD-1 blockade, which enables CD28 costimulation, further increased RT-induced Treg responses
and failed to improve tumor control. We discovered that upon RT, CD28-ligands CD86 and
CD80 differentially affected the Treg response. Only CD86 blockade promoted the PD-L1*CD80*
costimulatory status of conventional (c)DCs and prevented the Treg response. Blockade of CD86
alone or in combination with PD-1 enhanced intra-tumoral CTL accumulation and significantly
increased RT-induced tumor regression and overall survival. We advise that combining RT with
PD-1 and/or CTLA-4 blockade may be counterproductive in tumors that are Treg dominant.
However, combining RT with CD86 blockade can promote control of such tumors by enabling a

CTL response.
Summary

In lymphocyte-depleted cancer, PD-1 and CTLA-4 blockade promote radiotherapy-induced Treg

responses in a CD86-dependent manner and prevent CD8* T-cell mediated tumor control.
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Introduction

Immunotherapies, particularly antibody-based immune-checkpoint blockade (ICB), are now a
mainstay in managing multiple cancer types. However, only a minority of patients shows durable
clinical responses?, which is partially attributed to the immune composition of the tumor?. Pan-
cancer transcriptome analyses have subdivided human cancer types into different classes, based
on the intra-tumoral immune cell composition and cell states**. These analyses identified that ICB
responsiveness only occurs in tumors that are infiltrated by effector-type CD4* and CD8"* T cells®.
To achieve clinical benefit in poorly immunogenic cancers devoid of effector T-cells, anti-tumor
immune interventions therefore should elicit de novo T-cell responses®. In attempts to accomplish
this, ICB is combined with RT in multiple clinical trials®. The combination of ICB with RT is attractive
for multiple reasons: 1) RT-induced tumor cell death causes tumor debulking, which may alleviate
systemic immune suppression, 2) RT can modulate the tumor micro-environment (TME) and
render it more permissive for T cell-mediated tumor destruction’, and 3) RT can support systemic
anti-tumor immunity by generating new tumor-specific T-cell responses in the tumor-draining

lymph nodes (TdLNs), in a process called T-cell priming.

The capacity of RT to induce de novo, systemic anti-tumor T-cell responses has been much
advertised, based on theoretical grounds® and on observations in mouse models®**. Upon
RT-induced tumor cell destruction, cell debris will be released that contains tumor-derived
antigens and danger-associated molecular patterns (DAMPs)***3, This debris is engulfed locally
by migratory, conventional dendritic cells (cDCs) that are activated by DAMPs and subsequently
migrate to TdLNs and initiate T-cell responses. To prime CD8* T cells, the cDC1 subset is required
that excels in cross-presenting peptides from phagocytosed proteins in MHC class | (MHC-I)
molecules. Moreover, activated cDC1s give CD8* T cells the instruction to differentiate into
competent CTLs via specific costimulatory and cytokine signals'®. The potential of RT to induce
T-cell priming and consequent systemic immunity predicts that it may potentiate abscopal effects,
i.e. tumor regression outside the field of radiation. Clinically, such observations are extremely
rare?®, indicating that there are impediments in this process’. In specific mouse tumor models,
RT has repeatedly shown to induce T-cell infiltration not only of the irradiated tumor, but also of
a tumor implanted on a non-irradiated site in the same mouse*!%, However, this observation is

primarily restricted to tumors that contain dominant, non-self antigens.

Currently approved ICB immunotherapies, i.e. CTLA-4 and PD-(L)1 blockade, both promote
T-cell costimulation by cDCs. PD-1 is a co-inhibitory receptor that attenuates T-cell responses by
extinguishing downstream signaling of CD28%. CD28 costimulatory signals amplify and add to
T-cell receptor (TCR)/CD3 signals to support division, metabolism, and survival of newly activated

CD4* and CD8* T-cells?®. When PD-1 binds either of its ligands PD-L1 or PD-L2, its cytoplasmic tail
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recruits the SHP2 tyrosine phosphatase. This enzyme can then dephosphorylate the cytoplasmic
tail of activated CD28, thus abrogating its downstream signaling®. The co-inhibitory receptor
CTLA-4 is constitutively expressed on Tregs?*?? and downregulates the CD28 ligands CD80 and
CD86 on cDCs. Therefore, CTLA-4 attenuates the ability of cDCs to induce CD28 costimulation of
conventional, non-regulatory T cells (Tconvs)?. Thus, CTLA-4 and PD-1 use different mechanisms,

but both control T-cell responses by suppressing CD28 costimulation.

Thus far, clinical effects of combining RT with CTLA-4 or PD-1 targeting ICB are disappointing®2*?7.
For example, RT as induction treatment did not enhance PD-1 blockade efficacy in metastatic
triple negative breast cancer (TNBC) patients, nor did it improve T-cell infiltration in the TME*.
Therefore, we must better understand the molecular mechanisms underlying RT-induced T-cell
responses. In mouse models, tumors that are spontaneously immunogenic and become infiltrated
with tumor-specific effector T cells during their development, have been shown to regress upon
RT alone?, or in combination with ICB*, without a requirement for de novo T-cell priming. In such
T-cell infiltrated tumors, the T cells already present in the TME can apparently exert their effector
functions locally upon RT. However, in tumors that lack pre-existing tumor-specific effector T-cells,
RT will have to induce new T-cell priming to allow for T-cell mediated tumor control. This may be
hampered by lack of antigens and/or DAMPs released by the tumor3®3* and/or by tumor-imposed
immunosuppression32. We therefore examined in the current study how the T-cell response to
RT proceeds in a mouse tumor model representing human lymphocyte-depleted cancer types.
We found that Treg priming induced by RT prevented CTL-mediated tumor control. Importantly,
CTLA-4 or PD-1 blockade further increased this Treg response. We discovered that selective
inhibition of CD86 either alone or in combination with PD-1 blockade prevented the RT-induced
Treg response, and enabled CTL priming and tumor control. We advise that combining RT with
PD-(L)1 and/or CTLA-4-targeting ICB can be counterproductive in lymphocyte-depleted cancers

and identify CD86 as an alternative target for ICB in such cases.
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Results

RT response is deficient in T-cell depleted human tumor types

To identify how the tumor immune cell composition influences RT responses in human cancer,
we examined the relationship between immune phenotype and RT efficacy in a wide variety
of cancers. Using records from The Cancer Genome Atlas (TCGA), we identified five previously
characterized pan-cancer immune phenotypes? in patients for which RT treatment was specified
(Figure S1A,B). These immune phenotypes are described as “wound healing” (C1), “IFNy
dominant” (C2), “inflammatory” (C3), “lymphocyte depleted” (C4) and “immunologically quiet”
(C5). While RT had a positive effect on overall survival (OS) in tumors classified as C1-3 immune
subtypes, RT had a negative effect on OS in the C4 and C5 subtypes (Figure 1A) that are identified
by low lymphocyte- and high myeloid cell content®. The remarkably defective response to RT of

tumors with a C4 and C5 immune phenotype prompted us to examine the underlying mechanism.

To perform mechanistic studies, we set out to find a mouse tumor model with a C4/C5-like
lymphocyte depleted phenotype. We trained a K-nearest neighbor (KNN) classifier to distinguish
between the C3 versus C4/C5 immune subtypes (Figure S1C) and subsequently applied our model
to microarray data of murine (C57BL/6)-derived MC38 and TC-1 tumor models®*. We found
similarity between the colon carcinoma cell line MC38 and the C3 subtype and between the lung
carcinoma cell line TC-1 and the C4/5 subtype (Figure 1B). Despite the presence of neo-antigens
and virus-related antigens respectively®***, the MC38 tumor is immunogenic and raises a high
T-cell infiltrate!®, whereas the TC-1 tumor does not3®. In concert with this, MC38 is responsive to
ICB¥, whereas TC-1 is not®. Accordingly, flow cytometry analysis revealed a significantly lower

proportion of CD8* T cells in TC-1 tumors as compared to MC38 tumors (Figure 1C).

We assessed how MC38 and TC-1 tumors respond to RT, using three consecutive doses of 8 Gy
(3x 8 Gy) or a single dose of 20 Gy, regimens that are described as immune stimulatory in mouse
tumor models®*, Both regimens led to MC38 tumor control, but were much less effective in TC-1
tumor control (Figure 1D). This agrees with the finding that the pre-existing T-cell infiltrate in the
MC38 tumor contributes to the RT response? and suggests impediments for immune-mediated
control of the TC-1 tumor upon RT. We therefore continued our study with the TC-1 tumor to

examine the RT-induced T-cell response in this representative of lymphocyte depleted cancer.
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Figure 1. Lymphocyte depleted (C4/5) human cancers have suboptimal response to RT and are modelled by
the murine TC-1 tumor.

(A) Kaplan-Meier OS curves obtained from TCGA for patients receiving RT (red) or not (grey) within the C1
“wound healing” (n=2136), C2 “IFNy dominant” (n=2296), C3 “inflammatory” (n=1903), C4 “lymphocyte
depleted” (n=1055) and C5 “Immunologically quiet” (n=354) cancer immune subtypes. Log-rank p-values were
generated using a Cox proportional-hazards model. (B) C3 “inflammatory” versus C4/C5 “lymphocyte depleted”
model predictions from transcriptome data of C57BL/6- syngeneic MC38 and TC-1 transplantable tumors. (C)
Frequency of CD8* T cells among CD45* cells in MC38 (total n=9) and TC-1 (total n=7) tumors measured at the
indicated tumor sizes (left), and representative flow cytometry plots (right) depicting the percentage of CD8* T
cells within TCRB* cells in 50 mm? MC38 (grey) and TC-1 (black) tumors. (D) Tumor growth curves of MC38 (n=6/
group, left) and TC-1 (n=6/group, right) tumor-bearing mice treated with either 8 Gy over 3 days (3x 8 Gy) or a
single dose of 20 Gy RT. Ratios indicate the number of mice out total treated that showed full recovery upon RT.
Error bars indicate SD. *P < 0.05, Mann-Whitney test.
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Despite high myeloid and Treg content, the RT response of TC-1 is CD8*
T-cell dependent

In the TME of the TC-1 tumor, the T-cell compartment, consisting of CD8* and CD4* Tconvs and FOXP3*
Tregs, comprised only 11.1% of the CD45* hematopoietic cell infiltrate, as identified by flow cytometry.
Conversely, myeloid cells comprised 62.5% of the CD45* cell infiltrate, including macrophages
and neutrophils (Figure 2A, Figure S1D). Tumors often raise systemic immune responses that may
contribute to immunosuppression®. We therefore examined the spontaneous immune response to
the TC-1 tumor not only in the tumor, but also in the axillary tumor-draining lymph node (TdLN) and
non-TdLN of the mice. LyC6* monocytes were enriched in the tumor, as well as in the TdLN, but not
in the non-TdLN (as compared to the axillary LN in tumor-free mice) (Figure 2B). We analyzed the
CD3* lymphocytes in tumor and LNs in detail by spectral flow cytometry. FlowSOM-guided clustering
analysis and Uniform Manifold Approximation and Projection (UMAP)-dimension reduction (Figure
S1E,F) identified seven main clusters, including CD8* and CD4* (FOXP3’) Tconvs, proliferating (Ki67*)
CD8*and CD4* T cells, central (c)Tregs, effector (e)Tregs and CD4/CD8 T cells. After development in the
thymus, Tregs populate secondary lymphoid organs, where they stay as cTregs to prevent responses of
autoreactive Tconvs. Alternatively, in response to antigen and inflammatory signals, cTregs can expand
and differentiate into eTregs that migrate to peripheral tissues to suppress inflammation?. Consistent
with these findings, the eTreg population was proliferating and had high expression of the effector
marker ICOS, next to steady-state Treg markers FOXP3, CTLA-4 and CD25, whereas cTregs did not
proliferate, had no ICOS expression and lower expression of the Treg markers (Figure 2C, Figure S1G).
Quantification of the identified populations revealed no increase in proliferating CD8* or CD4* Tconvs
in LNs upon TC-1 tumor outgrowth (Figure S1H). However, compared to naive mice, the frequency of
eTregs — but not cTregs — in the TdLN was significantly increased in tumor-bearing mice and eTregs
were also present in the tumor (Figure 2D). Thus, during its outgrowth, the TC-1 tumor recruits Ly6C*
monocytes to the TALN and stimulates eTreg formation in the TdLN, and these cells also populate the

tumor, highlighting the communication between the tumor and TdLN*%4,

Importantly, RT with either 20 Gy or 3x 8 Gy significantly augmented CD8* T-cell infiltration of the
TC-1 tumor, as measured in frequency (Figure 2E, Figure S2A) and absolute cell number (Figure
2F). These tumor-infiltrating CD8* T cells were functional CTLs, as evidenced by the expression
of Granzyme B (GZB) and the effector cytokines IFNy and TNFa (Figure 2G). The intra-tumoral
frequency of (FOXP3") CD4* Tconvs was not significantly altered by RT (Figure S2A,B). Systemic
depletion of CD8*T cells, but not of CD4* T cells (Figure S2C,D), significantly reduced RT-induced
mouse survival (Figure 2H), arguing that the RT-induced CTL response makes a major contribution
to control of the TC-1 tumor by RT. This finding suggests that there might be a window of

opportunity to improve RT-induced, CTL-mediated control of lymphocyte depleted cancers.
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Figure 2. Treg- and myeloid cell-rich TC-1 tumor shows CD8* T-cell dependent RT response.

(A) The frequency of the different indicated immune cell populations among CD45* cells as determined by
flow cytometry in 50 mm? TC-1 tumors (n=6). (B-D) Flow cytometric analysis of single cell suspensions from
TdLN, non-TdLN and tumors of 100 mm? TC-1 tumor-bearing (n=6) and age-matched naive mice (n=5). (B)
Percentage of Ly6C* monocytes among CD3'CD19°NK1.1" (lineage’) cells found in the axillary LN of naive mice
and in indicated tissues of tumor-bearing mice. (C,D) cTregs and eTregs were defined as indicated in Figure
S1E-G. FlowSOM guided clustering was performed on 5000 randomly selected cells per sample within the
CD3* lymphocyte population. (C) Representative histograms depicting expression of indicated markers on
cTreg and eTreg populations in the right axillary LNs of naive and TC-1 tumor bearing mice. (D) Percentage of
eTregs (left) and cTregs (right) among CD3* cells in the indicated tissues. (E-H) Monitoring by flow cytometry
of the CD8* T-cell response to 20 Gy RT (n=3-8) or control (0 Gy, n=3-6) in TC-1 tumors. (E) Frequency of
CD8* T cells among CD45* T cells at the indicated time points post RT. (F) Absolute number (#) of total CD8*
T cells or (G) granzyme B (GZB), IFNy, or TNFa-expressing CD8* T cells per milligram (mg) tumor tissue at day
8 post RT. IFNy and TNFa were measured after in vitro PMA/lonomycin stimulation. (H) Overall survival of
TC-1 tumor-bearing mice treated with 20 Gy RT at day 0 in combination with vehicle (PBS, n=9) or depleting
mAbs specific for CD8 (n=5) or CD4 (n=9). ***P < 0.001 (Mantel-Cox analysis). Data are from one experiment
representative of at least two experiments. Error bars indicate SD. *P < 0.05, *** P < 0.001, Kruskal-Wallis
test with uncorrected Dunn’s post hoc analysis in B and D, Mann-Whitney test in F and G. ns; no significance.
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RT of the TC-1 tumor induces CTL priming, next to a Treg response that
limits tumor control

The influx of effector CTLs in the irradiated TC-1 tumor likely originated from the induction of
a de novo CD8* T-cell response in the TdLN, resulting from the release of tumor antigens and
DAMPs by RT*2. In highly antigenic mouse models, T-cell priming proved important for durable RT-
induced anti-tumor immunity®°. We wanted to examine whether this is also the case for poorly
immunogenic, T-cell depleted tumors such as TC-1. To visualize new T-cell priming after RT, mice
were treated with the S1P-receptor agonist FTY720, which traps T cells in LNs*. In this way, the
window to identify newly primed T cells in the TdLN is enlarged. As done throughout this study,
the tumor was selectively irradiated by imaged-guided RT and the mice were treated before and
after RT with FTY720 or vehicle. FTY720 efficacy was confirmed by the elimination of circulating
CD8* and CD4* T cells in peripheral blood (Figure S3A), and treatment with FTY720 did not affect
tumor development (Figure S3B). At day 8 after RT, T-cell priming and effector differentiation
were analyzed in the TdLN. In presence of FTY720, a significant RT-induced increase in GZB*-and
IFNY*TNFa*-double expressing CD8* T cells was revealed (Figure 3A,B), while RT did not alter the
frequency of effector phenotype CD4* T cells (Figure S3C). Moreover, FTY720 treatment revealed
that a large part of the effector CD8* T cells present in the tumor after RT originated from the
TdLN, since their frequency in the tumor was significantly reduced upon FTY720 treatment (Figure
3C,D). The same was observed for effector CD4* T cells (Figure S3D). Thus, in the lymphocyte-
depleted TC-1 tumor model, RT elicits priming of CD8* T cells that subsequently migrate into the

irradiated tumor.

However, despite RT-induced CTL priming, not all TC-1 tumor-bearing mice were cured (Figure 1D).
Since the TC-1 tumor induced Treg priming during its development, and because of the described
increase of Tregs in the TME upon RT3*%*#4 we considered that RT might enhance the Treg response
in the TC-1 tumor setting. Several reports describe that Tregs require antigen-dependent activation
and expansion in the TdLN prior to migration to the tumor*#>, We observed that Treg frequencies
(Figure 3E, Figure S3E) and absolute numbers (Figure S3F), were significantly increased in TdLN and
tumor, but not in the non-TdLN, at day 8 after RT. In addition, Treg frequency was increased in
blood over time (Figure 3F) and the percentage of proliferating (Ki67*) Tregs was enhanced in the
TdLN but not in the non-TdLN following RT (Figure 3G, Figure S3G). This coincided with a significant
decrease in the frequency of proliferating Tregs in the TME (Figure 3G, Figure S3G). These data
clearly demonstrate RT-induced Treg priming in the TdLN, followed by migration of these cells into
the irradiated TME, rather than RT-induced Treg expansion in the TME®. Thus, despite new CD8*
T-cell responses, concomitant RT-induced Treg priming significantly lowered the CD8* T cell/Treg
ratio in the TdLN, while maintaining the unfavorable CD8" T cell/Treg ratio in the tumor (Figure 3H).

This suggests that Tregs might be an impediment to CTL-mediated tumor control. To test this, we
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treated mice with an Fc-modified antibody to CD25% that efficiently depleted peripheral and intra-
tumoral Tregs (Figure S4A,B), but not CD8* or CD4* Tconvs (Figure S4C). This intervention greatly
improved TC-1 tumor control and overall survival in mice after 20 Gy RT (Figure 3, Figure S4D,E). We

observed similar effects when mice were treated with 3x 8 Gy (Figure S4F,G).

Taken together, these data indicate that in the TC-1 tumor model, Tregs limit RT-mediated tumor

eradication, likely by inhibiting the RT-induced CTL response.
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& Figure 3. RT of TC-1 induces concomitant priming of CTL- and Treg responses.

(A-D) Mice (n=4-5/group) were s.c injected with TC-1 tumor cells and the tumor was treated with 20 Gy RT when
it reached ~20 mm? in size (day 0). Mice received FTY720 or vehicle (NaCl) by oral gavage, at days -1, 3 and 5. At
day 8, TdLN (A,B) and tumor (C,D) were isolated and the CD8* T-cell response was analyzed by flow cytometry.
(A,C) Representative flow cytometry plots depicting the percentage of IFNy*and/or TNFa* cells among CD8* T
cells from the TdLN (A) and tumor (C). (B,D) Frequency of GZB*, IFNy* and/or TNFa* cells among CD8* T cells
from the TdLN (B) and tumor (D). IFNy and TNFa were measured after in vitro PMA/lonomycin stimulation for
3 h. (E-H) Monitoring of the (FOXP3* CD25*) Treg response to 20 Gy RT (n=6-8) or control (0 Gy, n=6) in TC-1
tumor-bearing mice at day 8 post treatment. (E) Frequency of Tregs among CD4* T cells in the non-TdLN and
TdLN, or among CD45* cells within the tumor. (F) In a separate experiment, the percentage of Tregs among live
cells measured in blood at the indicated time points (n=6/group). (G) Percentage of Ki67* cells among Tregs in
the indicated tissues. (H) The ratio of CD8* T cells to Treg cells in the TdLN and tumor post RT. Data in (G, H) is
from the same experiment as in (E). (1) Overall survival of TC-1 tumor-bearing mice treated with 0 Gy (n=5) or 20
Gy RT (n=11-14/group) in combination with a depleting mAb against CD25 or vehicle (PBS) delivered I.P. at day
-1 and 5 post RT. *P < 0.05 (Mantel-Cox analysis). Data are from one experiment representative of at least two
experiments. Error bars indicate SD. *P < 0.05, **P < 0.01, *** P < 0.001, **** P <0.0001, two-way Anova with
Tukey’s post hoc test in A, C and F, Mann-Whitney test in E, G, H. ns; no significance.

CTLA-4 blockade increases the RT-induced Treg response and does not
improve tumor control

Blockade of CTLA-4 has been shown to enhance RT-induced tumor regression in mouse models*’48
and clinical studies®?49, We next explored whether CTLA-4 inhibition could improve CTL-
mediated TC-1 tumor control after RT in our lymphocyte-depleted TC-1 tumor setting. To study
this, tumors were treated with RT when they reached 20 mm? as before (day 0) and a blocking
antibody to CTLA-4, that does not deplete T-cells from tumor tissue?>*°, or vehicle was injected
on day 0, 3, 6 and 9. Clearly, in the TC-1 tumor setting, anti-CTLA-4 treatment did not improve
RT-induced tumor control or overall survival of the mice (Figure 4A,B). Interestingly, CTLA-4
blockade increased the RT-induced Treg response in both TdLN and non-TdLN and the population
of Tregs in the tumor remained high (Figure 4C). To more comprehensively characterize how
CTLA-4 blockade affected RT-induced T-cell responses, we performed FlowSOM-guided clustering
analysis and dimensionality reduction on the CD3* populations in the different tissues (Figure
4D,E). CTLA-4 blockade in context of RT significantly increased the frequencies of both eTregs
and cTregs in the non-TdLN and TdLN, while the proportion of eTregs in the tumor did not change
compared to RT alone (Figure 4F,G). Importantly, we further observed that RT as a single treatment
selectively increased the proportion of eTregs, but not of cTregs, in the TdLN and tumor (Figure
4G), suggesting that RT is required to facilitate cTreg to eTreg conversion. Thus, the TC-1 tumor
promotes eTreg priming, RT supports this process in addition to CTLA-4 blockade. Since Tregs are
highly dependent on CD28 costimulation for their expansion®3, we propose that Tregs profit
more from CTLA-4 blockade than Tconvs, due to their prevalence in the TdLN of the TC-1 tumor.
Tregs may capitalize on the increased availability of CD80 and/or CD86 on cDCs following CTLA-4

blockade, resulting in augmented CD28 costimulation and subsequent Treg priming (Figure 4H).
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Figure 4. Blockade of CTLA-4 enhances RT-induced eTreg expansion.

Mice bearing TC-1 tumors received RT (20 Gy, n=9) or control treatment (0 Gy, n=6) when tumor size reached
20 mm? (day 0). Treatment with vehicle (PBS) or with a blocking mAb against CTLA-4 was given at day 0, 3, 6
and 9 and responses were monitored longitudinally (A, B) or by performing flow cytometric analysis of the
non-TdLN, TdLN and tumor at day 8 post treatment (C-G). (A) Individual tumor growth curves and (B) overall
survival of the mice in the indicated treatment groups. (C) Percentage of total Tregs among CD3* lymphocytes
in the indicated tissues at day 8. (D-F) UMAP display of 2500 randomly selected CD3* cells per sample found
in non-TdLN, TdLN and tumors at day 8 of all mice per treatment group. FlowSOM guided clustering (D)
identifying the CD3* cell populations (see also Figure S1E) and (E) representative heat map visualization of
the markers that identify the CD3*(T-cell) subpopulations. (F) UMAP visualization of the response of the CD3*
subpopulations in TdLN and tumor to the indicated treatments. The circles highlight the eTreg population. (G)
Frequencies of eTregs and cTregs identified in (D) among CD3* cells found in the indicated tissues at day 8 post
treatment. (H) Graphic visualizing how Tregs could profit from CTLA-4 blockade. Data in this experiment are
from one experiment representative of two experiments. Error bars indicate SD. *P < 0.05, **P < 0.01, *** P
<0.001, ¥*** P <0.0001, Kruskal-Wallis with Dunn’s post hoc test. ns; no significance.
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CD86 rather than CD80, promotes RT-induced Treg responses

The above findings highlight the importance of the CD28 costimulatory axis in regulating Treg
expansion and raise the possibility that the CD28 ligands CD80 and/or CD86 may dictate Treg
numbers after RT in the TC-1 tumor model. We therefore selectively blocked CD80 or CD8&6 in
presence of RT and examined the T-cell response in detail by spectral flow cytometry as before,
focusing on CD3* T-cell populations (Figure 5A,B). Interestingly, blockade of CD86 significantly
reduced the RT-induced eTreg population in non-TdLN, TdLN and tumor (Figure 5C,D). After CD86
blockade, the frequency of eTregs in these tissues were comparable to those in non-irradiated
mice (0 Gy). CD86 blockade also diminished the proportion of cTregs in the non-TdLN, suggesting a
role for CD86 in the maintenance of steady-state cTregs. In contrast, CD80 blockade in the context
of RT only reduced the frequency of eTregs in the TdLN (Figure 5C,D). Thus, in the TC-1 tumor
setting, CD86 is the selective CD28-ligand that supports the generation of an eTreg response after
RT (Figure 5E).

CD86 blockade in context of RT improves conventional (c)DC
costimulatory status and CTL priming

To clarify how CD80/CD86 blockade may impact T-cell priming, we examined the trafficking and
phenotype of migratory cDC1 and cDC2 that are responsible for this process®**¢. cDC subsets
were identified by flow cytometry as indicated in Figure S5A. The absolute number of cDC1s or
c¢DC2 in the TdLN was not altered by RT alone as compared to control. However, cDC1 numbers
were significantly increased when RT was combined with CD86 blockade, and there was a similar
trend for cDC2s (Figure 6A). CD86 is constitutively expressed on cDCs, while CD80 is upregulated
upon activation®. In the context of RT, CD86 blockade significantly increased the expression of
CD80, but not CD86 on both cDC1s and cDC2s (Figure S5B,C). CD86 and CD80 blockade did not
significantly alter expression of CD40 or PD-L1 on either cDC1s or cDC2s (Figure S5B,C).

On the cDC membrane, CD80 can heterodimerize with PD-L1. This CD80:PD-L1 heterodimer can
bind and engage CD28, but cannot bind to PD-1, nor can it be downregulated by CTLA-4°7°8, |t
has been documented that co-expression of CD80 and PD-L1 on cDCs positively correlates with
their CTL priming capacity against cancer, in agreement with increased formation of a CD28-
costimulatory CD80:PD-L1 heterodimer®. We found in the TC-1 tumor model that upon RT, CD86
blockade significantly increased the frequency of cDC1s and c¢DC2s that co-expressed CD80 and
PD-L1 (Figure 6B-D). Furthermore, the frequency of CD80* PD-L1 cells was also increased, whereas
the frequency of CD80 PD-L1* cells was decreased. Thus, in the TC-1 model, CD86 blockade in
the context of RT likely favors CTL priming by increased presence of migratory cDC1s presenting

tumor antigen in the TdLN and their improved costimulatory capacity.
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Figure 5. CD86, but not CD80, drives the RT-induced eTreg response.

Mice bearing 20 mm? TC-1 tumors received control treatment (0 Gy, n=5) or 20 Gy RT at day 0 in combination
with either vehicle (PBS, n=8) or blocking mAb against CD80 (n=11) or CD86 (n=11) at day 0, 3 and 6. The
CD3* lymphocyte response was monitored by flow cytometry in the non-TdLN, TdLN and tumor at day 8. (A-C)
UMAP visualization of 2500 randomly selected CD3* cells per sample found in non-TdLN, TdLN and tumors at
day 8 of all treatment groups combined. FlowSOM guided clustering (A) identifying the same populations as
found in the previous figures and (B) representative heat maps of the markers included to determine the CD3*
subpopulations. (C) Visualization of the response of the CD3* subpopulation in TALN and tumor to the indicated
treatments. The circles highlight the eTreg population. (D) Frequencies of eTregs and cTregs identified in (B)
among CD3* cells found in the indicated tissues at day 8 post treatment. (E) Graphic visualization of how CD86,
but not CD80, binds CD28 to support Treg expansion. Data are from one experiment representative of two
experiments. Error bars indicate SD. *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001, ordinary one-way
Anova with Dunnett’s post hoc test in D.
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Figure 6. CD86 blockade in context of RT improves the conventional (c)DC costimulatory status and CTL
priming.

(A-D) Mice bearing 20 mm? TC-1 tumors received 0 Gy (n=6) or 20 Gy RT at day 0 in combination with either
vehicle (PBS, n=8) or blocking mAb against CD80 (n=7) or CD86 (n=8) at day 0, 3 and 6. The cDC response was
monitored by flow cytometry in the TdLN at day 8. (A) Absolute counts (#) of migratory cDCs1 and cDC2s. (B)
Representative concatenated (n=6-8) flow cytometry plots depicting the percentage of CD80*and/or PD-L1*
cells among migratory cDC1s and cDC2s in the TdLN per treatment group. Numbers indicate percentages.
(C-D) Quantification of the populations represented in (B) among migratory cDC1s (C) and migratory cDC2s
(D) from the TdLN. (E-H) The CD8* T cell response was monitored by flow cytometry in the same experiment
described in Figure 5. (E,F) Opt-SNE visualization of 1000 randomly selected CD44* CD62L cells among CD8* T
cells per sample found in TdLNs at day 8 concatenated per treatment group. (E) Representative heat map of
TCF-1 expression and (F) visualization of the TCF-1" subpopulation in TdLN (encircled) in different treatment
groups. (G) Frequency of CD44* TCF-1- cells among CD8* T cells found in the TdLN and among CD45* cells
in the tumor at day 8 post treatment. (H) Concatenated (n=11) contour plots depicting expression of the
indicated markers on CD44* TCF-1 cells and CD44* TCF-1* cells within CD8* T cells in the TdLN. Numbers
indicate percentages. Data are from one experiment representative of two experiments. Error bars indicate
SD. *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001, ordinary one-way Anova with Dunnett’s post hoc
test in A, C-E. ns; not significant.
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To study CTL priming, we next performed opt-SNE analysis of CD8" T cells with a CD44* CD62L
effector phenotype found in the TdLN. The flow cytometry panel included the marker TCF-1
to monitor CTL effector differentiation, which progresses over a continuum of cellular states
depending on the input signals delivered®®. Loss of TCF-1 expression (a transcription factor
encoded by Tcf7) is associated with loss of “stemness”®? and highlights T cells that are on the path of
becoming terminally differentiated short-lived effector T cells®. Contour plot visualization showed
significant enlargement of a TCF-1" subpopulation among CD44* CD62L cells in the TdLN upon RT,
which was further increased upon CD86, but not CD80 blockade (Figure 6E,F). Manual gating (Figure
S5D) confirmed these findings and showed that CD86 blockade in the context of RT significantly
increased the frequency of CD44* TCF-1- cells among CD8* T cells in both TdLN and tumor (Figure
6G). In concordance, phenotypical analysis showed increased expression of the (terminal) effector
differentiation markers CD43, CX3CR1, GZB and KLRG1 on the CD44* TCF-1 population as compared
to the CD44* TCF-1* population (Figure 6H). Moreover, the CD44* TCF-1" population also showed
enhanced Ki67 expression, indicating increased cell cycle activity (Figure 6H). Taken together, these
findings indicate that CD86 blockade improves RT-induced CTL priming, expansion and effector
differentiation, likely mediated by enhanced cDC1 presence and activity in the TdLN.

RT plus PD-1 blockade increases the Treg response, which is overruled
by CD86 blockade resulting in improved tumor control.

PD-1, the key target in current cancer immunotherapy, is considered a hallmark of suboptimally primed
CTLs that lack full cytotoxic effector functions®*®, Further analysis of the CD44* TCF-1 population in
the tumor after combined RT and CD86 blockade, showed that these cells expressed PD-1, albeit to a
lesser extent than the less differentiated CD44* TCF-1* cells (Figure S6A). In fact, we observed that in the
tumor, both eTregs and the Ki67* CTLs expressed PD-1 (Figure 7A). PD-1 inhibits CD28 costimulation®,
which is valid for both Tconvs and Tregs. Recent reports describe that in addition to supporting Tconv
responses®®, PD-1 blockade may also promote Treg responses by enabling TCR/CD28 signaling®®®’.
Therefore, we examined the effect of PD-1 blockade alone, or in combination with CD86 blockade on
the RT-induced Treg and CTL response. Strikingly, PD-1 blockade increased RT-induced eTreg priming and
tumor infiltration, while these responses were inhibited upon CD86 blockade, as we observed before
(Figure 7B,C, Figure S6B,C). Following combined PD-1 and CD86 blockade, the RT-induced eTreg response
was abrogated as it was upon CD86 blockade alone, confirming that CD86 is the key driver of the eTreg
response. Importantly, following combined PD-1 and CD86 blockade, the RT-induced CTL response
was significantly increased in TdLN and tumor (Figure 7B,D, Figure S6B,C). These results agree with the

concept that RT-induced Treg priming hampers the induction of a CTL response, as we showed before.
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Figure 7. CD86-mediated CD28 costimulation is required for PD-1-dependent eTreg expansion.

