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1 Summary

The progress in immunotherapies has transformed the landscape of cancer therapies and
greatly improved patient prognosis across many types of cancers. Although being one of
the first immunotherapies approved in cancer treatment, the clinical application of high-dose
recombinant interleukin-2 (IL-2) therapy has been impeded by associated severe systemic
toxicities. This study introduced a novel strategy to harness the anti-tumor potential of IL-
2/15 signaling while avoiding the liabilities, by using a pair of bispecific antibodies, where
the first antibody binds to the IL-2/15 receptor subunit f (CD122) and a tumor-associated
antigen, and the second antibody binds to the IL-2/15 receptor subunit y (CD132) and the
same or a different tumor-associated antigen. The bispecific antibody pair only activates IL-
2/15 signaling in the presence of the tumor associated antigen(s) and thus restricts signaling
to the tumor microenvironment.

This work combined in vitro and in vivo techniques to demonstrate the tumor-selective
activity of this strategy. We showed, with reporter cells and primary cells, that activation of
IL-2 signaling through the bispecific antibody pairs relied on the presence of tumor-
associated antigens. In contrast to recombinant IL-2, the bispecific antibody pairs did not
preferentially activate regulatory T cells expressing the high-affinity IL-2 receptor alpha
chain (CD25). In vitro data showed that the bispecific antibody pairs alone did not kill tumor
cells but could amplify the tumoricidal activity of T and natural killer (NK) cells induced by T
cell engagers or monoclonal antibodies. In a transgenic hCD122/hCD132 mouse model, the
bispecific antibody pairs induced the expansion of tumor infiltrating memory CD8* T cells
and NK cells, while being well-tolerated and not inducing any systemic release of
inflammatory cytokines. Further, in vivo, combination of the bispecific antibody pair with an
immune checkpoint inhibitor suppressed tumor growth more strikingly than the immune
checkpoint inhibitor alone. Analysis of the tumor microenvironment demonstrated that the
combination treatment induced the expansion of memory CD8+ T cells, NK cells and
increased their expression of cytotoxic molecules like granzyme B. Additionally, this study
demonstrated the possibility of using a bispecific antibody pair targeting two distinct tumor-
associated antigens to further reduce the possibility of off-tumor immune cell activation.
Overall, this study describes a novel immunotherapeutic approach demonstrating tumor-
specific IL-2/15 activation and favorable safety profile, thus having the potential to overcome
the limitations of high-dose recombinant IL-2 therapy. This approach could be expanded to
therapeutically harness the untapped potential of many other signaling pathways in cancer
and beyond.
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2 Reésumé

Les progrés réalisés dans les immunothérapies ont étendu les possibilités de traitement de
nombreux cancers et ont considérablement amélioré I'espérance de vie des patients. Bien
que linterleukine-2 (IL-2) recombinante a haute dose ait été l'une des premieres
immunothérapies approuveées pour le traitement du cancer, son application clinique a été
limitée par la toxicité qu’elle induit.

Cette étude présente une stratégie innovante permettant d’exploiter le potentiel anti-tumoral
des voies de signalisation des interleukines-2 et 15 tout en évitant ses effets indésirables,
cela en utilisant une paire d'anticorps bispécifiques. Le premier anticorps se lie a la sous-
unité B (CD122) du récepteur de l'interleukine-2/15 et a un antigéne tumoral, alors que le
second anticorps se lie a la sous-unité y (CD132) du récepteur de l'interleukine-2/15 et au
méme antigene tumoral ou a un antigene tumoral différent. Cette paire d'anticorps
bispécifiques active la signalisation interleukine-2/15 uniquement en présence des
antigénes tumoraux, restreignant ainsi cette activité a I'environnement tumoral.

Ce travail a combiné des expériences in vitro et in vivo pour étudier l'activité sélective et
intra-tumorale de cette approche. Nous avons pu démontrer, a I'aide d’'un systéme de géne
reporter ainsi que de cellules primaires, que l'activation de la signalisation de I'lL-2 par les
paires d'anticorps bispécifiques dépendait strictement de la présence d'antigenes
tumoraux. Contrairement a ['IlL-2 recombinante, les paires d'anticorps bispécifiques
n'activent pas de maniere préférentielle les cellules T régulatrices qui expriment la chaine
alpha du récepteur de I'lL-2 (CD25). Les résultats in vitro ont montré que I'activité des paires
d'anticorps bispécifiques a elle seule ne permet pas aux lymphocytes T et aux cellules NK
de détruire les cellules tumorales, mais permet d’amplifier leur activité tumoricide induite
par des anticorps bispécifiques capables de rediriger des lymphocytes T vers les cellules
tumorales ou par des anticorps monoclonaux. Dans un modele murin transgénique
exprimant hCD122 et hCD132, les paires d'anticorps bispécifiques induisent 'accumulation
au sein de la tumeur de cellules T CD8* mémoire centrale et de cellules NK, tout en étant
bien tolérées, sans libération systémique de cytokines inflammatoires. De plus, dans un
modele murin de cancer, la combinaison de la paire d'anticorps bispécifiques avec un
inhibiteur de point de contréle du systeme immunitaire a réduit la croissance tumorale de
maniére plus marquée que I'administration de I'inhibiteur de point de contrdle du systeme
immunitaire seul. L’analyse des tumeurs a montré que le traitement combiné induisait
'expansion des cellules T CD8* mémoire centrale, des cellules NK et augmentait

I'expression de molécules cytotoxiques telles que la granzyme B. En outre, cette étude a
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exploré la possibilité d'utiliser une paire d'anticorps bispécifiques ciblant deux antigénes
tumoraux distincts permettant de réduire davantage la possibilité d'activation des cellules
immunitaires hors du microenvironnement tumoral.

Dans l'ensemble, cette étude décrit une nouvelle approche immunothérapeutique
permettant une activation des voies de signalisations des interleukine-2/15 spécifiquement
dans les tumeurs et sans induire d’effets toxiques. Cette approche a ainsi le potentiel de
surmonter les limitations de I'administration de haute dose d’'IL-2 recombinante. Cette
approche pourrait étre étendue pour exploiter thérapeutiquement de nombreuses autres
voies de signalisation de cytokines pour le traitement de cancers mais également dans le
contexte d’autres maladies. (OpenAl. ChatGPT disponible sur : https://chatgpt.com/ a été
utilisé pour traduire ce texte que jai écrit initialement en anglais. La traduction a été revue

par moi-méme et Dr. Nicolas Fischer).
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4 List of Abbreviations

ACT
ADA
ADC
ADCC
Al

AID
AP-1
APC
BCG
BCR
bsAb
C
CAR
CD122
CD132
CD215
CD25
cDC
CDR
CEA
CHO
CSF
CTEC
D
DAMP
DC
EGFR
EGR1
ELF1
ERK
FADD
FasL
FcR

Adoptive Cell Transfer

Anti-Drug Antibody

Antibody-Drug Conjugates
Antibody-Dependent Cellular Cytotoxicity
Artificial Intelligence
Activation-Induced cytidine Deaminase
Activator Protein 1

Antigen-Presenting Cell

Bacillus Calmette-Guérin

B Cell Receptor

Bispecific Antibody

Constant region

Chimer Antigenic Receptor

IL-2/15 receptor 3

IL-2/15 receptor y or common y receptor
IL-15 receptor a

IL-2 receptor a

Conventional Dendritic Cells
Complementarity Determining Regions
Carcinoembryonic antigen

Chinese Hamster Ovary

Colony Stimulating Factor

cortical Thymic Epithelial Cells
Diversity

Damage-Associated Molecular Pattern
Dendritic Cell

Epidermal Growth Factor Receptor
Early Growth Response Protein 1
E74-like factor 1

Extracellular Signal-Regulated Kinases
Fas-Associated Death Domain

Fas Ligand

Fc Receptor
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FcRN
FOXP3
GABP
gnzm
HER2
HLA
HMG-I(Y)
I.p.

V.

ICI

IFN

KIH
KIR
KO
KOFF
KON
MAPK
MHC
MM
mo-DC
MSLN
mTEC
NFAT
NF-kB
NK
PAMP
PBMC

Neonatal fragment crystallizable Receptor
Forkhead Binding Protein

GA-Binding Protein

Granzyme

Human Epidermal Growth Factor Receptor 2
Human Leukocyte Antigen

High Mobility Binding Protein
Intraperitoneal

Intravenous

Immune Checkpoint Inhibitor

Interferon

Immunoglobulin

Interleukin

Innate Lymphoid Cells

IFN regulatory factor 4

Joining region

Janus Kinase

Rate constant of dissociation at equilibrium
Knob-into-Hole

Killer immunoglobulin-like receptor
Knock-Out

Rate constant of dissociation

Rate constant of association
Mitogen-Activated Protein Kinase
Major Histocompatibility Complex
Metastatic Melanoma
Monocyte-derived Dendritic Cells
Mesothelin

medullary Thymic Epithelial cell
Nuclear factor of activated T cells
Nuclear Factor-kB

Natural Killer

Pathogen-Associated Molecular Pattern
Peripheral Blood Mononuclear Cells
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PBS
pDC
PEG
PI3K
PIP2
PIP3
PK
pSTAT
OCT1
RAG
RCC
SOCS
SP1
TAA
TCE
TCM
TCR
Tdt
TEM
Tfh

Tg
TGF-B
Th
TME
TNF
TRAIL
Tregs
TRM
TSCM

VLS

Phosphate Buffered Saline
Plasmacytoid Dendritic Cells
Polyethylene Glycol
Phosphatidylinositol 3-Kinase
Phosphatidylinositol-4,5-Bisphosphate
Phosphatidylinositol-4,5-Trisphosphate

Pharmacokinetic

phosphorylated Signal Transducer and Activator of Transcription

Octamer-Binding Protein
Recombination Activating Gene
Renal Cell Carcinoma
Suppressor of Cytokine Signaling
Specific Protein 1
Tumor-Associated Antigen

T Cell Engager

Central Memory T cell

T Cell Receptor

Terminal deoxynucleotidyl transferase
Effector Memory T cell

T follicular helper

Transgenic

Transforming growth factor 3

T helper cell

Tumor Microenvironment

Tumor necrosis factor
TNF-related apoptosis-inducing ligand
regulatory T cells
tissue-Resident Memory T cell
Stem Cell like Memory T cell
Variable region

Vascular Leak Syndrome

Kappa (referred to antibody and DNA locus)
Lambda (referred to antibody and DNA locus)
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5 Introduction

5.1 Cancer
With rising life expectancy and shifts in lifestyle, cancer has cemented its place as one of

the most prominent causes of death. The International Agency for Research on Cancer
estimated close to 20 million cancer cases in 2022 and expects the number to rise by 76.6%
by 2050.! Fortunately, cancer deaths have not risen with the same speed. The National
Cancer Institute reported data showing that survival rates in the United States have
significantly improved rising from around 50% in 1975 to over 70 % in 2016 (Fig. 1A).2

The improvement in cancer survival directly results from the growing scientific interest in
cancer (Fig. 1B).2 Scientific efforts have significantly developed our understanding of cancer
biology. In 2000, D. Hannan and R.A. Weinberg published the seminal list of six hallmarks
acquired by cells during cancer development,* which was updated in 2011 and again in
2022 to reflect the growing understanding in this field (Fig. 1C).>6 Cancer cells develop from
healthy cells that progressively become more dysfunctional. These cells can accumulate
mutations during mitosis with a normal mutation rate of 10~ to 108 per nucleotide per cell
division. Many internal or external factors can significantly increase the speed at which
mutations are accumulated. The cumulation of these mutations leads to dysregulated cell
growth and ultimately cancer.* Until the last decade of the 20" century, oncologists relied
exclusively on surgery, radiotherapy, chemotherapy, or a combination of them.” Since then,
our comprehension of cancer led to molecularly targeted therapies and immunotherapies.®
These “new pillars” of cancer therapy would not have been possible without a fundamental
understanding of cancer and the immune system. In my thesis, | will present a novel cancer
immunotherapy approach. Hence, the rest of the introduction will focus on the relevant

components of the immune system, cancer, and related cancer therapies.
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Figure 1 (A)The evolution of patient survival from 1975 to 2016. Graph created with data
from the SEER Registries. (B) The amount of Pubmed entries mentioning “cancer” by year
from 1975 until 2023. Graph created with data from pubmed.ncbi.nlim.nih.gov. (C) The
Hallmarks of cancer across the years. Six were identified in the year 2000 (left), ten in the
year 2011 (middle) and 14 in the year 2022 (right). Adapted from Hanahan D. et al., 2000
and Hanahan D. et al., 2022. 53256

5.2 Immune system
The immune system is a complex network of cells, soluble factors, and tissues that

collaborate to maintain the body's homeostasis. The immune system is responsible for
defending the body against external infections and dysregulated host cells.® The individual's
health is compromised whenever the immune system fails to fulfill any of these roles. The
fight against external infections shares many similarities with the response to dysregulated
cells but won’t be further discussed here. The immune system can be divided into two main
components: the innate and the adaptive immune systems.1° The innate immune system
prevents or warns off most threats with a quick but non-specific response. It is composed
of protective barriers, soluble components, and innate immune cells.'* Due to their
relevance to this work, NK cells, dendritic cells, and soluble components such as cytokines

will be introduced in dedicated sections. The adaptive immune system constitutes a second
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line of defense that is slower but can develop a specific defense against its target. It
comprises immune cells and soluble proteins released by some of these cells.!! Due to their
relevance to this work, T cells and antibodies will be introduced in dedicated sections. In
this introduction, | will present some comparisons between the human and the mouse

immune systems as syngeneic mouse models are used in this research.