(A) PD-1 protein expression of the Ki67* CD8* T cell population (green) and eTreg population (red) in the
tumor identified in Figure 5A, depicted as heatmap (upper row) and representative histogram (lower row) of
all experimental settings combined. (B,C) Mice bearing TC-1 tumors received control treatment (0 Gy, n=4) or
20 Gy RT at day 0 in combination with either vehicle (PBS, n=8) or blocking mAb against PD-1 (n=11), CD86
(n=10) or a combination of both (n = 10) at day 0, 3 and 6. The CD3* lymphocyte response was monitored by
flow cytometry in the non-TdLN, TdLN and tumor at day 8. (B) UMAP visualization of the response of the CD3*
subpopulation in TdLN and tumor to the indicated treatments. The red circle highlights the eTreg population,
whereas the green circle indicates the Ki67* CD8* T cells (see also Figure S6A,B). (C) Frequencies of eTregs
and cTregs identified in Figure S6A among CD3* cells found in the indicated tissues at day 8 post treatment.
(D) Quantification of the Ki67* CD8* T cell population among total CD3* cells in the TdLN and tumor at day
8 post treatment. (E) Individual tumor growth curves (F) and overall survival of mice bearing TC-1 tumors
receiving RT at day 0 in combination with either vehicle (PBS, n=27) or blocking mAb against PD-1 (n=26),
CD86 (n=26) or a combination of both (n=28) at dat 0, 3 and 6. Ratios indicate the number of mice that
showed full recovery upon treatment compared to total. (G) lllustration depicting the proposed mechanism
of action of combined CD86 and PD-1 blockade on Tregs in our setting. (1) PD-L1/L2 offered by dendritic cells
(cDCs) ligates PD-1 and prevents downstream signaling of CD28 on Tregs. (2) PD-1 blockade negates this
process, resulting in enhanced CD28 costimulation and consequently increased Treg cellular responses. (3)
When CD86 blockade is in place, CD28 costimulation is prevented, and additional PD-1 blockade can no longer
engage the CD28 costimulatory axis, resulting in an abrogated Treg response. Data are from one experiment
representative of two experiments. Error bars indicate SD. *P < 0.05, **P < 0.01, *** P < 0.001, ordinary one-
way Anova with Dunnett’s post hoc test in C; Brown-Forsythe Anova with Dunnett’s T3 post hoc analysis in D;
Mantel-Cox analysis in F. ns; no significance.
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We next assessed how inhibition of PD-1 and/or CD86 impacted RT-induced tumor control. PD-1
blockade alone failed to enhance RT-induced tumor regression and overall survival, in line with
stimulation of the Treg response (Figure 7E,F, Figure S6D). CD86 blockade alone initially improved
RT-induced tumor control, but a fraction of these tumors eventually relapsed. Combined PD-1
and CD86 blockade cured 75% of the mice and significantly increased overall survival compared
to RT alone. However, combined PD-1 and CD86 blockade did not increase the therapeutic effect
as compared to CD86 blockade alone, confirming that CD86 inhibition is the primary factor
to alleviate Treg-obstructed RT-induced CTL-mediated tumor control. Taken together, these
data indicate that in this lymphocyte-depleted tumor model, RT enhances eTreg priming while
restraining tumor-reactive CTL priming and this is further enhanced by PD-1 blockade. This result
can be explained by the fact that PD-1 blockade preferentially enables CD28 costimulation on
Tregs (Figure 7G). CD86, but not CD80 blockade, counteracts Treg priming through inhibition of

CD28 costimulation and thereby facilitates tumor-reactive CTL priming and tumor control by RT.

Discussion

The potential of RT to induce systemic T-cell responses to cancer has recently received much
attention, but clinical evidence for abscopal, immune-mediated effects are scarce, even in
combination with ICB®. We must therefore better understand the ability of RT to induce tumor-
controlling T-cell responses, in the context of the divergent impact of different cancer types on the
immune response. Comparison of in vivo tumor models of varying immunogenicity demonstrated
that in immunogenic tumors, CD8* T cells infiltrating the TME contributed to the RT response, while
in poorly immunogenic tumors RT failed to elicit a systemic anti-tumor immune response and an
abscopal effect’®. We show that the TC-1 tumor model used in our current study recapitulates
a “lymphocyte depleted” phenotype represented among human cancer types® that proves to
respond negatively to RT (Figure 1A). Despite expression of HPV-16 derived E6 and E7 antigens, the
TC-1 tumor contains a very low amount of Tconvs and primarily contain myeloid populations. We
show that the TC-1 tumor invites Tregs and monocytes in the tumor and the TdLN, consistent with
systemic immunosuppression, as observed in this type of tumors in the clinic®®%. Nevertheless, the
RT response was CD8* T-cell dependent, suggesting that in lymphocyte-depleted tumors, there is

an unexploited, favorable T-cell response that should be improved by the correct intervention(s).

To prime CTLs, cDC1s need to be activated and migrate to the TALN**>*, whereas the cDC2 subset
is particularly effective at CD4* T-cell priming, including both Tconvs and Tregs®®’°. In the TC-1
tumor setting, RT induced new CTL priming, despite concurrent Treg priming. This suggests that
RT produced DAMPs required to activate cDC1s and induced their migration to the TdLN. However,
as RT may upregulate signals that prevent cDC1 recruitment to the TME”*, CTL priming in the TC-1

setting may be limited by the number of cDC1s present in the tumor before RT, which was very
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low (Figure 2A). As TC-1 has a much higher proportion of cDC2s, cDC2-induced Treg priming may
therefore dominate over cDC1-induced CTL priming in the TdLN after RT.

A main role for Tregs lies in prevention or suppression of unwanted Tconv responses against both
self- and foreign-antigens’?. At steady state, “immature” or “tolerogenic” cDCs that express CD86
but no other costimulatory ligands’® migrate from peripheral tissues to dLNs to present self-
antigens and prevent responses of sporadic, autoreactive T cells. This role is exerted by cTregs
that do not show extensive clonal expansion or relocation to non-lymphoid tissues. A recent
study reports that Treg priming may be dictated by the metabolic state of cDC2s, in part through
CD86 upregulation, required to promote Treg expansion’. Especially in a tumor setting, limited
nutrient resources in conjunction with tumor-associated immunosuppressive factors may induce

a metabolic state in cDCs that supports Treg priming and/or expansion’.

In a tumor setting, Treg accumulation in the TdLN can restrict CTL priming by inhibiting cDC1
activation in the TdLN’®. CD86 blockade in our model effectively reduced RT-induced eTreg
responses, while concurrently increasing the presence of cDC1 cells in the TdLN and enhancing
their expression of both CD80 and PD-L1. This enhanced expression is favorable for the formation
of a CD28-costimulatory CD80/PD-L1 heterodimer. Accordingly, CD86 blockade selectively
improved the CTL response following RT. Based on these data, it is likely that the RT-induced eTreg
response in the TdLN in part prevents CTL priming by limiting cDC1 availability and functionality.

Tregs play a role in controlling inflammation resulting from tissue injury, such as inflicted by RT. In
this process, cTregs are recruited from dLNs to damaged tissues’’, where they present an effector
(eTreg) phenotype®. Murine and human tissue-resident eTregs have a conserved transcriptional
signature that is most explicit in tumor-resident eTregs and contains a tissue-repair program’. In
an irradiated tumor, next to extinguishing inflammatory responses, these eTregs may utilize their
repair function to support extracellular matrix remodeling and tumor growth’ and therefore may

form an impediment to RT efficacy.

In our setting, CD86, but not CD80, drove induction of an eTreg response by RT. In principle, both
Tconvs and Tregs can profit from either CD80 or CD86 to receive CD28 costimulation. However,
on Tregs, constitutively expressed CTLA-4 imposes an intrinsic constraint for CD28 costimulation.
Since CD86 has a lower affinity for CTLA-4 than CD80, it has improved accessibility for CD28 on
Tregs and therefore Tregs selectively profit from CD86 costimulation®. Upon CTLA-4 blockade,
both CD80 and CD86 are available to support the Treg response®, especially in our tumor
setting where the Treg response is dominant. Interestingly, blockade of CTLA-4 together with RT
supported both cTreg and eTreg expansion, whereas RT alone induced an eTreg response. Thus,
CTLA-4 inhibition led to CD28 costimulation and consequent expansion of cTregs, while additional

signals induced by RT promoted eTreg differentiation.
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In certain mouse tumor models (TSA and 4T1 breast cancer and MCA38 colon cancer), CTLA-4 blockade
and RT have a combined therapeutic effect?>*474, CTLA-4 likely promoted new T-cell priming in these
models, given the increased TCR diversity of tumor-infiltrating T cells observed. Such a combined
effect was also found in subsets of patients with metastatic non-small cell lung cancer? or metastatic
melanoma?. In the TC-1 model, however, there was no added therapeutic effect of CTLA-4 blockade to
RT, which was explained by increased Treg over CTL priming. It is known that CTLA-4 ICB efficacy largely
relies on a high CTL over Treg ratio in the tumor®#2, highlighting that CTLA-4 blockade must favor CTL
over Treg priming in this setting®. In T-cell depleted tumors, several factors work against a favorable
CTL over Treg ratio, e.g. a higher cDC2-over cDCl1 ratio in the TME, limited RT-induced adjuvanticity®!
and/or RT-induced suppressive factors that prevent cDC1 maturation’®, Reportedly, fractionated low
dose RT is superior in eliciting IFN-I dependent optimization of cDC1 for CTL priming. This is because
single high dose RT attenuates IFN-I release by promoting DNA degradation via the exonuclease
Trex1%*. Consequently, 3x8 Gy, but not 20 Gy, cooperated with CTLA-4 blockade to improve systemic
anti-tumor immunity in TSA and 4T1 mouse models**3°448_However, in our model, RT induced a
strong Treg response to both 3x 8 Gy and 20 Gy and these schedules had no differential therapeutic
effect. Thus, in Treg dominant tumors, CTLA-4 blockade may preferentially support Treg expansion®

and not improve CTL-based tumor control, regardless of the RT regimen used*+®.

In our tumor setting, PD-1 blockade also exacerbated the RT-induced eTreg response and
consequently impeded the therapeutic CTL response. Importantly, it was recently reported
that PD-1 blockade can promote Treg responses in cancer patients, which can lead to cancer
hyper-progression®2¢, These studies showed that both Tregs and Tconvs can profit from CD28
costimulation that is enabled by PD-1 blockade®. In tumors that favor Treg- over CTL priming
at steady state and that have an exacerbated eTreg response upon RT, the conditions are met
for further Treg priming and expansion upon PD-1 blockade. Our discovery that CD86 blockade
abrogated the Treg response in this setting is therefore of potential clinical relevance. When CD86
was blocked, PD-1 blockade could not induce Treg expansion upon RT, indicating its dependence
on CD86-mediated CD28 costimulation. Importantly, CTL priming depended on CD80-mediated

costimulation and was not affected by CD86 blockade, allowing for reversal of the Treg/CTL ratio.

In conclusion, we reveal that in a model of lymphocyte-depleted cancer that favors myeloid
and Treg infiltration, CTLA-4 and PD-1 blockade have the opposite effect on RT-induced tumor
control than in immunogenic tumors with high Tconv infiltrates. This is due to exacerbation of
RT-induced Treg responses that counteract the RT-induced CTL response. We therefore caution
that CTLA-4 and/or PD-(L)1 blockade may likewise exacerbate RT-induced Treg responses in
human lymphocyte-depleted cancer. Our findings argue that instead, CD86 is a suitable target to
inhibit undesired Treg responses and a new candidate to improve Tconv cell responses to poorly

immunogenic cancers, particularly in combination with RT.
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Methods
TCGA data analysis

Immune subtype classifications among 9126 tumors were collected from Thorsson et al.%. Patient-
specific radiotherapy status and survival metrics were gathered from the UCSC Xena Platform using
the UCSCXenaTools package® of which 7891 tumors had complete information available. Following
this, Kaplan-Meier curves were generated for each immune subtype using overall survival (in months)
by radiotherapy status (yes vs. no). For the immune subtype prediction, the C4/C5 subtypes were
first collapsed into a single immune subtype and tumors derived from the C3 and C4/C5 immune
subtypes were selected (n=3939). Following this, features derived from the CIBERSORT deconvolution
algorithm and IFNy signature were subsequently used (n=23). Next, 70% and 30% of the data was
split into training and testing datasets, respectively. The training data was first scaled and centered
before undergoing a 5-fold repeated cross-validation strategy to predict between C4/C5 vs. C3 using

a K-nearest neighbor (KNN) model. The test data was then applied to evaluate model performance.

Murine microarray analysis

Microarray data and metadata was downloaded from GSE85509 using GEOquery. Murine gene
symbols were converted to human symbols using the biomaRt package. Following this, immune
cell types were deconvolved using CIBERSORT from the immunedeconv package and the IFNy
signature was generated using the Ayers gene signature®, Next, the data from the TC-1 and MC38

cell lines were used as input into the trained KNN model for classification.

Tumor cells

The MC38 colon cancer cell line was purchased from Kerafast (Boston, MA) and TC-1 tumor cells
(lung epithelial cells engineered to express HPV16 E6 and E7 proteins®) were obtained from Leiden
University Medical Center in 2015 and the authors did not perform further authentication. MC38
and TC-1 cells were cultured in DMEM and RPMI 1640 (Gibco, Life Technologies) respectively,
supplemented with 10% fetal calf serum (FCS), 0.1 mM non-essential amino acids, 1 mM sodium
pyruvate, 2 mM L-glutamine, 10 mM HEPES and penicillin/streptomycin (Roche) at 37°C, 5% CO,.
MC38 and TC-1 cell stocks were tested negative for Mycoplasma by PCR, and thawed cells were

used within 3 passages for in vivo experiments.

Tumor transplantation and RT

Six- to eight-week-old female C57BL/6Rj (B6) mice were purchased from Janvier Laboratories
(Le Genest Saint Isle, France). At day -8, mice were anesthetized with isofluorane and injected

subcutaneously (s.c.) with either 1x10° MC38 or 1x10° TC-1 tumor cells in 50 ul HBSS. Tumor size
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was measured by calipers in two dimensions and calculated as: area (mm?) = width x length. RT was
initiated when the tumors reached 18-25 mm? (indicated as day 0) and mice were randomly assigned
to different treatment groups. RT was applied using the SmART* system (Precision X-Ray, North
Branford, CT). Mice were anesthetized with isoflurane and a cone-beam CT scan of the mice was
performed. The tumor was localized on the CT scan and targeted with RT at 0.1 mm precision using
round collimators 1.0 or 1.5 cm in diameter. A single fraction of 8 or 20 Gy (225 peak kilovoltage (kVp),
filtered with 0.3 mm of copper (3 Gy/min)) was delivered. For fractionated dosage studies, a single
dose of 8 Gy was delivered on days 0, 1 and 2. Control mice (indicated as 0 Gy) were anesthetized
and received a cone-beam CT scan but were not exposed to RT. Mice were sacrificed when the tumor
diameter reached 15 mm or when the tumor size reached >100 mm?. In the survival curves, censored

events indicate mice that were sacrificed due to treatment unrelated disease.

Therapeutic antibodies and reagents

Mice received intraperitoneal (i.p.) injections of depleting anti-CD8Q-mAb (2.43, BioXCell) or
anti-CD4-mAb (GK1.5, BioXCell) at 200 pg per mouse in 100 pl PBS starting at day -1 prior to RT
(day 0) followed by days 3, 6 and 9. For Treg depletion experiments, mice were injected i.p. with
250 g of depleting mouse IgG2a isotype CD25-mAb* (modified clone of PC61, Evitria) in 100 pl
PBS at day -1 prior to RT and at day 5. Blocking mAbs to CTLA-4 (UC10-4F10-11, BioXCell), PD-1
(RMP1-14, BioXCell), CD80 (1G10, BioXCell) and CD86 (GL-1, BioXCell) were injected i.p. at either
100 pg (anti-CTLA-4 and anti-PD-1) or 200 pg (anti-CD80 and anti-CD86) per mouse in 100 pl
PBS at the day of RT (day 0) and days 3, 6, and in case of anti-CTLA-4 also at day 9. Control mice
were injected with equal amounts of PBS (vehicle) according to the treatment schedule indicated.
The sphingosine-1-phosphate receptor-1 agonist FTY720 (Fingolimod; Cayman Chemical) was
dissolved in 0.9% NaCl solution (vehicle) and administered at 2 mg/kg by oral gavage. FTY720
treatment started one day prior to RT and was repeated three times per week throughout the
duration of the experiment. All treatments were administered at standardized time points to

correct for fluctuations in the adaptive immune response influenced by circadian oscillations®.

Tissue preparation and flow cytometry

At the indicated time points, tumor-bearing mice were sacrificed, and the lymphoid tissues and
tumors were isolated. We performed intra-tumoral injection of 5% Evans Blue dye (Sigma-Aldrich) in
50 pl PBS to identify the axillary LN on the tumor bearing side as the TdLN, whereas the contralateral
inguinal LN was defined as the non-TdLN. The TdLN was carefully kept out of the field of irradiation
to prevent RT-induced attenuation of the adaptive immune responses in the LNC. Tumor tissue was
mechanically disaggregated using a Mcllwain tissue chopper (Mickle Laboratory Engineering), and

a single-cell suspension was prepared by digesting the tissue in collagenase type A (Roche) and 25
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pg/ml DNase | (Sigma) in serum-free DMEM for 45 min at 37°C. Enzyme activity was neutralized by
addition of medium containing 10% FCS, and the tissue was dispersed by passing through a 70-um
cell strainer. To acquire single cell suspensions of LNs, the tissue was punctured with a 27 G needle
followed by incubation in 100 pg/mL Liberase™ TL (Roche) in serum-free DMEM for 30 min at 37°C.
Enzyme activity was neutralized as described above and tissue was dispersed by passing through a 70-
um cell strainer. Peripheral blood cells were collected from tail blood of live mice in Microvette CB300
LH tubes (Sarstedt). Red blood cells were lysed in 0.14 M NH,Cl and 0.017 M Tris-HCI (pH 7.2) for 1 min
at room temperature and cell suspensions were washed and stained with relevant mAbs (Table 1).
For surface staining, single cells of the isolated tissues were first incubated with anti-CD16/32 (1:50,
clone 2.4G2, BD Bioscience) supplemented with 10 pug/ml DNAse, to block unspecific Fc receptor
binding, for 10 min on ice. Next, surface antibody staining was performed (Table 1) for 30 min in PBS
containing 0.5% BSA and 0.01% sodium azide. For intracellular staining of transcription factors and
cytokines, cells were fixed and permeabilized with the FOXP3 Transcription Factor Staining Buffer Set
according to the manufacturer’s protocol (Thermo Fischer Scientific). Dead cells were excluded by
using Fixable Viability Near-infra red dye (1:1000, Life Technologies), Zombie Red Fixable Viability Kit
(1:5000, BioLegend) or Zombie UV fixable viability Kit (1:500, BioLegend). Cytokine detection in tumor
and lymph node single cell preparations was performed following ex vivo stimulation in presence of 1
ug/ml GolgiPlug (BD Biosciences) with 50 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich)
and 1 uM ionomycin (Sigma Aldrich) dissolved in DMSO and diluted in 100 pl IMDM containing 8%
FCS for 3 h at 37°C, 5% CO,. Control (unstimulated) cells were treated with an equal volume of DMSO
in presence of GolgiPlug diluted in IMDM with 8% FCS. Absolute cell numbers were determined by
adding AccuCount Blank Particles (7-7.9 um, Spherotech) to each sample, prior to flow cytometry
analysis. Fluorescence minus one (FMO) was used as a negative control for activation markers. Flow
cytometry was performed using a BD FACSymphony™ A5 SORP flow cytometer or the 5-laser Cytek

Aurora. All generated data was analyzed using FlowJo and OMIQ software (Dotmatics, Boston, MA).

Data analysis

Dimensionality reduction and FlowSOM?®! analysis of flow cytometry data was performed using
OMIQ software. Following conventional marker expression analysis, the population of interest
was manually gated, and down-sampling was performed to select the maximal number of
cells per tissue representative for all tissue types included, as indicated in the figure legends.
Tumor samples containing <600 cells of the subsampled population were excluded from further
analysis (see Figure 5D). K-means clustering of the indicated populations was performed using
FlowSOM, including all markers indicated, except for live/dead and CD45 and in case of the CD8*
T cell population (see Figure 6E,F) also without CD3. Dimension reduction and visualization was
performed using uniform manifold approximation and projection (UMAP) analysis® and opt-SNE

analysis®?, including the same markers as described above and by using the default OMIQ settings.
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Statistical analysis

All statistical data were analyzed using GraphPad Prism version 9 (GraphPad Software, La Jolla,
CA). Statistical analyses were performed as indicated in the figure legends. Ordinary one-way
Anova was performed in case sample sizes were n>8, more than three experimental groups were
compared and if the assumption for normal distribution was met. In case sample sizes were n<8
and if normal distribution could not be assumed, Kruskal-Wallis analysis was applied. A P value
<0.05 was considered statistically significant; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Data are presented as mean + S.D.

Study approval

Mice were maintained in individually ventilated cages (Innovive, San Diego, CA) under specific
pathogen-free conditions. All mouse experiments were performed in accordance with institutional
and national guidelines and were approved by the Animal Welfare Body (IVD) of the Netherlands

Cancer Institute.
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& Supplemental Figure 1- Related to Figure 1 (A — B) and Figure 2 (A - D)

(A) Number of TCGA tumor types (for tumor type abbreviation, see Table 2) classified per immune subtype,
among tumors for which RT treatment (yes or no) was known. The total number of samples per tumor immune
subtype (C1-C5) is indicated in Figure 1A. (B) Distribution of samples that received RT (red) or not (grey) for each
tumor immune subtype. (C) Training (upper panel) and testing (lower panel) receiver operating curves (ROC) and
area under the curve (AUC) calculation of a k-nearest neighbor’s model training to classify C3 vs. C4/C5 TCGA
immune subtypes. Training and testing were split 75% and 25%, respectively. (D) Representative gating strategy
of the myeloid populations found in 50 mm? TC-1 tumors. (E-F) UMAP display of 5000 randomly selected CD3*
cells per sample found in non-TdLN, TdLN and tumors at day 8 of all treatment groups combined. FlowSOM
guided clustering (E) identifying the CD3* cell populations and (F) representative heat map visualization of
the markers that identify the CD3* (T-cell) subpopulations. (G) Representative flow cytometry plots overlaying
the in (E) identified cTreg and eTreg populations. (H) Percentage of the in (E) identified CD8* and CD4* Tconv
populations (left) and Ki67*CD8* and Ki67*CD4* Tconv populations (right) among the CD3" cells in the indicated
tissues. Error bars indicate SD. Data is from one experiment, representative of two experiments.
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Supplemental Figure 2 — Related to Figure 2 (E - H)
(A,B) Monitoring by flow cytometry of the indicated immune cells over time in TC-1 tumors treated as control
(0 Gy, n = 3-4/timepoint) or with either (A) 8 Gy over 3 days (3x 8 Gy, n=3-4/timepoint) or (B) a single dose
of 20 Gy RT (n=3-4/timepoint). Error bars indicate SD. Kruskal-Wallis test with Dunn’s post hoc analysis. (C,D)
TC-1 tumor bearing mice were treated with 20 Gy RT (n=9/group) or control (0 Gy, n=4/group) at day O in
combination with vehicle (PBS) or depleting mAbs against CD8 or CD4. (C) Frequency of CD8" (left) or CD4*
Tconvs (right) among live cells in blood over time. The 0 Gy control group and 20 Gy groups are combined
(Vehicle (PBS), n=13; aCD8, n=13; aCD4, n=13). (D) Individual tumor outgrowth curves belonging to Figure 2H.
Thick lines indicate group averages. Error bars indicate SD. ns; not significant. Data is from one experiment,

representative of two experiments.
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Supplemental Figure 3 — Related to Figure 3 (A - H).

(A-D) Data is from the same experiment described in Figure 3A-D. TC-1 tumor bearing mice received 20 Gy
RT (n=4-5/group) or 0 Gy (n=5) when tumor sizes reached ~20 mm? (day 0) in combination with FTY720 or
vehicle (NaCl) by oral gavage, starting at day -1 and followed by days 3 and 5. At day 8, the TdLN and tumor
were isolated and the CD4* T cell response was analyzed. (A,B) Frequency of CD4* and CD8* Tconvs among
live cells in blood at day 5 (A) and average tumor outgrowth curves (B) in TC-1 tumor bearing mice treated
with 0 Gy and FTY720 or vehicle. (C,D) Frequency of IFNy*and TNFa* cells within CD4* T cells in the TdLN (C)
and in the tumor (D) of mice treated with 0 Gy or 20 Gy.(E-G) Monitoring of the (FOXP3* CD25*) Treg response
to 20 Gy RT (n=8) or 0 Gy (n=6) in TC-1 tumor bearing mice by flow cytometry at day 8 post treatment. (E)
Representative gating strategy of Treg cells, based on FOXP3*and CD25* expression. (F) Absolute counts (#)
of total Treg cells in the non-TdLN, TdLN and tumor. (G) Representative concatenated (0 Gy, n=6; 20 Gy, n=8)
flow cytometry plots depicting Ki67* cells among Treg cells found in the non-TdLN, TdLN and tumor at day 8
post treatment. Numbers indicate the percentage of Ki67* cells. Data is from one experiment, representative
of two experiments. Error bars indicate SD. *P < 0.05, **P < 0.01, *** P < 0.001, two-way Anova with Tukey’s
post hoc test in C and D, Mann-Whitney test in F. ns; not significant.
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Supplemental Figure 4 - Related to Figure 3(l)

(A-C) TC-1 tumor bearing mice were treated i.p. with a depleting mAb against CD25 (n=6) or vehicle (PBS, n=6)
when tumor size reached ~20 mm? (day 0). At day 4, the non-TdLN, TdLN and tumor were harvested and the
Treg response was analyzed by flow cytometry. (A) Representative flow cytometry plots and (B) quantification
depicting the frequency of total Tregs in the indicated tissues. (C) Proportion of CD4* and CD8* Tconvs among
CD45* cells found in the indicated tissues following treatment. (D) Frequency of total Tregs among live cells
measured in blood over time in the indicated treatment groups and (E) the individual tumor growth curves
of the data described in Figure 3I. (F) Individual tumor growth curves and (G) overall survival of TC-1 tumor
bearing mice treated with 0 Gy (n=6) or 3x8 Gy (n =15-16) in combination with a depleting mAb against CD25
or vehicle (PBS) at day -1 and 5 post RT. Ratios indicate the number of mice that showed full recovery upon
treatment. Data are from one experiment representative of two experiments. Error bars indicate SD. *P <
0.05, **P < 0.01, Mann-Whitney test in B, Mantel-Cox analysis in G and Kruskal-Wallis test with Dunn’s post
hoc test in H. ns; not significant.
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Supplemental Figure 5 — Related to Figure 6

(A) Representative gating strategy of cDC subsets in the TdLN of TC-1 tumor bearing mice. (B,C) Mice bearing
20 mm? TC-1 tumors received control treatment (0 Gy, n=6) or 20 Gy RT at day 0 in combination with either
vehicle (PBS, n=8) or blocking mAb against CD80 (n=7) or CD86 (n=8) at day 0, 3 and 6. The cDC response was
monitored by flow cytometry in the TdLN at day 8. (B,C) Median expression of the indicated markers found
on (B) migratory cDC1s and (C) migratory cDC2s in the TdLN.(D) Representative gating strategy of the CD44*
TCF-1"cells (orange) and CD44* TCF-1* cells (black) among CD8* T cells in the TdLN (upper row) and tumor
(lower row) for the indicated treatment groups at day 8. FMO; fluorescence minus one. Data are from one
experiment representative of two experiments. Error bars indicate SD. **P < 0.01, *** P < 0.001, **** p <
0.0001, ordinary one-way Anova with Dunnett’s post hoc test in C, D. ns; not significant.
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Supplemental Figure 6 — Related to Figure 7

(A) Mice bearing 20 mm? TC-1 tumors received control treatment (0 Gy, n=5) or 20 Gy RT at day O in
combination with either vehicle (PBS, n=8) or blocking mAb against CD80 (n=11) or CD86 (n=11) at day O,
3 and 6. The CD8* T cell response was monitored by flow cytometry in the tumor at day 8. Representative
concatenated (n=11) contour plots are depicted for PD-1 expression on the indicated cell populations among
CD8* T cells in mice treated with 20 Gy and CD86 blockade. Numbers indicate percentages. (B-C) Mice bearing
TC-1 tumors received control treatment (0 Gy, n=4) or 20 Gy RT at day 0 in combination with either vehicle
(PBS, n=8) or blocking mAb against PD-1 (n=11), CD86 (n=10) or a combination of both (n=10) at day 0, 3 and
6. The CD3* lymphocyte response was monitored by flow cytometry in the non-TdLN, TdLN and tumor at day
8. UMAP display of 2500 randomly selected CD3* cells per tissue found in non-TdLN, TdLN and tumors at day
8 of all treatment groups combined. FlowSOM guided clustering (B) identifying the CD3* cell populations and
(C) representative heat map visualization of the markers that identify the CD3*(T-cell) subpopulations. (D) Pie
chart depicting the proportion of TC-1 tumor-bearing mice with complete tumor clearance upon treatment
with 20 Gy at day 0O, in combination with either vehicle (PBS), or blocking mAb against PD-1, CD86 or both
CD86 and PD-1 at day 0, 3 and 6. ¥*P<0.05, Chi-square test.
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Table 1: Antibodies & Reagents

Antigen
CD11c
CD11b
CD19
CD25
CcD3
CcD3
CD3
CD4
CD4
CD4
CD40
CD43
CD44
CD45
CD45
CD45
CD62L
CD64
CD8
CD8
CD8
CD80
CD86
CD88
CD103
CD172a
CTLA-4
CX3CR1
F4/80
FOXP3
FOXP3
Granzyme B
Helios
ICOS
IFNy
IRF8
Ki67
Ki67
KLRG1
Ly6C
MHCII
NK1.1
PD-1
PD-L1 (CD274)
TCF-1
TCRb
TCRb
TNFa
yd T cell

Fluorochrome
BUV496
BV510
PerCP/Cy5.5
BV421
PerCP/Cy5.5
BV785

PE Cy7
BV711

FITC
BUV395

PE Cy5

PE Cy5
BV785
APC/Fire810
BUV395
BUV563
APC/Cy7
AF647
PerCP/Cy5.5
BUV805
AF700
PE/Dazzle 594
BV785
BUVS805
BV711
BUV395
BV605
PerCP/Cy5.5
Bv421

APC

PE Cy5.5

PE

PE Cy7
PerCP/Cy5.5
eFluor450
APC

AF700
eFluor506
PE eF610
Pacific Blue
APC-eFluor780
PerCP/Cy5.5
BUV737
BUV737
APC

PE Cy7
BUV563

PE Cy7
BV510

Clone
HL3
M1/70
6D5

7D4

17A2
17A2
145-2C11
GK1.5
RM4-4
GK1.5
3/23
1B11

IM7
30-F11
30-F11
30-F11
MEL-14
X54-5/7.1
53-6.7
53-6.7
53-6.7
16-10A1
GL-1
20/70
M290
P84
UC10-4B9
SA011F11
BM8
FJK-16S
FJK-16S
GB11
22F6
C398.4A
XMG-1.2
V3GYWCH
SolA15
SolA15
2F1
HK1.4
M5/114.15.2
PK136
J43

MIH5
C63D9
H57-597
H57-597
MP6-XT22
GL3

Flow Cytometry Antibodies

Vendor

BD Biosciences
BioLegend
BioLegend

BD Biosciences
BD Biosciences
Biolegend
eBiosciences
BD Biosciences
BioLegend

BD Biosciences
Biolegend
Biolegend
Biolegend
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
eBiosciences
BD Biosciences
BioLegend
Biolegend
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
Biolegend
BioLegend
eBiosciences
eBiosciences
Sanquin
BioLegend
BioLegend
eBiosciences
eBisociences
eBiosciences
eBiosciences
Thermo Fisher
BioLegend
eBiosciences
BioLegend
eBiosciences
BD Biosciences
Cell Signaling Technology
Biolegend

BD Biosciences
BD Biosciences
BioLegend

Catalog #
750483
101263
115534
564571
560527
100232
25-0031-81
563050
116003
563790
124617
121216
103059
103173
564279
612924
560514
139322
45-0081-82
612898
100730
B271480
B347725
748611
564320
740282
106323
B318597
123137
25-5773-82
35-5773-80
M2289
137235
313518
48-7311-82
17-9852-80
56-5698-82
69-5698-80
4335245
128014
47-5321-80
108727
376-9985-80
741877
37636S
109222
748406
561041
118131
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Viability dyes

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit Thermo Fisher L10119
Zombie UV™ Fixable Viability Kit BioLegend 423107
Zombie Red™ Fixable Viability Kit BioLegend 423109

In vivo antibodies & reagents

Antigen Immunogen Clone Vendor Catalog #

CD25 18G2a M2A Evitria Gift from S. Quezada (under MTA)
CTLA-4  1gG2a fusion protein  UC10-4F10-11  BioXcell BE0032

PD-1 Rat 1gG2a RMP1-14 BioXcell BE0146

CD80 Rat 1gG2a 1G10 BioXcell BE0134

CD86 Rat 1gG2a GL-1 BioXcell BE0025

CD8 Rat 1gG2b 2.43 BioXcell BE0O61

CD4 Rat 1gG2b GK1.5 BioXcell BE0003-1

FTY720 Cayman Chemical 10006292

Company




ICB promotes CD86-driven Treg responses upon RT of lymphocyte-depleted cancer

Table 2: TCGA abbreviations

TCGA Abbreviation Cancer Type

ACC Adrenocortical carcinoma

BLCA Bladder urothelial carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma
CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and Neck squamous cell carcinoma
KICH Kidney Chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma
LGG Brain Lower Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

ov Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma
PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin Cutaneous Melanoma

STAD Stomach adenocarcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma

THYM Thymoma

UCEC Uterine Corpus Endometrial Carcinoma
ucs Uterine Carcinosarcoma

UVM Uveal Melanoma
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Abstract

Tumor emergence is not only associated with local immunosuppression but also induces systemic
immune disturbances. Regulatory T cells (Tregs) are among the first immune cells to respond
to tumor development and may accumulate in the tumor-draining lymph node (TdLN) before
migrating into the tumor. However, the mechanisms underlying tumor-induced Treg priming in
the TdLN are poorly characterized. Here, using the mouse TC-1 tumor model, we demonstrate
that tumor growth preferentially promotes expansion and initial differentiation in the TdLN of
Helios* Tregs, representative for a thymus-derived origin. These Tregs subsequently migrate
into the tumor microenvironment (TME), where they adopt a more mature phenotype. We
propose future experimental avenues that can reveal mechanisms dictating tumor-induced Treg
responses in the TdLN and developmental trajectories of Tregs in healthy tissues and tumors.
This information is essential to reveal novel therapeutic targets to inhibit Treg responses without

eliciting immune-related adverse effects.
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Introduction

Regulatory T cells (Tregs) are critical for maintaining immune homeostasis, but also contribute to an
immunosuppressive tumor microenvironment (TME), where they inhibit the function of effector T
cells and dendritic cells (DCs)*. Thus, Tregs may impact the prognosis of various cancer types? and limit
the effectiveness of anti-tumor immunotherapy?®. Consequently, targeting of Tregs may be attractive
to improve therapeutic outcomes, but current approaches are challenged by 1) the shared expression
of markers between Tregs and conventional T cells (Tconvs), 2) the difficulty to accurately dissect Treg
and Tconv populations in human tumors* and 3) the need to inhibit tumor-associated Tregs, while
preserving the ability of Tregs in healthy tissue to maintain tissue homeostasis®. Thus, gaining a deeper

understanding of these cells in the tumor context may identify better therapeutic targets.

Tregs can be classified into two subsets, based on their tissue of origin: Thymus-derived Tregs (tTregs)
develop from immature T cell precursors, recognize self-antigens, and act as guardians against
autoimmunity, while peripherally-induced Tregs (pTregs) arise from mature Tconvs and suppress
responses against non-self antigens®. pTregs are primarily found at mucosal-surfaces, like the colon,
and the maternal-fetal interface®’. tTregs generally circulate between the blood and lymphoid
tissue, where they receive signals required to differentiate into effector (e)Tregs. Subsequently,
these eTregs migrate into non-lymphoid tissue (NLT) to become tissue-resident Tregs®. Within these
NLTs, Tregs functionally adapt their differentiation states in response to local CD4* Tconv cells, which
produce lineage-specific cytokines associated with T helper (Th)1, Th2, or Th17 cells. In response,

Tregs tailor their suppression against the corresponding Tconv population®.

In autoimmunity treatment, anti-inflammatory tTregs are preferred due to their stable lineage
commitment, while pTregs may revert back into Tconvs that can be pro-inflammatory®. The
precise contributions of these Treg subtypes in cancer remains uncertain, due to the lack
of phenotypical and functional markers to distinguish between tTregs and pTregs in human
studies, until recently!’. Accurate identification of these cells holds promise for developing
novel therapeutic approaches. For instance, lineage instability in intra-tumoral Tregs can cause
genetic reprogramming?? and conversion to Tconv cells, evoking anti-tumor immune responses®®.
However, characterization of the T cell receptor (TCR) profiles of human tumor-resident Tregs
identified a significant overlap with circulating Tregs isolated from blood, while no parallels were
found with Tconvs®. This finding emphasizes that tumor-resident Tregs likely emerge not from the
conversion of Tconvs but rather represent tTregs that are attracted to the TME from the circulation.
Insights from single-cell RNA sequencing (scRNAseq) in mice further suggest that tumor-derived
Tregs follow adaptation trajectories similar to those observed in NLTs'*, consistent with findings
in human breast cancer®. These Tregs appear to be primed for activation in the (tumor) draining
lymph node (TdLN)*. Thus, tumor-derived Tregs likely are derived from the circulation and show
high similarities to tissue-resident Tregs in healthy neighboring tissue. Furthermore, the presence

of tumors correlated with elevated levels of Tregs systemically, particularly in the TALN*"*°. These

61




Chapter 3

Tregs can hinder the initiation of new T cell responses?*?', Although the role of these Tregs in
driving metastases is becoming increasingly clear'®°, the exact mechanisms of initial Treg priming
in the tumor context remains controversial. Since the TdLNs serve as the site for priming and
maintaining tumor-specific Tconv and Treg responses?>?*, unraveling the mechanisms that initiate

and sustain Treg responses in the tumor setting is of great importance.

We have previously identified that the transplantable C57BL/6-derived lung carcinoma TC-1
tumor model® resembles human “lymphocyte depleted” cancer?®?7- under revision \which is discerned
by lymphocyte paucity and high myeloid cell infiltrate. TC-1 tumor growth raised a spontaneous
immunosuppressive response in the TdLN, characterized by increased Ly6C* monocytes and effector
Tregs?”- under revison - Thys, this tumor model allows us to monitor how tumor growth orchestrates
immunosuppressive responses beyond the local TME and assess the contribution of TC-1 tumor
development to Treg priming in the TdLN, spleen, and tumor. We next integrate our findings and
highlight the potential future experiments required to expand upon the current understanding of

tumor-induced Treg priming and their differentiation trajectories within healthy and tumor tissue.

Results

Tumor development induces Helios* Treg priming in the tumor
draining lymph node

To investigate how TC-1 tumor growth impacts systemic Treg responses, we assessed the
abundance of Tregs by flow cytometric analysis in the tumor, TdLN, non-TdLN, and spleen,
and compared them to age-matched naive mice. We observed that Tregs comprise the largest
population of CD3* cells in the tumor (Figure 1A). Interestingly, the frequency (Figure 1B)
and absolute number (Figure 1C) of Tregs was significantly increased in the axillary TdLN and
spleen, but not in the non-TdLN of TC-1 tumor-bearing mice. This data suggests that the TdLN
serves as the priming site for tumor-induced Treg expansion, from where Tregs can disseminate
systemically. To better visualize this, TC-1 tumor bearing mice received the S1P-receptor agonist
FTY720, which restrains T-cell egress from lymphoid organs?®. At day 9 post treatment, presence of
FTY720 significantly enhanced the proportion of Tregs in the TdLN compared to the control group
(Figure 1D). Furthermore, FTY720 treatment significantly reduced the fraction of Tregs present
in the tumor, indicating that tumor-infiltrating Tregs originate from the TdLN. These findings
were further supported by the increased fraction of proliferating (Ki67*) Tregs in the TdLN, while
Tregs in the non-TdLN and spleen did not show enhanced proliferation compared to the naive
control group (Figure 1E). Interestingly, analysis of the Treg population across all tissues revealed
that regardless of tumor presence, the proliferating Treg subset was primarily characterized by
Helios expression (Figure 1F), a marker for tTregs in mice?. Quantitative analysis demonstrated
that while both Helios* and Helios™ Tregs exhibited increased proliferation in the TdLN of tumor-

bearing mice, the majority of the proliferating Tregs expressed Helios (Figure 1G). Furthermore,
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upon TC-1 tumor growth, both Helios* and Helios Tregs showed a significant increase in absolute
numbers within the TdLN, but Helios* Tregs constituted the largest Treg population in the TdLN
(Figure 1H). Importantly, the majority of tumor-infiltrating Tregs expressed Helios (Figure 1l).
Together with the Treg depletion from the tumor upon FTY720 treatment, these data argue that

Helios* Tregs expand in the TdLN and subsequently migrate into the tumor.
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Figure 1. TC-1 tumor development drives priming of Helios* Tregs in the TdLN

Analysis of the CD3* T cell population found in the tumor, TdLN (right axillary LN), non-TdLN (left inguinal LN)
and spleen of mice bearing 50 mm?TC-1 tumors (n=6) and age-matched naive mice (n=5) by flow cytometry. (A)
Frequency among CD45" cells (left) and absolute number (right) of the indicated populations found in tumor.
(B,C) Frequency (B) and absolute number (C) of Tregs in indicated tissues. (D) Mice bearing TC-1 tumors (n=5/
group) received FTY720 or vehicle (NaCl) by oral gavage when tumor size reached 20 mm? (day 0), followed
by days 3 and 6. Indicated is the percentage of Tregs among CD4* T cells at day 9 post treatment found in
the TdLN and tumor. (E) Percentage of Ki67* cells among Tregs in the indicated tissues. (F,G) Representative
concatenated (n=5 for naive and n=6 for TC-1 tumor bearing) flow cytometry plots (F) and quantification
(G) of the percentage of Ki67* cells positive for Helios* or Helios™ Tregs in the indicated tissues. (H) The
absolute number of Helios* and Helios™ Tregs found in the TdLN of TC-1 tumor bearing mice (n=6/timepoint)
at increasing tumor sizes compared to age-matched naive mice (n=5). (I) Representative concatenated (n=6)
flow cytometry plot (left) and quantification in absolute numbers (right) of the distribution of Helios* and
Helios  Tregs found in the TC-1 tumor at 50 mm?.

Data are from one experiment, representative of at least two experiments. Error bars indicate SD. *P < 0.05,
**p < 0.01, Mann-Whitney test and Kruskall-Wallis test with Dunn’s post hoc analysis. ns; no significance.
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Following priming, thymic-derived Tregs acquire an effector
phenotype in the tumor

If Tregs were primed in the TALN and subsequently relocated to the tumor, as suggested by our data, we
would expect them to acquire an effector phenotype. We indeed observed a significant increase in the
proportion of cells displaying a CD44* CD62L effector phenotype within the Helios* Treg population, in
contrast to Helios Tregs (Figure 2A,B). Conversely, Helios Tregs exhibited a higher fraction of cells with
a CD44 CD62L* naive phenotype. Thus, while both Helios* and Helios  Tregs expanded in the TdLN upon
TC-1 tumor growth, primarily Helios* Tregs apparently underwent effector differentiation. Reduction
analysis of the total Treg population revealed a distinct population in the TdLN that was absent in
both naive and non-TdLNs (Figure 2C). This population encompassed both Helios* and Helios™ Tregs,
although the majority were Helios* cells (Figure S1A). Clustering analysis confirmed these findings
and identified clusters 5, 6 and 7 to be significantly enhanced in the TdLN, but not in the naive and
non-TdLNs (Figure 2D,E). Interestingly, although cluster 4 was not significantly enriched in the TdLN
compared to naive LNs, it is near absent in the non-TdLN. All clusters displayed high expression of ICOS,
TNFR2, CTLA-4, GITR. Furthermore, cluster 5 and 7 differentiate from cluster 6 by Helios and enhanced
CCR8 expression. In addition, cluster 5 exhibits elevated PD-1, CXCR6, CD39 and OX40 expression, as
compared to the other clusters (Figure 2F, S1B), consistent with an NLT-adapted effector phenotype®.
This population is likely primed to migrate and eventually become tissue-resident Tregs. Cluster 7 is
highly proliferative, based on the expression of Ki67, which was less pronounced in cluster 6 and not
observed in clusters 4 and 5 (Figure 2F, S1B), and probably reflects a precursor population of cluster 5.
Thus, TC-1 tumor development drives effector differentiation of both Helios*- and Helios™ Tregs in the

TdLN, yet expansion of Helios* Tregs seems to be preferred.

Following differentiation into effector cells, Tregs move to non-lymphoid tissues, where they undergo
further phenotypical adaptations®®. Tumor-derived Tregs apparently undergo similar adaptation
trajectories, but may exhibit enhanced expression of chemokine receptors, such as CCR8 and CXCR6*.
Similarly, scRNAseq analysis in mice have illustrated a transformation process of Tregs migrating from
the TdLN into the TME, where they become tumor-retained Tregs. These Tregs exhibit an upregulated
protein expression profile, including enhanced ICOS and CD39 expression®. Correspondingly, tumor-
resident Helios* Tregs were enriched for the CD44* CD62L effector phenotype (Figure S1C) and
exhibited increased cell surface expression of ICOS, CTLA-4, GITR and CCR8 as compared to Helios*
Tregs found in the TdLN (Figure 2G,H). TNFR2, PD-1 and OX40 expression were not further increased.
Additionally, tumor-resident Helios* Tregs uniquely expressed CXCR6 and CD39. Although present in a
significantly smaller proportion (Figure 1), we observed that tumor-resident Helios Tregs displayed a
comparable phenotype to tumor-resident Helios* Tregs (Figure S1C-E). Taken together, these findings
suggest that TC-1 tumor growth preferentially drives effector differentiation of Helios* Tregs in the
TdLN, which likely enables their subsequent infiltration from the bloodstream into the tumor. In the

tumor, the effector Treg phenotype is most explicitly present.

64



Identifying mechanisms behind tumor-induced Treg priming

A B C
TdLN Within Tregs:
Helios* Helios Naive TdLN non-TdLN
383 274 244 217 48 .
10%4 2 - 0
1] § 23]
\ - ~ 287
J10:] 17.3 A 8 )37 <} w 3
g od T é & & 28
Ay I
010* 10° 10° S -54 eI
CD62L [ -49 24 12 51
opt-SNE 1
D E Onaive LN F
TdLN Qo>
Cluster 15 ns ° PO TN O o O
s . SOP P LY & G Q0O A
@1 06 = Qrnon-TdLN R EFPI NS QFE o ¢
0207 ° I 4
o @305 10 L g 6
F 04 @9 = 008 ns ® T — 5
= @5 G |ms = e ns o, o —| 7
=% 0
5 8 540 & °% < ﬁ; o Expression Cluster
3 % ° 3
Be o B % [
L»opl-SNE 1 $ o s * 7 g ° Low High
0 T T T T T
Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8
G
Within Helios* Tregs:
° ICOS TNFR2 CTLA-4 GITR PD-1 CXCR6 CD39 CCR8
B N I N \ \ 0 I
£ \ | I L I I (\
£ i | | I ‘
3 { I\ \ [| In
& I | M I [
|| i \ | / I A | \
E L / s - -/ W/ I\ 0/ S
R i Yo -rrbyrrmr g T - e ™ e o o
010°10° 10° 01010° 10° 0 10* 10° 010%10° 10° 0 10 10° 0 10 10° 010°10° 10° 010%10° 10° 010* 10° 10°
H )
Helios* Tregs:
6
- 10 @TdLN
‘% = @ Tumor
o
S 10° ns
= . - *
o - - -
c Ry -
8
5
o
=

Wl amas

T T T T T T U T
ICOS TNFR2 CTLA-4 GITR PD-1 CXCR6 CD39 CCR8 OX40

Figure 2. Helios* Tregs acquire a more explicit effector phenotype in the TME.

Phenotypic analysis by flow cytometry of the Treg population found in the TdLN (right axillary LN), non-TdLN
(left inguinal LN) and tumor of mice bearing 50 mm? TC-1 tumors (n=6) or age-matched naive mice (n=5).
(A,B) Representative concatenated (n=6) flow cytometry plots (A) and quantification (B) of the percentage
of Helios* and Helios™ Tregs expressing CD44 and/or CD62L. The numbers in (A) represent percentages. (C)
Opt-SNE display of 1000 randomly selected Treg cells per sample found in axillary LNs of naive mice (n=5),
together with TdLN and non-TdLN of TC-1 tumor bearing mice (n=6). Black circle is for visualization purposes
only. (D) Opt-SNE visualization of 9 Treg clusters identified by FlowSOM. Black circle visualizes the clusters
with upregulated activation markers, as indicated in Figure S1B. (E) Quantification of the indicated clusters
identified in (D) in naive LNs, TdLNs and non-TdLNs. (F) Heatmap overview of the relative expression of the
indicated Treg markers among clusters 4, 5, 6 and 7. (G,H) Representative (n = 5-6) concatenated histograms
(G) and quantification (H) depicting expression of the indicated markers on Helios* Tregs found in the TdLN
and tumor. Results are combined from two separate experiments.

Error bars indicate SD. *P < 0.05, **P < 0.01, Mann-Whitney test in (B) and (H). Kruskal-Wallis with Dunn’s post
hoc test in (E). ns; no significance.
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Discussion

Tregs are among the first immune cells to respond to tumor development?*, establishing an
immunosuppressive environment that could hinder anti-tumor immune responses**'. These
Tregs tend to accumulate in the TdLN before migrating into the tumor?. However, the precise
mechanisms governing tumor-induced Treg priming in the TdLN and their subsequent migration
into the tumor remain poorly understood. Recent studies found significant overlap in TCR
sequences between Tregs isolated from the tumor and blood, but not with Tconv cells>**32, This
suggest peripheral Treg recruitment and potential activation upon recognition of antigens distinct
from those recognized by Tconvs®**, Additionally, tumor-associated Tregs likely resemble tissue-

resident Tregs>*>*, complicating targeted intervention without affecting healthy tissue Tregs.

Toidentify potential therapeutic targets, we need to better understand the mechanisms underlying
tumor-induced Treg priming and the subsequent migration and adaptation of these Tregs in
the TME. Hence, we require effective in vivo tumor models that can recapitulate this process.
Our study demonstrates that the TC-1 tumor model is suitable for this purpose. Specifically, we
identify that tumor development favors expansion of Helios* Tregs, representing tTregs, in the
TdLN. These Tregs then migrate into the tumor where they further adopt a matured phenotype.
To gain a better understanding of the observed findings, future experiments should focus on the
underlying mechanisms governing Treg priming in the tumor setting. For instance, scRNAseq,
together with TCR sequencing of Tregs extracted from the TdLN and tumor, compared to healthy
LN and lung tissue (considering TC-1 tumors originate from lung epithelial cells?*), may identify
specific cellular states and pathways distinguishing normal tissue-resident from tumor-specific
Tregs. This data may be particularly important to gain insights into the differentiation trajectories
of Tregs in the TALN. Additionally, this data will also provide a better understanding of the overlap
between tumor-infiltrating Tregs and those residing in healthy tissue. Particularly, it has been
described that Tregs transitioning from the TdLN into the tumor undergo an adaptation process to
become tumor-resident Tregs*®. However, it remains unclear whether these findings resemble a
common tissue-resident adaptation process>*¢, or if they are exclusive to the tumor context. This
could potentially be addressed by scRNAseq data from our setting. Finally, given the proportion
of Helios Tregs present in the TdLN, CD4* Tconv cells should be analyzed in parallel. By performing
TCR sequencing analysis, it could be determine whether these cells are pTregs originating from

Tconv conversion within the TdLN*.

An alternative approach worth exploring involves scRNAseq together with multiplex spectral
flow cytometry to analyze the immune composition in the TdLN and compare it to healthy LNs.
Specifically, it would be interesting to map the myeloid population, including dendritic cells
(DCs) and monocytes to identify cellular states that may dictate Treg priming®®. By utilizing the
fluorescent protein zsGreen, stably transduced in TC-1 tumor cells, sorting strategies could

efficiently identify recently migrated DCs and other myeloid populations from the tumor®®. This

66



Identifying mechanisms behind tumor-induced Treg priming

information may help to identify how tumor development impacts DC and myeloid functional

states, potentially favoring Treg differentiation over Tconv priming.

Studies in humans have demonstrated that tumor-resident Tregs acquire an enhanced
immunosuppressive phenotype compared to Tregs derived from healthy tissue!®*. This
suggests the existence of additional contributing factors that may sustain the intra-tumoral
Treg pool and impact their molecular reprogramming, such as local interactions with DCs?*** or
macrophages*?. Considering that TC-1 tumors primarily contain myeloid populations, it would
be interesting to better understand the interplay between these cells with tumor-resident
Tregs. Immunohistochemistry (IHC) on entire slide images may help to determine the spatial
localization of Tregs and DCs or macrophages in the tumor. In addition, intervention studies
including CSF1R-targeted depletion*** or CCR2-inhibitors**® are required to determine the
interaction between macrophages and Tregs. While these interventions may offer clarity
regarding the general interplay between these cell types, further exploration into the phenotypic
and functional changes occurring in these cells subsequent to these interventions is essential.
Particularly, it would be intriguing to dissect the mechanisms employed by myeloid cells that
contribute to Treg differentiation within the TME. This can either be through direct interactions
with potential co-inhibitory or -stimulatory receptors*’, or through indirect mechanisms like the
release of cytokines**. The collective insights from this data could potentially provide a strategy
to alleviate immunosuppression within the TME, not by targeting Tregs directly, but by focusing

on modulating tumor-resident myeloid cells.

Taken together, we here show that the TC-1 tumor model may be used to delineate the
mechanisms guiding tumor-induced Treg differentiation in TdLN and the tumor. Furthermore, we
suggest potential avenues for investigating Treg differentiation mechanisms in the tumor context.

These efforts are vital for identifying potential therapeutic targets.
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Methods

Murine TC-1 tumor cell line

The TC-1 tumor cell line is derived from C57BL/6 lung epithelial cells engineered to express HPV16
E6 and E7 proteins® and was received from Leiden University Medical Center in 2015. TC-1 cells
were cultured in RPMI 1640 (Gibco, Life Technologies), supplemented with 10% fetal calf serum
(FCS), 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 10 mM
HEPES and penicillin/streptomycin (Roche) at 37°C, 5% CO, and the stock was tested negative for

Mycoplasma by PCR. Thawed cells were used within 3 passages for in vivo experiments.

Mice

Six-to-eight-week old female C57BL/6jRj mice were obtained from Janvier Laboratories (le
Genest Saint Isle, France) and maintained in individually ventilated cages (Innovive) under
specific pathogen-free conditions. All mouse experiments were performed in accordance with
institutional and national guidelines and were approved by the Animal Welfare Body (IVD) of the

Netherlands Cancer Institute.

Tumor transplantation

Mice were anesthetized with isofluorane and injected subcutaneously (s.c.) with 1x105 TC-1
tumor cells in 50 pl HBSS. Tumor size was measured by calipers in two dimensions and calculated
as: area (mmz) = width x length. Mice were sacrificed at the indicated timepoints, when humane

endpoint was reached or when the tumor size reached >100 mmZ.

FTY720 treatment

When tumor size reached 18-20 mm? (day 0), TC-1 tumor bearing mice were treated with the
sphingosine-1-phosphate receptor-1 agonist FTY720 (Fingolimod, Cayman Chemical), dissolved in
0.9% NaCl solution (vehicle) and administered at 2 mg/kg by oral gavage. FTY720 treatment was

repeated at day 4 and 6 and mice were sacrificed at day 9.

Tissue preparation and flow cytometry

Lymphoid tissues and tumors were harvested from mice at the indicate timepoints. To characterize
the TdLN and non-TdLNs, we performed intra-tumoral injection of 5% Evans Blue Dye (Sigma-
Aldrich) in 50 pl PBS under isofluorane, and identified the axillary lymph node as the TdLN,
whereas the contralateral inguinal LN was defined as the non-TdLN. Tumor tissue was mechanically

disaggregated using a Mcllwain tissue chopper (Mickle Laboratory Engineering), and a single-cell
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suspension was prepared by digesting the tissue in collagenase type A (Roche) and 25 pg/ml DNase
| (Sigma) in serum-free DMEM for 45 min at 37°C. Enzyme activity was neutralized by addition of
medium containing 10% FCS, and the tissue was dispersed by passing through a 70-um cell strainer.
To acquire single cell suspensions of LNs and spleen, the tissue was punctured with a 27 G needle
followed by incubation in 100 pug/mL LiberaseTM TL (Roche) in serum-free DMEM for 30 min at 37°C.
Enzyme activity was neutralized as described above and tissue was dispersed by passing through
a 70-um cell strainer. For surface staining, single cells of the isolated tissues were first incubated
with anti-CD16/32 (1:50, clone 2.4G2, BD Bioscience) supplemented with 10 ug/ml DNAse, to block
unspecific Fc receptor binding, for 10 min on ice. Next, surface antibody staining was performed
(Table 1) for 30 min in PBS containing 0.5% BSA and 0.01% sodium azide. For intracellular staining of
transcription factors and cytokines, cells were fixed and permeabilized with the FOXP3 Transcription
Factor Staining Buffer Set according to the manufacturer’s protocol (Thermo Fischer Scientific).
Dead cells were excluded by using Fixable Viability Near-infra red dye (1:1000, Life Technologies)
or Zombie UV fixable viability Kit (1:500, BioLegend). Absolute cell numbers were determined by
adding AccuCount Blank Particles (7-7.9 um, Spherotech) to each sample, prior to flow cytometry
analysis. Fluorescence minus one (FMO) was used as a negative control for activation markers. Flow
cytometry was performed using a BD FACSymphonyTM A5 SORP flow cytometer or the 5-laser
Cytek Aurora. All generated data was analyzed using OMIQ software (Dotmatics, Boston, MA).

Data analysis

Dimensionality reduction and FlowSOM*® analysis of flow cytometry data was performed using
OMIQ software. Following conventional marker expression analysis, the population of interest
was manually gated, and down-sampling was performed to select the maximal number of cells
per tissue representative for all tissue types included, as indicated in the figure legends. K-means
clustering of the indicated populations was performed using FlowSOM, including all markers
indicated, except for live/dead, CD45, CD3 and CD4. Dimension reduction and visualization was
performed using uniform manifold approximation and projection (UMAP) analysis®, including the

same markers as described above and by using the default OMIQ settings.

Statistical analysis

All statistical data were analyzed using GraphPad Prism version 9 (GraphPad Software, La Jolla,
CA). Statistical analyses were performed as indicated in the figure legends. A P value < 0.05 was
considered statistically significant; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are

represented as mean + S.D.
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Supplemental Figure 1 — Related to Figure 2.

Phenotypic analysis by flow cytometry of the Treg population found in the TdLN, non-TdLN and tumor of
mice bearing 50 mm? TC-1 tumors (n=6) or age-matched naive mice (n=5). (A,B) Opt-SNE visualization of
1000 randomly selected Tregs per sample found in axillary LNs of naive mice (n = 5), together with TdLN and
non-TdLN of TC-1 tumor bearing mice (n=6). (A) Heatmap display (left) and representative flow plots (right)
showing Helios expression. The figure on the right shows Helios expression as found among clusters 4-8 (see
Figure 2D). The numbers indicate percentages. (B) Representative heatmap visualization of the markers used
to identify different activation states among Tregs. (C) Representative concatenated (n=6) flow cytometry
plots of the proportion of tumor-derived Helios* and Helios™ Tregs expressing CD44 and/or CD62L. (D,E)
Representative concatenated (n=6) histograms (D) and quantification (E) depicting expression of the indicated
markers on Helios™ Tregs found in the TdLN and tumor. Error bars indicate SD. **P < 0.01, Mann-Whitney test
in (E). ns; no significance.
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Table 1: Antibodies & Reagents

-> Antigen Fluorochrome
CD25 BV421

CD3 PerCP eF710
CD3 BV785

CDh4 BUV395
CD45 APC/Fire810
CD45 BUV563
CD8 BB515

CD8 BUV805
CTLA-4 BV605
FOXP3 APC

FOXP3 PE Cy5.5
Helios PE Cy7

ICOS PerCP Cy5.5
CD39 BUV805
TNFR2 PE

Ki67 AF700

Ki67 eFluor506
CXCR6 APC/Cy7
GITR R718

0Xx40 SB780
CCR8 BV711

PD-1 BUV737
CD44 BV785
CD62L APC/Cy7

Clone
7D4
500A2
17A2
GK1.5
30-F11
30-F11
53-6.7
53-6.7
UC10-4B9
FJK-16S
FJK-16S
22F6
C398.4A
24DMS1
TR75-89
SolA15
SolA15
SA051D1
DTA-1
0X-86
SA214G2
143

IM7
MEL-14

Flow Cytometry Antibodies

Vendor

BD Biosciences
eBiosciences
BioLegend

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
eBiosciences
eBiosciences
BioLegend
BioLegend
eBiosciences
BioLegend
eBiosciences
eBiosciences
BioLegend

BD Optibuild
eBiosciences
BioLegend
eBiosciences
BioLegend

BD Biosciences

Catalog #
564571
46-0033-82
100232
563790
103173
612924
564422
612898
106323
25-5773-82
35-5773-80
137235
313518
368-0391-82
113405
56-5698-82
69-5698-80
151124
2285946
78-1341-82
150320
376-9985-80
103059
560514

Viability dyes
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit Thermo Fisher L10119
Zombie UV™ Fixable Viability Kit Biolegend 423107

In vivo antibodies & reagents
Antigen Immunogen Clone Vendor Catalog #

FTY720 Cayman Chemical Company 10006292
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Abstract

To increase cancer immunotherapy (IT) success, PD-1 blockade must be combined with rationally
selected treatments. Here, we examined, in a poorly immunogenic mouse breast cancer model,
the potential of antibody-based immunomodulation and conventional anticancer treatments to
collaborate with anti-PD-1 treatment. One requirement to improve anti-PD-1-mediated tumor
control was to promote tumor- specific cytotoxic T-cell (CTL) priming, which was achieved by
stimulating the CD137 costimulatory receptor. A second requirement was to overrule PD-1-
unrelated mechanisms of CTL suppression in the tumor microenvironment (TME). This was
achieved by radiotherapy (RT) and cisplatin treatment. In the context of CD137/PD-1-targeting
IT, RT allowed for tumor elimination by altering the TME, rather than intrinsic CTL functionality.
Combining this radioimmunotherapy regimen with low-dose cisplatin improved CTL-dependent
regression of a contralateral tumor outside the radiation field. Thus, systemic tumor control
may be achieved by combining IT protocols that promote T-cell priming with (chemo)radiation

protocols that permit CTL activity in both the irradiated tumor and (occult) metastases.

Running title

Chemo-radio-immunotherapy in PD-1 resistant breast cancer.
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Introduction

Cancerimmunotherapiesinclude adoptive T-cell therapy, therapeuticvaccination, and/orantibody-
based immunomodulation. From a technical perspective, antibody-based immunomodulation is
relatively straightforward, because immunomodulatory antibodies can essentially be delivered
in the same way as conventional anticancer drugs. Immunomodulatory antibodies approved for
cancer immunotherapy (IT) are designed to target the T-cell coinhibitory receptors PD-1 or CTLA-
4, and single or combined treatment induces durable responses in about one third of patients
with solid tumors®. Still, the majority of patients do not benefit from this treatment approach?.
Compared with targeting CTLA-4, targeting PD-1 is generally more successful and associated
with fewer autoimmune symptoms?. Therefore, targeting PD-1 currently serves as the backbone
for developing new combination therapies. To choose combinations rationally, insight into their

combined mechanism of action is required.

CD8* cytotoxic T lymphocytes (CTL) can recognize (tumor-derived) intracellular peptides
presented on the cell surface by MHC class | molecules. As MHC class | molecules are expressed
on virtually all body cells, CTLs can in principle target any cancer type. CD4* T cells also promote
antitumor immunity, either by direct cytotoxic activity or by promoting the activity of CTLs and
other immune cells®. Several groups postulated that successful IT relies on a tumor-specific T-cell
response that is self-sustained by continuous generation of new effector T cells (T cell priming) and
support of their activity>®. To enable this cycle, the tumor must essentially act as its own ‘vaccine’
by releasing both recognizable antigens and ‘danger’ signals. Dendritic cells (DCs) can then
present these antigens to naive T cells and provide appropriate costimulatory and cytokine signals
needed to induce T cell clonal expansion and effector differentiation. However, in immunogenic
tumors that have given rise to a T-cell response throughout their development, negative feedback
mechanisms reduce effector T-cell functions. These mechanisms include the activity of regulatory
T cells (Tregs) and suppressive activity of myeloid cells, stromal cells, and even the tumor cells
themselves’. For example, PD-L1 can be expressed on tumor cells and/or other (immune) cell
types present in the tumor, and can inhibit T-cell function via PD-18. Successful IT requires the

elimination of such suppressive mechanisms.