5.2.1 The major histocompatibility complex (MHC) I/Il
The MHC molecules play a central role in innate and adaptive immunity; hence, introducing

them here will ease understanding the different cell populations. The MHC molecules are a
group of proteins encoded by genes in the human leukocyte Antigen (HLA) region.'? These
proteins are expressed at the surface of cells and allow the presentation of peptides to T
cells. The high polymorphism of these genes results in populations capable of presenting a
wider range of peptides and responding to most pathogens.*?> MHC molecules can be
distinguished between MHC class | and MHC class 11.%3

MHC class | molecules are constitutively expressed on all healthy nucleated cells and are
encoded by HLA-A, HLA-B, and HLA-C genes.** MHC | are dimeric molecules composed
of an a chain (composed of al, a2, and a3 extracellular domains, a transmembrane domain
and a C-terminal cytoplasmic tail) bound to a B2-microglobulin.'®> The polymorphism of the
MHC I is linked to variations in the peptide binding groove found between domains a1 and
02.16 MHC | molecules primarily load peptides of 8-10 amino acids.'” The B2-microglobulin
does not interact directly with the loaded peptides but is essential for the formation and the
stability of the peptide binding groove of the a chain.'>® Some peptides of extracellular
origin can be loaded on MHC | through cross-presentation, but most are of intracellular
origin.® MHC | molecules are vital for the inhibition of NK cells and the development and
activation of CD8* T cells.

MHC Il molecules are composed of an a and a B chain.?® al and B1 domains are highly
polymorphic and are involved in the interaction with the loaded peptides, while the rest of
the chains are involved in the interaction with CD4.2%21 These molecules are encoded by
HLA-DP, HLA-DQ, and HLA-DR genes.* Different from MHC class | molecules, MHC class
I molecules are not ubiquitously expressed. They are expressed by antigen-presenting cells
(APCs) such as dendritic cells (DCs), macrophages, B cells, and medullary thymic epithelial
cells (MTECs).?2 mTECs are cells involved in T cell development, and their function will be

briefly discussed later. The other APCs can engulf and process extracellular antigens into
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13-25 amino acid peptides that can be loaded on MHC Il molecules.'”22 The recognition of

these complexes is essential for the development and activation of CD4* T cells.

5.2.2 Cytokines
Cytokines are small secreted proteins produced by immune and non-immune cells that can

affect many biological processes and are particularly important in the crosstalk between
immune cells. They have been described to regulate cell growth, differentiation, migration,
survival, inflammation, tissue repair, and immune responses.?* Cytokines are classified into
families based on structure and function: Transcription growth factor (TGF-), Chemokines,
Tumor necrosis factor (TNF) superfamily, Colony stimulating factors (CSFs), Interferons
and interleukins. TGF-B promotes tissue growth and repair and is known to favor tumor
progression.?> Chemokines are a cytokine family that regulates cell migration through
chemotactic gradients. The chemotactic gradient is sensed by cells expressing the
appropriate receptor and guides cells to tissues where they can impact immune responses,
inflammation, and angiogenesis.?® Several chemokine receptor antagonists are being
explored in the clinic as they could reduce tumor microenvironment (TME) infiltration by
immunosuppressive cells.?” TNF superfamily consists of ligands and receptors with some
common structural motifs that regulate apoptosis, proliferation, survival, and differentiation.
Anti-TNF antibodies are used for autoimmune diseases and no molecule has been
approved for cancer treatment.?® CSFs are a family of cytokines that is critical during
hematopoiesis. CSF-targeting drugs are used to treat neutropenia in cancer patients
undergoing chemotherapy. Interferons are a family of cytokines divided into type I, Il, and
Il interferons based on the receptor that transduces its signaling. A wide range of cells
produces type | and type lll interferons in response to pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPS).2%30 Type |
interferons are known to induce a strong systemic antiviral response. The strong anti-cancer
response induced by type | interferons has resulted in the FDA approval of a few molecules
to treat some cancer indications.®! The response to type Il interferons induces similar
intracellular signaling to type | interferons but results in a more controlled reaction focused
on epithelial barriers.3? Interferon y (IFN-y) is the only type Il interferon and is expressed by
NK cells, T cells, and B cells during immune responses. Its receptor is widely expressed,
and studies have shown both pro-tumorigenic effects and anti-tumor activity.3334 There is
still extensive research on the cytokine, but no drugs targeting this pathway have been
approved in oncology.®® Finally, interleukins are divided into families based on their
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receptors and structural similarity, which is not always reflected in similar biological
activities. Because the research presented later revolves around IL-2 and IL-15 signaling,
these cytokines will be described in dedicated sections and the rest of the introduction. Both
cytokines are members of the IL-2 family, a group of cytokines transducing their signal
through receptor complexes involving CD132 (also called common y receptor). This family
of cytokines also includes IL-4, IL-7, IL-9, and IL-21. Despite some commonalities, these
cytokines fulfill very different roles in the immune system.36

5.2.2.1 IL-2/IL-15 cytokine and receptor expression

IL-2 and IL-15, in addition to binding the same CD132 subunit, share also the B subunit of
their receptor (CD122, Fig. 2A).3” Both the receptor for IL-2 and the one for IL-15 have an
additional subunit that lacks an intracellular signaling domain but helps the receptor bind to
its ligand with higher affinity. IL-2Ra (CD25) binds the cytokine in cis (meaning on the same
cell) and increases the receptor's affinity by around 100 times (Fig. 2A).% IL-15Ra (also
called CD215) is most often expressed by a different cell and captures IL-15.3° The captured
IL-15 is then presented to cells expressing CD122 and CD132.4° Both cytokines can
transduce signaling without their a subunit, but the downstream effects of the engagement
are different.

Studies have shown that the IL-2 gene expression is controlled by many transcription factors
with binding sites in IL-2 promoter. Nuclear factor of activated T cells (NFAT), activator
protein 1 (AP-1), nuclear factor-kB (NF-kB), octamer-binding protein (OCT1 also called
POU2F1), high mobility group protein HMG-I/HMG-Y (HMG-I(Y) also called HMGA1) and
forkhead binding protein (FOXP3) are some of the most important regulators.*-4> The
control of IL-15 is not comprehensively understood, but it is known to be induced by IRF-1
and NF-kB (Fig. 2B).4¢

Some studies have been performed on the expression of the subunits composing the IL-2
and IL-15 receptors. Binding sites for ETS1, GA-binding protein (GABP), specific protein 1
(SP1), early growth protein 1 (EGR1), and EWS-WT1 are found in the promoter of
CD122.474°

More interestingly, phosphorylated Signal transducer and activator of transcription 5
(pSTATS5) binding sites were also found, suggesting a positive feedback loop.50-52

The studies regarding the CD132 promoter are more limited, but it is known that it contains
multiple ETS binding sites.>®> CD25 expression was studied more extensively. Binding
sequences for pSTATS, pSTAT3, NFAT, NF-kB, AP-1, SP1, EGR1 and E74-like factor 1

(ELF1) have been identified in the promoter of CD25.5457 |t is worth noting that expression
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studies and the numerous binding sites for pSTATS in the promoter show that IL-2 is an
important inducer of CD25 expression (Fig. 2B).%5! CD215 has been studied less
extensively, and the information regarding its expression is more limited. A study has
identified NF-kB and IFN regulatory factor 4 (IRF-4) as regulators of CD215 expression.>®

Sections dedicated to NK cells, DCs, T cells, and B cells will discuss the specific expression
of IL-2 and IL-15 receptor subunits and specific signaling effects related to these cells.
Endothelial cells, NKT cells, mast cells, macrophages, Innate lymphoid cells (ILCs, divided
into ILC1, ILC2, and ILC3), and eosinophils can produce or respond to IL-2 and/or IL-15

signaling but won’t be discussed at length here.

23



Low affinity High affinity
A. K,~10M K,~10"'M

IL-2Ror Intermediate affinity IL-2Rot

Kd~10‘9M Q
IL-2Ry IL-2RB

B.
IL2
NFAT
PRRIII  PRRI/II PRRIV
N STATS
6\‘?‘
IL2RA —0—/ ------
—ZIZkb HMGI-|(Y) +1I/kb
T
Super-enhancer
N <O ETS1
N
& g
IL2RB ° /F — TSS
_70b [-208,-165]
, EGR1 GABP
EWS-WT1
[-80,-58]
ETS1
IL2RG 1SS
GABP

Figure 2 (A) IL-2 can bind to different forms of its receptor. CD25 binds IL-2 with low affinity
(left), the dimeric CD122/CD132 has an intermediate affinity (middle) and the trimeric
CD122/CD132/CD25 has a high affinity (right). (B) In order from top to bottom the figure
depicts a schematic representation of the promoter of IL-2, CD25, CD122 and CD132.
Adapted from Spolski et al.>?

5.2.2.2 IL-2/IL-15 signaling
Since the two cytokines share both receptor subunits with an intracellular signal transducing

domain, their downstream signaling is inherently similar. IL-2/IL-15 can initiate three
intracellular signaling cascades: (i) the Janus kinase (JAK)/ STATs, (i) the
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phosphatidylinositol 3-kinase (PI13K)/Protein kinase B (AKT or PKB) and (iii) the mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinases (ERK) pathways
(Fig. 3). (i) Once IL-2 or IL-15 (complexed with CD215 or not) engage on the receptor, the
CD122 associated JAK1 interacts with the CD132 associated JAK3.5961 The interacting
JAKSs will then recruit and phosphorylate STAT molecules downstream. The activity of JAKs
can be inhibited by negative regulators such as proteins in the suppressor of cytokine
signaling (SOCS) family. STATS is the primary transcription factor recruited, but STAT3 and
STAT1 can also be phosphorylated. The pSTAT forms homodimers and, in the case of
STATS5, also tetramers, which can translocate to the nucleus and induce transcriptional
changes.®?-%4 The engagement of IL-2 or IL-15 on the receptor, in addition to the recruitment
of STATSs, leads to the recruitment of adaptor proteins and other kinases to the receptor
complex. (ii) In the activation of the PI3K/Akt pathway, PI3K is recruited to the receptor and
initiates the activation of the downstream cascade by phosphorylating phosphatidylinositol-
4,5-bisphosphate (PIP2) into phosphatidylinositol-4,5-trisphosphate (PIP3). PIP3 activates
Akt and leads to the activation of mTOR.%5-%7 (iii) In the activation of the MAPK/ERK
pathway, the recruitment of adaptor proteins leads to the activation of Raf through the
GTPase activity of Ras. Raf phosphorylates MAPK/Erk, which can enter the nucleus to
phosphorylate transcription factors.%8-"! These three pathways downstream of the IL-2/IL-
15 receptors have some distinct biological outcomes but are mostly linked to
stimulatory/activating effects. (i) The JAK/STAT pathway is known to induce proliferation
and cytokine production, favoring survival and effector function of T and NK cells.”>7®
pSTATS binding sites are found in numerous genes, some of which have already been listed
and are involved in IL-2/IL-15 signaling. (ii) The PI3K/Akt signaling pathway affects cell
survival and metabolism. Notably, activating mTOR downstream of this cascade is a key
controller of cellular metabolism.”®="8 (iii) The MAPK/ERK pathway is involved in cell
differentiation and was shown to induce proliferation, reduce apoptosis and increase
production of cytokines in immune cells.”®:80

IL-2 and IL-15, despite signaling through similar pathways downstream of their receptors,
have some non-overlapping biological functions, which can be explained by the biological
differences surrounding the two cytokines. First, while both cytokines initiate signaling
through the same intracellular cascades, the contribution of each individual cascade and
the importance of some downstream components differ. For example, IL-15 induces the
proliferation of T cells through FKBP12 and a strong activation of mTOR in NK cells, while
IL-2 relies on FKBP12.6 and does not activate mTOR to the same level.8! Additionally, these
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cytokines can be produced and released by different cells that can respond to various stimuli
and can be localized in different tissues.®?-84 The expression of the receptor subunits and
the downstream components can fluctuate between cells and contribute to the differences
in the responses to IL-2 and IL-15. Lastly, the cis-signaling of the soluble IL-2 compared to
the trans-presentation of CD215-bound IL-15 to neighboring cells can also contribute to the
observed responses and functions.>8° Altogether, IL-2 and IL-15 are potent stimulatory
cytokines that rely on similar intracellular signaling pathways but have some distinct

biological functions because of more complex biological reasons.
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Figure 3 IL-2 and IL-15 share the same signal transducing receptor subunits
(CD122/CD132). They have an additional distinct subunit that increases the affinity of the
receptor. CD25 engages IL-2 and is expressed by the same cell expressing CD122/CD132.
CD215 binds and present IL-15 to different cells. Both cytokines transduce their signal
through the same 3 pathways: ()MAPK/ERK, (i)JAK/STAT and (iii)PI3K/Akt. Adapted from
Yang and Lunqvist.®®
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5.2.3 Immune cells
As mentioned, in addition to physical barriers and soluble factors, the immune system

involves a complex network of immune cells communicating and interacting to defend the
host. Some of these cells will be discussed here, emphasizing IL-2 and IL-15 signaling.
5.2.3.1 NK cells

NK cells are a subset of innate immune cells of lymphoid origin. These cells exist in humans
and mice, but markers are not conserved between species. Human NK cells are commonly
identified as CD3- and CD56* and can be differentiated between CD569™ and CD56Priaht 9
CD569™ cells are more abundant in the blood and have potent cytotoxic functions.®?
CD56"19M cells are potent cytokine producers with less cytotoxic functions.%%°3 CD56Pght
was considered less mature, and a precursor to CD569™, but new studies suggest a less
linear development.®* Mouse NK cells are identified as CD3" and NK1.1* (in C57BL/6 mice).
NKp46 is a cytotoxic receptor shared by humans and mice that is also used to identify NK
cells. Similarly to other immune cells, NK cells display activating and inhibitory receptors.%
Unlike T cells, NK cell activating receptors do not adapt to their target and mostly recognize
some common or shared motifs in pathogens or stress induced molecules (Fig. 4C). A
different example is CD16, which binds to the Fc portion of antibodies to carry out antibody-
dependent cellular cytotoxicity (ADCC).% Killer immunoglobulin-like receptors (KIR) are
inhibitory receptors that bind to MHC | and suppress the cytotoxic function of NK cells (Fig.
4A).°” Tumorigenic or virally infected cells might downregulate MHC | expression, which
favors their elimination by NK cells (Fig. 4B).%8 Activated NK cells can kill their target through
two mechanisms. In the first, NK cells release perforin and granzymes (gnzm) through
granules. Perforin will create pores in the target cell's membrane, and gnzm will induce
apoptosis. In this process, the NK cells can recognize some molecules expressed at the
cells' surface directly or indirectly through the Fc portion of the antibodies.®® Alternatively,
NK cells express Fas ligand (FasL) and Tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) that can induce apoptosis in cells expressing their cognate
receptors.1? Activated NK cells can also produce cytokines that can directly affect target
cells or shape the response of other immune cells.0!

Studies have identified many signaling pathways involved in the survival and differentiation
of NK cells from hematopoietic stem cells. Importantly for this work, IL-2 and IL-15 are
important for NK cell differentiation and homeostasis and inducing their activation and
proliferation.02103 Naive NK cells express CD122 and CD132 but not CD25. Upon

activation, they can upregulate the expression of CD25, increasing their sensitivity to IL-

27



2.194 1L-2 is not necessary for the development of mature NK cells but is involved in their
activation and their development of cytotoxic functions.% IL-2 was shown to increase the
expression of cytotoxic molecules such as perforin and gnzm-B and to increase their
cytolytic functions altogether.1% Activating receptors such as NKG2D and NKp44 were also
shown to be increased by IL-2 signaling.107:108 |L-2 was also shown to amplify the response
to IL-12 through up-regulation of STAT4 and the IL-12 receptor.%6199 |n addition to the
classic proliferative signals resulting from the JAK/STAT pathway, IL-2 has been shown to
reduce apoptosis through PI3K dependent reduction of ceramide in NK cells.10 [L-15 is
central to NK cell biology as it is essential for developing mature NK cells and their
maintenance and function. Mice lacking IL-15 or IL-15R are almost entirely devoid of NK
cells and fail to support the survival of transferred WT NK cells.*'1112 The induction of Bcl-
2 and MCL1, two anti-apoptotic molecules downstream of the IL-15 receptor, is likely
involved in the maintenance of survival of these cells.*13%4 |L-15 can increase the levels of
perforin, gnzm-B and IFN-y, and activating receptors, all important molecules for NK cell
function.115116 NK cells cannot produce IL-15 or IL-2 and rely on production from
neighboring cells. IL-15 is often presented to NK cells by APCs bound to IL-15Ra at their
surface, explaining the inability of IL-15Ra knock-out (KO) mice to support the survival of
WT NK cells. 111117

To summarize, NK cells are innate immune cells that can recognize and kill target cells. The
balance between activating, inhibitory, and other signals controls the overall NK cell
activation (Fig. 4). Many signaling pathways are involved in their development and
regulation. Still, crucially for this work, IL-2 and IL-15 have been shown to promote their

proliferation and functions, with IL-15 also being essential for their maturation and survival.
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Figure 4 NK cell activation depends on the balance between activating and inhibitory
signals. (A) MHC I will inhibit NK cells and prevent killing of healthy cells. (B) Tumor cells
that downregulate MHC | lack inhibitory signals and activate NK cells. (C) Tumor cells
increasing other stress signals recognized by NK cells, overshadowing the inhibitory signals

provided by MHC I. Adapted from Vivier et al.118

5.2.3.2 Dendritic cells

DCs are a subset of APC at the crossroads between adaptive and innate immunity. DCs
express various activating receptors that result in the phagocytosis of their targets.''® Once
internalized, DCs can process proteins into peptides and present them on MHC Il or MHC |
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through cross-presentation.’?® Upon capturing antigens, DCs will upregulate migratory
molecules, such as CCR7, and migrate to lymphoid organs, where they can activate T cells
to initiate the adaptive immune response.?! Several different types of dendritic cells have
been identified, such as plasmacytoid DC (pDC), myeloid/conventional DC1 (cDC1),
myeloid/conventional DC2 (cDC2), dendritic cells 3 (DC3) and monocyte-derived DC (mo-
DC). These types of DCs are present both in humans and mice, and while not all the
markers are conserved between the two species, their function is largely conserved (Fig.
5A).122

pDCs are cells involved in the response to viral infections. These cells recognize viral
nucleic acids through TLR7 and TLR9 and produce type | interferon following activation.?3
cDC1 can prime CD4* T cells but are predominantly recognized as the primary cross-
presenting APCs. Therefore, this DC subset is largely responsible for CD8* T cell priming
and activation.'?* ¢cDC1 can also secrete type lll interferon in response to viruses and
activate CD4* T helper 1 cells (Thl) through IL-12.12> ¢cDC2 cells can also prime CD8* T
cells but are predominantly responsible for Thl, Th2, and Tnl7 cells priming. (Fig. 5B)?6
Once activated, cDC2s secrete cytokines that will also contribute to the initiation and guide
the adaptive immune response.?” DC3 are intratumoral dendritic cells that likely develop
from both cDC1 and cDC2 upon activation that are described in different cancer types
across species.?8129 DC3 are characterized by important transcriptional changes and the
higher levels of immunoregulatory molecules, LAMP3, and CCR7 without migrating to
lymphoid tissues.'?%130 Mo-DCs differentiate from monocytes during inflammation.3! Once
activated, mo-DCs can prime CD4* and CD8* T cells and secrete IL-12 and IL-23.131.132
While DCs do not produce IL-2, DC-derived IL-15 is essential for some immune cells.33 In
addition to IL-15, cDC1 and cDC2 also express IL-15Ra, allowing them to trans-present IL-
15/IL-15Ra complexes to other cells.1tt117 T cells can be activated through trans-
presentation, but as mentioned in the previous chapter, this mechanism is crucial for the
maintenance and function of NK cells.*3* pDC are not known to be directly involved in the
trans-presentation of IL-15 but promote trans-presentation from other DCs indirectly through
IFNs.13% mo-DCs can produce IL-15 but have lower expression levels of IL-15Ra and are
not considered the main trans-presenting DCs.'% As mentioned, DCs do not produce IL-2
but are sensitive to both cytokines.’®” IL-2 favors the maturation and the function of
conventional DCs. Studies have shown that IL-2 can increase MHC and co-stimulatory

molecule expression.'®® |L-15 promotes the activation of both conventional DCs and mo-
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DCs.139140 |L-15 signaling favors the production of type | IFN by pDC during viral
infections.14!

In conclusion, several types of DCs exist. They are innate cells that initiate adaptive immune
responses against intracellular and extracellular pathogens by presenting antigens to CD4*

and CD8* T cells and by producing cytokines.
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Figure 5 Dendritic cells can be differentiated between pDC, cDC1, cDC2 and mo-DC. (A)
Each dendritic cell type responds to different pathogens/signal and interacts with different
T cell populations. Adapted from Collin and Bigley'?2. (B) Dendritic cells can express both
MHC | and MHC Il to prime both CD4* and CD8* T cells. Dendritic cells express co-
stimulatory molecules that are important for T cell activation. Adapted from Kurts et al. 120
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5.2.3.3 Tcells
T cells are a major subset of adaptive immune cells and can be divided between CD4* af3,

CD8* ap and yd T cells. CD4* T cells are a very diverse subset of cells that historically was
mostly linked with a supporting role to other immune cells. It is now clear that their role is
not limited to aiding other cells, but some have direct immunosuppressive or cytotoxic
functions. CD8* T cells are key cytotoxic cells involved in the defense against intracellular
pathogens and tumors. yd T are less abundant compared to the other T cells but are
enriched in some tissues like the lungs, intestines, and skin, where they are involved in
immune responses, tissue repair, and maintenance. 2

5.2.3.3.1 T cell receptor (TCR)

T cells are one of the leading adaptive immune cell subset that develop from common
lymphoid progenitor cells in the thymus.1#3 The hematopoietic progenitors migrate to the
thymus, where they start as double negative cells (meaning CD4 and CD8" cells) and start
rearranging first their TCR and, later, TCRa. yd TCRs also exist but won’t be discussed in
depth here. Once entirely rearranged, these two TCR chains will combine into the receptors
responsible for recognizing specific antigens. The TCRa gene locus is composed of the
variable (V), joining (J), and constant (C) regions. The TCR comprises the V, diversity (D),
J, and C regions. During TCR rearrangements, enzymes called recombination activating
gene 1 (RAG1) and RAG2 will induce double-strand breaks at different sites to rearrange
the different regions of the TCRs and generate diversity by creating different
combinations.# First, the TCRp rearranges its segments in the following order: (i) DB with
JB to form the DJB complex, (ii) VB with DJB to form VDJB.1#® This rearranged VDJB
segment is transcribed with the C segments and the introns between them. These introns
and all but one C segment are removed during splicing to produce functional TCR
receptors.’#® Cells also create diversity thanks to specific enzymes that add or delete
nucleotides in the junctions between the different segments during rearrangements.#’ This
process leads to great diversity and primarily affects the complementarity determining
regions (CDR) of the TCR, and, more specifically, the CDR3, which is pivotal in recognizing
antigens.*® Once cells have selected their TCR chain, they become CD4* and CD8" (the
so-called double-positive cells) and start selecting their TCRa chain. The process is similar
to that of the TCRB but limited to rearrangements between Va and Ja segments.*° After
the rearrangements of the a chain, the TCRa/B complex is expressed by double-positive
cells that, in the cortex of the thymus, will undergo positive selection. During positive

selection, cells will be exposed to self-peptides loaded on MHC | and MHC |l and expressed
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by cortical thymic epithelial cells (cTECs).'*° Cells recognizing MHC | or MHC Il complexes
will commit to CD8* or CD4*, respectively, while cells failing to recognize any will not receive
survival signals and die.'>! In the medulla of the thymus, the single positive cells are
exposed to a wide range of self-peptides expressed by specialized cells called mTECs and
presented by mTEC or dendritic cells on MHC | and MHC [1.152 CD4* and CD8* cells that
recognize complexes with strong affinity are eliminated through apoptosis. Some self-
reactive cells are kept alive but differentiate into regulatory CD4* T cells with
immunosuppressive roles.°%152 Negative selection is important to prevent auto-immune
diseases by eliminating T cells targeting self-peptides with strong affinity. The cells surviving
this step are considered mature and can leave the thymus.! Altogether, T cells develop in
the thymus through a process that results in cells with a unique TCR that will allow the
recognition of a wide range of exogenous peptides. Depending on the MHC specificity, the
differentiation results in CD4* or CD8* T cells. This process will result in CD4* and CD8* T
cells expressing TCR receptors that will recognize their cognate antigens loaded on MHC
Il and MHC |, respectively.