Blocking CTLA-4 enables CD28 costimulation®, which may promote new T-cell priming and effector
T-cell activity. Blocking CTLA-4 and PD-1 promotes T-cell activity inside tumors in a complementary
fashion® and blocking CTLA-4 promotes T-cell priming in patients with cancer®. Concomitant
targeting of CTLA-4 and PD-1 is associated with increased autoimmunity!? and this combination
should likely be avoided when developing new IT strategies. A potential alternative, targeting
CD137 (also known as 4-1BB or TNFRSF9) using agonistic antibodies is currently in phase IlI clinical

trials®® and is being tested in combination with PD-1 blockade in phase 1b clinical trials'*. CD137 is
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a costimulatory receptor that belongs to the Tumor Necrosis Factor (TNF) receptor family, and its
signaling promotes the priming and maintenance of CTL responses by delivering prosurvival and
other signals to CD8* T cells and DCs?*®.

Both radiotherapy (RT) and chemotherapy induce tumor cell destruction, which leads to release
of antigens and ‘danger’ signals®. In principle, these events may lead to new T-cell priming.
However, the likelihood that priming will occur without IT-based assistance is low, because
RT almost never gives rise to an ‘abscopal’ effect, i.e. regression of a tumor mass outside the
radiation field'’. Extrapolating from mouse models*é, conventional chemotherapeutic drugs may
have immunomodulatory actions in human, but thus far, this question has not been a systemically

address in the clinic.

Here, we examined the potential of using RT and a routinely co-applied conventional
chemotherapy (cisplatin) to assist IT in evoking a systemic, tumor-eradicating T-cell response.
We provide evidence that RT and chemotherapy make tumors permissive to CTL activity. These
data argue that conventional anticancer regimens can be combined rationally with IT to improve

systemic tumor control and increase tumor clearance rates and patient outcome.

Results

Immunotherapy (IT) with CD137 agonism and PD-1 blockade promotes
T-cell priming

As a model system, we used mice with syngeneic AT-3 breast cancer cells implanted orthotopically
into the fat pad and treated with IT and/or RT after the tumor reached >20mm?. Standard IT
consisted of a blocking antibody to PD-1 and an agonistic antibody to CD137 (Figure 1A), targets
which are expressed on DCs and on T cells in lymphoid organs and tumor tissue (Figure S1).
In this setting, IT and RT as individual treatments merely delayed tumor outgrowth, whereas
combined treatment (i.e. RIT) resulted in tumor clearance in the majority of the mice (Figure 1B).
We have previously shown that combined PD-1 blockade and CD137 agonism is more effective at
enhancing RT-induced tumor control than single PD-1 blockade or CD137 agonism and that tumor

control in this setting relies on CD8*T cells'®%.

Among single modality treatments, CD137 agonism, but not RT or PD-1 blockade induced a T-cell
response (Figure 1C), as determined by the appearance of CD4* and CD8* T cells with a CD43*
effector phenotype in blood posttreatment?. PD-1 blockade further increased CD4* and CD8*
T-cell responses when combined with CD137 agonism (Figure 1C,D). Finally, when IT with both
antibodies was combined with RT, CD4* and CD8"* T-cell responses were also induced, as measured

by a significant increase in effector phenotype T cells in the blood and a similar increase in the
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(inguinal) tumor-draining lymph node (dLN) (Figure 1D,E). These data suggest that IT with CD137
agonist antibody promotes T-cell priming, which is increased by PD-1 blockade and not impeded

by concurrent RT.

A tumor
>20mm?
I (I) 4|1 ; 1I1 Day
4 10GyRT 4
|

+ @-CD137/a-PD-1

B Control 0-CD137 + o-PD-1 Radiotherapy RIT (Radiotherapy +

-~ 1000 a-CD137/a-PD-1)

£

E 800

> 600

N

2 400

g 200

3>

~  of ;
0 20 40 600 20 40 600 60
Days post start treatment »

c '

— «-CD137 a-PD-1 a-CD137 + a-PD-1 Radiotherapy

B 60

:

é O CD8* Tcells

» 40

°

o

& 20 % ///I

?

a

o 4 o P — . . o

ES 0 3 6 9 12 150 3 6 9 12 150 3 6 9 12 150 3 6 9 12 15

Days post start treatment

D Day 14 post start treatment E 60
® CD4' T cell
8 8 40 % %
& Q g e %
3 Q 5 § b4
o o 3 () .
°\D O\a 0 L] °
St L% LiIIlLRT 0 3 6 9 12 150 3 6 9 12 15
-4+ -+ 4+ - -+ - ++ o-PDA1 R
b4 - - a4 3-0D137 Days post start RIT >
CD4 cD8

Figure 1. Immunotherapy with CD137 agonism and PD-1 blockade promotes T-cell priming.

(A) Experimental set-up. (B) Tumor growth curves measured in mice receiving the indicated therapies (n=4-5/
group). Gray lines, individual mice; black line, group average. (C) CD43 expression on CD4* and CD8* T cells in
blood, in tumor- bearing mice (n=5/group) at indicated time points posttherapy. (D) Pooled data (mean +SD)
from C and E, showing the frequency of effector phenotype T cells in blood on day 14 side-by-side. (E) CD43
expression on CD4* and CD8&'* T cells, in the blood (left) and draining lymph node (dLN) of tumor-bearing mice
(n=4-5/group), at different time points after RIT (*, P < 0.01; ***, P <0.001).
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Control of the irradiated tumor by radio-immunotherapy (RIT) requires
T-cell priming

To examine whether newly primed T cells contributed to tumor control after RIT, we treated mice
with the drug FTY720 that induces the internalization of the sphingosine 1 phosphate receptor 1
(S1PR1). T cells use the S1PR1 to egress from secondary lymphoid organs and the drug prevents
them from doing so?2. RIT was applied while the mice were treated with FTY720 or vehicle (Figure
2A, Figure S2A). To assess T-cell priming and resulting effector T-cell generation, we measured the
percentage of CD4* and CD8* T cells in the dLN that could produce the effector cytokines TNFa
and/or IFNy. RIT increased the percentage of CD8" effector T cells, and these cells significantly
accumulated in the dLN upon FTY720 treatment (Figure 2B, left). In contrast, TNFa-producing
CD4* effector T cells were not increased by RIT, nor did these cells accumulate in the dLN upon
FTY720 treatment (Figure 2B, right). These data indicate that RIT induced new priming of CD8* T
cells and that FTY720 treatment effectively ‘trapped’ these newly primed T cells in the dLN.
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Figure 2. Control of the irradiated tumor by RIT requires T-cell priming.

(A) Experimental set-up for B. (B) Percentage of CD4* (right) and CD8* T cells (left) in the dLN that produce
TNFa/IFNy or TNFa in response to in vitro restimulation, before (DO, closed circles) or 8 days (D8) after starting
RIT, in presence (closed diamonds) or absence (closed triangles) of FTY720 (*, P <0.05). Tumor growth (C) and
survival curves (D) of AT-3 tumor-bearing mice (n=6/group) receiving RIT with FTY720 or vehicle.

82



Chemo-radio-immunotherapy in PD-1 resistant breast cancer

Whereas 100% of the mice cleared their tumor and survived long term upon RIT, concurrent
FTY720 treatment significantly increased tumor outgrowth (Figure 2C) and reduced overall
survival (Figure 2D). FTY720 treatment did not reduce the therapeutic effect of RT or IT alone
(Figure S2B). Thus, RIT leads to T-cell priming and these newly primed T cells make a critical

contribution to regression of the irradiated tumor.

RIT does not induce regression of an abscopal tumor, despite
infiltration with newly primed CTLs

Given that RIT induces T-cell priming, we hypothesized that the resulting systemic T-cell response
could also act against a nonirradiated tumor in the same host. We tested this by implanting two
tumors into the same mouse; one in the left fat pad and the other in the contralateral flank.
Only the latter tumor was irradiated (Figure 3A). The T-cell response and tumor regression were

examined for both tumors.

We found that after RIT the percentage of CD8* T cells among total CD45* (hematopoietic) cells
increased significantly in both irradiated and nonirradiated tumors (Figure 3B, right). The RIT-
induced increase of CD8* T cells in the nonirradiated tumor was largely prevented by FTY720
treatment (Figure 3B, right), indicating that this increase was largely due to new T-cell priming.
The CD4* T-cell response following RIT was much less pronounced (Figure 3B). Histologic analysis

confirmed that CD8*

T cells accumulated to a similar extent following RIT in both irradiated and nonirradiated tumors
(Figure 3C). Infiltration by CTLs, capable of producing IFNy and TNFa and the cytotoxic effector
molecule Granzyme B, was of similar magnitude in irradiated and nonirradiated tumors (Figure
3D). In contrast, accumulation of CD4* T cells that could produce TNFQ or Granzyme B was not
evident (Figure 3E). As compared with IT alone, RIT delayed outgrowth of the irradiated tumor,
but not of the nonirradiated tumor (Figure 3F, Figure S3A). As overall survival was defined by
the time for any the two tumors to reach 100 mm?, RIT did not improve overall survival of mice
as compared with IT alone (Figure 3G). (Hypo)fractionated RT is more effective than single-dose
RT in enhancing abscopal tumor control by IT in certain mouse models?*?*. However, 3 x 8 Gy
(hypo)fractionation also did not enhance IT-induced control of nonirradiated AT-3 tumors (Figure
$3B, C). Thus, CTLs that are raised by RIT are present in equal measure in the irradiated and

nonirradiated tumor, yet these CTLs can only eliminate the irradiated tumor.
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Figure 3. RIT leads to comparable infiltration of irradiated and nonirradiated tumors with T cells, but the
nonirradiated tumor does not regress.

(A) Experimental set-up. (B) Percentage of CD4* and CD8* T cells within the CD45* cell population in the
irradiated (Irr) and nonirradiated (non-Irr) tumors before (-) or 8 days after the start of RIT, in the presence
or absence of FTY720. * P < 0.05. C, AT-3 tumor sections (n=3 mice/group) were stained for CD8 before
treatment (DO) or 4, 8, or 14 days after the start of RIT. Left:, representative images; right, summary data.
Quantification in the right represents the average (SD) of 5 fields of view (FOVs) for 3 irradiated (filled
circles) and 3 nonirradiated tumors (open circles). Images represent 1/6th of a FOV; scale bar, 100 mm. (D,
E) Percentage of TNFa*IFNy* or Granzyme B (GzB)* CD8* T cells (D) and CD4* T cells (E) within the CD45* cell
population isolated from irradiated and nonirradiated tumors before (D0) and 8 days after starting RIT. Each
symbol represents a single tumor, and the mean is indicated.* , P < 0.05. (F) Mean tumor growth in mice
(n=5-6/group) that received no therapy (Ctr), RT (10 Gy, R), alone or in combination with IT. (G) Survival curve
for mice treated as indicated. *, P < 0.05, between the Ctr and IT groups; **, P < 0.01 between the Ctr and RIT
groups and between the RT and RIT groups.
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The abscopal effect of RIT is not limited by T cell priming, intratumoral
neutrophils/macrophages

We next addressed a number of potential factors that might prevent RIT-induced CTLs from
eliminating the nonirradiated tumor. We first assessed whether the size of the tumor-specific
effector CTL pool was a limiting factor. For this purpose, we identified the peptide SNPTYSVM from
MMTV-Polyoma virus middle-T (PyMT) as an MHC class I-restricted antigen that could raise T-cell
immunity to AT-3 tumor cells (Figure S4A-F). This enabled us to purposely generate tumor-specific
CTL memory in vivo by vaccinating mice with plasmid (p)DNA encoding this epitope (Figure 4A),
designed according to ref?. Vaccinated mice were challenged with two AT-3 tumors and treated
with RIT (Figure 4B). Also, in this setting, RIT did not enhance control of the nonirradiated tumor
(Figure 4C) or improve survival of mice (Figure 4D), as compared with IT alone. These data suggest
that the magnitude of the tumor-specific CTL response was not the limiting factor for systemic

tumor control following RIT.

We next examined which mechanisms of T-cell suppression other than PD-1/PD-L1 interaction
may operate in the nonirradiated AT-3 tumors. Treg frequency was low in the irradiated and
nonirradiated tumors and did not change significantly following RIT (Figure 4E), suggesting that it

did not correlate with CTL-mediated tumor control.

Tumor-resident neutrophils and macrophages can also locally impair CTL function®. Following
RIT, a decrease in the frequency of F4/80*MHCII* TAMs was observed in irradiated, but not in
nonirradiated tumors (Figure 4F, left). The frequency of Ly6G*Ly6C"°" neutrophils did not change
after RIT (Figure 4F, right). In addition, antibody-mediated depletion of neutrophils or TAMs
(Figure S4G) did not improve control of nonirradiated tumors (Figure S4H), nor did it increase

overall survival following RIT (Figure 4G).

Following RIT, the frequency of NK cells and NK-T cells was decreased in irradiated and
nonirradiated tumors to a similar extent. There was also no difference in the frequency of
Ly6C"Ly6G" inflammatory monocytes, CD103* DCs, and CD11b* DCs in irradiated as compared to
nonirradiated tumors (Figure 4H). Thus, the presence of these cell types did not correlate with

CTL-mediated tumor control.

Although RT can upregulate cell surface expression of MHC class 1, it did not increase MHC class
| expression on nonhematopoietic cells in the AT-3 tumor in vivo, as determined on day 3 and 8
post RT (Figure S4l). Taken together, these data suggest that the magnitude of the tumor-specific
CTL response, PD-1 signaling, Tregs, neutrophils, TAMs, NK(T) cells, inflammatory monocytes,
DCs, or MHC class | expression were not key factors that limited CTL activity in the nonirradiated

tumor after RIT.
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Figure 4. Optimizing tumor-specific T-cell priming, depletion of neutrophils or TAMs is insufficient to control
nonirradiated AT-3 tumors following RIT.

(A) The vaccine encodes the H-2Kb-binding PyMT epitope SNPTYSVM and MHC Il “helper” epitopes. **, Double
stop codon. (B) Experimental set-up. Mean tumor size (C) and survival curves (D) of 5-7 mice/group that
received the indicated treatments. *, P < 0.05. (E) FoxP3* regulatory T cells in irradiated (Irr) and nonirradiated
(non-Irr) tumors before treatment (DO) and on the indicated days after the start of RIT (n=3/group). Images,
representative FoxP3 staining of 10% of a FOV; scale bar, 100 mm. Quantification (right): mean (SD) of 5
FOVs for 3 irradiated (filled circles) and 3 nonirradiated tumors (open circles). (F,H) TAMs, neutrophils (F), NK
cells, NKT cells, inflammatory monocytes, CD103* DCs, CD11b* DCs (H) in untreated (DO), irradiated (irr), and
nonirradiated (non-irr) tumors on day 8 (D8) after RIT. Each symbol represents an individual tumor, and the
mean (SD) is shown (*, P < 0.05; **, P < 0.01; *** , P < 0.001). (G) Survival curve of tumor-bearing mice that
receive RIT in the presence or absence of antibodies targeting Ly6G or CSF1R (n=5/group).

86



Chemo-radio-immunotherapy in PD-1 resistant breast cancer

RIT induces a TME characterized by reduced cell proliferation and
increased tissue repair

RIT led to the same degree of CTL infiltration in the irradiated and nonirradiated tumors, whereas
only the irradiated tumor regressed, suggesting that CTLs can exert their activity on tumor cells
only after the tumor has been altered by irradiation. To understand the immunomodulatory effect
of irradiation in the context of IT, we performed mRNA sequencing (RNA-seq). Eight days after RIT
(allowing sufficient time for T cells to infiltrate both tumors: see Figure 3), we sorted the effector
(CD43*) CD8* T cells (i.e. ‘CTLs’), CD45* hematopoietic cells (excluding CD43*CD8* T cells) and
CD45 tumor/stromal cells (Figure 5A). Statistical analysis of normalized read counts revealed the
differential expression of 805 genes in CTLs (Figure 5B), 1107 genes in the hematopoietic cells
(Figure 5C), and 3045 genes in the tumor/stromal cells (Figure 5D). These genes encode a wide

diversity of proteins (Table S1) that perform a multitude of cellular functions.

We identified groups of biological processes that were differentially modulated between the
cell populations at the irradiated and nonirradiated tumor sites. In all three cell populations,
gene sets associated with cell division, DNA replication and repair, and chromatin remodeling
were significantly downregulated in the irradiated tumor (Figure 5E-G), congruent with the cells

receiving a DNA-damaging input in the form of irradiation.

In the CTLs, we additionally identified a small group of gene sets associated with negative
regulation of cytokine expression (Figure 5E), that included both Foxp3 and /110 (Table S1), which
may report effects of irradiation. We did not identify gene sets associated with increased CTL-
intrinsic effector function that could explain the increased CTL efficacy in the irradiated tumor.
This finding is consistent with our functional data regarding CD8* T cells, showing that both
irradiated and non-irradiated tumors are infiltrated with effector-phenotype CTLs after RIT (see

Figure 3D).
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Figure 5. RIT induces a CTL-permissive TME that is characterized by gene signatures associated with reduced
cell proliferation and increased response to tissue injury.

(A) Experimental set-up. (B-D) Volcano plots of the indicated cell populations showing significant (adjusted
P < 0.01) transcriptomic changes in the irradiated compared with the nonirradiated tumor. Purple, orange,
and gray dots represent downregulated, upregulated, or unchanged genes, respectively. (E=G) Enrichment
Maps showing significantly enriched gene sets (biological processes) in blue (enriched in the irradiated tumor)
and red (enriched in the nonirradiated tumor). Gene sets that share a high number of genes are clustered
together, and the thickness of the green lines represents the number of shared genes. Clusters of similar
biological processes are labeled.

88



Chemo-radio-immunotherapy in PD-1 resistant breast cancer

In the hematopoietic and tumor/stromal cells, we identified several biological processes that were
significantly different between the irradiated and nonirradiated tumor sites (Figure 5F and G).
These included overlapping processes and genes in the hematopoietic and tumor/stromal cells,
such as increased cell migration e.g. Cxcl17, Cxcl14), vasculogenesis (e.g. Vegfc, Egfl7I), and cell
adhesion/extracellular matrix (ECM; e.g. Selp, Mmp3, see also Table S1). In addition, and unique
to the tumor/stromal cell population, we identified increased expression of gene sets associated
with RNA/ribosome processes (e.g.Rps19, Rps12) and wound healing (e.g. Pdgfb, Cxcl12) in the
irradiated tumor as compared to the nonirradiated tumor (Figure 5F, G). Increased expression
of proapoptotic Bax was observed specifically in the tumor/stromal cells of the irradiated tumor

(Table S1).

Taken together, these RNA-seq data revealed that the TME of the irradiated tumor was different
from that of the nonirradiated tumor. RT inflicted a DNA damage response in all cell populations
in the tumor and led to tissue repair, as suggested by increased protein translation, angiogenesis
and cell migration. This gene expression profile was associated with increased CTL activity against

the tumor cells, most likely through CTL-extrinsic effects.

Cisplatin functionally mimics the RT-induced, T cell permissive TME
and increases RIT efficacy

Next, we aimed to create a ‘CTL-permissive’ TME in the nonirradiated tumor to allow for systemic
CTL-based tumor eradication following RIT. We tested low-dose cisplatin chemotherapy to achieve
this effect (Figure 6A) for the following reasons: i) Cisplatin has partially the same mode of action
as RT by inducing DNA damage, ii) cisplatin combined with RT is standard-of-care in the treatment
of different types of cancer and iii) (low-dose) cisplatin has been shown to support T-cell function

in (pre-)clinical vaccination studies®®.

We found that low-dose cisplatin delayed tumor outgrowth, and that adding cisplatin treatment
to RIT further improved control of nonirradiated tumors (Figure 6B and C) and increased overall
survival (Figure 6D). This enhanced therapeutic effect was CD8* T-cell-dependent (Figure 6D),
even though cisplatin modestly reduced the magnitude of the T-cell response following RIT
(Figure S5A and S5B). In the absence of RT, cisplatin treatment also enhanced the antitumor
effect of this IT approach (Figure S5C and S5D). Thus, systemic cisplatin treatment functionally
mimicked the localized effects of RT, allowing CTL-mediated growth delay of the non-irradiated

tumor and prolonging overall survival following RIT.
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Figure 6. Cisplatin increases the therapeutic efficacy of RIT.

(A) Experimental set-up. (B) Mean tumor growth (SEM) of irradiated and nonirradiated tumors. Mean
tumor size (+ SEM) of nonirradiated tumors on day 20 (C) and survival curves of the indicated groups of
mice; where indicated a CD8-depleting antibody (a-CD8) was administered one day before the start of
treatment (D). Data shown are pooled data from 3 independent experiments of 4—7 mice/group in each
experiment. ** P < 0.01; ***, P <0.001; **** P < 0.0001; n.s., not significant.

Discussion

There is an unmet clinical need to improve responses to PD-1 blockade, which currently forms
the backbone for IT combinations?. The PD-1 coinhibitory receptor is associated with tyrosine
phosphatase activity that inhibits CD3/CD28 signalling®. In this way, the PD-1 ‘checkpoint’ can
impede both T-cell priming and effector function. In patients with cancer, PD-1 blockade thus far
seems to primarily relieve effector T cells from PD-L1/2-based suppression in the TME?, Therefore,
this approach is likely to be most effective as standalone treatment for immunogenic cancers in
which T cells have already infiltrated the tumor®. IT of poorly immunogenic cancers that have not
raised a T-cell response will by definition require interventions that induce tumor-specific T-cell

priming. Even in immunogenic cancers that respond to PD-1 blockade alone, new T-cell priming
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is expected to strengthen and broaden the anti-tumor immune response, thereby increasing
efficacy and combatting resistance®. In addition, immune suppression within the TME will preexist
in immunogenic tumors and may develop in poorly immunogenic tumors once a T-cell response
is raised, resulting from negative feedback control. PD-1/PD-L1 interactions are only a small part
of this feedback control, which is exerted by diverse immune- and nonimmune cells in the TME.
Effective antitumor immunity requires both priming of tumor-specific T-cells and a CTL-permissive
TME. Here, we show that RT and conventional chemotherapy can promote intratumoral CTL activity

by modulating the TME and by synergizing with an IT that enables T-cell priming.

We here identified that the murine AT-3 breast cancer cell line carries a foreign antigen MHC class
I-restricted antigen ‘SNPTYSVM'’. Few T cells were present within AT-3 tumors at steady-state.
PD-1 blockade alone had no therapeutic effect, but CD137 agonism induced CTL priming and anti-
tumor immunity. CD137 triggering on activated CD8* T cells stimulates proliferation, survival and
possibly effector differentiation®, supporting CTL priming. Furthermore, CD137 triggering on DCs
and other myeloid cell types can lead to the upregulation of costimulatory ligands CD80/CD86
(e.g.>°), which may help to overcome peripheral tolerance and induce T-cell responses to tumor
antigens. In the TME, CD137 agonism may support CTL function by similar mechanisms. CD137
mAb can also stimulate hypoxic, CD137-expressing endothelial cells to recruit T cells into the
tumor3, We found that PD-1 blockade aided CD137-stimulated CTL priming, supporting evidence

that the PD-1 checkpoint can also limit T-cell priming, as observed previously (e.g.??).

We predict that combining PD-1 blockade with any form of immunomodulation that induces CTL
priming will be generally useful clinically. CTLA-4 blockade (e.g.?*) and CD27 agonism? can exert
similar effects in distinct tumor models. In our current study and previous ones'*?**, agonistic
antibody to CD137 administered either intratumorally or intraperitoneally, did not lead to weight
loss or other overt pathology of the mice in the context of RIT. In humans, in which CD137 agonist
antibody is applied systemically, combination with PD-1 blockade has comparable side-effects as

PD-1 blockade alone, suggesting the approach is feasible*.

In the IT setting with combined PD-1 blockade and CD137 agonism, AT-3 tumors were not
eliminated, despite a robust CTL response. In adoptive tumor-specific T-cell therapy, a robust CTL
response is often also not sufficient for tumor control®*, highlighting that CTL suppression in the
TME can pose an additional bottleneck for systemic antitumor immunity. Our study demonstrates
that RT can alter the state of the TME to permit effective CTL activity, under conditions where
PD-1 blockade cannot. Newly primed CTLs raised by our RIT protocol contributed to control of the
irradiated tumor. Having a second, nonirradiated tumor in the same mouse allowed us to pinpoint
the immune modulating effects of RT. The nonirradiated tumor was similarly infiltrated by newly

primed CTLs as the irradiated tumor, but did not regress, indicating that impediments beyond
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PD-1 signaling hampered abscopal tumor control. In a CT26 transplantable tumor model, control
of the irradiated tumor by combined RT and PD-1 blockade was also found to be partly dependent
on newly primed T cells. In that model, control of a simultaneously implanted nonirradiated
tumor was also improved by PD-1 blockade®®. In that case, PD-1 signaling was the key impediment
for CTL activity in the TME, whereas in our AT-3 model, additional impediments were in place. In
PyMT-induced tumors, stimulation of TAMs with TLR7/9 agonists (imiquimod, CpG) allowed them
to reactivate tumor-resident T cells®”. However, in the AT-3 model, the CTL-enabling effect of RT
could not be reproduced by depletion of neutrophils or TAMs. TAMs can also phagocytose dead
tumor cells and enable antigen cross-presentation by DCs. Altering the functional state of TAMs

may be preferred over their depletion to enhance intratumoral CTL activity.

Comparative transcriptome analysis of cell populations from the irradiated and the nonirradiated
tumors in the same mice revealed that a ‘CTL-permissive’ TME was associated mostly with
changes in CTL-extrinsic, rather than CTL-intrinsic gene signatures. We did not identify gene sets
within the CTLs that could explain enhanced efficacy in the irradiated tumor. This indicates that
the intrinsic quality of the CTLs that infiltrated the irradiated and nonirradiated tumor after RIT
is similar and of good quality, which we also validated by ex vivo flow cytometry. Differentially
expressed genes identified in the CTLs were associated with negative regulation of cytokine
production and included Foxp3 and //110. We speculate that this is an immune regulatory signature
that arose in CTLs that experienced and survived RT. It is unlikely that this population contributed
to enhanced tumor control. Instead, our data suggest that CTL-extrinsic parameters (an altered
TME) were decisive for CTL efficacy in the irradiated tumor after RIT. The differentially expressed
genes only allow speculation regarding the mechanisms involved. Increased vasculogenesis
identified in the irradiated tumor did not alter CTL infiltration into the irradiated tumor as
compared with the nonirradiated tumor, as measured 8 days after RIT. Reduced proliferation of
the tumor cells might have improved CTL-mediated tumor cell death by allowing T cells more
time to complete killing. Potential sensitization of tumor cells to apoptosis by upregulation of Bax
may have contributed to increased CTL-mediated tumor control in the irradiated tumor. RNA- and
ribosome-associated processes were upregulated in irradiated tumor/stromal cells, suggestive of
increased protein synthesis. RT enhances protein synthesis in an mTOR-dependent manner and
increases peptide presentation by MHC and tumor cell immunogenicity?’. We accordingly found
that mTOR inhibition reduced the therapeutic efficacy of our RIT regimen®. Finally, processes
that were altered nontranscriptionally may have allowed increased CTL efficacy in the irradiated

tumor in our experimental setting.

In the rapidly developing RIT field, tumor cell destruction by RT is seen as a mode of vaccination,
due to the release of antigens and ‘danger’ signals. Thus, the field emphasizes the potential of RT to

contribute to CTL priming, which may result in systemic antitumor immunity and ‘abscopal effects’
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on nonirradiated tumor masses, when adequately supported by additional interventions?*?438, RT
may help to release danger-associated molecular patterns such as calreticulin or HMGB1 and/or
cytosolic double-stranded DNA that can activate type | IFN signalling?*. Such signals activate DCs
from a ‘tolerogenic’ into an ‘immunogenic’ state®. In tumors that fail to deliver sufficient tumor
antigens to DCs de novo, RT-induced debulking of the tumor could help to reach the ‘antigen
threshold’ required for inducing a CTL response. Our study emphasizes that RT also modulates the
TME to overcome T cell suppression. Combination of IT and RT may lead to regression of tumor
masses outside of the field of radiation (e.g.***!). However, to qualify systemic tumor regression as
‘abscopal’ effect of RT, it is required that RT also contributes to the systemic treatment effect, that is,
synergistic with IT. Most likely, this can only be achieved when T cells are newly primed as a result of

the combined treatment and exert their cytotoxic activity within the nonirradiated tumor.

We show that low-dose cisplatin can facilitate CTL activity in nonirradiated AT-3 tumors in mice treated
with PD-1/CD137 targeting therapy, thereby functionally mimicking the immunomodulatory effects
of RT. On the basis of our findings, ‘re-purposing’ cisplatin at low-dose as an immunomodulatory
drug may help to convert a CTL-suppressive TME into a CTL-permissive one. It will be of interest to
test whether the immunomodulating effects of RT and cisplatin that are revealed here and their
effective combination with CD137/PD-1 targeting therapy can also lead to increased and systemic
antitumor effects in other mouse tumor models, such as the poorly immunogenic MMTV-PyMT
breast cancer®. In general, our findings indicate that systemic tumor control may be achieved by
combining IT protocols that promote T cell-priming with chemoradiation protocols that permit CTL

activity in both the irradiated tumor and (occult) metastases.
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Materials and Methods
Cells

AT-3 cells are derived from the MMTV-Polyoma virus middle-T (PyMT) transgenic mouse, back-
crossed to C57BL/6% and were received from the Peter MacCallum Cancer Centre (Melbourne,
Australia) in 2012. AT-3 cells were cultured in DMEM, supplemented with 10% fetal calf serum
(FCS), 0.1 mmol/L nonessential amino acids, 1 mmol/L sodium pyruvate, 2 mmol/L L-glutamine,
10 mmol/L HEPES, and 30 pumol/LB-mercaptoethanol at 37°C, 10% CO,. AT-3 cells were tested
negative for Mycoplasma by PCR, and cells thawed from this ‘master stock’ were routinely used
within 6 passages (approximately 3 weeks) for in vitro and in vivo experiments. PyMT protein
expression in AT-3 cells was validated by Western blot analysis, but the cells were not further

authenticated in the past year.

Mice

Six-eight-week-old female C57BL/6JRj (B6) mice were obtained from Janvier Laboratories (Le
Genest Saint Isle, France) or from in-house breeding within the Netherlands Cancer Institute
(NKI, Amsterdam, the Netherlands) and maintained in individually ventilated cages (Innovive)
under specific pathogen-free conditions. All mouse experiments were performed in accordance
with institutional and national guidelines and were approved by the Committee for Animal

Experimentation at the NKI.

Therapeutic antibodies and reagents

Agonistic rat anti-mouse CD137 (clone 3H3, 1gG2a)* was purified from hybridoma supernatant
by affinity chromatography on protein-G. Rat anti-mouse PD-1 mAb (clone RMP1-14, IgG2a)
and isotype control (2A3) were purchased from BioXCell. FTY720 was purchased from Cayman

Chemical and cisplatin Pharmachemie BV (RVG 101430).

Tumor transplantation and therapy

AT-3 cell transplantation and therapy were performed essentially as described previously**?°, with
minor modifications. Briefly, mice were anesthetized with isoflurane, and injected with 1 x 10° AT-3
cells into the fourth mammary fat pad. In some experiments, mice were injected with 0.5 x 10°
AT-3 cells into this fat pad on one side and with 2.5 x 10° AT-3 cells on the contralateral flank. The
latter tumor was irradiated, and the other tumor served as the non-irradiated ‘abscopal’ tumor.
Tumor size was measured using a caliper, and treatment was initiated when the tumors reached
20-25mm?. Therapy was done with n=5-10 mice per group. RT was applied using an XRAD225-Cx

system (Precision X-Ray), as described previously?>**. In brief, the mice were anesthetized with
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isoflurane and a cone-beam CT scan of the mice was performed. The tumor(s) were localized on
the CT scan and targeted with RT at 0.1-mm precision using round collimators 1.0 or 1.5 cm in
diameter. A single fraction of 10-12 Gy (225 peak kilovoltage (kVp), filtered with 0.3 mm of copper
(3 Gy/minute) was delivered. Control mice were anesthetized and underwent a cone-beam CT
scan, but were not exposed to RT. Imnmunomodulatory mAbs toPD-1 and CD137 or an isotype
control mAb were diluted in PBS. The antibodies were administered twice weekly for 2 weeks
either intraperitoneally (PD-1 mAb, 100 pg per injection), or intratumorally (CD137 mAb, 25 pg
in 10 pl per injection), with the first dose delivered immediately after RT treatment. For some
experiments, cisplatin was administered intrave- nously at 4 mg/kg on day O (i.e., immediately after
RIT) and on day 14. Tumor transplantation and therapy for RNAseq experiments was performed
identically, with the exception that CD137 mAb was delivered i.p. (100 pg). The sphingosine-1-
phosphate receptor-1 agonist FTY720 was diluted in saline (vehicle) and administered at 2 mg/
kg by oral gavage. FTY720 treatment started one day prior to RT and was repeated three times
per week throughout the duration of the experiment. All mice were sacrificed when the tumor(s)

reached 100-200 mm?. A tumor size of 100 mm? was set at a designated end point.