5.2.3.3.2 T cell activation

Naive T cells leaving primary lymphoid tissues have mature TCR but require additional
signals to differentiate further and exert their functions. Binding of their TCR to their specific
antigen-MHC complex is also called signal 1, providing a strong stimulatory signal to the T
cell.’>3 CD3 is an essential protein for the stabilization and function of the TCR during T cell
development and in mature T cells. CD3 also has a signal-transducing moiety essential for
activating antigen-specific cells and is considered part of signal 1.1%* Studies have shown
that in the absence of signal 2 and/or signal 3, signal 1 can lead to T cell apoptosis and
anergy, which is a state of unresponsiveness.'%15 Signal 2 is also called co-stimulation,
which could be provided by different signaling pathways, with the most extensively studied
being the CD28-CD80/CD86 pathway. CD28 is expressed by T cells, and its ligands are
expressed by APCs, allowing them to initiate strong adaptive immune responses and sway
the differentiation of the T cell.’> Another example of signal 2 is 4-1BB-4-1BBL.*%® In
addition to these two primary signals, the fate and activation of T cells also rely on a plethora
of complementary signals from cytokines. In the following sections, the importance of some
of the cytokines for the differentiation and function of T cells will be touched on. Naive and
non-activated T cells express CD122 and CD132 constitutively at varying levels.15%160 |n
resting conditions, only a subset of CD4 T cells expresses CD25, but it can be induced in

all T cells upon activation.6* Among others, TCR signaling and IL-2 signaling lead to CD25
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upregulation.'®?2 CD215, as explained previously, is usually not expressed by T cells but by
other cells that cross-present IL-15. Both cytokines generally lead to T cell proliferation and
increase cell function, but the response can vary depending on the T cell population
exposed to the cytokines. Additionally, T cells express inhibitory receptors at their surface
upon activation. These inhibitory pathways, also known as checkpoints, are important to
prevent immune cells' excessive activation and autoimmunity. Two of the first described
inhibitory receptors on activated T cells are CTLA-4 and PD-1. CTLA-4 binds to CD80/CD86
with higher affinity than that of CD28 to CD80/CD86. This receptor dampens T cell activation
by outcompeting CD28 and diminishing CD28 co-stimulation.3 PD-1 binds to PD-L1 and
PD-L2. PD-L1 is expressed by some immune and non-immune cells but is also exploited by
cancerous cells to evade the immune system. PD-L2 is mainly expressed by APCs. The
engagement of PD-1 on their ligands starts a signaling cascade that reduces T cell effector
functions.64165 Similarly to NK cells, T cells' outcome and activation state depend on the

balance between all these inhibitory and stimulating signals.

5.2.3.3.3CD4 T cells
After leaving the thymus, CD4* T cells are considered naive cells but can undergo further

differentiation upon activation. Naive cells encountering their cognate antigen will generally
start clonal expansion. CD4* T cells do not recognize antigens directly on target cells but
rely on presentation from APCs. Depending on the strength and duration of the TCR
signaling, co-stimulation, and other environmental signals, the proliferating activated cells
will differentiate into different sub-populations (Fig. 6).1%¢ The main subpopulations of CD4*
T cells that have been described are the following:

() Th1 are important in the response to intracellular pathogens and in cancer.*¢” The
differentiation into Th1l cells is controlled by the transcription factor T-bet, induced
by IL-12, and promoted by strong TCR signaling and IFN-y. Once activated, Thl
can produce several cytokines like IFN-y, IL-2 and TNF-a.16816° Thus, Th1 cells
can promote their own differentiation and activate neighboring cells such as other
CD4* T cells, CD8* T cells, macrophages, dendritic cells, and NK cells.
Additionally, Thl cells express CXCL9, CXCL10, and CXCL11, promoting the
recruitment of immune cells such as CD8* T cells to inflamed tissues."°

(i)  Th2 differentiation is controlled by Gata3 and requires IL-4 signaling.t’* Th2 cells
are involved in the responses to extracellular parasites and in allergies.’?
Activated Th2 cells produce cytokines such as IL-4, IL-5, and IL-13, promoting

their own differentiation and other cells involved in the immune reaction to
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(iif)

(iv)

v)

(vi)

(vii)

parasites and allergies. Their activation promotes IgE production, eosinophils,
and mast cell activation.'’3

Th9 differentiation is favored by the combined IL-4 and TGF- stimulation.1’* Th9,
similarly to Th2, produce IL-9 and are involved in the response to parasites and
allergies. These cells have not been studied as extensively as other populations,
but they are known to activate mast cells and eosinophils.t"®

Th17 are key cells in the response to extracellular pathogens.1’® A strong TCR
stimulation combined with IL-6 and TGF-B favors the differentiation and
maintenance of Th17 cells for which the transcription factor RORyT is key.177:178
Th17, in response to extracellular pathogens, can activate neutrophils through IL-
17A and IL-17F, while their release of IL-22 promotes epithelial repair and the
production of antimicrobial peptides.”®

Th22, like Th17, promotes the repair of epithelial barriers and the production of
antimicrobial peptides through the release of IL-22.180 Their differentiation is
favored by TCR signaling accompanied by IL-6 and TNF-a.18! They do not
produce IL-17 and express CCR6, CCR4, and CCR10, which are important in
guiding Th22 to the skin.82.183

T follicular helper cells (Tfh) are important in assisting B cells in producing
antibodies in germinal centers. Differentiation of Tfh is controlled by the
transcription factor Bcl-6 and is favored by prolonged TCR engagement on MHC
ll-antigen complexes presented by mature dendritic cells accompanied by IL-6
and IL-21 stimulation.184-186 Thanks to their expression of CXCRS5, Tth are guided
to B cell follicles in secondary and tertiary lymphoid structures, where dendritic
cells guide them through the expression of CXCL13.18 These germinal centers
assist B cells in the production of high-affinity antibodies and in the development
and survival of memory B cells and long-lived plasma cells. Tth can interact and
stimulate directly with B cells through TCR-MHC Il interaction and co-stimulate B
cells thanks to their expression of CD40L that binds to CD40 on B cells.'8” Tth
effect on B cells is mediated by direct cell-cell interaction and the release of IL-4,
IL-6 and [L-21.187-189

Treg cells are immunosuppressive cells that help maintain self-tolerance and
prevent excessive immune responses to avoid tissue damage. Tregs can be
divided between thymic Tregs (tTregs) and peripheral Tregs (pTregs).1°0.1°1
tTregs develop after recognizing self-antigens in the thymus and will suppress
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self-reactive T cells that managed to leave the thymus, thus preventing
autoimmunity. tTregs development and function is controlled by the transcription
factor FoxP3 and express high levels of CD25.1°? pTregs are differentiated from
mature CD4* T cells outside of primary lymphoid tissues. Their differentiation is
promoted by TGF-B signaling in the absence of strong co-stimulation.'®3 pTregs
are important in ensuring tolerance towards external antigens like those
expressed by the commensal microbiota.’® These peripherally differentiated
Tregs can be further classified depending on different transcription factors and
different markers expressed at their surface, but they all have high levels of CD25
and dampen immune responses. Once activated, Tregs can release
immunosuppressive cytokines such as IL-10 and TGF-B to favor their own
differentiation and reduce T cell responses.'%197 Tregs function is not limited to
the release of cytokines and can affect other cell populations through inhibitory
membrane-bound proteins like CTLA-4.1% Additionally, high expression of CD25
by Tregs under resting conditions makes them more sensitive to IL-2 compared
to the other immune cells. In these conditions, the basal levels of IL-2 are
captured mainly by Tregs and contribute to low immune activation without strong
inflammatory stimuli.*®® This subset of CD4" T cells also responds very differently
to TCR signaling than other subsets. FoxP3 interacts with several transcription
factors downstream of the TCR, altering the response to the recognition of
antigens. An important signaling cascade downstream of the TCR results in NFAT
activation. In non-Treg CD4* T cells, NFAT increases IL-2 production. In Tregs,
the interaction of FoxP3 with NFAT decreases IL-2 expression and increases
expression of CD25 and CTLA-4.2% Similarly, FoxP3 binds to the transcription
factor Runx1, forming a complex further decreasing IL-2 production.?°?

(viii)  Cytotoxic CD4* T cells are thought to be defined by the transcription factors T-bet
and Eomes. Reports supporting the cytotoxic functions of CD4* T cells were
already published at the end of the 1970s but their study has been neglected
compared to cytotoxic CD8 T cells.?°?2 Some cytotoxic CD4* T cell markers, like
NKG2D, have been proposed, but a clear consensus is missing.?%® Cytotoxic
CD4* T cells have increased levels of cytotoxic molecules, like gnzms and
perforin, and are thought to be involved in chronic infections and cancer.2%4205

Activated CD4+ T cells generally differentiate into different subsets with different effector
functions. Most activated cells will undergo apoptosis when the antigen is cleared, and other
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stimulatory signals are decreased. Still, some will survive as memory CD4* T cells to provide
better and quicker responses in the future. Importantly for this work, the basal levels of IL-
2 produced at homeostasis are mainly produced by the CD4* T helper cells described
here.2%® Under inflammatory conditions, all the CD4* T cells except regulatory T cells
increase their production of IL-2, leading to much higher levels.?%!
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Figure 6 Naive CD4* T cells can differentiate into many different subpopulations. The
outcome is influenced by their environment and by the cytokines they are exposed to during
their differentiation. The different CD4* subpopulations exert different roles and produce
different cytokines themselves. Adapted from Saillard M. et al. 207
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5.2.3.3.4 CD8 T cells
The primary role of CD8* T cells is to recognize and eliminate cancerous cells and cells

infected by intracellular pathogens. Mature naive CD8* T cells that leave the thymus will
circulate between secondary lymphoid organs and peripheral tissues. CD8* T cells can bind
their cognate antigen on DCs or directly on target cells. DCs also express high levels of
CD80/CD86 and stimulatory cytokines, resulting in potent co-stimulation of CD8" T cells
through CD28 and activation through cytokine receptors (Fig. 7).1% The stimulation of Naive
T cells by DCs happens mostly in secondary lymphoid organs where CD8" T cells are
guided by their high expression of CCR7 and CD62L.2%%.299 This stimulation of CD8* T cells
results in clonal expansion and differentiation into effector CD8* T cells. Effector CD8" T
cells have increased levels of cytotoxic molecules and cytokines and are primed to
recognize and eliminate target cells. Effector CD8* T cells also have lower levels of CCR7
and CD62L, promoting their egress from secondary lymphoid organs.2%820° They also have
increased levels of other migratory molecules like CCR5 and CXCRS3, facilitating their
migration towards inflamed tissues.?1® When CD8* T cells encounter their cognate antigen
on target cells, the co-stimulatory signals provided by DCs are usually missing. However,
CD8* T cells already primed by DCs can exert their cytotoxic functions and clear the target
cell. The primary mechanism through which CD8* T cells kill target cells is by releasing
cytotoxic molecules towards the membrane of target cells. In this process, antigen-
experienced CD8* T cells recognize target cells through their TCR and form an
immunological synapse by reorganizing their cytoskeleton.?!! This synapse is directed
towards the target cell, allowing the precise release of granules and sparing neighboring
cells. The cytotoxic granules released in the synapse by CD8* T cells contain mainly perforin
and gnzms.?12 Perforin creates holes in the membrane of target cells, and gnzms induce
apoptosis. CD8* T cells can also kill target cells through a different mechanism. These cells
express FasL and TRAIL, both known to cause apoptosis in target cells upon binding their
receptors.?’® The binding of these death ligands to their receptors causes receptor
trimerization. It initiates a signaling cascade leading to the activation of caspase-8 by the
Fas-associated death domain (FADD) that results in apoptosis.?'* Additionally, activated
CD8* T cells can produce cytokines like IFN-y, TNF-a, and IL-2.2%5 |L-2 is a paracrine and
autocrine factor and induces CD8* T cell proliferation, survival, and effector function.216.217
IL-2 has been shown to boost clonal expansion and the expression of antiapoptotic
molecules like Bcl-2.2® Gnzm B and perforin are also increased downstream of this

receptor.?® IL-15 is not produced by CD8* T cells but can also induce their proliferation.
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But, unlike IL-2, IL-15 is less associated with increased effector functions and favors the
differentiation into memory cells (Fig. 8A).??° Inhibitory molecules like PD-1 prevent
indiscriminate and excessive killing by CD8* T cells. (Fig. 7). Like NK cells, the balance
between activating and inhibitory signals will guide the activation state of CD8* T cells and
decide whether target cells are killed. However, this mechanism can be exploited by tumor
cells to avoid killing by CD8* T cells.
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Figure 7 Priming of T cells by APCs is done through a combination of signals. TCR/CD3
binding to their cognate antigen provides signal 1. Signal 2 is given by co-stimulatory
receptors like CD28 and 4-1BB. Signal 3 is given by cytokines. Signal 4 inhibits T cells and
is given through inhibitory receptors like CTLA-4 and PD-1.Adapted from Montironi et al. 221

5.2.3.3.5 Memory T cells
CD4* T helper cells and CD8* T cells exhibit increased effector function when exposed to

their cognate antigen. Most of the time, their activity results in the successful clearance of
the antigen. The immune system can learn from these encounters and build a long-lasting
memory that allows it to respond quicker in the future (Fig. 8B). During immune responses,
a portion of CD4* and CD8* T cells can differentiate into different subsets of memory cells.
A short stimulation of cells favors the differentiation of these cells, while strong and very

prolonged activation favors a dysfunctional phenotype (Fig. 8B-C).??? IL-2 and IL-15 are
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also involved in this differentiation step. Strong IL-2 stimulation has been shown to promote
effector functions but is not as efficient as IL-15 at promoting the differentiation and survival
of memory cells.??3224 |L-2 signaling without engaging the CD25 subunit of the receptor
favors memory T cells similarly to IL-15.225 Stem cell like memory T cells (Tscm) share many
surface markers with naive T cells but co-express memory markers, like CD95, CXCR3, IL-
2RB, CD58 and CD11a.226:22" Tscm are a subset of minimally differentiated T cells with self-
renewal capacity that can differentiate into most T cell subsets, like CM, EM and RM T cells.
Central memory (CM) CD4" and CD8* T cells express high levels of CCR7 and CD62L,
which allow them to home to lymphoid organs where they can rapidly expand and
differentiate into effector cells upon future antigen exposures.??® Interestingly, IL-15 has
been shown to be a potent inducer of Tscwm self-renewal.??® Effector memory (EM) T cells
maintain some expression of effector molecules and do not home into secondary lymphoid
organs. These cells remain in circulation and tissues to respond quicker during future
exposures. Most tissue-resident memory (RM) T cells differentiate from CD8* T cells and
express molecules like CD69, CD103, and CXCR6 that keep them in tissues like the skin
and mucosal barriers where they can rapidly respond.?3° While not lasting indefinitely, all
these memory cells can survive and are ready to respond quickly for many years.
5.2.3.3.6 Dysfunctional T cells