DNA vaccination

The DNA vaccination vector ‘SIG-HELP-SNPTYSVM.KDEL was generated by ligating annealed codon-
optimized oligos (FW: 5" TCGAGAGCAACCCCACCTACAGCGTGATGAAGGACGAGCTGTAATAAT3’ and RV:
5’CTAGATTATTACAGCTCGTCCTTCATCACGCTGTAGGTGGGGTTGCTC3’) encoding SNPTYSVM.KDEL and
Xhol and Xbal restriction sites in the Xhol/Xbal linearized pVax-HELP vector designed by Oosterhuis
and colleagues®, and described in detail by Ahrends and colleagues®. For DNA vaccination, the hair
on a hind leg was removed using depilating cream (Veet; Reckitt Benckiser) on day -1. On days O,
3 and 6, the mice were anesthetized with isoflurane, and 15 pl of a solution containing 2 mg/ml
plasmid DNA in 10 mmol/L Tris and 1 mmol/L EDTA, pH 8.0, was applied to the hairless skin with a
Permanent Make-up Up Tattoo machine (MT Derm GmbH), using a sterile disposable 9-needle bar

with a needle depth of 1 mm and an oscillating frequency of 100 Hz for 45 seconds.

Flow cytometry

At the indicated time points, tumor-bearing mice were sacrificed, and tumor and lymphoid tissue
were harvested. The tumors were mechanically chopped using a Mcllwain tissue chopper (Mickle
Laboratory Engineering) and a single-cell suspension was prepared by digesting the tissue in
collagenase type A (Roche) and 25 pg/ml DNase (Sigma) in serum-free DMEM medium for 45
min at 37°C. Enzyme activity was neutralized by addition of DMEM containing 8% FCS, and the
tissue was dispersed by passing through a 70-um cell strainer. Single cells were first stained with

PE- or APC-conjugated H-2K° PyMT (SNPTYSVM) tetramers for 15 min at 20°C in the dark. For

246-253
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surface staining, cells were incubated with Fc receptor antibody (1:50, clone 2.4G2), followed by
fluorochrome-conjugated antibodies (see below) for 30 min on ice in the dark in PBS containing
0.5% BSA and 0.01% sodium azide. Intracellular staining following restimulation with PMA and
ionomycin was performed as described previously?°. 7AAD (1:20; eBioscience) or Fixable Viability
Dye eFluor 780 (1:1000; eBioscience), Zombie Red Fixable Viability Kit (1:5000, Biolegend) or DAPI
(Invitrogen) was added to exclude dead cells. All experiments were analyzed using a BD LSRII, BD
Fortessa or BD Symphony A5 flow cytometer with Diva software and the generated data were

analyzed using FlowlJo software.

Fluorochrome-conjugated mAbs with the following specificities were used for flow cytometry and
obtained from BD Pharmingen unless otherwise specified: CD8-FITC (1:100, clone 56-6.7), CD4-
eFluord50 (1:200, clone GK1.5), TCRB-PECy5 (1:200; clone H57-597), CD43-PerCPCy5.5 (1:200,
clone 1B11 (BioLegend, San Diego, CA)), CD45.2-eFluor605 (1:50; clone 30-F11), CD4-FITC (1:100,
clone GK1.5), CD8-V450 (1:300, clone 56-6.7), CD11b-AF700 (1:200, clone M1/70), CD8-AF700
(1:200, clone 56-6.7), IFNy-APC (1:100, clone XMG1.2), TNFa-PECy7 (1:200, clone MP6-XT22),
CD4-BV711 (1:200, clone GK1.5), CD8a -PerCPCy5.5 (1:200, clone 56-6.7), CD3&-PECy7 (1:50,
clone 145-2C11), NK1.1-APC-eFluor780 (1:200, clone PK136), CD11b-BV786 (1:400, clone M1/70),
FOXP3-APC (1:50, clone FJK-165), Ly6C-eFluor450 (1:400, clone HK1.4), Ly-6G-AF700 (1:200, clone
1A8), CD45-BUV395 (1:200, clone 3-F11), PE (1 pl/sample, clone PE001), I-A/I-E-AF700 (1:400,
Clone M5/114.15.2, BiolLegend), CD11c-PECy7 (1:200, clone HL3), XCR1-PerCPCy5.5 (1:200,
Clone ZET, BioLegend), CD11b-BUV395 (1:50, Clone M1/70), CD45-BUV563 (1:200, clone 3-F11),
CD45R/B220-eFluor450 (1:200, clone RA3-6B2), CD103-BV711 (1:50, clone M290), and F4/80-
BV510 (1:50, clone BMS, BioLegend).

Within the live, single, CD45* cells, we gated and defined the cell populations as follows: CD8* T
cells (TCRB*CD8*), CD4* T cells (TCRB*CD4*), Tumor-associated macrophages (TAMs, F4/80*MHCII*),
Neutrophils (Ly6G*Ly6C™), inflammatory monocytes (Ly6GLy6C", as described in e.g.*, NK cells
(NK1.1*CD37), NKT cells (NK1.1*CD3*), CD103* DCs (F4/80CD11c*MHCII*CD103*), CD11b* DCs
(F4/80CD11c*MHCII*CD11b").

Prediction of PyMT peptides and generation of PyMT-H-2K/D® multimers

To identify AT-3 tumor antigens, we first used epitope prediction tools to define PyMT-derived
peptides that could potentially bind to H-2K® and/or H-2D° MHC class | molecules. These peptides
were then synthesized by the peptide facility at the NKI (Amsterdam, the Netherlands), and MHC
tetramers were produced by UV-induced peptide exchange as described previously®. In brief, 28
peptides of PyMT (protein ID: NP_041265.1) predicted to bind either H-2K® or H-2D® (NetPan MHC
3.0 and NetPan MHC 4.0) were synthesized by the peptide facility at the NKI. These peptides were
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individually exchanged into H-2K® or H-2D" molecules that had been refolded with a UV-sensitive
peptide, allowing the generation of monomers with multiple specificities via a single reaction®.
The resulting monomers were subsequently multimerized and conjugated to phycoerythrin (PE)
or allophycocyanin (APC) and then used to screen for T -cell reactivity to MHC I-restricted PyMT

epitopes using flow cytometry.

RNA preparation and sequencing

Using flow cytometry, CD43* CD8* T cells (‘CTLs’), CD45* hematopoietic cells, and CD45 (tumor/
stromal) cells were isolated from both the irradiated and non-irradiated tumors of 9 mice per
experimental group, and material from 3 mice was pooled per sample to retrieve sufficient
RNA. Cells were collected in RLT lysis buffer (QIAGEN) and total RNA was extracted using the
RNAeasy mini kit (QIAGEN) in accordance with the manufacturer’s instructions. The integrity of
the total RNA was assessed using a 2100 Bioanalyzer System (Agilent). Only RNA samples with
an RNA Integrity Number (RIN) > 8 were used to create the library. Poly-A-selected RNA libraries
were prepared using the TruSeq RNA library protocol (lllumina) and the resulting libraries were

sequenced using an Illumina HiSeq2500 with V4 chemistry, with 50-bp single-end reads per lane.

Transcriptomics analysis of illumina sequencing data

Sequencing reads in FASTQ files were mapped to the mouse genome (build GRCm38.77) using
Tophat v2.1%, and the read summarization program HTseq-count*” was used to count uniquely
mapped reads against annotated genes. Differential expression analysis was performed using
the DESeq2 package in R*. P-values were corrected for multiple comparisons, based on the
False Discovery Rate (FDR), with significance considered at a g-value <0.01. Volcano plots were

generated using ggplot2 (https://www.springer.com/gp/book/9780387981413).

Normalized read counts were used as input for Gene Ontology (GO) Gene Set Enrichment Analysis
(GSEA) version 3.0 to identify groups of biological processes that were differentially expressed
between cell populations obtained from the irradiated site and cell populations obtained from
the nonirradiated site. We used the MSigDB C5 collection to identify enriched GO biological
processes (BP). GSEA was performed with default parameters and gene set permutations were
used. To gain a better overview of the linked biological processes, we generated enrichment maps
using the Enrichment Map app v3.1.0, using cut-off values set at Q = 0.1 and Jaccard Overlap
Combined = 0.375. We illustrated the largest gene set clusters and manually assigned the more

general processes that these clusters represent.

The RNA-seq data reported in this paper have been deposited in the ArrayExpress database at
EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-6914.
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Immunohistochemical analysis

Harvested tumors were fixed for 24 h in ethanol (50%), acetic acid (5%), and formalin (3.7%),
embedded in paraffin, and then sectioned randomly at 5 um. The sections were then stained as
described previously®4. In brief, fixed sections were rehydrated and then incubated with primary
antibodies to CD8 (eBioscience; clone 4SM15) and Foxp3 (eBioscience; clone FJK-16s). Endogenous
peroxidases were blocked with 3% H,O, and the sections were then incubated with biotin-
conjugated secondary antibodies, followed by incubation with HRP-conjugated streptavidin-biotin
(DAKO). The substrate was developed using diaminobenzidine (DAB; DAKO). We included negative
controls to determine background staining, which was negligible. The stained sections were digitally
processed using an Aperio ScanScope (Aperio) equipped with a 20x objective. Image) software was

used to quantify the number of positive cells in 3-5 random fields of view (FOV) per slide.

Statistical Analysis

All summary data were analyzed using GraphPad Prism version 6 (GraphPad Software). Differences
between various treatment groups were analyzed using the Mann-Whitney U Test. Differences
in survival curves were analyzed using the Log Rank (Mantel-Cox) test. Differences with P-value

<0.05 were considered statistically significant.
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Figure S1. Related to Figure 1. Expression of the immunotherapy targets CD137 and PD-1 in AT-3 tumor-

bearing mice. AT-3 tumor-bearing mice (n=3) were sacrificed, and the indicated tissues were harvested.

(A) Percentage CD137*and PD-1* cells in the CD4*T (TCRB*CD4*), CD8* T (TCRB* CD8"), and dendritic cell (DC;
CD11c*MHCII*) populations measured in the tumor draining lymph node (dLN) and spleen. (B) Percentage
of CD137*and PD-1* cells in the indicated cell populations isolated from the tumor tissue. TAMs; tumor-
associated macrophages. (C) Percentage of CD4*, CD8* T cells and TAMs within the CD45* population isolated

from the tumor tissue.
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Figure S2. Related to Figure 2. Depletion of effector phenotype T cells from the circulation following RIT
combined with FTY720 treatment.

(A) Mice (3-4 per group) bearing an established AT-3 tumor (>20mm?) received either saline of FTY720 3x
weekly in combination with RIT (see Figure 2A for the experimental set-up). The percentage of the (CD43*)
CD4* and CD8* T cells within the CD45* population was measured in the blood before (D0) or 8 days after (D8)
the start of RIT. (B) Tumor growth curves of the AT-3 tumor-bearing mice (4-5 per group) receiving radiotherapy
(10 Gy), immunotherapy (a-CD137/a-PD-1 mAbs) alone or in combination or mock-treatment, in presence or
absence of FTY720; grey lines: individual tumor growth curves, black lines: average of the group.
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Figure S3. Related to Figure 3. Time course of tumor size following radio-immunotherapy delivered as one
dose or in 3x 8 Gy fractions.

(A and B) Time course of tumor size in mice treated as indicated. In each plot, the gray and black lines represent
individual tumors and the mean of the group, respectively. (C) Survival curve of mice bearing bilateral AT-3
tumors, treated radiotherapy (RT: 3x 8 Gy) alone, immunotherapy alone (IT), or both RT and IT (RIT).
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Figure S4. Related to Figure 4. Identification of an AT-3 tumor specific (CD8) T cell epitope, and targeting
either Ly6G or CSF1R does not improve RIT-mediated control of non-irradiated tumor.

(A) PyMT and actin immunoblot AT-3 or 3T3 cell lysates. Note that the elft and right lanes are from the same
blot and the relative PyMT expression levels are shown below the image. (B) A total of 28 PyMT peptides
that are predicted to bind to MHC-I with the indicated affinity were synthesized; note that only the three
peptides with the highest affinity are shown. (C) Peptide-MHC multimers (“tetramers”) were generated
for the 28 peptides as shown. (D) CD8* T cells from the AT-3 tumor and dLN were analyzed for tetramer-
binding, indentifying SNPTYSVM as a tumor antigen. (E-F; related to Figure 4A-D) Mice (6 per group) received
SNPTYSVM vaccination (for details see Figure 4A) on days 0,3, 6 and 52 (gray symbols). On day 83 (the black
arrow), the mice were implanted with AT-3 tumor cells. (F) Time course of the tumor size of “memory” mice
(i.e. the mice shown in Figure S4E that received DNA vaccination at the times indicated by the black arrow),
and age-matched naive mice (shown in gray lines) after implantation with 2x10° AT-3 tumor cells in the fourh
mammary fat pad. (G; related to Figure 4G) Percentage of Ly6G* (left) and TAMs (rigt) measured in the blood
and tumor tissue of mice treated with RIT in the absence or presence of anti-Ly6G or anti-CSF-1R mAbs. (H)
Time course of the size of the irradiated an non-irradiated tumors in the mice treated as indicated. The gray
and black lines repesent individual and average data, respetively, for the mice shown in Figure 4G. (I) MHC |
expression on tumor/stromal cells (CD45*) from mice beraing irradiated (10:37 PM) and non-irradiated (Ctr)
AT-3 tymors. Data shown is from Day 3 (red circles) and Day 8 (black circles) after treatment (2 mice per
timepoint).
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Figure S5. Related to Figure 6. Cisplatin modestly reduces the RIT-induced increase in CD8:CD4 T cell ratio
and enhances (R)IT-medated control of non-irradiated tumors.

Peripheral blood collected from the same mice shown in Figure 6B,C were analyzed for the percentage of
CD43* cells within the CD8* T cell population (A) and the CD8*:CD4* T cell ratio (B) on the indicated days. (C)
Individual (grey lines) and average (black line) tumor growth curves and (D) survival curves of mice treated
with the indicated therapies.
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ATX impedes anti-tumor immunity by preventing CD8* T cell infiltration

Abstract

Autotaxin (ATX; ENPP2) produces lysophosphatidic acid (LPA) that regulates multiple biological
functions via cognate G protein-coupled receptors LPAR1-6. ATX/LPA promotes tumor cell
migration and metastasis via LPAR1 and T cell motility via LPAR2, yet its actions in the tumor
immune microenvironment remain unclear. Here, we show that ATX secreted by melanoma cells
is chemorepulsive for tumor-infiltrating lymphocytes (TILs) and circulating CD8* T cells ex vivo, with
ATX functioning as an LPA-producing chaperone. Mechanistically, T cell repulsion predominantly
involves Ga12/13-coupled LPAR6. Upon anti-cancer vaccination of tumor-bearing mice, ATX does not
affect the induction of systemic T cell responses but, importantly, suppresses tumor infiltration
of cytotoxic CD8* T cells and thereby impairs tumor regression. Moreover, single-cell data from
melanoma tumors are consistent with intratumoral ATX acting as a T cell repellent. These findings
highlight an unexpected role for the pro-metastatic ATX-LPAR axis in suppressing CD8" T cell

infiltration to impede anti-tumor immunity, suggesting new therapeutic opportunities.
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Introduction

Efficient infiltration of T cells into tumors is associated with positive outcome in several cancer
types and determines the response to immunotherapies?. Chemokines through their G protein-
coupled receptors (GPCRs) are major drivers of T cell migration into tumors, thereby playing a
crucial role in the immune response to cancer and influencing tumor fate®**. However, tumors
develop various strategies to exclude T cells and suppress T cell-mediated immunogenicity,
for example via tumor-intrinsic chemokine silencing and production of immunosuppressive
cytokines®'°. Yet, our understanding of factors that regulate the trafficking of tumor-infiltrating
lymphocytes (TILs), either positively or negatively, is incomplete and requires identification of

new tractable targets'*2. Here, we explore a role for autotaxin (ATX) in this process.

ATX (encoded by ENPP2) is a unique lysophospholipase D (lysoPLD) that is secreted by diverse
cell types to produce the lipid mediator and GPCR agonist lysophosphatidic acid (LPA) from
abundantly available extracellular lysophosphatidylcholine (LPC)***>, ATX was originally defined
as an “autocrine motility factor” secreted by melanoma cells and characterized as a metastasis-
enhancing ecto-phosphodiesterase!®’. The ATX-LPA signaling axis plays a key role in a wide variety
of biologicaland pathophysiological processes, ranging from vascular and neural development®® to
lymphocyte homing?®, inflammation, fibrosis, and tumor progression?*, Unfortunately, however,
detailed assessment of ATX function in vivo is hampered the embryonic lethality of ATX-deficient

mice?®,

LPA (mono-acyl-sn-glycero-3-phospate) acts on six specific GPCRs, termed LPAR1-LPAR6 or LPA
» Showing both unique and shared signaling activities and tissue distributions?*?*. LPAR1-LPAR3
belong to the so- called EDG subfamily of GPCRs alongside the sphingosine 1- phosphate (S1P)
receptors, whereas the disparate LPAR4-6 members are related to the P2Y purinergic receptor
family?224, Itis further of note that ATX interacts with cell-surface integrins and/or heparan sulfate
proteoglycans thereby facilitating delivery of LPA to its cognate receptors in a highly localized

manner®2>27,

Numerous studies have documented a critical role for ATX and/or LPA in stimulating cell
migration, tumor cell dispersal, invasion, and metastasis, mediated primarily by LPAR1%%32, LPAR1
also mediates the recruitment and activation of fibroblasts, a prototypic ATX-secreting cell type,
and thereby can promote tissue fibrosis®*=°>. Activated fibroblasts constitute a large part of solid
tumors, producing cytokines and extracellular matrix to enhance metastasis®**. Interestingly,
LPAR1-LPAR3 commonly mediate enhanced cellular responses, whereas non-EDG receptors
LPAR4—-LPARG6 can exert counter-regulatory actions in that they suppress the migration and

invasion of diverse cell types, depending on their dominant G protein-effector pathways3*.
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In the immune system, ATX is abundantly expressed in high-endothelial venules (HEVs) that
control lymphocyte entry from blood into lymphoid tissue®*'. Acting predominantly through
LPAR2, HEV-secreted ATX promotes the random motility of naive T cells to enhance their
transmigration into secondary lymphoid organs and thereby contributes to the control of systemic
T cell responses'®*3, Thus, the ATX-LPA signaling axis regulates the migratory activities of both
tumor cells and T cells mainly via LPAR1 and LPAR2, respectively. However, its actions in the
tumor immune microenvironment remain unclear, particularly the dominant LPAR signaling
pathways and how ATX/LPA may affect antigen-specific T cell responses and effector T cell activity

in a tumor context.

Here, we show that ATX/LPA antagonizes the migration of patient-derived TILs and healthy blood-

derived CD8" T cells ex vivo, and define Ga._, .-coupled LPAR6 as a T cell migration inhibitory
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receptor. By eliciting a robust immune response upon anti-cancer vaccination of tumor-bearing
mice, we demonstrate that secreted ATX antagonizes tumor infiltration of cytotoxic CD8* T cells
and thereby impedes tumor control in a therapeutic setting. Concordantly, single-cell analysis
of melanoma tumors shows a negative correlation between intratumoral ENPP2 expression and
CD8* T cell infiltration. By revealing ATX as a suppressor of anti-tumor immunity, our findings shed

light on its multifaceted actions in the tumor microenvironment.

Results

Through LPA production, ATX secreted by melanoma cells is
chemorepulsive for TiLs and peripheral CD8* T cells

Melanoma cells are known for their high ATX expression levels among many human cancer
cell lines* and solid tumors (Figures S1A and S1B). This feature is unrelated to genetic changes
(https://www.cbioportal.org), but rather reflects high ATX expression in skin melanocytes, a highly
motile cell type. We set out to examine how melanoma cell-secreted ATX affects the migration of ex
vivo expanded melanoma TILs and peripheral blood CD8* T cells. Patient-derived TILs constitute a
heterogeneous population of T cells in distinct functional states and otherimmune cells*. During
their ex vivo expansion driven by anti-CD3 antibody and IL-2 (see methods), TILs become enriched

in CD8* and CD4* T cells and are then used for adoptive TIL therapy in patients®.

We first analyzed the effects of LPA and ATX/LPC on the transwell migration of TILs (isolated
from two patients). As a positive control, we used chemokine CXCL10 that signals via CXCR3 to
promote effector T cell migration and is implicated in enhancing cancer immunity**’. Strikingly,
LPA strongly suppressed the basal migration rate of TlLs (up to 5-fold in patient 1) when assayed
over a period of 2 h, in a concentration-dependent manner (Figures 1A and 1B). LPA was capable

of antagonizing TIL migration toward CXCL10 (Figure 1C). LPA was also chemo-repulsive for
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peripheral blood CD8* T cells isolated from healthy donors (Figure 1D). When TILs or CD8* T
cells were exposed to recombinant ATX (20 nM) together with its substrate LPC (1-5 mM), their

transwell migration was similarly suppressed (Figure 1E).
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Figure 1. LPA and ATX/LPC are chemorepulsive for TiLs and peripheral CD8* T cells

(A) Transwell migration of ex vivo expanded TILs from two melanoma patients stimulated with LPA(18:1) at the
indicated concentrations. Chemokine CXCL10 (1 mM) was used as positive control; “‘control” refers to serum-
free medium. Agonists were added to the bottom wells and incubation was carried out for 2 h at 37°C. (B)
LPA dose-dependency of migration. The inset shows a representative transwell filter after staining. Migration
was quantified by color intensity using ImageJ. (C) LPA overrules CXCL10-induced TIL chemotaxis. LPA(18:1)
was added together with CXCL10 at the indicated concentrations. (D) Migration of CD8* T cells isolated
from peripheral blood, measured in the absence (control) and presence of the indicated concentrations of
LPA(18:1). Note that the presence of 0.5% serum has no effect. (E) Recombinant ATX (20 nM) added together
with the indicated concentrations of LPC(18:1) recapitulates the inhibitory effects of LPA(18:1) on TILs and
CD8* T cells. (A and C-E) Results are representative of three independent experiments each performed in
technical triplicates and expressed as means + SEM; bars annotated with different letters were significantly
different according to Fisher’s least significant difference (LSD) test (p < 0.05) after ANOVA.

We next analyzed melanoma cell supernatants for their modulatory activity on T cell migration.
In addition, we measured concurrently secreted ATX protein and lysoPLD activity. Culture media
(containing 0.5% serum) conditioned by melanoma cells (MDA-MB-435 and A375) for 24 h
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markedly suppressed the basal migration and CXCL10-induced chemotaxis of TILs and peripheral
CD8* T cells (Figure 2A). Secreted ATX protein was readily detected by immunoblotting (Figure
2B), whereas lysoPLD activity was detected simultaneously (Figure 2C). By contrast, conditioned
media from either ATX knockdown melanoma cells (Figure 2D) or ATX-deficient MDA-MB-231
breast carcinoma cells (Figure 2F) lacked chemorepulsive activity (Figures 2E and 2F). TIL migration
could be rescued by incubating melanoma media with established ATX inhibitors, notably PF-8380
and0A-289 (formerly CRT750)* (Figure 2G). Together, these results show that LPA-producing ATX

released from melanoma cells is a major T cell repellent.

ATX as an LPA-producing chaperone

We investigated the relationship between ATX-mediated T cell repulsion and extracellular LPA
levels. It is well established that LPA in freshly isolated plasma increases to high levels due to
constitutive ATX-catalyzed LPC hydrolysis®. Extracellular LPA comprises distinct molecular species
that differ in their acyl chain composition and binding affinity for individual LPA receptors®. We
measured LPA species in media from melanoma cells conditioned at 0, 24, and 48 h using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)* (Figure 3A). LPA(12:0), LPA(16:0),
LPA(18:0), LPA(18:1), and LPA(20:4) were the predominant species in media containing 0.5% serum
(Figure 3B). Remarkably, total LPA in TIL-repulsive media declined to very low levels within 24h,
despite the fact that ATX activity increased concurrently (Figures 2B, 2C, 3C, and 3E); by contrast,
the corresponding LPC species in these media remained constant or increased over time (Figure
3D). Hence, the loss of LPA in the face of ATX activity is not due to substrate depletion. Depletion of
extracellular LPA by melanoma cells has been reported previously®! and is due to its degradation

by cell-associated lipid phosphate phosphatases®2.

That ATX is fully bioactive at near-zero steady-state LPA levels can be explained by the fact that
ATX binds LPA in its “exit tunnel” where it is protected from degradation®**5. These results thus
support the notion that ATX both produces and “chaperones’” LPA for local delivery to its receptors

at the cellsurface.

117




Chapter 5

A B (o]
coe'T
=180 time in S 20000
2 160 2204 T @ Medium 05%FCS(N) 4 E‘ —Ohrs
§ 140 200 2448 © > 15000 —2hrs
5120 | |7 1207) 1 a ———— s L ieo = —24rs
< 100 100 RER -0 & 10000
Z 80 b g ATX A
S 60 g 60 b A375 » oA [ & 5000
§ 40 40 - |- s 2
g 20 20 lysate medium =< 0
0 0 & r ‘ ‘ . .
O A° O S 0 50 100 150 200
S ) QS : y
0+0 00§> v G\Sfoox@ Time (min)
\§,v §Y
D E 140 260 =
240}
= 120
S g a 22017 gmpsecium
"4 5 100 b 140 [IMedium
E 2 120
a‘ ke} S 804 C a
g3 2 100 ab
&5 g 80 80 c
23 5 40 60
K] k) 40
e S 20 20
0 Q A D 5N X o Q A 5D 5N &
RO S
FEW LKL W LKL
O N Y S
§V PN ®o‘?" S
F G
[TiLs | [TiLs | cosT
160 R B 300
= i ~ 180
S140 I Medium ‘biib Q):b B 160 B +I0A-289
§120 Q?.'\& Ovl\&,\(c g 140 M +PF8380
45100 N = 120
® 80 180 * 100
Z 60 medium » - e E’ 80
= ATX S 60
o 40 180 S 40
2 20 k=]
= 0 15 s 20
Q. & N
o
o O 3
§v

Figure 2. ATX secreted by melanoma cells repels TILs and peripheral CD8* T cells

(A) Melanoma-conditioned medium from MDA-MB-435 and A375 cells (collected after 24 h) is chemorepulsive
for TILs and blood-derived CD8* T cells. Experimental conditions as in Figure 1.(B) Immunoblot showing ATX
expression in medium and cell lysates of MDA-MB-435 and A375 melanoma cells. Cells were incubated in
DMEM with 0.5% FCS for 24 or 48 h. Recombinant ATX (20 nM) was used as positive control (right lane). (C)
LysoPLD activity accumulating in melanoma-conditioned media over time. Medium from MDA-MB-435 cells
was collected after 2 and 24 h, and lysoPLD activity was measured as choline release from added LPC(18:1). (D)
ATX (ENPP2) mRNA expression (relative to cyclophilin) in control and ENPP2-depleted MDA-MB-435 cells stably
expressing short hairpin RNAs (shRNAs) against ATX. Maximal ENPP2 knockdown was obtained with shRNA 1
and 4 (of 5 different hairpins). Data represent the mean + SEM of three independent experiments using triplicate
samples; ****p < 0.0001 (unpaired Student’s t test). Right: immunoblot analysis of ATX expression using shRNA
1 and 4. Actin was used as loading control. (E) Melanoma-conditioned medium from ATX knockdown MDA-
MD-435 cells (collected after 24 h) lacks chemorepulsive activity for CD8* T cells and TILs. (F) Conditioned media
from ATX-deficient MDA-MB-231 breast carcinoma cells lack chemo-repulsive activity for TILs compared to
media from ATX-expressing melanoma cells (MDA-MB-435 and A375; cf. A). Right panel: ATX immunoblots from
the indicated media and cell lysates. (G) ATX inhibition restores the migration TILs and CD8* T cells exposed to
melanoma cell-conditioned media. Cells were plated at day 0 in medium containing 10% FCS. After 16 h, cells
were exposed to medium containing 0.5% FCS and ATX inhibitors (PF-8380 or I0A-289). Conditioned media were
collected after 24 h. (A and D-G) Representative data of three independent experiments each performed in
triplicate. Values are expressed as mean + SEM; bars annotated with different letters were significantly different
according to Fisher’s least significant difference (LSD) test (p < 0.05) after ANOVA.
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TIL repulsion involves LPAR6

The T cell repelling activity of ATX/LPA markedly contrasts to its chemotactic activity for tumor
cells, strongly suggesting involvement of different LPA receptors. We examined the LPAR expression
repertoire in TILs and blood-derived CD8* T cells using qPCR. Ex vivo expanded melanoma TlILs
(isolated from eight patients) consistently express high levels of LPAR6 in addition to considerably
lower levels of LPAR2; an identical pattern was detected in ovarian carcinoma-derived TILs (Figure
4A, and data not shown). LPAR6 was also the predominant non-EDG LPA receptor in peripheral
blood CD8* T cells alongside LPAR4 and LPARS (Figure 4B), in agreement with publicly available
data (https:// www.immgen.org; http://biogps.org). LPAR4 and LPAR5 may have been lost from
TILs during tumorigenesis or their ex vivo expansion, scenarios that warrant further investigation.
Incubating TILs with a novel xanthylene-based LPAR6 antagonist, named XAA*’,partially overcame
T cell repulsion by LPA (Figure 4C). We therefore conclude that repulsion of TILs and peripheral
blood CD8* T cells is primarily mediated by LPAR6, without excluding possible additional anti-
migratory roles for LPAR4 and LPARS.

LPAR6 (P2RY5) preferentially couples to the Ga. ,.-RhoA pathway that drives cytoskeletal

12/13
contraction, suppression of cell motility, and other cellular responses?*>#€, The function of LPAR6
in T cells has remained largely unexplored despite its high expression in immune cells (http://
biogps.org). In contrast to LPAR6, LPAR2 couples to G-mediated Rac GTPase activation and other G
protein-effector routes and thereby promotes the random motility of T cells'®*!, as schematically

illustrated in Figure 4D.

Impact of ATX on the induction of systemic T cell responses and tumor
infiltration of cytotoxic CD8* T cells

Having shown that ATX through generation and protection of LPA repels TILs and blood-derived
CD8* T cells ex vivo, we next investigated how ATX affects the anti-tumor T cell response in vivo.
We took advantage of an anti-cancer vaccination model using subcutaneously (s.c.) implanted
TC-1 epithelial tumor cells that express the HPV16 E7 oncogene®. TC-1 tumors lack spontaneous T
cell infiltration; however, tumor-specific CD8* T cell infiltration can be induced by vaccination, as
we and others previously described®*®3. The DNA vaccine we employed encodes HPV E7 in agene
shuffled configuration to provide a strong MHC class I-restricted CD8* T cell epitope and HPV-
unrelated MHC class ll-restricted epitopes that elicit CD4* T cell “help.” These “helped” CD8* T cells
have optimal cytotoxic and migratory abilities that allow for effective tumor rejection. Specifically,
they readily extravasate and infiltrate into the tumor due to upregulation of chemokine receptors
and matrix metalloproteases®. This therapeutic setting provides a window to examine the impact

of ATX on anti-tumor T cell responses and tumor rejection.
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Figure 3. Lysolipid species and secreted lysoPLD activity in conditioned media from melanoma cells

(A) Preparation of cell-conditioned media. Melanoma cells in 10-cm dishes were cultured for 24 h, washed,
and then incubated in DMEM containing 0.5% FCS. Media were harvested after 24 and 48 h, and centrifuged
to remove cell debris. LPA species were measured using LC/MS/MS. (B) Determination of LPA species in
conditioned medium from MDA-MB-435 and A375 melanoma cells, measured at t = 0, 24, and 48 h, using LC/
MS/MS. Predominant serum-borne LPA species are (12:0), (16:0), (18:0), (18:1) and (20:4). Note LPA depletion
from the medium (within 24 h) upon incubation with ATX-secreting melanoma cells. (C) Time-dependent
decline of the indicated serum-borne LPA species by melanoma cells. Graph shows normalized steady-state
LPA levels in conditioned media from MDA-MB-435 cells. (D) LPC species in conditioned medium from MDA-
MB-435 cells, measured at t = 10 min, 2 h and 24 h, using LC/MS/MS. Note that LPC levels tend to increase over
time. Values from one experiment performed in triplicate and expressed as mean + SEM. (E) Secreted lysoPLD
activity increases over time. Medium from MDA-MB-435 cells was collected after 2 and 24 h, and lysoPLD
activity was measured as choline release from added LPC(18:1). Values from three independent experiments
each performed in triplicate and expressed as mean + SEM; **p < 0.01 (unpaired Student’s t test).
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Figure 4. LPAR expression in TILs and peripheral CD8* T cells

(A) LPAR expression repertoire in ex vivo expanded TILs from six patients (qPCR analysis relative to cyclophilin).
TIL values are expressed as mean * SD. (B) LPAR expression in peripheral CD8* T cells from two healthy
donors. Values are expressed as mean + SD.(C) LPAR6 antagonist XAA restores transwell migration of TILs (left
panel) and CD8* T cells (right panel) in response to LPA or ATX plus LPC. Conditions as in Figure 1. Cells were
treated with XAA (10 mM) or vehicle control (0.5% DMSO) for 24 h. Data represent the mean + SEM of three
independent experiments using triplicate samples. *p < 0.05, ****p < 0.0001 (unpaired Student’s t test). (D)
Schematic illustration of dominant G-protein coupling and signaling outcomes of LPAR2 versus LPARG.
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Because TC-1 cells were found to lack ATX expression, we generated ATX-expressing TC-1 (TC-1™)
cells and confirmed that they secrete active ATX (Figures S2A and S2B). Enforced ATX expression
did not significantly alter the growth rate of s.c. injected TC-1 tumor cells (Figures $2C and S2D).
This agrees with previous tumor implantation studies showing that ATX-LPAR signaling has little
effect on primary tumor growth, but does promote metastasis to distant organs mainly through

LPAR123264,

ATX does not affect induction of systemic T cell responses

We examined how tumor cell-derived ATX may affect the induction of CD8* and CD4* T cell
responses after vaccination. For this purpose, mice were vaccinated on days 8, 11, and 14
after implantation of wild-type (WT) or ATX-expressing TC-1 tumor cells (Figure 5A). After
vaccination, T cells are primed in the vaccine-draining lymph node from where they egress as
differentiated effector T cells into the blood and then infiltrate the tumor via chemotaxis®.
Primed HPV E7-specific CD8" T cells were detected by flow cytometry using H-2D°/ E7,, .,
MHC tetramers (Tet) (Figure 5B). We monitored vaccine-induced T cell responses in blood
over time (Figures 5C— 5E). The HPV E7-specific systemic CD8* T cell response measured in
blood was similar in TC-1"" and TC-1* tumor- bearing mice (Figures 5C and S3A), as was the

frequency of CD8* T cells with a CD44*

CD62L- effector phenotype (Figures 5DandS3B).Likewise, thefrequencyofvaccine-inducedCD4*
T cells showing a CD44* CD62L~ effector phenotype increased to asimilar extentin both groups
of tumor-bearing mice (Figures 5E and S3C). Analysis of the spleens (at day 10 after vaccination)
showed no differences in the systemic distribution of HPV E7-specific CD8* T cells (Figure
5F), nor in their differentiation into granzyme B (GZB)- and interferon gamma (IFNy)-expressing
cytotoxic T lymphocytes (CTLs) (Figure 5G). CD4* T cell responses in the spleen were also similar
between both groups of tumor-bearing mice, as measured by the frequency of IFNy- expressing
cells among conventional (FOXP3-) CD4* T cells (Figures S3D and S3E). Finally, ATX expression did
notinfluence the frequency of FOXP3* CD4*-regulatory T cells (Tregs) (Figure S3F). Thus, secreted
ATX does not affect the induction of systemic CD8* and CD4* T cell responses upon vaccination,

either in magnitude or quality.
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Figure 5. Enforced ATX expression in tumor cells does not affect induction of T cell responses by vaccination
(A) Experimental set-up in the anti-cancer vaccination model. Mice were injected s.c. with wild-type (TC-1"")
or ATX-expressing (TC-1"™) tumor cells on day 0, vaccinated on days 8, 11, and 14 and were either sacrificed on
day 18, or monitored until day 70. Tumor cells were injected into one flank and the vaccine DNA was “tattooed”
into the depilated skin of the opposing flank. Data are from one experiment representative of two experiments.
(B) The DNA vaccine encodes HPV-E7 protein together with tumor-unrelated helper epitopes. The CD8* T cells
that have a TCR specific for the immunodominant E7,, ., peptide presented in H-2D° can be detected with MHC
class | (MHC-I) tetramers. A tetramer is made by folding E7,, . peptide with MHC-I monomer, conjugating this to
biotin and multimerizing it with fluorochrome-conjugated streptavidin. (C—E) Monitoring of the T cell response
to vaccination in peripheral blood by flow cytometry in TC-1%T (n=6) and TC-1*™ (n=5) tumor-bearing mice.(C)
Frequency of H-2D%/E7,, . tetramer positive (Tet") cells among total CD8* T cells. (D and E) Frequency of cells
with a CD44*CD62L" effector phenotype among total CD8* T cells (D) or total CD4* T cells (E). (F-J) Analysis
of the CD8* T cell response in spleen (F-J) and tumor (H and J) on day 18 in TC-1"" (n = 5) and TC-1"* (n = 6)
tumor-bearing mice. (F) Absolute number of tetramer positive (Tet*) CD8* T cells in spleen. (G) Frequency of
granzyme B (GZB)* and IFNy+ cells among Tet* CD8* T cells in spleen. IFNy was measured after ex vivo PMA/
ionomycin stimulation. The dotted line indicates IFNy signal in unstimulated cells. (H) Frequency among CD45*
hematopoietic cells (left) and absolute number (#, right) of Tet* CD8* T cells in TC-1"" and TC-1*™ tumors. (1)
Representative flow cytometry plots indicating the percentage of Tet* cells among total CD8* T cells in TC-1%" and
TC-1" tumors after vaccination and in TC-1"" tumors of non-vaccinated (untreated) mice. (J) Mean fluorescence
intensity (MFI) of GZB* and IFNy* cells within Tet* CD8* T cells in TC-1%" and TC-1"*tumors. IFNy was measured as
in (G). (C—H and J) Data are expressed as mean + SD; *p < 0.05, **p < 0.01 (Mann-Whitney U test).
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ATX repels cytotoxic CD8* T cells from the tumor and impairs tumor
control

We then investigated how ATX affects anti-tumor immunity and tumor fate after vaccination.
Tumor infiltration of vaccine- induced effector CD8* T cells was analyzed by flow cytometry and
immuno- histochemistry. Enforced ATX expression significantly reduced the infiltration of HPV
E7-specific CD8* T cells into the tumor, in both absolute numbers and frequency among total
hematopoietic (CD45*) cells (Figures 5H and 51). ATX did not alter the intrinsic cytotoxicity of the
infiltrating CD8* T cells, based on the similar expression levels of GZB and IFNy in Tet* CD8* T cells
retrieved from TC-1"" and TC-1"™ tumors (Figure 5J). Tumor-derived ATX did not oppose tumor
infiltration by conventional (FOXP37) CD4* T cells (Figure S3G), nor did it affect their effector
quality as inferred from IFNy expression levels (Figure S3H). Numbers of infiltrating CD4* Tregcells
were also similar between TC-1"T and TC-1™ tumors (Figure S3l). In conclusion, ATX expression
by TC-1 tumors impaired infiltration of vaccine antigen-specific CD8* T cells from the blood into
the tumor, without affecting CTL quality or infiltration of conventional CD4* T cells and Treg cells

into the tumor.

We verified the flow cytometric data by examining T cell infiltration through quantitative CD8
staining in whole tumor sections by immunohistochemistry. As illustrated in Figure 6A, vaccine-
induced CD8* T cells were less capable of penetrating ATX-expressing tumors compared to

parental tumors.

In the parental TC-1"" tumors, CD8" T cells were evenly dispersed throughout the tumor,
according to analysis of multiple whole tumor sections. In TC-1™ tumors, however, CD8* T cells
were detected in separate fields, leaving large parts of the tumor non-infiltrated. Quantitative
analysis confirmed reduced CD8* T cell infiltration in ATX-expressing tumors (Figure 6B). Tumor
infiltration of CD4* T cells and Tregs was not affected by ATX expression (Figures 6C and 6D), in

agreement with the flow cytometric data.

We determined the impact of ATX expression on vaccine-induced TC-1 tumor control, following
the experimental protocol of Figure 5A. Vaccination of mice bearing either TC-1"" or TC-1™ tumors
initially resulted in tumor regression (Figure 6E). Importantly, however, vaccine-induced growth
delay of ATX-expressing tumors was significantly reduced in comparison to TC-1"" tumors, as was
the overall survival rate of mice bearing TC-1™ tumors (Figures 6F and 6G). Collectively, these
findings demonstrate that ATX released by tumor cells impairs cytotoxic CD8" T cell infiltration

and dispersion throughout the tumor and thereby impairs tumor control in a therapeutic setting.
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Figure 6. Enforced ATX expression in tumor cells inhibits infiltration of effector CD8* T cells and impedes
vaccine-induced tumor control

(A—=F) Tumor analysis by immunohistochemistry on day 18 in the same mice as analyzed in Figure 5. (A)
Representative heatmaps of CD8* immunostainings of tumor sections from vaccinated mice bearing TC-1"" or
TC-1"™tumors. (B-D) Quantification in percentages of CD8" (B, representative for the data shown in A), CD4* (C),
and FOXP3* (D) cells out of all nucleated cells as assessed by immunostaining of tumor sections from vaccinated
mice bearing TC-1"" or TC-1"™ tumors. Data are depicted as mean + SD, *p < 0.05 (Mann-Whitney U test).
(E-G) TC-1"" (n=6) and TC-1"™ (n=5) tumor-bearing mice received vaccination as outlined in Figure 5 and
tumor growth was monitored over time up to day 70. (E) Individual growth curves of TC-1"T and TC-1™
tumors in vaccinated mice. Black lines represent group average. (F) Tumor growth delay following vaccination,
expressed as number of days required to reach a tumor size corresponding to that at day 7 (see E). Data
are depicted as mean + SD, *p < 0.05 (Mann-Whitney U test). (G) Overall survival curves of tumor-bearing
mice. ¥**p < 0.01 (Mantel-Cox analysis). Data in this figure are from one experiment representative of two
independent experiments.

Intratumoral ENPP2 expression in melanoma negatively correlates
with CD8* T cell infiltration

Finally, we sought clinical evidence for intratumoral ATX functioning as a CD8* T cell repellent in
melanoma. Of note, abundant ENPP2 expression is detected not only in melanoma but in virtually
all solid tumors (https://www.cbioportal.org), showing remarkably little correlation with ENNP2
expression in the corresponding cancer cell lines (Figures S1A and S1B). This supports the view
that a substantial part of the tumor ENPP2 transcripts is derived from non-malignant stromal cells,
notably cancer-associated fibroblasts (CAFs) and adipocytes known for their high ATX expression

levels, depending on the cancer type?*®.
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We analyzed ENPP2 expression patterns and CD8" T cell infiltration using single-cell RNA-
sequencing (scRNA-seq) results from 32 melanoma tumors (prior to immunotherapy) in which
diverse cell subsets can be distinguished®. ENPP2 expression in individual cells (n = 7,186) and
its association with CD8* T cell infiltration was examined in all subsets, namely malignant cells,
CD8* and CD4* T cells, B cells, natural killer (NK) cells, CAFs, tumor-associated macrophages,
and endothelial cells. Figure 7A shows the melanoma samples grouped by individual cell types.
Whereas lymphocytes do not express ATX, significant ENPP2 expression was detected not only
in malignant cells and CAFs but also in macrophages and endothelial cells (Figure 7B). Tumors
with the highest intratumoral ENPP2 expression—in both cancer and stromal cells— contained
significantly fewer CD8"* T cells, whereas low ENPP2 expression correlated with enhanced CD8* T

cell infiltration, as quantified by Pearson’s correlation analysis (r = 0.4; p = 0.01) (Figure 7C).

Elevated ENPP2 expression in melanoma samples was also associated with reduced CD4* T
cell infiltration, but not with macrophage accumulation (Figures S4A and S4B). Although
ATX-mediated repulsion of CD4* T cells was not observed in the above vaccination model,
differences in the functional state of the respective CD4* T cell populations or species-specific
receptor expressions might account for this discrepancy. Despite some caveats concerning the
interpretation of scRNA-seq results, as will be discussed below, the single-cell transcriptomics
analysis is consistent with our in vivo findings, namely that intratumoral ATX repels CD8* T cells
from the tumor. Collectively, our findings support a model of intratumoral ATX/LPAR signaling

(Figure 7D) to be discussed below.
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Figure 7. Single-cell analysis of ENNP2 expression in melanoma tumors and its inverse correlation with CD8*
T cell accumulation

(A) t-distributed stochastic neighbor embedding (tSNE) embedding of 7,186 single cells (complexity = 5) from
32 melanoma patients as described®. Data were used to project patients, inferred cell types, and log2 ENPP2
expression values, respectively, as described in methods. Right panel shows ENPP2 expression (blue/purple
dots high expression) as overlay on single cells presented in the left panel. Intratumoral ENPP2 expression
is detected in malignant cells (mal), cancer-associated fibroblasts (caf), macrophages, and endothelial cells
(endo), but not in lymphocytes (T, B, and NK cells). (B) Stacked bar graph showing the percentages of inferred
cell type per individual patient sample (top), and the percentage of ENPP2-expressing cell types (bottom). (C)
Inverse correlation between intratumoral ENPP2 expression and CD8* T cell accumulation. Pearson correlation
between the percentage of inferred ENPP2- expressing cells and CD8*-positive cells (R = 0.4; p = 0.01). (D)
Model of the melanoma immune microenvironment. In this model, ATX is secreted by melanoma cells and
diverse stromal cells, particularly fibroblasts (CAFs), to convert extracellular LPC into LPA. ATX functions as an
LPA-producing chaperone (ATX:LPA) that carries LPA to its GPCRs and exerts dual actions: it suppresses T cell
infiltration through Gum-coupled LPAR6, while it promotes melanoma cell dispersal and activates CAFs via
LPAR1 (mainly via Gl). Activated CAFs release growth factors and produce extracellular matrix. Random T cell
motility mediated by LPAR2 is not illustrated (see Figure 4D). See text for further details.
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Discussion

The signaling mechanisms that contribute to the exclusion of CD8* T cells from tumors remain
poorly understood, which hampers progress in improving immunotherapy efficacy”!**2, Tumor-
intrinsic mechanisms underlying T cell exclusion involve, for example, transcriptional chemokine
silencing®*® and production of immunosuppressive cytokines such as transforming growth factor
B (TGF-B)*®’. However, secreted factors and T cell GPCRs that counteract T cell infiltration remain

to be identified.

Here, we demonstrate that LPA-producing ATX secreted by tumor cells is a major repellent for
human TILs and healthy CD8* T cells under ex vivo conditions, with a dominant anti-migratory role
for Ga12/13—coupled LPAR6. Moreover, we show that secreted ATX repels cytotoxic CD8* T cells from

s.c. engrafted tumors to impede anti-tumor immunity and tumor regression in a therapeutic setting.

ATX/LPA is widely known for its chemotactic activities toward both normal and tumor cells, acting
mainly via LPAR1, and to enhance the random motility of T cells via LPAR2%3. Unexpectedly,
we initially observed T cell chemo-repulsive effects of exogenous ATX/LPA and melanoma cell-
secreted ATX of TILs and peripheral blood CD8* T cells ex vivo, with ATX/LPA antagonizing the
migration toward chemokine CXCL10 (Figures 1 and 2). Whereas CD8* T cells express multiple LPA
receptors, the unique LPAR expression pattern in TILs and the use of a novel LPAR6 antagonist
allowed us to define LPAR6 as the predominant T cell anti-migratory receptor (Figure 4). In
this respect, it should be emphasized that biological outcome is determined by the balance in
expression of GPCRs that signal mainly via G, (i.e., chemokine and chemotactic EDG receptors

LPAR1-LPAR3) versus those that couple predominantly to the Ga._, .-RhoA pathway, notably anti-

12/13

chemotactic non-EDG receptors LPAR4—LPAR6, as exemplified by the present findings.

Contrary to prevailing notions, secreted ATX failed to raise extracellular LPA levels as its lysoPLD
activity was outperformed by cell-associated LPA-degrading activity (Figure 3). By binding LPA
in its “exit tunnel,” presumably at a 1:1 ratio, ATX protects bioactive LPA from degradation>3%®
and, as such, functions as an LPA-producing “‘chaperone.” Based on its calculated lifetime®®, the
ATX:LPA complex can diffuse over a relatively long distance in the extracellular milieu®® and hence
may shape an ATX/LPA gradient and its paracrine signaling range. Precisely how ATX releases
LPA to its cognate receptors upon interaction with the cell surface awaits further functional and

structural studies.

LPAR6 (P2RY5) now joins the few select GPCRs that counteract T cell chemotaxis through the

G -RhoA pathway. Among them, EDG-family sphingosine-1-phosphate receptor S1PR2 is

a
12/13
arguably the best characterized member® 7, but a role for S1PR2 in immuno-oncology has not

been documented to date. LPAR6 (P2RY5) is of special interest as it displays its highest expression
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inimmune cells and is strongly induced upon activation of chicken T cells through as-yet-unknown
mechanisms’72, Furthermore, LPAR6 prefers 2 acyl- rather than 1-acyl-LPA species as ligand%,
which may explain the relatively high IC_ value for 1-oleyl-LPA observed in T cell migration
assays (Figure 1B). Although its non-EDG relatives LPAR4 and LPAR5 were not detected in ex vivo
expanded TILs (Figure 4A), the latter receptor is nonetheless of immuno-oncological importance
since its genetic deletion in mice enhances T cell receptor activity and anti-tumor responses’®. To
what extent LPAR6 and LPARS may act redundantly or synergistically in T cell signal transmission

remains to be investigated.

Building on our in vitro findings, we pursued the impact of tumor-intrinsic ATX on T cell responses
in the mouse TC-1 tumor model that is often used in anti-cancer vaccination studies®7*. For
this purpose, we stably expressed ATX in TC-1 cells that lack endogenous Enpp2 expression
and confirmed their LPA-producing activity. Vaccination induces the simultaneous activation
of CD4* and CD8* T cells to optimize the cytotoxic T cell response in magnitude and quality®.
“Helped” CD8* T cells acquire chemokine receptors to increase their migration capacity and
enhanced metalloprotease activity that enables them to invade tumor tissue to promote tumor
regression®7’4, We established that tumor-intrinsic ATX has no effect on vaccine-induced CD4* and
CD8* T cell responses (Figure 5). The cytotoxic CD8* T cells thus displayed optimal effector capacity
independent of ATX activity. Importantly, despite the robust anti-tumor immune response, tumor-
intrinsic ATX was capable of significantly impeding tumor infiltration of cytotoxic CD8" T cells
and suppressing tumor rejection (Figure 6). These findings highlight a key role for LPA-producing
ATX in suppressing anti-tumor immunity in a therapeutic setting. By inference, LPAR6 most likely
plays a dominant role in mediating ATX-induced T cell repulsion in vivo, possibly in concert with
LPARS, but this needs further investigation. Further development of specific LPAR6 antagonists
would enable a robust pharmacological characterization and help dissect the ATX-LPAR immune

signaling network in further detail.

In a clinical setting, single-cell analysis of melanoma tumors®® showed significant ENPP2
expression in malignant cells, CAFs, tumor-associated macrophages, and endothelial cells, which
further accentuates the complexity of ATX/LPA signaling in the tumor microenvironment (Figures
7A-7C). Consistent with our in vivo findings, intratumoral ENPP2 expression positively correlated
with CD8* T cell exclusion. ENPP2 expression was also associated reduced CD4* T cell infiltration
in these tumors (Figure S4). These findings should be validated in future immuno-histochemical

analyses of select patient samples.

Taken together with previous evidence, our findings support a simplified model of the tumor
(melanoma) microenvironment illustrated in Figure 7D. In this model, LPA-producing ATX

is secreted by both tumor and stromal cells and—complexed with LPA—counteracts tumor
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infiltration of CD&* T cells mainly via G__ .-coupled LPAR6, while it activates tumor cells and

12/13
pro-tumorigenic fibroblasts (CAFs) in autocrine/paracrine loops via LPAR1, which signals
predominantly via G,. ATX/LPA-stimulated tumor cells acquire a pro-metastatic phenotype,
whereas activated fibroblasts drive immune escape by generating a physical barrier to TILs and
by secreting immunosuppressive molecules’. Because ATX is abundantly expressed in most
solid tumors (Figure S1B), this model obviously extends beyond melanoma to many cancer
types. Because the tumor microenvironment is heterogeneous and cancer type-specific, ATX/
LPA signaling outcome will critically depend on the composition and LPAR expression repertoire
of the immune cell infiltrate, and likely also on the spatial arrangement of ATX-secreting stromal

cells within the tumor.

In conclusion, by suppressing anti-tumor immunity while promoting metastasis via different
LPA receptors, the ATX-LPAR signaling axis creates a T cell-excluding, pro-tumorigenic
microenvironment that is amenable to therapeutic intervention. Our findings pave the way for
addressing outstanding questions on the ATX-LPAR axis in other immunotherapeutic settings,
such as genetically engineered melanoma models and/or patient-derived xenografts (PDX)
engrafted in humanized mouse models’®””. Such clinically relevant models should provide further
insight into the dual pro-tumor actions of ATX; furthermore, they will offer an opportunity to
evaluate the anti-tumor benefits of pharmacological ATX inhibition, for example in combination

with immune checkpoint inhibitors.

Limitations of the study

Our study has several limitations. Although LPAR6 acts as a migration-inhibitory receptor for
peripheral blood CD8* T cells, and ex vivo expanded TILs, its role in ATX-mediated T cell repulsion
in tumor-bearing mice, as reported here, remains be established by using Lpar6””) mice.
Furthermore, our correlative single-cell analysis of ATX expression in melanoma tumors (Figure
7) should be viewed with caution because scRNA-seq studies do not detect all transcripts in
every single cell, and intratumoral ENPP2 expression is not necessarily predictive of secreted ATX

activity in the tumor microenvironment.
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Methods

Cell culture and materials

MDA-MB-435 and A375M melanoma cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C under 5% CO,. Patient-derived
TILs cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% human serum at 37°C under 5% CO,. Human CD8" T cells were isolated from buffy coats,
activated with anti-CD3 and CD28 mAbs that were plate-bound and expanded in RPMI 1640
medium supplemented with 10% human serum and 100 IU/mL IL-2 and 5 ng/ml IL-15 at 37°C
under 5% CO,. Interleukins and CXCL10 were from PeproTech. LPA(1-oleoyl) was obtained from
Avanti Polar Lipids. Human ATX was produced in HEK293 Flip-in cells and purified as previously
described®*. Fibronectin and PF-8380 were purchased from Sigma- Aldrich. I0A-289 (formerly

CRT750) was synthesized as previously described®.

Isolation and expansion of melanoma-derived TILs

TIL isolation and expansion was started by generation of a single cell suspension by enzymatic
digestion of the resected metastatic tumor material obtained by surgery. Resulting cell
suspensions were cultured in the presence of 6000 IU/ml IL-2 (Proleukin, Novartis) for two to four
weeks. During the subsequent Rapid Expansion Protocol of two weeks, T cells were cultured in
50% RPMI/50% AIM-V medium in the presence of 3,000 IU/ml IL-2, 30 ng/ml anti-CD3 antibody
(OKT-3, Miltenyi) and irradiated autologous PBMCs (feeder cells in 200-fold excess over TIL).

Isolation of peripheral CD8* T cells

Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh buffy coats using
Ficoll-Paque Plus (GE Healthcare) gradient centrifugation. Total CD8* T cells were isolated using
magnetic sorting with CD8 microbeads (Miltenyi Biotec). Blood samples were obtained from
anonymized healthy male donors with written informed consent in accordance to guidelines

established by the Sanquin Medical Ethical Committee.

Conditioned media

Conditioned media were collected from MDA-MB435 and A375M cells. Sub-confluent 10-cm
dishes of melanoma cells were washed with PBS and incubated in DMEM containing 0.5% FCS.
Conditioned medium was harvested after 24 and 48 hrs, and centrifuged for 30 min at 4000 rpm

in a tabletop centrifuge to remove cell debris.
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Transwell migration assays

T cell migration was measured using 48-well chemotaxis chambers (Neuro Probe, Inc.) equipped
with 5 um-pore polycarbonate membranes (8 um-pore for melanoma cells), which were coated
with fibronectin (1 pg/ml). Cells (1x10%/ml) were added to the upper chamber. Migration was
assessed after 2 hrs for TILs and CD8" T cells at 37°C in humidified air containing 5% CO,. Migrated
cells were fixed in Diff-Quik Fix and stained using Diff-Quik II. Migration was quantified by color

intensity measurements using Image J software.

ATX lysoPLD activity

ATX enzymatic activity in conditioned media was measured by steady-state choline release from
exogenously added LPC using a coupled reaction, as detailed elsewhere**. Briefly, media were
centrifuged for 45 min at 4,500 rpm, upon which 75 ul of the supernatants were plated on 96-well
plates together with 600 uM LPC(18:1), 1 U ml* choline oxidase, 2 U ml* horseradish peroxidase
(HRP) and 2 mM homovanillic acid (HVA), reaching a final volume of 100 pl. ATX activity was
measured by HVA fluorescence at Aex/Aem = 320/460 nm every 30 s for at least 160 min at 37°C
with a Pherastar plate reader (BMG Labtech). Since ATX activity in vitro presents a ~15-min lag
phase, the subsequent linear slope (60-160 min) was used to perform all analyses. Triplicate

measures were statistically analyzed by an unpaired t test.

Western blotting

Cells were washed in ice-cold PBS (phosphate-buffered saline containing 2 mM Ca?" and Mg*),
lysed in RIPA buffer with protease inhibitors and spun down. Equal amounts of proteins were
determined by BCA protein assay kit (Pierce), separated by SDS-PAGE using pre-cast gradient gels
(4-12% Nu-Page Bis-Tris, Invitrogen) and transferred to nitrocellulose membranes. The membrane
was blocked for 1 hr at room-temperature in 5% skimmed milk in TBST. Incubation with antibodies
was done overnight at 4°C, followed by 1 hr incubation with horseradish peroxidase- conjugated
secondary antibodies (DAKO, Glostrup, Denmark). Proteins were visualized using ECL Western

blot reagent (GE Healthcare, Chalfont St. Giles, UK).

gPCR analysis

Expression levels of LPA receptors and ATX/ENPP2 were quantified by RT-gPCR. Total RNA was isolated
using GenelET purification kit (Fermentas). cDNA was synthesized by reverse transcription from 2 mg
RNAwitholigodT 15 primersand SSII RT enzyme (Invitrogen). ¢PCR was performed ona 7500 Fast System
(Applied Biosystems) as follows: 95°C for 2 min followed by 40 cycles at 95°Cfor 15 s followed by 60°Cfor 1

min. 200 nM forward and reverse primers,16 ml SYBR Green Supermix (Applied Biosystems) and diluted

132



ATX impedes anti-tumor immunity by preventing CD8* T cell infiltration

cDNAwere usedinthefinal reaction mixture. Cyclophilin was used as reference gene and milliQwas used
as negative control. Normalized expression was calculated following the equation NE = 2(Ct target-Ct
reference). Primers used: LPA1 forward AATCGGGATACCATGATGAGT, CCAGGAGTCCAGCAGATGATAAA;
LPA2 forward CGCTCAGCCTGGTCAAAGACT, TTGCAGGACTCACAGCCTAAAG;
LPA3 forward AGGACACCCATGAAGCTAATGAA, GCCGTCGAGGAGCAGAACG; LPA4
forward CCTAGTCCTCAGTGGCGGTATT, CCTTCAAAGCAGGTGGTGGTT; LPAS forward
CCAGCGACCTGCTCTTCAC, CCAGTGGTGCAGTGCGTAGT; LPA6 forward AAACTGGTCTGTCAGGAGAAGT,
CAGGCAGCAGATTCATTGTCA; ENPP2 forward ATTACAGCCACCAAGCAAGG, TCCCTCAGAGGATTTGTCAT,
Cyclophilin forward CATCTGCACTGCCAAGACTGA and reverse TTGCCAAACACCACATGCTT.

ATX knockdown melanoma cells

To generate ATX knockdown melanoma cells, we used five human ENPP2 shRNAs in the
lentiviral vector pLKO1: (TRC human shRNA library; TRCN0O000048993, TRCN0O000048995-
TRCN0000048997 and TRCN0O000174091). To generate particles for stable infections, HEK293T
cells were transfected with single shRNA hairpins using the calcium phosphate protocol; the virus
particles were collected at 48 hrs after transfection. ENPP2 stable knockdown cells were selected

and maintained in medium containing 2 pug/ml puromycin.

Lipid extraction and LC-MS/MS measurements of LPA

Extraction of lipids from cell-free conditioned media was done using acidified organic solvents
and measurement of seventeen LPA species was accomplished using LC-MS/MS. Quantitation
of LPA species was achieved using LPA(17:0) as an internal standard. Experimental details can be

found elsewhere®.

Studies in mice

Six to eight-week old female C57BL/6JRj (B6) mice were obtained from Janvier Laboratories
(Le Genest Saint Isle, France) and maintained in individually ventilated cages (Innovive, San
Diego, CA) under specific pathogen-free conditions. All mouse experiments were performed in
accordance with institutional and national guidelines and were approved by the Committee for

Animal Experimentation at the NKI.

Tumor cells and subcutaneous transplantation

TC-1 tumor cells are lung epithelial cells engineered to express HPV16 E6 and E7 proteins®.
Cells were obtained from the Leiden University Medical Center in 2015, and the authors did not

perform further authentication. TC-1 cells stably overexpressing ATX were generated by retroviral
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transduction and ATX overexpression was validated by Western blotting (Supplementary Figure
3A). TC-1 cells were cultured in medium, supplemented with 10% fetal calf serum (FCS), 0.1
mM non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 10 mM HEPES and
antibiotics at 37°C, 5% CO,. TC-1 cell stock was tested negative for Mycoplasma by PCR, and cells
thawed from this stock were used within 3 passages for in vitro and in vivo experiments. On day
0, mice were anesthetized with isofluorane and injected s.c. with 1x 10° TC-1 tumor cells. Tumor
size was measured by calipers in two dimensions and calculated as: area (mm?) = width x length.
Mice were monitored twice per week. Mice were sacrificed when the tumor diameter reached
15 mm or when the tumor size reached 100 mm?2. In the survival curves, censored events indicate

mice were sacrificed before treated tumors reached 100 mm?.

Anti-cancer vaccination

The HELP-E7SH plasmid DNA vaccine was described previously and validated in detail. Intra-
epidermal DNA “tattoo” vaccination was performed as described in the same papers. Briefly,
the hair on a hind leg was removed using depilating cream (Veet, Reckitt Benckiser) prior to
vaccination, mice were anesthetized and 15 ul of 2 mg/ml plasmid DNA solution in 10 mM Tris, 1
m M EDTA, pH 8.0 was applied to the hairless skin with a Permanent Make Up tattoo device (MT
Derm GmbH, Berlin, Germany), using a sterile disposable 9-needle bar with a needle depth of 1

mm and oscillating at a frequency of 100 Hz for 45 sec.

Tissue preparation and flow cytometry

At the indicated days, blood was sampled from live mice or mice were sacrificed and lymphoid
tissues and tumors were harvested. Peripheral blood cells were collected by tail bleeding in
Microvette CB300 LH tubes (Sarstedt). Red blood cells were lysed in 0.14 M NH4Cl and 0.017 M
Tris-HCI (pH 7.2) for 1 min at room temperature and cell suspensions were washed and stained
with relevant mAbs, as indicated below. Tumor tissue was mechanically disaggregated using a
Mcllwain tissue chopper (Mickle Laboratory Engineering), and a single-cell suspension was
prepared by digesting the tissue in collagenase type A (Roche) and 25 ug/ml DNase (Sigma) in
serum-free DMEM medium for 45 min at 37°C. Enzyme activity was neutralized by addition of
DMEM containing 8% FCS, and the tissue was dispersed by passing through a 70-um cell strainer.
Lymphoid tissue was dispersed into single cells passing it through a 70-um cell strainer. Single
cells were first stained with APC-conjugated E759.57/H-2D" tetramers (Peptide and tetramer
facility, Immunology department, Leiden University Medical Center) for 15 min at 4°C in the dark.
After tetramer staining, tumor cells were incubated with 2% normal mouse serum with 10 pug/ml
DNAse for 15 min on ice. For surface staining, cells were incubated for 30 min on ice in the dark

with fluorochrome-conjugated antibodies and 0.5 pl anti-APC mAb (clone APC003, BioLegend)
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per sample in PBS, 0.5% BSA, 0.01% sodium azide to increase intensity of tetramer staining.
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (1:1000, Invitrogen) was added to exclude dead
cells. Intracellular staining of cytokines and transcription factors was performed after cell fixation
and permeabilization using the FOXP3 Transcription Factor Staining Buffer Set according to the
manufacturer’s protocol (Thermo Fischer Scientific). The following fluorochrome-conjugated
mAbs were used for flow cytometry and obtained from BD Pharmingen (Breda, the Netherlands)
unless otherwise specified: CD45.2-BUV395 (1:200; clone 30-F11), TCRB-PECy7 (1:100; clone
H57-597), CD3-PECy7 (1:100, clone 145-2C11, eBiosciences), CD8-BUV805 (1:300, clone 53-
6.7 ), CD4- BV711 (1:200, clone GK1.5), FOXP3-PECy5.5 (1:100, clone FJK-16s, eBiosciences),
CD44- BV785 (1:200, clone IM7, BioLegend), CD62L-FITC (1:100, clone MEL-14, eBioscience),
IFNy- eF450 (1:200, clone XMG-1.2, eBioscience), Granzyme B-PE (1:200, clone GB11, Sanquin
Amsterdam). To detect cytokine production, whole cell preparations from tumor and lymphoid
tissue were plated in 100 pl IMDM/8% FCS in a 96-well U-bottom plate. Cells were treated with
50 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich, Zwijndrecht, The Netherlands)
and 1 uM ionomycin (Sigma Aldrich) dissolved in DMSO and diluted in culture medium. Control
(unstimulated) cells were treated with an equal volume of DMSO diluted in culture medium.
GolgiPlug (1 pg/ml; BD Biosciences) was added to all wells before incubating the cells for 3 hr
at 37 °C, 5% CO,. To determine absolute cell numbers AccuCount Blank Particles (Spherotech)
were added to the samples, prior to analysis. For all experiments, cells were analyzed using a BD
Symphony A5 flow cytometer with Diva software, and the generated data were analyzed using

FlowlJo software.