CD4* and CD8* T cells can differentiate into dysfunctional cells with reduced effector
function. Anergy and exhaustion are two forms of dysfunction that result in reduced immune
responses in cancer. In T cells, anergy is favored and was initially described as the state
resulting from the engagement of MHC-antigen complex in the absence of co-stimulation.23?
Other signals such as the inhibition of MTOR can lead to anergy.?3 This situation results in
an incomplete activation downstream of the TCR, leading to reduced proliferation, reduced
cytokine production, reduced effector function, and increased expression of inhibitory
molecules.?®?2 Anergy is important to prevent autoimmunity and tolerate commensal
microbiota and food but is exploited in pathologies like cancer. T cell exhaustion is promoted
by strong and prolonged antigen stimulation of cells (Fig. 8C). While moderate IL-2
activation reduces exhaustion, persistent and strong IL-2R activation can favor it.233
Immunosuppressive cytokines, like TGF-B and IL-10 or T cell inhibitory receptor ligands,
contribute to an immunosuppressive phenotype that also favors T cell exhaustion (Fig.
8A).234235 Additionally, increasing evidence shows that metabolic changes are involved in
this mechanism.?3¢ A progressive loss of function characterizes exhaustion and happens

commonly during chronic infections and cancer. During this progression, cells will increase
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their expression of inhibitory receptors, reduce their expression of effector molecules, and
lose their ability to proliferate. Among others, the array of inhibitory receptors expressed by
cells evolves during this progression and can be used to characterize cells.?>” Exhaustion
is a primary resistance mechanism used by tumors, and modulating its progression can

reinvigorate anti-tumor responses.
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Figure 8 (A) Naive T cels are primed by APCs and become activated. Activated cells can
acquire a memory or effector phenotype that are associated with different activities and
characteristics. Cytokines can influence their outcome. (B) During acute infections a portion
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of the activated T cells differentiate into effector cells and the rest will become memory T
cells. Effector cells eliminate the antigen and differentiate or die by apoptosis. Memory cells
will survive and produce new effector cells in future exposures to the antigen. (C) During
chronic/longer exposures, effector cells will become dysfunctional/exhausted and their
responsiveness will be decreased. Adapted from Gebhardt et al. 238

5.2.3.4 B cells
B cells are the second major adaptive immune system cell population and originate from

the same lymphoid progenitor as T cells. Some evidence suggests they could develop from
common myeloid progenitor cells as well.?3° B cells are responsible for producing antibodies
and diversify their B cell receptor (BCR) similar to how T cells diversify their TCR. In contrast
to TCRs, BCRs bind to their cognate antigens directly without help from MHC molecules.
The BCR comprises chains encoded by three genes with a structure similar to the TCR.
The gene for the heavy chain is composed of V, D, and J segments and a constant region.
The light chains are encoded by the kappa (k) locus and the lambda locus (A) and are
composed of V and J segments associated with C regions. In the bone marrow, cells
recombine their heavy chain’s D and J segments.?*° RAG1 and RAG2 induce recombination
with the same mechanism observed in T cells and some diversity is introduced at junctions
by Terminal deoxynucleotidyl transferase (Tdt).?** The D-J segment is recombined with the
V segment. Cells that successfully rearranged their heavy chains start expressing a
precursor-BCR with surrogate light chains. Next, cells will recombine their light chain’s V
and J segments. Cells express their complete BCR as IgM at their surface and undergo
negative selection to eliminate self-reactive cells. During this process, strongly self-reactive
cells are eliminated by apoptosis, but in some cases, they undergo further light chain V-J
rearrangements to attempt to create a new non-self-reactive BCR.?*? After negative
selection, cells leave the bone marrow and home to peripheral lymphoid organs, where they
undergo further selection and become mature B cells expressing IgM and IgD at their
surface. When naive B cells encounter their cognate antigen, they will undergo further
differentiation into short or long-lived plasma cells or memory B cells. Short-lived plasma
cells secrete large quantities of antibodies, while long-lived plasma cells home to the bone
marrow and provide a sustained production.?*®* Memory B cells do not secrete antibodies
but, similarly to memory T cells, will respond quickly to future exposures. When naive B
cells are exposed to their cognate antigen in germinal centers, Tfh cells can interact with
MHCIll-antigen complexes on B cells through their TCR.?** Tfh provides B cells with
costimulatory signals such as CD40L and cytokines, which are important for somatic

hypermutation and class switch recombination.?*>24¢ During somatic hypermutation,
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activation-induced cytidine deaminase (AID) induces point mutations to the variable region
of the BCR.?*’ B cells expressing BCRs with a higher affinity for the antigen are then
selected. A class switch allows the B cells to produce other types of antibodies like
Immunoglobulin G (1gG), IgA, and IgE by switching the constant region of their BCR.?48
5.2.3.4.1 Antibodies

Antibodies are produced by activated B cells and plasma cells during immune responses,
which have the same antigen binding domain as the BCR on the cells from which they are
secreted. Each antibody monomer is composed of two identical heavy chains and two
identical light chains.?*® The heavy chains bind to each other, and the light chains pair each
with a different heavy chain through disulfide bonds.?*° Both the heavy and light chains
contain a constant and a variable domain.?! The variable domains contain three loops that,
like in the TCR, are called CDR and are responsible for the binding and specificity to their
target antigen.?? The loops involved in the interaction are also called paratopes, and the
target domain they recognize is called an epitope. Like in the TCR, the CDR3 is often the
most critical loop in the paratope and corresponds to the region at the junction between V-
D and J segments, where additional random modifications are introduced during
recombination.?>® The constant domain of the light chains is shorter than that of the heavy
chain, functions as a scaffold, and stabilizes the pairing with the heavy chains. The constant
domain of the heavy chain is more variable, and antibodies are divided into five classes,
IgA, 1gD, IgE, 1gG and IgM, based on differences in this domain. This constant domain is
composed of CH1, CH2, and CHS3 for IgA, IgD, and IgG and of CH1, CH2, CH3, and CH4
for IgM and IgE (Fig. 9).24"2%* The constant domain of the heavy chains is important for the
role of the antibody and determines whether multiple antibodies associate together to form
multimers. The constant region also contains a binding domain for different Fc receptors
that cells can express.?®® The Fc receptor binding domain is crucial as several
characteristics and functions of antibodies, such as activating NK cells, phagocytic cells and
the complement system, rely on binding to Fc receptors through this portion.?°¢ Among the
five classes of antibodies, IgD is primarily expressed as a receptor by naive cells and has
limited functions apart from activating B cells. IgM are pentameric antibodies that are
produced first during immune responses. IgM are very potent activators of the complement
system.?>” IgA, circulating in the serum mainly as a monomer, is often secreted at mucosal
surfaces as a dimer, which is important in the defense against external pathogens. 1gGs,
including four subclasses (IgG1, 1gG2, IgG3 and IgG4) based on differences in heavy chain

constant regions, are the most abundant antibodies in the bloodstream and extracellular
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fluid.?5” The different subclasses are all monomers and have different hinges and disulfide
bonds that affect their flexibility, with 1gG2 being the most rigid and 1gG3 being the most
flexible. IgG1 is the most abundant and binds with high affinity to FcyR. 1gG2 has a lower
affinity for FcyR compared to IgG1. IgG3 has a longer hinge and is a potent activator of the
complement system. IgG4 binds very weakly to FcyR.?®® IgEs are mostly found as

monomers and bind to FceR, expressed by immune cells involved in allergic reactions.
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Figure 9 Class switch allows B cells to express 5 different classes of antibodies: 1gG, IgM,
IgA, IgD and IgE. These classes of antibodies have different constant regions that
differentiate them. They have different structures and different roles in the body. Adapted
from Araki and Maeda.?>*

5.2.4 Immunosurveillance

All the immune system components collaborate to keep the body safe from external
pathogens and dysregulated self-cells. The concept of immunosurveillance posits that these
dysregulated cells interact with the immune system and can be eliminated, at equilibrium or
escape (Fig. 10). In the first case, the immune system will actively eliminate the
dysregulated cells. In the second case, it will fail to eliminate all cells but prevent their
spreading and disease progression. In the last case, the immune cells fail, and the disease
progresses.?®® Immunotherapies are treatments that aim to tilt the balance of this interaction
towards the elimination of the dysregulated cells by favoring the antitumoral activity of

immune cells.
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Elimination

Genetic instabilitytumor heterogeneity

Immune selection

Figure 10 The concept of Immunosurveillance or the 3 “Es”. Elimination: the immune system
eliminates the tumor. Equilibrium: the immune system controls the tumor without eliminating
it. Escape: the immune system fails to control the tumor. Adapted from Alexander and
Yang.260

5.2.5 Tumor immunology

Innate and adaptive immune systems are important and complementary in anti-tumor
immunity. As explained above, cancerous cells develop from healthy cells through the
successive accumulation of mutations. These mutations can have different results: (i)
Mutations leading to reduced protein expression. (i) Mutations leading to increased
expression of a protein. (iii) Mutations leading to mutated proteins.?%! (i) A reduced protein
expression can lead to different advantages for tumor cells. Decreasing the expression of
proteins involved in controlling cell divisions or ensuring the correct DNA replication during
mitosis can increase the growth rate and the genomic instability of dysfunctional cells, which
can also be advantageous. MHC I, as anticipated before, is also often downregulated. The
reduced expression of MHC | results in reduced recognition and killing by CD8* T cells, but
it can also activate NK cells.?52263 (ji) The increase in protein expression that is usually not
expressed or expressed at lower levels allows dysregulated cells to acquire advantages
over healthy cells. Some cancer cells increase the expression of proteins such as Epidermal
growth factor receptor (EGFR) and/or Human epidermal growth factor receptor 2 (HER2)
that can promote their own growth and survival.?64265 HER2, EGFR and other membrane
proteins expressed at levels higher than typically observed are called Tumor-associated
antigens (TAAs). These Cancer cells can also express molecules that suppress immune
responses or modulate their immune environment, such as PD-L1, CCL22, and IL-10.256-
268 (jii) Another possible outcome of mutations is the creation of new proteins due to point

mutations, deletions, or insertions. These new and mutated proteins can either lose or
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acquire functions. Both cases can lead to advantages for dysregulated cells over healthy
cells. The proteins generated in this last case are new, not encoded in the genome of the
other healthy cells, and are called neoantigens. The adaptive immune system can target
the TAAs and the neoantigens that arise from mutations. Both T cells and B cells can target
these antigens. APCs can uptake these antigens and stimulate antitumoral immune
responses that sometimes control or eliminate the mutated cells. However, as these
proteins or similar proteins are natively encoded in the host genome, the negative selection
steps usually eliminate immune cells expressing high-affinity receptors for these antigens,
limiting responses.?5%270 Neoantigens with major mutations have been targeted more
successfully.?’* While immune responses can control or eliminate dysregulated cells and
stop cancer progression, mutations can lead to situations where the abnormal cells escape
their control and cancer develops. To summarize, dysregulate cells use a combination of
strategies, including the downregulation of MHCI, direct inhibitory signals,
chemoattractants, immunosuppressive cytokines, and modifications to their extracellular
space to limit immune cell activation, immune infiltration and make their environment

immunosuppressive.

5.2.6 Cancer immunotherapies
Since their addition to oncologists' toolkit, immunotherapies have dramatically improved the

prognosis for several cancers.?’?2 These treatments exploit the human immune system to
target and eliminate cancer cells. While some earlier immunotherapies were already
pioneered at the end of the 19th century, a recombinant form of hiL-2 became the first FDA-
approved immunotherapy in 1992.273 As our understanding of the immune system and its
interaction with cancer cells widened, immune checkpoint inhibitors (ICI), cancer vaccines,
and adoptive cell therapy (ACT) joined cytokine therapies in the clinic. Cancer vaccines aim
to elicit immune responses against TAAs, neoantigens, or viral proteins in the case of virus-
induced cancers. In the case of HPV-related cancers, the vaccine is prophylactic, but others
are used after the disease has developed.?’# Cancer vaccines rely on the ability of the
adaptive immune system to initiate an immune response against the desired antigen
expressed by cancer cells. Initial vaccines encountered significant hurdles in clinical trials,
but several approaches have made it to the clinic.?’>27¢ ACT consists of the extraction of
immune cells and the injection of these cells back into patients following ex vivo expansion
or modification. Several strategies have been developed, including T-cell therapy, TCR
therapy, chimeric antigenic receptor-T (CAR-T) cell therapy, NK cell therapy, and CAR-NK
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cell therapy (Fig. 11).277278 T cell therapy and NK cell therapy consist of extracting cells from
patients or donors, expanding, stimulating, and sometimes genetically modifying them
before injecting them into patients. TCR therapy is similar but involves changing the TCR of
extracted T cells to recognize specific antigens before injecting them back into patients.
CAR-T and CAR-NK cell therapy introduce chimeric receptors that recognize specific
antigens without being loaded on MHC molecules. Binding to target antigens is sufficient to
initiate the killing of the target cell and is not dependent on other signals.?”® ACT is used
today in the clinic, but it is limited by several factors like toxicity and cost that newer
approaches try to solve.?®® Checkpoint inhibitors target inhibitory pathways of immune cells,
aiming to reinvigorate immune responses against tumor cells. The prolonged exposure to
antigens and the expression of inhibitory receptors such as PD-L1 and CTLA-4 by cancer
or immunoregulatory cells can reduce immune activation and/or lead to exhausted immune
cells. Extensive research and clinical data have shown that blocking these inhibitory
pathways can remove the brake holding down immune responses and lead to long-lasting
patient responses.?®1-285 |pilimumab, an anti-CTLA4 antibody blocking its interaction with
CD80/CD86, became the first ICI approved in 2011. It showed a response rate of 10-15%,
and the responding patients would often have long-lasting responses.?®® Soon after, other
blocking anti-PD-1 and anti-PDL-1 antibodies were adopted in the clinic and demonstrated
convincing clinical benefits in a sub-group of cancer patients.?87.288 Today, drugs blocking
the interaction of inhibitory receptors with their ligands have become the first-line treatment
for several types of cancer.?8%2% While some clinical studies have recently been stopped,
the research in this field is still investigating other inhibitory receptors like TIGIT or TIM-3.
Other groups are focusing on biomarkers or predictive models that can predict the response
to each treatment more accurately.?%-2%4 Despite being the earliest type of inmunotherapy
adopted in the clinic, cytokine therapies are still being studied extensively. A few more
recombinant cytokines have been approved. However, their number is still quite limited
compared to the number that entered clinical trials because of severe side effects. Much of
the research and trials in this field now focus on exploiting these powerful signaling
pathways but limiting their side effects by making them more specific and targeted. Because
of their relevance to this work, IL-2 and IL-15 targeting therapies and their limitations will be

discussed in a dedicated section.
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Approaches for cancer immunotherapy
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Figure 11 Advances have allowed the development of many cancer immunotherapies.
Adoptive cell transfer, immune checkpoint inhibitors, bispecific antibodies and ADCs are
notable examples. Gupta et al.2%

5.2.7 Therapeutic Antibodies

Antibodies have many characteristics that make their structure appealing for the design of
drugs. Among others, antibodies are stable proteins with a relatively long half-life and a well-
defined structure with a constant scaffold and CDRs that can bind their target epitope with
high affinity and specificity. The earliest forms of therapeutic antibodies were produced in
animals exposed to antigens, such as serum obtained from horses exposed to diphtheria
toxins, in a method that awarded Emi von Behring the first Nobel Prize for Medicine and
Physiology in 1901.2°¢ Sera extracted from animals contains a cocktail of antibodies
produced by different B cell clones called polyclonal antibodies. These cocktails were a
breakthrough for treating various conditions but have some limitations. The antibodies
produced by animals differ from human antibodies and can elicit undesired immune
responses. The polyclonal nature of the serum means there is little control over the epitope
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and antigen targeted by antibodies in the serum, leading to considerable variability between
batches and possible off-target binding and toxicity. Antibody technology has gradually
advanced and transitioned to monoclonal antibodies that now dominate the market. A
monoclonal antibody is an engineered antibody with desired specificity produced by a single
cell clone. It has favorable inter-batch consistency and less off-target toxicity comparing to
the polyclonal antibody drugs. Monoclonal antibodies were initially produced through
hybridoma cells obtained by fusing a B cell with an immortalized myeloma cell.227-2% |nitially,
the technology was developed with mouse monoclonal antibodies that could cause
undesired immune reactions in human.3% This technology was refined to make the proteins
less immunogenic by replacing the constant region with human sequences, creating
chimeric antibodies, and later by replacing all but CDRs with human sequences, creating
humanized antibodies.31:392 George P. Smith and Gregory Winter were awarded the Nobel
Prize in 2018 for their pioneering work that led to the development of phage display.30%:303,304
This technology allows for the selection of fully human antibody sequences in vitro. This
technique fuses large libraries of diversified antibody fragments to coat proteins of
bacteriophages. This produces large libraries of bacteriophages that express diverse
antibody fragments at their surface. Bacteriophages with high-affinity sequences for the
antigen can be selected over multiple rounds by incubating them with immobilized target
antigens. The selected sequences can then be reformatted into full-length human antibodies
or other formats. If the affinity obtained is unsatisfactory, sequences can be further
optimized using secondary libraries introducing variations to selected binders.2%® The
sequences produced through phage display technology are then engineered into vectors
under the control of strong promoters. These vectors are often transfected in Chinese
hamster ovary (CHO) cells.2% The best clones of transfected CHO cells are selected to
create stable cell lines and frozen master cell banks for stable and consistent antibody
production. These cells can produce large quantities of antibodies in bioreactors that can
be purified through chromatography and filtration.3%” The purified antibodies produced by
this process have revolutionized the treatment of many diseases, including cancer. The
technology led to the development of Humira, the first fully human monoclonal therapeutic
antibody approved by the FDA for treating rheumatoid arthritis, in 2002. Since then, other
technologies like yeast display, mammalian display and humanized mice have been
developed, but phage display remains the most used approach to generating monoclonal
antibodies.%8 Since its advent, many sequences identified through phage display have been

approved.39%:310 While some exceptions exist, most of the research and the molecules that
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entered the market are reformatted in fully human 1gG backbones. The high stability, long
half-life, ease of production, and well-established effector functions of IgG over other
classes of antibodies are why they have been the first choice of most laboratories.

Recent advances in artificial intelligence (Al) have allowed the development of
computational models that can guide and assist in identifying antibody sequences. In the
future, Al models could replace phage displays, but now, they are primarily used in addition
to experimental approaches.3!!

5.2.7.1 Mechanism of action of therapeutic monoclonal antibodies

When engineering a monoclonal antibody, its backbone, targeted epitope, and affinity are
generally the most important characteristics that will influence its mechanism of action. As
previously mentioned, monoclonal antibodies are often built on an IgG backbone, but the
subclass of choice will depend on desired features. IgG1 is the most used backbone, and it
is chosen for its long half-life and/or the affinity of its Fc portion for FcyR. IgG1 antibodies
are usually potent activators of NK cells, phagocytosis, and the complement system.312:313
lgG2 is rarely chosen, but its rigid structure and limited activation of the immune system
make it an appealing option in some specific cases.3'* IgG3 are potent activators of the
complement system, but their long and flexible structure makes them relatively unstable and
limits their applications.3'® IgG4 has a long half-life without binding FcyR and activating the
immune system. It is the second most used IgG backbone and limits inflammation compared
to IgG1.31% The targeted epitope is the second characteristic that will guide the mechanism
of action of antibodies. The engineered antibodies can be used to block or activate signaling
pathways. A common strategy to block a pathway is to engineer an antibody binding with
high affinity to a receptor or a ligand near their binding domain to block their function.37.318
This is the primary mechanism of action of checkpoint inhibitors such as Ipilimumab,
Pembrolizumab, Nivolumab, and Atezolizumab. These molecules engage inhibitory
receptors (CTLA-4 for Ipilimumab and PD-1 for Pembrolizumab and Nivolumab) or their
ligand (PD-L1 for Atezolizumab) to prevent their interaction and reinvigorate immune
responses in cancer.?®1-228 Monoclonal antibodies can be tuned to activate pathways on the
opposite side of the spectrum. Induced clustering of target receptors through cross-linking
and stabilizing receptors in their active state are some of the possible mechanisms. For
example, Urelumab targets and induces clustering of the co-stimulatory receptor 4-1BB,
leading to increased proliferation, survival, and effector functions of CD8* T cells.3!® The
affinity of antibodies is a key feature of antibodies, and for many years, the tendency was

to achieve the highest possible affinity for any target. While this approach might still be valid
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for blocking antibodies targeting molecules not expressed by healthy cells, the decision
regarding the ideal affinity for agonistic antibodies is very likely more complex.3?° Depending
on the mechanism of action, aiming for more moderate affinities could prove advantageous
in some cases. Therapeutic monoclonal antibodies are highly versatile structures that can
be tuned and modified for different purposes.

5.2.7.2 Evolution of monoclonal antibodies

After the revolution brought about by monoclonal antibodies, the technology has been
developed further. Some notable advances in the field have been the development of
antibodies with modified Fc portions, antibody-drug conjugates (ADCs), and bispecific
antibodies (bsAbs) (Fig. 11).3%!

As already illustrated, the Fc portion is a key part of antibodies, and engaging the Fc
receptors expressed by different cells can drive some of its functions. While the choice of
IgG subclass offers some variety regarding the Fc receptor, further research into the
interaction with immune cells allows us to modify this segment to fit the needs of a project.3??
Today, we can either increase the affinity for specific Fc receptors or abrogate the binding
without compromising the structural integrity of antibodies.3?* Many IgG1 today are built
using specific mutations to their Fc portion to abrogate their binding to FcyR and avoid
immune activation while benefitting from other advantages of the subclass.3?* ADC is a
class of molecules where two technologies join hands to benefit from each other’s strengths.
Antibodies can be engineered to have very high affinity and specificity for surface protein,
but while some induce signaling directly, most rely on the immune system to clear their
target. On the other hand, small molecule drugs can be highly efficacious due to their high
cytotoxicity on cancer cells but highly toxic due to their non-selective effects on healthy
cells.3?5 ADCs deliver these powerful cytotoxic molecules to their target cells by conjugating
them with highly specific antibodies.3?® An example is Trastuzumab emtansine (Kadcyla)
where the already FDA-approved anti-HER2 Trastuzumab in conjugated with Mertansine.
The FDA approved this combination in 2013 as it offered survival benefits to patients
resistant to Trastuzumab alone.3?” BsAbs are another important development in monoclonal
antibody technology. A portion of bsAbs in the human body assemble naturally in the
extracellular space from IgG4 antibodies because of the weak interaction between their
heavy chains.3?® Several strategies have been adopted to produce bsAbs with higher
efficiency compared to what would be possible by relying on natural assembling. Here, | will
present the concept and evolution of CrossmAb technology and kA-technology, the two

strategies used in this project, but many other strategies exist. In 1983, the quadroma
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technology was the first method to produce bsAbs.32° In this method, two hybridomas that
produce different antibodies are fused. The fused cell would produce two heavy chains and
two light chains that would randomly combine. This method was inefficient; on average, only
1/16 of the antibodies produced would be the desired bsAb. In 1996, Genentech developed
Knob-into-hole (KIH).23° This technology applies small modifications to monoclonal antibody
sequences to produce bsAbs more efficiently than before. Vectors transfected into cells to
produce traditional monoclonal antibodies contain the sequences for one heavy chain and
one light chain that will be paired by themselves. KIH uses tetracistronic vectors (vectors
designed for four genes). The innovation comes from the introduction of a bulky amino acid
in the CH3 domain of one heavy chain (knob) and a few small amino acids in the CH3
domain of the other heavy chain (hole) that will favor the heterodimerization of these chains.
The vector also encodes for the light chains that will pair randomly to the heavy chain,
bringing the efficiency to around 25% of the antibodies produced, which is the desired bsAb.
Other mutations taking advantage of the attractive forces between positively and negatively
charged amino acids have also been studied.33! CrossMab is a technology developed by
Roche in 2010 and is an evolution of the KIH technology.33*? CrossmAb combines the
mutations in the CH3 region with other asymmetric mutations that will favor the correct
pairing of light chains. This is achieved by introducing paired mutations in the CH1 domain
of one heavy chain and complementary mutations in the constant region of the partner light
chain that will increase their affinity for each other. On the other side, the CH1 domain of
the heavy chain will be replaced with the constant region of the light chain and vice versa.
At the interface between the constant and variable regions, “Elbow sequences” are flexible
segments added to allow more freedom for the swapped domains to fold properly and
maintain the binding specificity. The yield of CrossMab is much higher than that of older
methods and can reach upwards of 90%. One of the downsides of Cross-mAbs is that, while
they allow for higher yields, the mutations introduced lead to sequences not naturally found
in human antibodies and increase the risk of immunogenicity. kA-bodies, the other bsAb
technology used in this project, uses a different approach to increase the yield without
introducing mutations to minimize immunogenicity.®3® This approach uses tricistronic
vectors encoding one fixed heavy chain, one k light chain, and a second A light chain. The
heavy chain is common to both arms in this format, and the light chains drive the specificity.
Once transfected with these vectors, cells produce monoclonal antibodies and about 50%

of kA-bodies. These antibodies can be purified through resins specific to the different light
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chains. Both these technologies have specific advantages, and bsAbs were successfully
produced and purified using both technologies in this project.