Immuno-histochemical analysis

Harvested tumors were fixed for 24 hrs in aqueous solution with 50% ethanol, 5% acetic acid and
3.7% formalin, embedded in paraffin, and then sectioned randomly at 5 mm. For immunostaining,
sections were rehydrated and incubated with primary antibodies to CD8 (eBioscience; clone
4SM15), CD4 (eBioscience; clone 4SM95) and FOXP3 (eBioscience; clone FJK-16s). Endogenous
peroxidases were blocked with 3% H,0,, and the sections were then incubated with biotin-
conjugated secondary antibodies, followed by incubation with HRP-conjugated streptavidin-
biotin (DAKO). The substrate was developed using diaminobenzidine (DAB) (DAKO). We included
negative controls to determine background staining, which was negligible. For the assessment
of immune-cell infiltration in the tumor cross-sections, the immuno-stained slides were scanned
and digitally processed using the Pannoramic 1000 scanner (3DHISTECH, Hungary) equipped
with a 20x objective. Digital whole slide images of CD8-, CD4- and FOXP3-stained serial tissue
sections were registered with the HE sections in HALOTM image analysis software version

(3.2.1851.229) (Indica Labs, Corrales, NM). The tumor area within the stained sections were
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manually annotated and all nuclei within the tumor area (hematoxylin and/or DAB staining)
were automatically segmented with the use of the commercially available Indica Labs — Multiplex
IHC v2.3.4 algorithm module. Optimized parameters for the detection of nuclei signal included
nuclear weight (1 for hematoxylin and 0.066 for DAB staining), nuclear contrast threshold (0.44),
minimum nuclear optical density (0.095), nuclear size (11.3 — 220.7), minimal nuclear roundness
(0.033) and nuclear segmentation aggressiveness (0.536). The optimized module parameters
for the cytoplasmic and membrane detection included DAB-markup color (198, 163, 122) with
the DAB-nucleus positive threshold (0.1105, 2.5, 2.5). The algorithm module parameters were
kept constant for the analysis of all the sections across the different lymphocyte stainings. Next,
with the utilization of the algorithm the total cell number within the tumor area (per section per
staining) was automatically determined along with the equivalent number of each lymphocyte
classification as DAB-positive cells. For the quantification analysis, the fraction (percentage) of
DAB-positive cells (determined either via nucleus or cytoplasmic/membrane staining) over the

total number of cells within the tumor area was used.

Single-cell RNA-seq analysis of human melanoma tumors

Single-cell data from 32 melanoma tumors (Jerby-Arnon et al.,, 2018) was downloaded from
NCBI GEO (gse115978) and exported to the R2 platform (http://r2.amc.nl, Mixed Melanoma SC
- Regev - 7186 - tpm - gse115978). tSNE clustering was applied to 7186 cells. A complexity of 5
was chosen to represent the cohort. Inferred cell type information was extracted from the GEO
dataset. Expression of ENPP2 and other annotations were projected onto the tSNE embedding. In
every patient sample, the percentage of ENPP2-expressing cells was correlated to the percentage
of cells inferred to be CD8*-positive. All analyses of the single-cell data were performed in the R2

genomics analysis and visualization platform.

Statistical analyses

For in vitro migration assays, a two-tailed unpaired Student’s t-test was applied. A P value < 0.05
was considered statistically significant; *, p<0.05; **, p<0.005; ***, p<0.001; and **** p<0.0001.
Data from mouse studies were analyzed using GraphPad Prism version 9 (GraphPad Software,
La Jolla, CA). Differences between various treatment groups were analyzed using the Mann-
Whitney U Test. Differences in survival curves were analyzed using the Log Rank (Mantel-Cox)

test. Differences with P values <0.05 were considered statistically significant.
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Figure S1. ATX mRNA expression in cancer cell lines and solid tumors.

(A) ENPP2 expression in the indicated cell lines ranked according to median values. Note high ENPP2
expression in melanoma cell lines (n=61). RNAseq expression data were retrieved from the Cancer Cell
Line Encyclopedia (CCLE). (B) Pan-cancer analysis of ENPP2 expression in the indicated solid tumors ranked
according to median values (ccRCC, clear cell renal cell carcinoma). RNAseq v2 mRNA expression data were
retrieved from the TCGA database (https://www.cbioportal.org). Note that ENNP2 expression in cancer cell
lines poorly correlates with that in the corresponding tumors, likely due to the presence of ATX-expressing
stromal cells.
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Figure S2. Characteristics of wild-type and ATX-expressing TC-1 tumors.

(A) (Left) immunoblot analysis of ATX protein expression in wild-type

(TC-1"T) and ATX expressing (TC-1"™)

tumor cells. Actin was used as loading control. (Right) ATX mRNA expression (relative to Cyclophilin) in TC-1""
and TC-1"™ cells as analyzed by gPCR. (B) Secreted ATX (lysoPLD) activity in supernatants from TC-1¥" and TC-
1" cells, as measured by choline release from added LPC(18:1) over time. See Methods for details. (C) TC-1""
and TC-1"tumor growth expressed as mean size in non-vaccinated mice (n=5). (D) Average tumor size in the
same mice as in (C) on days 12 and 16 after s.c. tumor cell implantation. Data is depicted as mean + SD; ns:

not significant (Mann-Whitney U test).
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Figure S3. Enforced ATX expression in tumor cells does not affect the CD4* T cell response to vaccination.
(A-C) Primary data belonging to Figure 5. Representative flow cytometry plots depicting H-2D°/E7,, ., Tet*
cells (A) and CD44*CD62L effector phenotype cells among total CD8* T cells (B) and total CD4* T cells (C) in
blood from TC-1"" (n = 6) and TC-1"™ (n = 5) tumor-bearing mice at day 13 post vaccination. Data at day 0 are
from non-vaccinated TC-1"" tumor-bearing mice. (D-1) CD4* T cell populations as analyzed by flow cytometry
in spleen (D-F) and tumors (G-I) of TC-1¥" (n = 5) and TC-1"™ (n = 6) tumor-bearing mice at day 18 after tumor
implantation. (D) Absolute number (#) of FOXP3-CD4* conventional T cells (Tconv) in spleen. (E) Frequency of
IFNy* cells among conventional CD4* T cells in spleen. IFNy was measured as outlined in Figure 5. (F) Absolute
number (#) of FOXP3*CD4* T cells (Tregs) in spleen. (G) Absolute number (#) of CD4* Tconv cells per mg tumor
tissue, found in TC-1"T and TC-1"™ tumor-bearing mice. (H) Frequency of IFNy* cells within CD4* Tconv cells in the
tumors. IFNy was measured as outlined in Figure 5. (I) Absolute number (#) of CD4* Tregs in TC-1"" and TC-1"™
tumors. (D-1) Data is depicted as mean + SD; no significance for all cell populations analyzed (Mann- Whitney
U test). Data in this figure are from one experiment representative of two experiments.
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Figure S4. ENPP2 expression and accumulation of CD4* T cells (A) and macrophages (B) in melanoma tumors

(n=32). Pearson’s correlation between the percentage of inferred ENPP2-expressing cells and CD4* T cells
versus macrophages as indicated. For details see Figure 7.

145






General Discussion



Chapter 6

Local radiotherapy (RT) has been used for over a century to induce DNA damage, leading to cell
cycle arrest and cell death in rapidly proliferating tumor cells. To improve RT efficacy, studies
have primarily focused on improving radiosensitivity by modulating DNA damage and repair. The
contribution of the immune system?, particularly CD8* T cells? to RT-induced tumor regression
has long been neglected. In recent years, the concept has emerged that RT is potentially
immunogenic, since dying cells can release danger-associated molecular patterns (DAMPs)?
and tumor-associated antigens®. Such immunogenic cell death could lead to dendritic cell (DC)
activation, causing tumor-specific T cell responses in the tumor-draining lymph node (TdLN)>®.
This idea has greatly raised interest in using RT as an in situ anti-cancer vaccine. This concept was
reinforced by the discovery that tumor regression outside the field of RT, known as the abscopal
response’, is T cell mediated®. Consequently, numerous clinical trials were initiated to combine RT
with immunotherapy (IT) strategies, in order to enhance systemic anti-tumor immune responses®.
However, despite these efforts, clinical successes are unsatisfactory, with overall response rates
generally not exceeding 18%'°. In part, disappointment arises from unrealistic expectations set
by mouse studies using tumor models with highly immunogenic exogenous antigens®>®'%2, Since
endogenous tumor antigens are generally poorly immunogenic, these studies might overestimate
the potential of RT to facilitate T cell priming to human cancer in the clinic. Additionally, while
synergy between RT and IT in immune responsiveness is often claimed in mouse studies®***°,
clinical reports indicate that systemic anti-tumor immunity primarily reflects the effects induced
by IT alone and do not truly represent a combined effect of RT and IT***". For these reasons, the
mechanisms that drive RT-induced T cell responses in the diversity of human cancers must be
better understood. Only then can we rationally design the correct RT-IT combination strategies
to synergistically increase systemic T-cell based immunity against cancer. This approach can be
particularly useful for cancers that are not spontaneously immunogenic and are therefore in need

of a “vaccination” approach?®*°,

The work described in this thesis aimed to unravel and optimize important determinants for RT-
induced T cell responses in poorly immunogenic tumors. To achieve this, | addressed the following

questions, which will be explored in the subsequent discussion:
1. To what extent does RT induce T cell responses against cancer?

2. Which impediments and potential IT targets can be utilized to enhanced RT-induced T

cell responses in poorly immunogenic cancers?

3. CanRTbeexploitedtoovercomelocalimmunosuppressioninthetumormicroenvironment
(TME)?
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Discussion

1) Whatis the potential of RT to raise systemic T-cellimmunity?

RT responses are dictated by the tumor immune constellation

Traditionally, TMEs are classified as “immune-infiltrated”, “immune excluded” or “immune
desert”, based on the varying levels of lymphocyte presence and localization?°. However, these
classifications primarily rely on the density of CD3* and/or CD8* cells on immunohistochemistry
slides?® and may not accurately predict tumor responsiveness to IT. Recently, multi-omics analysis
of human pan-cancer tissues revealed distinct immune constellations among tumors of the
same type?%. These immune complexities significantly impact patient survival and response
to IT?%22, Tumors containing high myeloid cell content and fibroblasts, along with low presence
of lymphocytes, often show negative survival outcomes and treatment responses, as opposed
to tumors containing high lymphocyte abundance, combined with elevated levels of DCs and
interferon type | (IFN-I) signaling??. Interestingly, FOXP3* T regulatory cells (Tregs), generally
considered immunosuppressive, are variably present among all immune contextures, but are

typically associated with macrophage-enriched tumors?.

Tumor responses to RT can vary, despite equal radiosensitivity in vitro?*. RT elicited systemic CD8*
T cell-mediated anti-tumor immunity in mouse tumor models that were spontaneously T cell-
infiltrated, but not in T cell-devoid tumors*®?*, A recent patient study similarly identified that tumors
enriched for IFN-I pathways, along with presence of CD4* and CD8* T cells, activated NK cells and
inflammatory macrophages are associated with enhanced tumor radiosensitivity”®. Therefore,
there appears to be a relationship between tumor immunogenicity and response to RT. In chapter
2, we analyzed records from The Cancer Genome Atlas (TCGA) using five pan-cancer immune
phenotypes?. We observed reduced overall survival after RT in non-immunogenic cancers, described
as “lymphocyte depleted”, in which the TME typically exhibits high myeloid-to-lymphocyte ratios?.
We found that the transplantable TC-1 tumor model recapitulates human lymphocyte-depleted
cancer and investigated the factors impeding the RT response (chapter 2)*!. Despite expressing
antigenic HPV16-derived E6 and E7 antigens, TC-1 tumors lack CD8* T cells and have a TME enriched
with myeloid cell populations, as confirmed by single-cell RNAseq analysis?. This tumor model
provides valuable insights into the requirements for tumor-specific T cell priming. Tumors like TC-1,
which do not spontaneously provoke tumor-specific T cell responses, likely have not undergone T
cell-mediated immune surveillance or pressure. As a result, they may remain susceptible to newly
generated T cell responses upon RT and/or IT?. In agreement, the TC-1 tumor is highly responsive
to CD4* and CD8* T cell responses induced by vaccination (chapter 5 and?*?°). Moreover, the TC-1
tumor model effectively recapitulates (dys)functional T cell priming in the TdLN3C. Additionally, we
observed that TC-1 tumor growth triggers effector (e)Treg priming (chapters 2, 3) and attracts high
levels of monocytes in the TdLN. These data illustrate the continuous interaction between the tumor

and TdLN®, in this case resulting in the development of systemic immunosuppression.
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In chapter 2, we discovered that RT of the TC-1 tumor caused priming of CD8* cytotoxic T
lymphocytes (CTLs) in the TdLN, necessary to mediate tumor control. However, eTreg expansion,
induced by the tumor and exacerbated by RT, limited CTL priming. This mechanism may also be
relevant in human cancer, as evidenced by tumor-induced Treg expansion in the TdLN in patients
with challenging-to-treat cancers like breast, colorectal, and hepatocellular carcinoma3?. Our
finding highlights the potential of RT to stimulate tumor-specific T cell priming in lymphocyte-
depleted tumors and identifies simultaneous Treg priming as a key negative regulatory
mechanism. Whether prediction of anti-tumor immunity can solely rely on T cell-to-Treg ratios
found in the TME remains controversial, as it appears highly influenced by the cancer molecular
subtype and disease stage?*®. Specifically, while the presence of Tregs is generally considered
to negatively impact disease outcome, it may paradoxically be favorable for survival in head and
neck, colorectal and esophageal cancer®. This suggests that the mere presence of Tregs may
not be sufficient to accurately predict disease outcomes. A patient cohort study of invasive
breast cancer indicated that the ratio of effector Tregs to T cells, which contained a population
with a higher suppressive phenotype, rather than the total Treg to T cell ratio, was a better
predictor of treatment responses®. Thus, instead of solely focusing on the entire Treg population,
the functionality of the Tregs present in the TME should be considered to predict anti-tumor
immune responses. Furthermore, recent RNA-seq data indicate that response to chemotherapy
in Treg-enriched human cancers is associated with reduced suppressive Treg function, along with
increased abundance of CD8* T cells and inflammatory M1-type macrophages®. Together, these
findings highlight that the design of treatment strategies must encompass the broader tumor

immune landscape, in addition to the Treg functional state.

The tumor-draining lymph node serves as a niche for pro- and anti-
tumor immune responses

Anti-tumor immunity primarily relies on CTL responses orchestrated in the TdLN®¢. Intravital
imaging studies have revealed a two-step process for the effective priming of CTLs*”>°, involving
correct localization and activation of conventional (c)DCs in the TdLN. Initially, CD8* and CD4*
T cells receive their first priming-step by encountering the cDC1 or cDC2 subset, respectively,
in distinct areas of the LN. Subsequently, both T cell types interact with the same lymph-node
resident or migratory cDCls, enabling CD4* T cells to provide the necessary help signals for
optimizing DC activation and CTL differentiation®”*°. To achieve this, both cDC1s and cDC2s need
appropriate activation and migration from the tumor to the TdLN**2, However, cDC paucity®,
inhibitory metabolic pathways*#, and negative immunoregulatory mechanisms from the
tumor*®#’ contribute to suboptimal DC activation, which extends to the TdLN and can lead to

systemic immunosuppression. Additionally, tumors may enforce immunosuppression by causing
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aberrant stromal remodeling and structuring in the LN, disrupting the normal dynamics required
for lymphocyte interactions®? and/or by altering the cellular composition of the LN. This involves
attraction of immunosuppressive myeloid cells*® and Tregs* (chapter 2 and 3), which could
limit T cell functionality*®*°. Notably, in the TdLN, tolerogenic cDCs may induce Treg priming and
expansion®®3, which subsequently impair CTL differentiation by inhibiting cDC1 responses®.
Aberrant immunity in the TALN may also promote primary tumor progression and establish a

microanatomic niche for metastases®>®¢, as it is often the first tissue infiltrated?.

While the role of the LN as orchestrator for adaptive immune responses has been well-
established, its function in supporting tumor immunity and response to IT has only recently
been recognized®®*"°¢, Studies in mice demonstrate that treatment efficacy of PD-1 inhibition
is hindered when exit of T cells from the TdLN is blocked*”*8. Additionally, direct administration
of anti-PD-L1 to the TdLN alone has been shown to achieve tumor control®’. Similar effects have
been observed concerning CTLA-4 blockade®. Likewise, the TdLN plays a crucial role in generating
RT-induced systemic immunity??, leading to both local (chapter 2) and abscopal* responses. Thus,
effective anti-tumor immunity depends on the TdLN, despite potential immunosuppression.
Chapter 2 highlights the duality of this response in the context of RT, showing that RT can elicit
CTL priming in the TdLN alongside Treg priming. These findings suggest that RT may support cDC1
activation by releasing DAMPs required for their migration to the TdLN. However, RT may also
upregulate signals that hinder cDC1 recruitment to the TME®, potentially limiting the number of
CTLs primed in the TdLN based on the initial cDC1 population present in the tumor. Conversely,
since the tumor contains high levels of ¢cDC2s, Treg priming induced by these cDC2 cells may
dominate cDC1-induced CTL priming in the TdLN after RT. IT strategies now focus on restoring
¢DC1 function in the tumor by alleviating cDC scarcity, supporting antigen spillage, and providing
activation mimicry**®52, However, whether these therapies are successful depends on the

functional state of the TALN®3%* and the ability to overcome existing immunosuppression®”.

In the clinic, the removal or irradiation of either the sentinel lymph node (the first lymph node
receiving tumor drainage) or the entire LN basin is common to limit potential metastatic spread,
as tumor involvement in these LNs are aberrant for survival®. However, the therapeutic benefit
of this approach is controversial®. In view of the requirement for TdLNs to educate anti-tumor
immune responses, treatment strategies should avoid removing or damaging lymph nodes when
possible. In particular, in RT and RT-IT approaches, avoiding nodal irradiation is desirable, as the
destruction of lymph nodes may compromise systemic anti-tumor immunity in the clinic®®.
Clinical studies should determine whether tumor-infiltrated LNs can still generate effective
anti-tumor immune responses® and whether other LNs, beyond the sentinel LN, can support
anti-tumor immunity. The stage of tumor development may also impact immunity in the TdLN,

with advanced tumor burden being associated with enhanced systemic immunosuppression
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and reduced responses to IT%. Therefore, preserving the TALN may offer particular benefits for
early-stage cancer, when tumor cells have not yet infiltrated in the TdLN and immunosuppression
is relatively low. In chapter 2, we propose blockade of CD86, a costimulatory ligand expressed
by cDCs and other myeloid cells, as a potential mechanism to alleviate immunosuppression in
the TdLN, by disrupting Treg priming and supporting cDC1 activation (further discussed below).
Particularly in advanced cancer, strategies that directly target suppressive immune responses in

the TdLN may present an opportunity to salvage ineffective anti-tumor immunity.

2) Defining impediments and potential targets that prevent
RT-induced systemic immune responses.

The CD28 costimulatory axis dictates RT responses in Treg-rich tumor
settings

1) PD-1 and CTLA-4 blockade enable CD28 costimulation on (RT-induced) Tregs.

Clinically approved immune checkpoint blockades (ICB) of CTLA-4 and PD-(L)1 promote T cell
responses by enabling cDC-mediated costimulation and aim to alleviate peripheral tolerance
against the tumor. Specifically, PD-1 inhibits T cell costimulation by CD28%7°. CD28 promotes
antigen-specific activation and clonal expansion of CD4* and CD8* T-cells by various mechanisms™.
Upon binding to its ligand PD-L1 or PD-L2 presented by cDCs, PD-1 recruits the SHP2 tyrosine
phosphatase to its cytoplasmic tail and subsequently inhibits CD28 signaling’”®. CTLA-4,
constitutively expressed on Tregs and upregulated by Tconvs following antigenic activation,
can downregulate the CD28 ligands CD80 and CD86 on cDCs’? and thereby attenuates CD28
costimulation of Tconvs’. Thus, both PD-1 and CTLA-4 prevent T cell responses by suppression
of CD28 costimulation. CTLA-4 exerts its influence early during T cell priming, whereas PD-1 is

upregulated following T cell activation”® and each contribute to peripheral immune tolerance.

In chapter 2, we discovered that instead of promoting CTL responses, the blockade of CTLA-4 or
PD-1 led to an increase in RT-induced eTreg expansion, which abrogated the therapeutic effects
of RT. These findings highlight the limitations of current ICB approaches designed to enhance T
cell responses. The majority of the costimulatory receptors are shared between both conventional
T cells (Tconvs) and Tregs, which means that ICB might unintentionally activate suppressive Treg
responses. Particularly, like Tconvs, Tregs require CD28 costimulation for clonal expansion’ and may
thus benefit from CTLA-4 and/or PD-1 blockade. These findings are crucial for clinical implementation
of RT and ICB combinations®°. Current “one-size-fits-all” approaches may inadvertently promote
adverse treatment outcomes, especially when the patient’s unique immune parameters are not
considered prior to treatment. For instance, the distinction between CTL and Treg responses

following PD-1 blockade appears to be influenced by the balance between these cell populations in
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the TME, along with the levels of PD-1 expression’. As a result, PD-1 blockade in cancers having high
Treg-to-Tconv ratios was associated with significant tumor progression’7¢. Likewise, the Treg-to-
Tconv ratio also seems to underlie responses to CTLA-4 blockade’ 8, and requires a setting in which
CTLA-4 blockade favors Tconv over Treg priming. Therapeutic benefit to RT and CTLA-4 blockade
has been described in mice’*!>” and in patients with metastatic non-small-cell lung cancer® and
metastatic melanoma?®!. Combination of RT with CTLA-4 blockade in these settings likely enhanced
CTL priming, based on the observed increase in TCR diversity among tumor-infiltrating T cells’*,
However, in T-cell devoid tumors, several factors may contribute to an unfavorable T cell-to-Treg
ratio upon RT. This includes a higher cDC2 over cDC1 ratio in the TME (chapter 2), limited release
of RT-induced DAMPs®, insufficient IFN-I responses®®, and RT-induced suppressive factors hindering
cDC1 maturation®®®, In such cases, CTLA-4 blockade may preferentially benefit CD28 costimulation

of Tregs®, leading to their expansion and eTreg formation.

Considerable attention is directed towards improving efficacy of CTLA-4 blocking antibodies by
incorporating the ability to deplete Tregs in the TME without affecting peripheral Tconvs, rather
than only blocking ligand binding®®. Moreover, due to its disruption of peripheral immune
tolerance against the tumor, clinical application of CTLA-4 blockade is frequently associated with
grade 3-4 severe adverse immune-related events, including conditions such as diarrhea, colitis,
and severe skin rashes®. New approaches therefore aim to enhance CTL-to-Treg ratios, while
limiting adverse immune-related toxicities. One strategy involves engineering antibodies that
selectively bind to CTLA-4 in an acidic environment, such as the tumor site, but not in peripheral
tissues, which is currently undergoing its first clinical trial®. Furthermore, bi-specific antibodies
engineered to pair PD-1 blockade with a non-Treg specific IL-2-variant are promising, as they have

shown to selectively engage tumor-specific T cell responses, without targeting Tregs®.

Collectively, our findings emphasize the importance of considering the Treg-to-Tconv ratio in the
TME when contemplating RT and ICB combinations. Particularly, in tumors that provoke Treg
responses, administration of PD-1 and/or CTLA-4 blockade may unintentionally enhance these
responses by engaging CD28. Consequently, instead of promoting immune activation, ICBs,
either alone or in combination with other treatments like RT, may inadvertently foster immune
suppression. This, in part, provides insight into the lack of therapeutic responses observed in a

subset of patients’®9%°!,

2) The differential role of the CD28 costimulatory ligands CD80 and CD86 in supporting
RT-induced CTL responses.

The observed Treg response to CTLA-4 and PD-1 blockade in the TC-1 tumor model highlights
that both Tconvs and Tregs benefit from CD28 costimulation mediated by its ligands CD80
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and CD86, presented by cDCs. Although CD80 and CD86 diverge considerably regarding their
sequence, biophysical characteristics, and cellular expression® %3, they are often considered to
have similar immunological functions. In chapter 2, we discovered that upon RT, CD80 and CD86
differentially promote Tconv and Treg responses, respectively. This discovery presents CD86
blockade as a promising therapeutic approach to boost (RT-induced) anti-tumor Tconv responses
and prevent systemic immunosuppression by Tregs. In our setting, CD86 blockade countered
effector Treg expansion in the TdLN. Therefore, this approach may benefit patients with advanced
disease, by potentially ameliorating systemic immunosuppression. Additionally, we observed
that reducing the eTreg response by CD86 blockade facilitated RT-induced c¢DC1 activation and
CTL priming against the tumor. This result suggests that the RT-induced eTreg response directly
hinders CTL priming by inhibiting cDC1 activation in the TdLN, as has recently been described in
another setting®*. In the TME, Tregs rely on continuous interactions with cDCs to maintain their
immunosuppressive properties, which depend on CD80 and CD86%°*. Thus, next to inhibiting
the eTreg response in the TdLN, CD86 blockade likely also disrupts local immunosuppressive
interactions in the TME. Importantly, we found that CD86 blockade does not affect the population
of central (c)Tregs in the TdLN and non-TdLN. This finding has considerable implications for
translation into the clinic, as CD86 blockade may present with fewer immune-related toxicities as
compared to CTLA-4 blockade?. Specifically, because CTLA-4 is constitutively expressed on Tregs,
its inhibition might inadvertently impact the entire Treg population, including those responsible

for immune homeostasis. This concern could be avoided by preserving the cTreg subset.

Our discovery that CD86 is favored for CD28 costimulation of (RT-induced) Tregs can be attributed,
in part, to its lower binding affinity towards CD28 and CTLA-4, unlike CD80%. Specifically, as Tregs
express both CD28 and CTLA-4, CD86 and CD80 compete for facilitating CD28 costimulation. Since
CD86 has a lower affinity for CTLA-4 than CD80, CD86 may remain available for mediating CD28
costimulation, bypassing the CTLA-4 restraint. In agreement, making CD80 available by CTLA-4
blockade allowed for CD80-mediated Treg responses®. While CD86 is constitutively expressed
on cDCs, CD80 expression levels are strongly upregulated upon ¢cDC maturation®”. Moreover,
recent research has demonstrated that CD80 forms cis-heterodimers with PD-L1, providing
protection from CTLA-4-mediated downregulation while retaining its CD28 costimulatory
capabilities®®. These findings, together with its high affinity for CTLA-4, imply that CD80 requires
tight regulation, that is apparently geared to support CD28 costimulation of Tconvs rather than
Tregs, as we demonstrate. Considering the sequential expression of CD86 and CD80 on DCs’,
optimal CD28 costimulation may require an initial stimulus initiated by CD86, followed by CD80.
In chapter 2, we also observed that CTLs primed upon RT and CD86 blockade upregulated PD-1,
which impaired RT-induced tumor control and survival. Thus, in presence of CD86 blockade, CD28

costimulation may still not be optimal for Tconv priming.
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Recent studies indicate that the metabolic state of c¢DC2s dictates CD86-mediated Treg
expansion®1%, Since tumors generally influence the cDC maturation state!®%?, future treatment
approaches should focus on mechanisms that alleviate these processes at a metabolic level
to enhance ¢cDC maturation and activation. For example, genetic ablation or inhibition of the
prostaglandin receptors EP2 and EP4 may present an attractive strategy to promote cDC activation

in the TME, warranting further investigation**.

Collectively, our findings in chapter 2 highlight the role of CD28 costimulation in promoting both
pro- and anti-tumor T cell responses, specifically in a Treg rich tumor setting. Particularly, blockade
of CD86 emerges as a promising avenue for therapeutic intervention, especially in tumor settings
featuring suppressive TdLNs, as it effectively dampens Treg responses both in the TdLN and the
tumor. Importantly, since this approach preserved the cTreg population, the risk of unintended
adverse effects may be reduced. Furthermore, considering the effects of RT in reducing tumor
burden and its immunostimulatory potential observed in chapter 2, its combination with CD86
blockade offers a promising strategy, as this approach holds the potential to not only mitigate

prevailing systemic suppression but also to facilitate Tconv responses in Treg-enriched cancers.

Tregs as an impediment in cancer and anti-cancer therapies

As demonstrated in chapter 2, TC-1 tumor growth raises effector Treg responses that prevent
anti-tumor immunity. In chapter 3, we closely examined these Tregs and found that TC-1 tumor
development leads to a preferential accumulation of Helios* Tregs, that are likely thymus-
derived'®®. These Tregs undergo initial effector differentiation before migration into the TME,
where they adopt a more mature phenotype. These findings highlight the opportunity of the TC-1
tumor model to mechanistically study systemic Treg responses in an in vivo setting. Specifically,
although the role of Tregs in driving metastatic seeding is becoming increasingly clear®>°¢,
the exact mechanisms of initial Treg responses in the TdLN remains controversial. Since Tregs
accumulate in the TdLN early during tumorigenesis'® (chapter 3), uncovering these mechanisms
could reveal potential avenues to counteract early immunosuppression (e.g., CD86 inhibition
- chapter 2). Moreover, current approaches to restrain Tregs are limited by the availability of
targetable molecules exclusively expressed by Tregs, and the difficulty to distinguish tumor-
specific Tregs from healthy tissue to preserve homeostaticimmune tolerance. Thus, identification
of in vivo models that may recapitulate human processes are of high importance, as they may

help to elucidate the mechanisms governing Treg responses in the tumor context.

Transcriptomic analysis of human Tregs obtained from blood, adjacent healthy tissue, and tumor
tissue identified many similarities in the TCR repertoire and phenotype of healthy tissue- and

tumor-resident Tregs!®. This suggests that tumor-resident Tregs are likely specific for “self”
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antigens expressed in healthy tissue rather than tumor-antigens. Similarly, in a mouse model of
prostate cancer, tumor-resident Tregs were found to recognize normal prostate tissue-specific
antigens, distinct from Tconvs'®. These Tregs originated from the thymus and subsequently
accumulated in the prostate-dLN in an antigen-dependent manner, irrespective of tumor
presence. This aligns with our understanding of tissue-specific Treg development in a homeostatic
setting, which requires priming of Treg progenitor cells in the LN or spleen before migrating to
nonlymphoid tissues'®’'%, Moreover, tumor-derived Tregs seem to follow similar adaptation
trajectories as their counterparts in healthy tissue!®, indicating a parallel developmental pattern.
This observation is supported by the identification of a preserved conservative signature encoding
a tissue-repair program in tissue-resident murine and human Tregs, which may be utilized by
tumor-derived Tregs to support extracellular matrix re-organization and tumor growth!®, Thus,
given the potentially similar developmental trajectories of tumor-associated and homeostatic
Tregs, the observed accumulation of Tregs in the TdLN (chapter 2 and 3;%%°%) might stem from
increased exposure to self-antigens due to proliferating and dying tumor cells. However, other
factors may also influence Treg expansion in the TdLN, including the DC activation state®® and the

LN cytokine environment>**1°, which requires further investigation.

In chapter 3, we observed that Tregs in the TME had enhanced expression of ICOS, CTLA-4, GITR,
CCR8 and acquired expression of CXCR6 and CD39, compared to those found in the TdLN. These
markers overlap with a mature (non-lymphoid tissue) phenotype'®, suggesting that Tregs undergo
further maturation in the tumor tissue following their initial priming in the TdLN. In a recent study,
T cell trafficking between the TdLN and tumor revealed distinct phenotypic characteristics of newly
arrived Tregs in the TME compared to those already present in the tumor!!. Upon infiltration
into the tumor, Tregs rapidly adopted a tumor-retained phenotype, characterized by the acquired
expression of CD39 and LAG-3 and high expression of ICOS!*, Since Tregs in homeostatic settings
undergo tissue adaptation in non-lymphoid tissues!®”'%, it remains to be studied to what extent
these findings truly reflect a tumor-restricted transformation. Nonetheless, studies in humans
have demonstrated that tumor-resident Tregs exhibit phenotypes associated with enhanced
activation and suppressor functions as compared to Tregs from healthy tissue!*>3, This suggests
the existence of environmental factors that may sustain the intra-tumoral Treg pool and impact
their molecular reprogramming, such as local interactions with DCs®°* or macrophages!**.
Moreover, the presence of immunosuppressive metabolites, such as lactic acid, has also been

implicated to affect intra-tumoral Tregs*>%,

Importantly, recent transcriptional characterization identified the chemokine receptor CCR8 as
potential marker to differentiate tumor-derived Tregs from tissue-resident Tregs*'%*3Y7, However,
other studies have found that CCR8 could also be expressed on healthy tissue-resident Tregs'®,

raising concerns regarding unwanted elimination of these Tregs in the periphery upon CCR8-
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targeting. Thus, a better understanding of the factors involved to differentiate between Tregs from

the tissue or tumors is necessary to identify novel therapeutic targets in a more precise manner.