The possibility of bsAbs to engage two different epitopes has opened the doors for new
opportunities and mechanisms. BsAbs against multiple antigens on target cells are used to
reduce off-tumor effects.33* BsAbs targeting surface proteins on different cells can redirect
immune cell activity. T cell engagers (TCE) bind to an antigen on target cells and a surface
protein on T cells (often CD3 or CD28). This approach is promising and the FDA has
approved some TCE for cancer.33>3% Bringing together different molecules allows for
activating new pathways or inhibiting multiple ones concomitantly. Companies have
developed monoclonal antibodies even further and merged it with other strategies or
created molecules with a different structure, some of which can engage even more

epitopes.337:338

5.2.8 IL-2 targeted therapies and limitations
Despite its early approval, Proleukin has a few downsides that limit its applications in the

clinic. Proleukin's antitumoral activity's primary mechanism of action is the expansion and
activation of immune cells such as CD8* T cells and NK cells.®3° The main limitations of
Proleukin are linked to its toxicity and the relatively low percentages of responding patients,
with objective response rates of 14% and 16% for renal cell carcinoma (RCC) and
metastatic melanoma (MM), respectively.34%341 Proleukin has a very short half-life and is
given over two cycles of up to 14 doses at 600°000 1U/kg 3 times daily to treat both RCC
and MM. This regimen is very inconvenient for patients, and the high doses injected lead to
strong systemic activation, resulting in severe toxicities and, sometimes, death.34? Patients
undergoing Proleukin treatment can develop Vascular leak syndrome (VLS), hypotension,
pulmonary edema, renal failure, diarrhea, and others. Another problem stems from the
different sensitivity of different cell lines to the cytokine. Tregs, the only immune cell
population expressing CD25 constitutively, are the most sensitive cells to IL-2.161 High
doses can sometimes overcome the superior sensitivity, but in Treg-rich TMEs, it is not
necessarily enough to tilt the balance.

Over the years, laboratories have designed different strategies to safely harness the
potential of IL-2 activation in cancer and reduce activation of Tregs. This section is not an
exhaustive compendium of all IL-2 targeting drugs developed but aims to showcase a few
molecules from the diverse repertoire of strategies. IL-2 targeting molecules can be divided
between (i) molecules that engage the native receptor similarly to IL2 (unbiased IL-2
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strategies), (ii) molecules that decrease or abrogate binding to CD25 (not-alpha strategies),

and (iii) molecules that modify the affinity to the other IL-2R subunits.

(i)

(ii)

Unbiased IL-2 strategies

Polyethylene glycol IL-2 (PEG-IL-2). Recombinant native IL-2 was conjugated to
several PEG molecules to increase the half-life.34 This molecule has a half-life
10-20 times longer than Proleukin and showed promising results in mice. The
molecule was evaluated in clinical trials but didn’t go past phase |. One trial
showed similar toxicity to high-dose IL-2. Another trial evaluated PEG-IL-2 in
combination with IL-2 and did not show an improvement in antitumor activity
compared to IL2 alone.34

APN-301 is obtained by fusing WT IL-2 at the C terminus of anti-GD2 antibodies.
GD2 is present at the membrane of some tumor cells and is used to guide WT IL-
2 to the tumors. Phase | and Il clinical trials showed similar anti-tumor activity and
toxicity to Proleukin and suspended development.345346

WTX-124 consists of a WT IL-2 fused through cleavable linkers to a domain that
prevents IL-2 engagement on its receptor and a second domain that extends its
half-life. The linkers used are cleaved by proteases that are preferentially
expressed within tumors.®*’ In mouse models, the molecule showed significant
anti-tumor activity that was not observed with uncleavable linkers. Preclinical data
also suggested that WTX-124 has a larger therapeutic window compared to IL-2
and leads to a higher CD8* T cell/Treg ratio. WTX-124 is still undergoing phase |
clinical trials as a monotherapy and in combination with pembrolizumab.
Preliminary data from the WTX-124 trial as monotherapy suggests a favorable
safety profile with signs of antitumoral activity.34

Not-alpha strategies

Bempegaldesleukin is a recombinant IL-2 conjugated with 6 PEG chains. The
chains are strategically placed to block binding to CD25 and reduce activation of
Tregs. Bempegaldesleukin is injected as a prodrug with reduced activity and
becomes fully active over time when the PEG chains are released. Preclinical
data was very promising, and preferential activation of NK cells and CD8* T cells
compared to Tregs was reported.34° Early clinical trials suggested a relatively safe
profile and hopeful signs of activity when combined with checkpoint inhibitors.3%°
Controversially, in phase Il clinical trials, Bempegaldesleukin did not meet

satisfactory antitumor activity and safety profiles and was discontinued.35?
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Nevamleukin is an engineered IL-2 fused with CD25 to block binding to trimeric
IL-2 receptors on cells and extend the half-life.3>2 Nevamleukin was tolerated and
showed encouraging antitumor activity in early trials.3> It is currently in a phase
[l trial in combination with Pembrolizumab and is being compared to
chemotherapy in platinum-resistant ovarian cancer, making it the most clinically
advanced IL-2 targeting cancer immunotherapy.3>* Encouragingly, reports from
several of these trials also showed the expansion of NK and CD8* T cells in
patients.
Roche has developed RO7284755 based on Cergutuzumab amunaleukin and
Simlukafusp alfa, two older IL-2 targeting molecules from their portfolio.353%
They used the same not-alpha IL-2 variant from these molecules and fused it with
an anti-PD-1 blocking antibody. In preclinical data, they demonstrated superior
antitumor activity compared to their previous molecules. Their data shows that
the PD-1 antibody drives preferential activation of memory CD8* T cell subsets.3%’
This molecule is currently in phase |1 clinical trial as monotherapy and combined
with Atezolizumab.358
(i)  CD122/CD132 biased IL-2
MDNA11l is a mutated IL-2 with an increased affinity for CD122 and no
engagement of CD25, and is fused to albumin to increase its half-life. Preclinical
data showed superior CD8* T cells and NK cell activation compared to IL-2.3%°
The molecule is being evaluated in a phase /1l clinical trial that is still recruiting.36°
The strategies presented here use a variety of approaches to overcome the limitations of
Proleukin. Most strategies manage to increase the limited half-life. To activate CD8* T cells
and NK cells while limiting the activation of the immunoregulatory Tregs, the most popular
strategy adopted by laboratories is to modify the affinity of their drug for the subunits of the
IL-2 receptor. Most drugs in this class have reduced binding affinity to CD25 as the subunit
is constitutively expressed only by Tregs. MDNAL11 adopted a different strategy and aims
to promote antitumoral immune responses with an increased binding affinity to CD122,
which is expressed at higher levels in CD8* T cells.159160.361 A few strategies are also
attempting to limit peripheral activation. Two examples are WTX-124 and RO7284755.
While the cleavable linkers of WTX-124 are preferentially expressed within tumors,
molecules with cleavable linkers that have entered the clinic are known to be partially
cleaved in the serum. RO7284755 uses an anti-PD-1 antibody to preferentially direct the

activity of its IL-2 variant to tumor-specific T cells. This strategy can potentially reduce
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toxicity but cannot entirely avoid the activation of peripheral cells. The data presented
regarding many IL-2 targeting drugs is very promising, but an approach with the potential to
overcome all the limitations of Proleukin is still missing.

IL-2 is also being studied in combination with ACT, as its addition can extend the survival
of the injected cells. Interestingly, pairs of mutated IL-2 and IL-2R (called orthogonal IL-2/IL-
2R) that interact with each other but not with the WT cytokine and receptor have been
developed.3%? Studies evaluate the use of these orthogonal pairs as an alternative to
supplementing WT cytokines to reduce toxicity. One of these pairs is being evaluated for

non-renal systemic lupus erythematosus and lupus nephritis.363

5.2.9 IL-15 targeted therapies and limitations
IL-15 has been an attractive cytokine for cancer immunotherapies for several reasons. Its

importance for NK cells, CD8* T cells, and the memory compartment of T cells, combined
with the lack of preferential activation of the immunoregulatory Tregs observed for IL-2,
attracted interest from multiple laboratories. The development of IL-15 targeting therapies
is complicated as the cytokine and signaling pathway have some limitations, the main one
being its short half-life. In 2024, N-803 was evaluated in combination with Bacillus Calmette-
Guérin (BCG) in bladder cancer and became the first approved IL-15 targeting drug.®* N-
803 results from the fusion of an IL-15Ra sushi domain with the Fc domain of an IgG1 and
an IL-15 mutein with increased binding to CD122. The IL-15Ra sushi domain mimics cross-
presentation, and the Fc domain increases the half-life and allows dimerization. The
superagonist is injected directly inside the bladder, which allows for avoiding toxicity.
Clinical trials of other IL-15-targeting drugs are ongoing, and some have already been
discontinued. While IL-15 targeting strategies are less diverse, NKTR-255 is a recombinant
IL-15 conjugated with PEG molecules that don’t impair activity but extend the half-life.
Preclinical data demonstrated superior antitumor activity compared to native recombinant
IL-15.365 NKTR-255 is currently being studied in phase | and Il clinical trials combined with
checkpoint inhibitors and ACT.366

A few other molecules are currently being studied, but most rely on similar mechanisms as
N-803, as the majority are fusion proteins or complexes with domains or proteins mimicking
IL-15Ra and extending the drug’s half-life. Similarly to IL-2, IL-15 is also being used in
combination with ACT, as IL-15 can extend the survival of the injected cells.3¢7

Both IL-2 and IL-15 targeting drugs have demonstrated impressive activity in preclinical
models. No IL-2 targeting therapy since the approval of Proleukin has managed to get FDA
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approval for cancer. N-803, an IL-15 targeting superkine, was approved 2024 to treat
bladder cancer. While both pathways have great potential to be applied to broader cancer
applications, a method capable of harnessing their potential while overcoming their

limitations is still missing.
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6 Aims

The goal of my thesis is to demonstrate that the IL-2/IL-15 pathway can be activated

selectively within tumors through pairs of bsAbs. The thesis involves using a first bsAb that
targets CD122 and a TAA, and a second bsAb that targets CD132 and the same or a

different TAA. This broad goal can be divided into several more tangible aims:

1.

Engineer and produce the pairs of bsAbs: the aim is to produce pairs of bsAbs.
Sequences of described antibodies are cloned into crossmAb backbones to create
bispecific antibodies. Antibodies developed by phage display are combined into kA-
bodies. Antibodies are produced and purified, and their binding is verified.
Demonstrate the selective activity of pairs of bsAbs: the goal is to evaluate the
TAA-dependent agonistic activity of pairs of bsAbs. This involves investigating the
effect of pairs of bsAbs on IL-2/IL-15 signaling with or without TAA and their ability to
favor the killing of TAA* tumor cells.

Evaluate the effect of bsAbs: the thesis aims to establish a relevant mouse tumor
model to analyze the effect of pairs of bsAbs on the tumor microenvironment and
peripheral tissues with a focus on T and NK cells.

Evaluate the safety profile of pairs of bsAbs: the study aims to compare the safety
profile of pairs of bsAbs with Proleukin in mice. The goal is to evaluate the tolerability
of bsAbs through clinical signs and systemic signs of immune activation.

Evaluate antitumor activity of pairs of bsAbs with checkpoint inhibitors: the
thesis aims to evaluate the effect of pairs of bsAbs combined with checkpoint
inhibitors in mice. This includes following tumor growth and dissecting the tumor

microenvironment.
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7 Results

The original Manuscript for this thesis was submitted in September 2024 to the Journal for
ImmunoTherapy of cancer (JITC). The current version of the manuscript included here was
modified to meet the reviewers’ expectations and was resubmitted to JITC in February 2025.
This manuscript embodies the core of my PhD thesis. | was involved in all experiments
presented in this manuscript and had a leading role in all experiments using HER2-targeting
bsAb pairs. | analyzed the data, created the graphs of the in vitro section of the article and
| was involved in the analysis and in the interpretation of the rest of the article. | performed
experiments involving primary human NK cells and bsAb combinations targeting different
TAAs that were asked during the revision of the manuscript. | wrote the initial manuscript
draft with Eric Hatterer and Limin Shang, with whom | also collaborated to review the

manuscript and to write the rebuttal letter to the reviewers.
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Selective activation of interleukin-2/interleukin-15 receptor signaling in tumor
microenvironment using paired bispecific antibodies
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ABSTRACT

Background: Owing to their roles in promoting T cell and Natural Killer (NK) cell activation and
proliferation, interleukins-2 (IL-2) and -15 (IL-15) have been pursued as promising pathways to
target in cancer immunotherapy. Nonetheless, their wider therapeutic application has been
hampered by severe dose-limiting toxicities including systemic cytokine release and organ edema
for IL-2, and inconvenient intra-tumoral administration for IL-15. To address these safety issues,
we generated IL-2R/IL-15RXTAA (Tumor associated antigen) bispecific antibody (bsAb) pairs to

selectively activate IL-2R signaling in the tumor microenvironment.
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Methods: Each bsAb pair is composed of one bsAb targeting CD122 and a TAA epitope, and the
other bsAb targeting CD132 and the same or a different TAA epitope. In vitro assays were
performed to characterize the IL-2R/IL-15R agonistic activity of the bsAb pairs, as well as their
capacity to enhance T-cell mediated killing of TAA* malignant cells. Using a syngeneic mouse
tumor model, in vivo biological activity and systemic toxicity of the bsAb pairs were assessed in
comparison with IL-2. The in vivo anti-tumor activity was assessed in combination with an anti-
mPD-1 monoclonal antibody.