The factors driving Treg expansion upon RT (chapter 2) are currently unclear, as most mouse
studies focus on stimulating CTL responses!*8118119 Next to pro-inflammatory responses, RT-
induced tissue damage can also trigger inflammatory processes that may have counterproductive
effects'?, such as releasing the active form of TGF-B, a potent suppressor of anti-tumor immune
responses'?t, TGF-B can suppress RT-induced DC activation in the TME'?> and may promote Treg
expansion by converting CD4* Tconvs to Tregs'?. In absence of TGF-B, RT may release activin
A, a TGF-B superfamily member, which can also enhance Treg responses!®. Additionally, RT
may enhance levels of IL-33, a cytokine that promotes tissue protection'?, in part by inducing
Treg expansion?®. However, the roles of TGF-B and IL-33 in supporting RT-induced Tregs remain

unclear, as their inhibition failed to reduce Treg expansion in irradiated tumor models*?’.

While RT has been shown to promote DC activation and migration to the TdLN?*8211° the specific
cues that determine Tconv versus Treg priming upon cDC encounter are not fully understood.
Recent studies suggest that the metabolic rewiring of cDCs, along with the uptake of cell debris,
plays a crucial role in determining their molecular differentiation state®?%, RT-induced metabolic
alterations'?® and upregulation of CDKN1A, a protein that protects against RT-induced DNA
damage, may potentially favor enhanced Treg priming in the TALN*3°. Thus, further studies need
to elucidate the metabolic and molecular pathways within cDCs that differentiate Tconv and Treg

priming in the TdLN, particularly within the context of RT.

3) Overcoming local immunosuppression in the TME - The
potential of RT and other strategies.

RT as a local immune modulator

Despite achieving sufficient tumor-specific CTL priming, therapeutic responses in the clinic can be
impeded by local immunosuppression in the TME. In chapter 4, we describe a setting in which CTL
priming in the TdLN was facilitated by a combined ICB approach, using a CD137 (4-1BB) agonist
along with PD-1 inhibition. Addition of RT to this ICB combination enabled effective control of
the primary tumor. However, it did not significantly contribute to systemic anti-tumor immune
responses. This was evident by the similar outgrowth curves of a secondary non-irradiated tumor
in the same mouse, treated with either ICB alone or RT combined with ICB. RNA-seq analysis
indicated that RT did not induce CTL-intrinsic effects. Instead, it appeared to alleviate suppressive
mechanisms imposed by the tumor, sensitizing it for CTL functionality. This effect was not
observed in the non-irradiated tumor, despite high CTL infiltration, and low dose cisplatin was

required to overrule immune suppression in the non-irradiated tumor. These findings emphasize
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that despite raising systemic CTL responses, tumor-associated immune suppression may abrogate
treatment benefit. Moreover, our results caution for the often reported “synergistic” systemic
effects in clinical settings using RT in combination with ICB approaches®, since the contribution of
RT to the systemic immune responses is often overestimated, especially in situations where CTL

priming can be achieved with ICB treatment alone.

Specifically, CD137, a TNF receptor superfamily member, is upregulated on T cells upon antigen
recognition and CD27 costimulation and plays a crucial role in mitigating cell death, promoting
proliferation, facilitating memory formation, and reversing exhaustion®**32, While CD137
expression is primarily confined to B-, T- and NK cells, it is also detected on several myeloid-
lineage cells, including cDCs*32. In our setting, it is likely that agonistic CD137 antibody not only
directly acts on T cells, but also potentially supports cDC activation (chapter 4). In this context,
CD137 agonism alone is probably sufficient to facilitate CTL priming, which was further assisted
by PD-1 blockade. This is reinforced by the increase of CD4* (FOXP3") Tconvs observed upon
CD137 agonism, suggesting that anti-CD137 may contribute to enabling CD4* T cell help. For
instance, CTLs primed in absence of sufficient CD4* T cell help lack important effector and memory
functions, required to overcome negative regulation®4%133 and to facilitate anti-tumor immunity®.
However, we found that enlargement of the tumor-specific CTL pool by therapeutic vaccination,
which included an MHC-I restricted tumor-antigen alongside CD4*T cell helper epitopes, did not
further improve control of the non-irradiated tumor when compared to our RT and combined
ICB approach (chapter 4). Thus, CD137 agonism together with PD-1 inhibition likely adequately
supports CTL priming, either by directly facilitating CD4* T cell help during priming by improving
CD4* T cell responses and/or by mimicking the effects of CD4* T help on CTLs?. Consequently,
the broad range of stimuli induced by CD137 agonism, together with PD-1 inhibition, may have

outweighed the potential benefits of adding RT to foster systemic anti-tumor immune responses.

Our study emphasizes the importance of engaging every step in the cancer-immunity cycle
to bolster therapeutic benefits, as CTL priming alone proved insufficient to overcome local
immunosuppression in the TME. Moreover, despite comparable levels of CTL infiltration, the
irradiated and non-irradiated tumor significantly differed in tumor control, suggesting a local
impediment in CTL functionality. This constraint was unrelated to PD-1 signaling, nor was it
attributed to the presence of neutrophils or tumor-associated macrophages (TAMs) (chapter
4). In such cases, conventional anti-tumor approaches, like RT and chemotherapy, may sensitize
tumors to CTL responses. In the clinic, effective ICB responses are most prevalent in cases of
limited tumor burden® and when T cells are present in the TME?. In more advanced tumor
settings, irradiation to all metastatic tumor sites has been suggested®*, as this may reduce
tumor burden, while potentially enabling CTL priming within distinct TdLNs, situated in different

anatomical locations. However, this approach is restricted to cancers presenting with identifiable
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metastases on tissue sites capable of withstanding high dose RT. In settings characterized by
diffuse disease spread or the presence of potential microscopic disease, other options should be
considered. These encompass low-dose RT (below 2 Gy)™>3¢ or administration of minimal doses
chemotherapy, like cisplatin (chapter 4), both proven successful in facilitating local CTL responses.
Thus, especially in settings with high tumor burden, conventional anti-tumor therapies may help

to alleviate local immunosuppression, provided that they are applied in a rational manner.

Autotaxin as a potential target to enable CTL-infiltration in the TME

Local CTL paucity is generally attributed to the absence of chemokine signals that guide and
direct CTLs to the tumor vasculature and/or to physical obstructions, such as presence of cancer-
associated fibroblasts and matrix metalloproteinases®. In chapter 5, we unveil a novel function
for autotaxin (ATX), a lysophospholipase D secreted by tumor cells and other cells, in repelling
CTLs from the TME. Specifically, ATX generates lysophosphatidic acid (LPA), the bioactive product,
from extracellularly available lysophosphatidylcholine (LPC)*®. The biological effect of ATX
relies on six distinct G protein-coupled receptors (GPCRs) that LPA binds to, known as LPAR1-6.
These LPARs play a significant role in various cellular responses, particularly in cell proliferation
and migration®*®, LPAR1-3 are part of the “endothelial differentiation gene” (EDG) subfamily
of GPCRs, while LPAR4-6 are more closely associated with the purinergic receptor family of
GPCRs'®, Involvement of LPAR1-3 are considered to enhance cellular responses, whereas LPAR4-
6 are generally believed to counteract these responses by suppressing migration and invasion of
diverse cell types®®*'%, In chapter 5, we demonstrate that ATX, secreted by human melanoma

cells, impedes T cell migration through chaperoning and binding of LPA to LPARG.

Although the pleiotropic role of ATX in stimulating tumor progression and metastases formation
has been widely acknowledged#, its function in the context of tumor immunity has only recently
been appreciated?*? and remains an active field of investigation. Specifically, the exact mechanisms
by which LPA inhibits anti-tumor immunity remain obscure. For example, LPA may operate as a
negative regulator of IFN type | production by cDCs in the TME*, or it may act directly on T cells
by disrupting early TCR signaling*, preventing CTL-mediated tumor control. In the latter study,
binding of LPA to LAPRS significantly reduced the CTL functionality. In contrast, we observed that
binding of LPA primarily repelled CTLs from the TME without adversely affecting their effector
functions (chapter 5). This discrepancy could potentially be explained by the fact that T cells in
the melanoma TME expressed various LPARs (chapter 5). Consequently, differences in LPA effects
may arise from distinct molecular pathways triggered by specific activated LPA-receptors. The
ultimate biological outcome is likely determined by the balance in LPA-receptors present on the T
cell surface, emphasizing the need to further investigate the mechanisms underlying LPA-receptor

expression. Regardless, these findings indicate that inhibition of ATX, or its mediator LPA, may act
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as a potential target to enable CTL infiltration and functionality in the TME, while simultaneously
mitigating its other tumor promoting effects, including the formation of tumor fibrosis**. The
ATX inhibitor I0A-289, currently in clinical development (clinicaltrials.gov ID NCT05586516), has
shown promise by enabling CD8* T cell infiltration, while simultaneously altering the chemokine
milieu within the TME, improving tumor control**®, However, this study does not address whether
ATX inhibition directly recruits CD8* T cells from the periphery by alleviating its repellent effect,
or if this recruitment is an indirect outcome influenced by other factors, such as reduced tumor
fibrosis. Furthermore, whether the observed improved tumor control upon ATX inhibition is a
direct consequence of enhanced CD8* T cell infiltration has not been functionally addressed.
Nevertheless, ATX inhibitors offer a promising approach to potentially benefit current treatment

strategies by overcoming local immunosuppression and inviting new T cells.

Concluding remarks

The immune-modulating potential of RT to trigger systemic anti-tumor immune responses has
garnered substantial interest in the past decade®'¥’. However, its translation to the clinic has been
disappointing®®34, primarily due to the lack of insight into the requirements for synergy between
RT and ICB approaches. The work presented in this thesis has elucidated important mechanisms
that need to be considered when designing radio-immunotherapy strategies. Specifically, we
provide evidence that a priori understanding of the effect of the tumor on the local and systemic
immune response is required to rationally design treatments that benefit the vaccine potential
of RT. These findings may provide a starting point for future clinical trials that aim to achieve
combined responses between RT and ICB. Importantly, these trials should consider stratifying
patients over immune archetype, rather than mere cancer subtype. Moreover, we propose that
novel treatment strategies should extend beyond countering local suppression within the TME, as
these should also focus on preserving the TdLNs and rectifying aberrantimmune responses within
these TdLNs. We provide evidence that combinations involving CTLA-4 and/or PD-1 blockade may
inadvertently support Treg responses within Treg-enriched tumor settings, via CD28 costimulation.
To address this, we suggest that CD86 blockade may alleviate CD28 costimulation to Tregs, which
act both in the TdLN and tumor.

In summary, to achieve synergistic clinical responses, combined approaches involving RT requires
a comprehensive understanding of how each therapeutic component contributes to optimizing

anti-tumor immunity in a rational manner.
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English Summary

In this thesis, | describe the role of T cells in eliminating cancer cells, alone or in combination
with radiotherapy (RT), immunotherapy (IT) or conventional chemotherapy. Since therapeutic
interventions have advanced to combat infectious diseases, cancer, along with cardiovascular
diseases, has emerged as a prominent global health challenge in the 20™ century. Although
cancer is typically considered a single disease, it is now clear that it encompasses a multitude of
diseases determined by the tissue of origin, the underlying genetic alterations, and the presence
of non-tumorous cells, including immune cells. During tumor development and treatment, these

cells are in continuous crosstalk with each other, giving rise to evolving cellular ecosystems.

Cancers are generally treated with conventional therapies designed to kill rapidly dividing tumor
cells, like RT and chemotherapy. RT is a local treatment that aims to reduce tumor masses, without
harming the surrounding healthy tissue. Therefore, RT generally has less severe side effects than
chemotherapy, which is administered throughout the body to combat systemic cancer spread.

However, RT efficacy is limited by intrinsic and acquired resistance of cancer cells.

While it was originally thought that RT primarily acts by causing tumor cell cycle arrest and
death, it is now evident that it also has the capacity to activate immune cells, including T cells.
The evolutionary role of CD8" and CD4* T cells is to protect us against infection by viruses and
other micro-organisms. Particularly, CD8* T cells can mature into cytotoxic T lymphocytes (CTLs),
which are highly effective in directly killing infected cells by recognizing pathogen-derived,
foreign (“non-self”) molecules, called antigens. CD8* T cells are activated (primed) to expand and
differentiate into CTLs in tissue draining lymph nodes (TdLN) in response to antigen recognition
and specific costimulatory signals and cytokines delivered by conventional dendritic cells (cDCs).
After priming, these CTLs exit the lymph node and migrate through the blood to the infected
tissue. CD4* T cells are crucial to provide help for effective CTL and antibody responses. Besides

combating infections, T cells can also employ the same mechanisms to target cancer cells.

Since tumors originate from the body’s own cells, they are not easily recognized as “foreign”
and therefore do not typically raise a T cell response. RT can help to overcome this problem,
since RT-induced tumor cell damage and death can cause the release of inflammatory molecules
and antigens that can activate cDCs and tumor-specific T cell responses. However, tumors also
develop immunoregulatory mechanisms that prevent or inhibit T cell responses. These inhibitory
processes can act locally in the tumor microenvironment (TME) but can also involve the TdLN
and may therefore become systemic. Not only can these processes interfere with the generation
of new T cell responses, but they can also facilitate the spread of cancer beyond the primary

tumor. One such mechanism used by the tumor is the recruitment and expansion of FOXP3* CD4*
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T regulatory (Tregs) cells. Tregs employ multiple mechanisms that suppress T cell activity, either
directly or indirectly (i.e., via cDCs). Therefore, they play an essential role in preventing excessive

and self-reactive immunity.

To enhance efficacy by overcoming immune suppression, clinical trials often combine RT with IT,
particularly utilizing antibody-mediated immune checkpoint blockade (ICB) targeting inhibitory
receptors such as PD-1 or CTLA-4. ICB aims to enhance anti-tumor T cell responses by either blocking
of immune inhibitory receptors or engaging immune stimulatory molecules. The combined approach
of RT and IT holds the potential to enhance the effectiveness of local RT and generate systemic anti-
tumor T cell responses, which are crucial for preventing metastatic progression. However, achieving
improved combined responses in the clinical setting remains challenging, primarily due to a lack
in understanding of the mechanisms that drive RT-induced T cell responses across the diversity of
human cancers. By improving our understanding of the factors required to initiate and support RT-
induced T cell responses, we can enhance the clinical efficacy of RT. This may lead to a rational use
of treatment strategies that can effectively overcome local or systemic immune suppression. This
thesis contributes to a deeper understanding of how RT affects T cell responsiveness and provides

guidelines for optimizing the combination of RT with IT.

In chapter 2, we analyzed publicly available records from The Cancer Genome Atlas (TCGA) and
observed that RT was negatively associated with survival of patients with cancer types that have
low lymphocyte- and high myeloid cell content. The transplantable TC-1 tumor model in mice
replicated these immune characteristics and was therefore used to study the spontaneous and
RT-induced T cell response. We found that TC-1 tumor development was associated with systemic
immunosuppression, indicated by increased monocyte and Treg cell levels in the TdLN and tumor.
RT to TC-1 tumors induced CTL priming in the TdLN. However, concurrent Treg priming, initiated
by the tumor and further exacerbated by RT, inhibited overt CTL responses and CTL-based tumor
rejection. We found, contrary to our expectations, that blockade with CTLA-4- or PD-1, further
increased RT-induced Treg responses and did not promote tumor rejection. This is an important
observation since similar effects could potentially occur in human tumors of this type. We
elucidated that Treg expansion was caused by engagement of the costimulatory receptor CD28
on Treg cells. Therefore, this type of ICB may unintentionally support immunosuppressive Treg
responses in tumor settings that favor Tregs over T cells. Our research further revealed that the
CD28 ligands CD80 and CD86, expressed by cDCs, differentially promote T cell and Treg responses,
respectively. Blocking CD86, but not CD80, attenuated RT-induced Treg responses and supported
RT-induced CTL priming. Additional PD-1 blockade to this combination treatment improved
RT-induced tumor control and overall survival. This study reveals the potential of RT to induce
CTL responses even in the presence of Treg-mediated immunosuppression and highlights CD86

blockade as a promising therapeutic approach to increase CTL-based immunity in such tumors.
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The influence of Tregs on preventing anti-tumor immunity has garnered significant attention in
recent years. However, the exact mechanisms responsible for tumor-induced Treg priming in
the TdLN remain unclear. Tregs can develop in the thymus (tTregs) in response to self-antigens,
after which they migrate to the lymph nodes in an immature state to undergo initial Treg
differentiation. Subsequently, these Tregs migrate to the tissue where they further adapt a tissue-
resident phenotype. Alternatively, Tregs can emerge from the conversion of mature CD4* T cells

in the periphery (pTregs) that are specific against non-self antigens.

In chapter 3, we characterize the Treg response initiated upon TC-1 tumor development in the
TdLN and tumor. We reveal that TC-1 tumor growth preferentially drives expansion and effector
differentiation of tTregs in the TdLN and their increased presence in the tumor, where they adapt
a more mature phenotype. We propose future experiments that can elucidate the mechanisms
governing tumor-induced Treg responses in the TdLN and the developmental trajectories of Tregs in
healthy tissues and tumors. This information is essential for identifying novel therapeutic targets to

prevent tumor-associated Treg responses without eliciting immune-related adverse effects.

Chapter 4 details the contribution of RT to systemic anti-tumor CTL responses within the context
of combined ICB treatment, involving blockade of the inhibitory receptor PD-1 and stimulation
of the costimulatory receptor CD137, in a transplantable breast carcinoma model. In this
setting, the combined anti-PD-1 and anti-CD137 treatment promoted CTL priming. Contrarily, RT
did not directly contribute to a systemic T cell response, but enabled CTL activity in the TME.
Accordingly, rejection of a non-irradiated tumor implanted on the contralateral flank in the same
mouse was not improved upon combined treatment with RT and ICB compared to ICB alone.
This study highlights that RT can enable tumor rejection by overcoming local immunosuppression
within the TME. Furthermore, we show that low-dose chemotherapy infusion, in the form of
cisplatin, enabled CTL activity in the non-irradiated tumor, leading to improved overall survival.
This chapter emphasizes that in settings where CTL priming can be achieved by ICB treatment
alone, conventional treatments like RT and low dose chemotherapy, can help override local

immunosuppression when applied in a rational manner, based on mechanistic insights.

In chapter 5, we uncover a novel role of autotaxin (ATX), a lysophospholipase D secreted by
tumor cells and other cells, in repelling CTLs from the TME. Mechanistically, we reveal that
lysophosphatidic acid (LPA), the bioactive product of ATX, hinders T cell migration primarily
by binding to the G protein-coupled receptor 6 (LPAR6). We experimentally enforced ATX
overexpression in TC-1 tumor cells and implanted these cells in mice. ATX production by the
tumor cells did not disrupt the induction of a systemic CTL response by vaccination but impeded
the infiltration of these CTLs into the TME, resulting in significantly reduced mouse survival. Given

that ATX inhibitors are currently in development for clinical use, these findings reveal a promising
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therapeutic opportunity for enhancing anti-tumor immunity. Together with our findings in chapter
4, this study emphasizes that treatments designed to facilitate CTL activity, such as conventional
ICB approaches, may not succeed unless we have a comprehensive understanding of the specific

CTL inhibitory mechanisms at play and address them carefully.

Finally, in chapter 6, | discuss the findings described in this thesis and provide context within the
current literature. Additionally, | explore future perspectives regarding the valuable role of RT in
enhancing the anti-tumor immunity, particularly within the diverse human tumor landscapes.
Together, these findings contribute to a rational application of RT to establish durable anti-tumor

immune responses against a range of cancer types.
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In dit proefschrift beschrijf ik hoe T-cellen kunnen bijdragen aan het opruimen van kankercellen, vooral
naradiotherapie (RT), en hoe immunotherapie (IT) hierbij kan helpen. Tegenwoordig zijn infectieziekten
veelal effectief te voorkomen of bestrijden en daarom zijn kanker en hart- en vaatziekten, nu de
belangrijkste gezondheidsproblemen. Kanker wordt vaak beschouwd als een enkele ziekte, maar
eigenlijk is het een begrip dat verschillende ziekten omvat die worden bepaald door het weefsel van
oorsprong, de onderliggende genetische veranderingen en de aanwezigheid van niet-tumorcellen,
waaronder immuuncellen. Tijdens de ontwikkeling en behandeling van tumoren zijn deze cellen

voortdurend in gesprek met elkaar, wat leidt tot evoluerende cellulaire ecosystemen.

Kankers worden in de eerste plaats behandeld door chirurgie, maar als de kanker (mogelijk) is
uitgezaaid, of moeilijk te verwijderen door een operatie worden RT en chemotherapie toegepast.
Deze conventionele therapieén zijn geselecteerd en ontworpen om snel delende tumorcellen te
doden. RT is een lokale behandeling die tot doel heeft tumormassa’s te verminderen zonder het
omliggende gezonde weefsel te schaden. Daarom heeft RT over het algemeen minder ernstige
bijwerkingen dan chemotherapie, die door het hele lichaam wordt toegediend om systemische
kankerverspreiding te bestrijden. Kankercellen kunnen echter van origine resistent zijn tegen RT,

of dit worden in de loop van de behandeling.

Oorspronkelijk werd gedacht dat RT alleen werkt door de celdeling van tumorcellen te stoppen
en celdood teweeg te brengen door DNA-schade. Recent is duidelijk geworden dat RT ook
T-cellen activeert die bijdragen aan het therapeutisch effect. Ook andere immuuncellen in de
tumor reageren op RT. CD8* en CD4* T-cellen zijn ontstaan in de evolutie om ons te beschermen
tegen infectie door virussen en andere micro-organismen. Ziekteverwekkers die ons lichaam
binnendringen, kunnen worden herkend door T cellen. CD8" T-cellen vermeerderen zich
na deze herkenning en veranderen in celdodende T-lymfocyten (CTLs), die heel effectief
geinfecteerde cellen kunnen doden. CD8* T-cellen kunnen ook reageren op tumorcellen als daar
lichaamsvreemde moleculen in zitten. In alle gevallen worden T cellen geactiveerd om te delen en
CTLs te worden in lymfeklieren die nabij het geinfecteerde weefsel of de tumor liggen. Dendritische
cellen (cDCs) die in de weefsels zitten, nemen resten van dode cellen in zich op en brengen deze
naar de lymfeklieren. Ze verteren de celresten en presenteren de vreemde moleculen in kleine
stukjes (peptiden) aan T cellen. Die peptiden heten antigenen. Nadat CTLs op deze manier zijn
geactiveerd, verlaten ze de lymfeklier en gaan ze via het bloed naar het geinfecteerde (of tumor)
weefsel waar ze hun doelwitcellen doodmaken. CD4* T-cellen zijn cruciaal om hulp te bieden voor

effectieve CTL- en antilichaamreacties.

Aangezien tumoren afkomstig zijn van lichaamseigen cellen, worden ze niet gemakkelijk herkend

als “vreemd” en roepen ze meestal geen T-celreactie op. RT-geinduceerde schade en dood
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van tumorcellen kunnen helpen om een T-celreactie op te wekken. Er komen na RT namelijk
ontstekingsmoleculen en vreemde moleculen vrij die cDCs activeren en tumor-specifieke
T-celreacties teweeg kunnen brengen. Tumoren stellen zich teweer tegen aanvallen van T cellen
door deze op diverse manieren te onderdrukken via andere immuuncellen, zowel lokaal in de tumor,
alsook in de lymfeklieren en zelfs door het hele lichaam heen. Deze processen kunnen T-celreacties
remmen, maar ook de uitzaaiing van kanker vergemakkelijken. Een belangrijk celtype dat de CTL-
reactie onderdrukt is de regulatoire T cel (Treg). Deze Tregs gebruiken meerdere mechanismen om
T-celactiviteit te onderdrukken, direct of indirect (bijvoorbeeld via cDCs). Daarom spelen ze een

essentiéle rol bij het voorkomen van overmatige en zelf-reactieve immuniteit.

Om het therapeutisch effect van RT te verbeteren, worden klinische studies vaak gecombineerd
met IT. Hierbij wordt vooral gebruik gemaakt van zogenoemde antilichaam-gebaseerde
immuuncheckpointblokkade (ICB) tegen receptoren die zich op T cellen bevinden en hun functie
belemmeren, zoals PD-1 of CTLA-4. ICB heeft tot doel T-celreacties tegen tumoren te versterken
door ofwel immuunremmende receptoren te blokkeren of immuunstimulerende moleculen te
activeren. De gecombineerde benadering van RT en IT heeft het potentieel om de effectiviteit van
lokale RT te verbeteren en tegelijkertijd systemische T-celreacties tegen tumoren op te wekken, wat
cruciaal is om uitzaaiing van tumorcellen te remmen. Het is moelijk om succesvolle combinaties
van RT en ICB in de klinische praktijk toe te passen, vooral omdat we nog niet goed begrijpen
hoe de T cel respons op RT wordt opgewekt en hoe dit verloopt in de verschillende kankertypen.
We willen daarom beter begrijpen welke factoren nodig zijn om RT-geinduceerde T-celreacties te
initiéren en te ondersteunen. Zo kunnen we op basis van het verkregen inzicht meer rationeel
behandelingsstrategieén ontwerpen, die dan effectief lokale of systemische immuunonderdrukking
kunnen overwinnen. Dit proefschrift draagt bij aan een dieper begrip van hoe RT de T-cel respons

beinvloedt en biedt richtlijnen voor het rationaliseren van RT/IT combinaties.

In hoofdstuk 2 hebben we openbaar beschikbare gegevens van The Cancer Genome Atlas (TCGA)
gebruikt om de invloed van RT op de overleving kankerpatiénten te onderzoeken. We ontdekten
dat RT minder effectief is bij patiénten met kankers die gekenmerkt worden door weinig T
cellen en veel myeloide cellen. Om dit fenomeen beter te begrijpen, maakten we gebruik van
tumorcellen die we in muizen implanteren. Voor een bepaald tumormodel (TC-1) stelden we vast
dat het lijkt op de tumoren in de mens, waar veel Tregs en myeloide cellen inzitten en die slecht
op RT reageren. Dit model zijn we daarom gaan bestuderen. We ontdekten dat TC-1-tumoren
tijdens hun ontwikkeling een Treg respons opwekken door het hele lichaam heen en dat die Treg
cellen dus ook verhoogd aanwezig zijn in de tumor en de drainerende lymfeklier. In die lymfeklier
moet de CTL-respons worden opgewekt. Het bleek dat RT van de TC-1 tumor wel een CTL-respons
in de lymfeklier opwekt, maar tegelijkertijd ook een Treg respons, die de tumorafstoting door

CTLs verhindert. We hadden verwacht dat blokkade van CTLA-4 of PD-1 de CTL-respons zou
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verbeteren, maar het verbeterde juist de Treg-respons. Dit is een belangrijke observatie, omdat
vergelijkbare effecten zich mogelijk ook voordoen bij menselijke tumoren van dit type. Tijdens
de ontwikkeling van TC-1-tumoren ontstaat een Treg-respons in het hele lichaam, wat leidt tot
verhoogde aanwezigheid van Treg-cellen in de tumor en de drainerende lymfeklier. We ontdekten
dat deze Treg respons wordt gedreven door de costimulerende receptor CD28 op de Treg-cellen.
CD28 is ook essentieel voor het op gang brengen van CTL-responsen. We vroegen ons daarom af
hoe bepaald wordt of de CTL of de Treg profiteren van CD28 costimulatie, vooral wanneer er veel
Treg-cellen aanwezig zijn in de lymfeklier. Dit hebben wij opgelost door de bijdrage van CD80 en
CD86 te onderzoeken. Deze moleculen zijn de bindingspartners van CD28 en bepalen of CD28
wordt geactiveerd. Deze zogenaamde liganden zitten op cDC. We vonden door selectief CD86
or CD80 te blokkeren in combinatie met RT, dat de Treg-respons specifiek werd gedreven door
CD86. Door CD86 te blokkeren konden we de CTL-respons verbeteren, dankzij onderdrukking
van de Treg respons. Onder deze omstandigheden verbeterde PD-1 blokkade tumorbestrijding
en overleving. We laten met deze studie zien dat ook in tumortypen die een sterke Treg respons
opwekken, RT een CTL-respons kan opwekken, die effectief de tumor kan bestrijden als je de
Treg respons remt. Dit lukt dan niet met de standaard ICB benaderingen, zoals PD-1 of CTLA-4
blokkade, die het tegengestelde resultaat hebben, maar wel met CD86 blokkade. We denken dat

onze ontdekking dat CD86 specifiek Treg responsen drijft tot nieuwe strategiéen kan leiden.

De rol van Tregs in het onderdrukken van de immuunrespons tegen tumoren heeft de laatste jaren
veel aandacht gekregen. Toch begrijpen we nog niet volledig hoe tumoren zorgen voor de activatie
van Tregs in de lymfeklieren. Er zijn twee manieren waarop Tregs kunnen ontstaan: in de thymus
(tTregs), waar ze uitrijpen in respons op lichaamseigen antigenen en dan naar de lymfeklieren
migreren om hun functies uit te oefenen en zich verder te ontwikkelen. Of ze kunnen ontstaan

doordat volwassen CD4* T-cellen veranderen in Tregs die reageren op niet-lichaamseigen antigenen.

In hoofdstuk 3 karakteriseren we de respons van Tregs in de lymefklieren en de tumor tijdens
de ontwikkeling van TC-1 tumoren. Het blijkt dat dit type tumor de groei en differentiatie van
tTregs in de lymfeklieren bevordert, wat resulteert in een grotere aanwezigheid van deze cellen in
de tumor, waar ze een meer volwassen fenotype aannemen. We stellen experimenten voor om
beter te begrijpen hoe tumoren deze Tregs activeren in de lymfeklieren en hoe Treg ontwikkeling
in de tumoren zich onderscheidt van gezonde weefsels. We leggen in dit hoofdstuk uit dat we
Treg responsen opgewekt door tumoren willen remmen, maar niet alle Tregs willen verwijderen

tijdens de kankerbestrijding, want dan krijgt de patient ongewenste immuunbijwerkingen.

Hoofdstuk 4 beschrijft hoe RT gecombineerd kan worden met immunotherapie (ICB) om CTL-
responsen tegen kanker op te wekken, die in het hele lichaam effect kunnen hebben, dus

ook kunnen werken in geval van uitgezaaide kanker. In dit geval hebben we voor ICB zowel de
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remmende receptor PD-1 geblokkeerd en de costimulerende receptor CD137 geactiveerd met
behulp van antistoffen. In een muismodel van lokale borstkanker bevorderde deze combinatie
behandeling CTL-responsen tegen de tumor. Toen we een tweede tumor in dezelfde muis lieten
groeien, zagen we dat RT in combinatie met deze ICB de afstoting van de bestraalde tumor
verbeterde, maar niet de afstoting van deze tweede, niet-bestraalde tumor. We vonden dat CTLs
die door de gecombineerd behandeling werden opgewekt, beter tumorcellen konden doodmaken
in de bestraalde dan in de onbestraalde tumor. Om een vergelijkbaar effect te bereiken in de niet-
bestraalde tumor hebben we lage dosis chemotherapie, in de vorm van cisplatine, toegepast. Dit
stimuleerde de activiteit van CTLs in de niet-bestraalde tumor en resulteerde in een verbeterde
algehele overleving. Dit hoofdstuk benadrukt dat in situaties waarin CTL-activering kan worden
bereikt door ICB-behandeling alleen, conventionele behandelingen zoals RT en lage dosis
chemotherapie nuttig kunnen zijn om lokale immuun onderdrukking in de tumor te overwinnen,

mits ze strategisch worden ingezet op basis van begrip van de werkingsmechanismen.

In hoofdstuk 5 ontdekken we een nieuwe rol van een molecuul genaamd autotaxine (ATX) bij het
afweren van CTLs uit tumoren. We hebben vastgesteld dat ATX, dat wordt uitgescheiden door
zowel tumorcellen als andere cellen, T-cel migratie naar de tumor voornamelijk belemmert door
te binden aan een receptor, genaamd LPAR6. Om dit te onderzoeken, hebben we tumorcellen
gemanipuleerd zodat ze extra ATX produceerden en deze cellen bij muizen geimplanteerd. Zo
konden we vaststellen dat ATX geproduceerd door de tumor geen invloed had op het opwekken
van een CTL-respons door middel van vaccinatie, maar wel verhinderde dat deze CTLs de tumor
binnendrongen, wat resulteerde in een aanzienlijk lagere overlevingskans voor de muizen. Er
zijn al chemische remmers van ATX in ontwikkeling voor klinisch gebruik, met het idee dat deze
uitzaaiing van tumorcellen kunnen remmen. Onze bevindingen voegen nu toe dat het mes aan
twee kanten snijdt, want de remmers kunnen er ook voor zorgen dat de CTL-respons tegen de
kanker wordt versterkt. Samen met onze bevindingen in hoofdstuk 4, benadrukt deze studie
dat behandelingen die gericht zijn op het stimuleren van CTL-activiteit, zoals conventionele ICB,
mogelijk niet succesvol zullen zijn, tenzij we een diepgaand begrip hebben van de specifieke CTL-

remmende mechanismen, en deze op een gerichte manier tegengaan.

Tenslotte bespreek ik in hoofdstuk 6 de bevindingen die in dit proefschrift beschreven zijn en
bied ik context binnen de huidige wetenschappelijke literatuur. Bovendien verken ik hoe in de
toekomst RT waardevol kan zijn bij het verbeteren van de immuunrespons tegen tumoren, met
name binnen de diverse landschappen van menselijke tumoren. Samen dragen deze bevindingen
bij aan een rationele toepassing van RT om effectieve immuunreacties tegen verschillende

soorten kanker mogelijk te maken.
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