Results: We demonstrated with two different TAAs (human epidermal growth factor receptor 2
(HER2) and mesothelin (MSLN)) that the CD122xTAA/CD132xTAA bsAb pairs mediate effective
activation of immune cells exclusively in the presence of TAA* tumor cells. In syngeneic hMSLN-
MC38 tumor-bearing mice, the CD122xMSLN-1/CD132xMSLN-2 bsAb pair promotes selective
activation and expansion of NK cells and central memory CD8* T cells inside the tumor without
inducing organ edema or systemic cytokine release, two well-known manifestations of IL-2
associated toxicity. In combination with checkpoint inhibitor anti-mPD-1, the bsAb pair boosts the
accumulation of CD8* effector T cells and NK cells, leading to a favorable CD8* T cell to CD4*
regulatory T cell (Treg) ratio for a more robust inhibition of tumor growth.

Conclusions: Overall, the findings suggest that this innovative therapeutic approach effectively
leverages the anti-tumor activity of IL-2 and IL-15 pathways while minimizing their associated
systemic toxicities. This dual bsAb format holds potential for broader application in other
immune-activating pathways.

Key messages

What is already known on this topic — IL-2 and IL-15 agonists have been approved as cancer

therapies. However, their clinical application has been impeded by systemic toxicities.
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What this study adds — We demonstrated that IL-2/IL-15R signaling can be selectively activated
within the tumor, thereby minimizing associated systemic toxicities, by utilizing a bsAb pair
consisting of CD122xTAA and CD132xTAA bsAbs.

How this study might affect research, practice or policy — This strategy could pave the way for

safer anti-tumor therapies targeting immune-activating cytokines.

INTRODUCTION

IL-2 and IL-15 are two closely related T cell- and NK cell-stimulating cytokines that share two
signaling receptor subunits, IL-2/IL-15 receptor beta (IL-2RB, IL-15RB, also known as CD122) and IL-
2/IL-15 receptor gamma (the common gamma chain or CD132). Each of the two cytokines has a
specific receptor subunit (IL-2Ra/CD25 for IL-2, IL-15Ra/CD215 for IL-15), which enhances the
binding affinity of the cytokines to the signal transduction receptor subunits [1]. Owing to their role
in promoting T cell and NK cell activation and proliferation, IL-2 and IL-15 have been pursued as
promising therapeutic targets in cancer immunotherapy [2]. High dose of recombinant human IL-2
(hIL-2/Proleukin) has been approved for the treatment of metastatic renal cell carcinoma and
metastatic melanoma. However, severe toxic effects due to systemic activation, the most severe
being vascular leaking syndrome (VLS), culminating in multi-organ edema and damage, have limited
its clinical use [3,4]. Another complication with IL-2, which is not a concern for IL-15, is that high
affinity trimeric IL-2R (comprising CD25, CD122 and CD132) is constitutively expressed on Tregs. A
low dose of IL-2 preferentially stimulates Tregs and suppresses immune response. Thus, high dose

of IL-2 is required to stimulate immune activation, which also increases the risk of toxicity.

Both direct activation of high affinity IL-2 trimeric receptor on endothelial cells and natural
killer (NK) cell-mediated cytokine release have been shown to be involved in IL-2-induced systemic

toxicity [5,6]. To mitigate endothelial cell-mediated toxicity and Treg activation, one approach is to
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reduce IL-2 binding to IL-2Ra, which is expressed on endothelial cells and renders them highly
sensitive to IL-2. This so-called "not-alpha” strategy can be achieved by different approaches [7-13].
However, a pegylated IL-2, NKTR-214, although achieving favorable CD8* T cell/Treg ratio, showed
comparable toxicity to non-modified IL-2 (Proleukin), which limited its dose escalation [3],
suggesting that not-alpha strategy alone may not be enough to mitigate IL-2-associated toxicity in
patients. As NK cells constitutively express only the intermediate-affinity IL-2 dimeric receptor
composed of CD122 and CD132, efforts have been made to develop IL-2 variants with reduced
binding to CD122 to mitigate NK-mediated toxicity. Unfortunately, one such molecule, BAY50-4798,
showed similar toxicity profile to that of non-modified IL-2, suggesting that reducing NK cell

activation may also not be sufficient to mitigate IL-2-associated toxicity [14].

Considering that reducing systemic activation of endothelial cells or NK cells appears
insufficient to mitigate IL-2-associated toxicity, further avoidance of systemic IL-2 activation may be
required to achieve this goal. Various approaches have been explored to guide IL-2 activation
specifically in the tumor microenvironment (TME). A potential strategy involves engineering pro-IL-
2 with an attached masking element to prevent systemic activation [15,16]. However, while
cleavage of the mask occurs more in tumors, the cleavage has been observed in human serum, and
cleaved IL-2 has been detected in the blood of treated mice [15,17]. IL-2-linked to a tumor targeting
antibody is also used to guide IL-2 activation preferentially in the TME [18-20]. As the IL-2 part of
the molecule is not masked, the molecule is still active systemically. A further development of this
strategy is to split an IL-2-mimetic molecule into two separate fragments. Each fragment is linked
to a separate anti-TAA antibody. Upon binding of the two IL-2-mimetic fragment-anti-TAA
conjugates to TAA on tumor cells, the two fragments of the IL-2-mimetic will be brought into
proximity and induce receptor activation [21]. However, the two fragments of the IL-2-mimetic

could bind to each other in the absence of TAA and potentially cause systemic activation.
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We present a novel strategy for selectively activating IL-2/IL-15 receptors within the TME using a
pair of bsAbs. One bsAb has an arm that binds to CD122, while the other targets a TAA. The second
bsAb binds to CD132 on one arm and either the same TAA-epitope or an alternate TAA-epitope
(Figure 1A). In circulation, these bsAbs cannot activate the CD122/CD132 receptor because TAAs
are not expressed outside the tumor. However, within the tumor, binding to the TAA brings the two
bsAbs into proximity, allowing their CD122 and CD132 binding arms to engage receptors on tumor-
infiltrating T cells or NK cells, triggering receptor activation. Our findings from mouse models

highlight the TME-specific activity and improved safety profile of this innovative approach.

METHODS

Reagents and cell lines

The reagents and cell lines used in this study were listed in the online Supplemental Tables 1-2.

IL-2 reporter cell assay

Reporter cell assays were performed using HEK-Blue IL-2 and/or HEK-Blue CD122 / CD132
following the manufacturer’s recommendation with bsAb combinations added onto 50000 reporter
cells and 150000 TAA-coated streptavidin microspheres or 150’000 NCI-N87 cells. Absorbance at

640 nm was acquired using a SpectraMax-i3x (Molecular Devices).

Characterization of pSTAT5 induction

In 96-well plates, NK-92 cells, PBMCs or purified human NK cells were stained with Fixable
Viability Dye eFluor 506, washed and incubated with Fc Block. NK-92 and primary human NK cells
were stained with anti-CD45 antibody while PBMCs cells were stained with anti-CD3, -CD45, -CD4,
-CD8, -CD14, -CD19, and-CD56 antibodies. Cells were incubated with Proleukin or with TAA-

expressing tumor cells and bsAbs at 37°C for 30 min. Cells were fixed, washed and permeabilized.
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NK-92 and primary human NK cells were stained with an anti-pStat5 antibody while PBMCs were
stained with an anti-pStat5 and an anti-Foxp3 antibodies (antibodies are listed in Supplemental

Table 3).
TDCC and ADCC assays

1.5 million PBMCs were incubated with 1.5 million target tumor cells and a suboptimal dose
of H4G5-Trastuzumab for 72 h in 6-well plates. PBMCs were distributed in 96-well plates with fresh
target tumor cells (effector:target ratio 10:1) and bsAbs or Proleukin for 72 h. 200’000 isolated NK
cells were incubated with 10°000 NCI-N87 cells overnight at 37°C in presence of 30 nM
CD122xMSLN-1/CD132xMSLN-2 bsAb pair in 96-well plates. A suboptimal dose of Trastuzumab is
added and plates are incubated for 6 h at 37°C. After incubation, specific killing was measured with
CellTiter-Glo® Luminescent Cell Viability Assay following manufacturer’s recommendations (Specific

lysis = 100-[(100xSample mean)/Effector&Target mean]).
Tumor Model in vivo

Female hCD122 / hCD132 Kl mice (Biocytogen, 6-8 weeks old) with established hMSLN-
MC38 tumors were treated in a Specific Pathogen-Free room of the animal facility with vehicle
(PBS), Proleukin or CD122xMSLN-1/CD132xMSLN-2 bsAb pair. Proleukin was dosed
intraperitoneally (i.p.) at 3 mg/kg daily for 5 consecutive days; bsAb combination was dosed
intravenously (i.v.) at 10 mg/kg twice weekly for 1 week. All treated animals were included in
analysis. To analyze the TME, tumors were harvested 5 days after treatment initiation for analysis
by flow cytometry. Tumors, spleens and lungs were analyzed for immune cell infiltration and
phenotype (antibodies listed in Supplemental Table 4). Separately, to evaluate tumor growth
control, hMSLN-MC38 tumor bearing mice were treated intravenously twice weekly for 2 weeks

with vehicle (PBS), anti-mPD-1 (5 mg/kg), CD122xMSLN-1/CD132xMSLN-2 bsAb pair (10 mg/kg) or
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both anti-mPD-1 and bsAb combination. To analyze the TME, tumors were harvested 9 days after
treatment started for analysis by flow cytometry. For both experiments, tumor sizes were measured
3x/week using a caliper (Tumor volume [mm?3] = Length x Width? x 0.5 and % of Tumor growth
inhibition (at time = t) = {1-[(mean Tumor volume (t)-mean initial tumor volume)/(mean control
tumor volume (t)-mean initial control tumor volume)]x100). To compare the probability of survival
between treatment groups, Kaplan-Meier survival curves were generated. Mice with tumors > 1500

mm?3 were euthanized.

IL-2—-induced Toxicity in vivo

hCD122 / hCD132 Kl mice engrafted with hMSLN-MC38 tumors, received vehicle (PBS),
Proleukin (5 mg/kg daily i.v. for 5 days) or bsAb combination (10 mg/kg biweekly i.v. for 1 week).
Body weight was measured 3x/week. On sacrifice day, lungs and spleens were weighed and
processed for immune profiling via flow cytometry. TNF-a and IFN-y levels in the serum were

determined using MSD kits following manufacturer’s instruction.

Human whole blood cytokine release assay

Cytokine secretion was detected using fresh human whole blood collected from healthy
individuals (with Heparin-Lithium). 20X concentrated test articles were added to each well of a
sterile 96-well round bottom plate: Cetuximab (negative control, 300 nM), Proleukin (1000 nM),
and CD122xMSLN-1/CD132xMSLN-2 bsAb pairs (300 nM each). Fresh human whole blood was
incubated with test articles at 37°C overnight. Samples were centrifuged and plasma was
transferred to a 96-well microplate and kept frozen (-80°C) until MSD analysis of TNF-a and IL-6

levels.

Tissues immune profiling via flow cytometry
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Single cell suspensions were stained for viability, washed with staining buffer and incubated
with purified rat anti-mouse CD16/CD32. Fluorescent-conjugated antibody mix (extracellular
markers - Supplemental Table 4) was added to the cell suspension. For bsAb tissue distribution
anti-human Fc were used (Supplemental Table 4). If no intracellular staining was needed, stained
cells were washed and fixed. For intracellular staining, samples were stimulated with
PMA/ionomycin for 4 h, washed with staining buffer, fixed and permeabilized (Supplemental Table
4). Cells were incubated first with rat anti-mouse CD16/CD32 and, later, with antibody mix

(intracellular staining- Supplemental Table 4).

Statistics

Statistical analyses were performed using GraphPad Prism Software, version 10. Differences
between multiple groups were determined using a one-way analysis of variance (ANOVA) with
multiple comparison test. P values are the following * = P < 0.05; ** = P < 0.01; *** = P < 0.001;
**%* = P < 0.0001. Statistical difference between survival curves was calculated using the log-rank

(Mantel-Cox) test with the Bonferroni correction comparison.

RESULTS
CD122/CD132xTAA bsAb pairs induce IL-2/IL-15 signaling in reporter cells

We hypothesize that, in the presence of TAA-expressing cells, a bsAb pair of CD122xTAA and
CD132xTAA could bring CD122 and CD132 into proximity on immune cells and induce CD122/CD132
dimeric receptor signaling by trans-engaging TAAs on tumor cells (Figure 1A). To this end, we
generated bsAbs, with one arm targeting either human CD122 or human CD132 and the other arm
targeting distinct epitopes on human HER2, referred to as HER2-1 and HER2-2 or MSLN, referred to
as MSLN-1 and MSLN-2, using antibody arms pre-existing or generated in house with phage display

(Supplemental Figure S1A-C). In the presence of HER2-coated microspheres to mimic HER2-
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expressing cancer cells, CD122xHER2-1/CD132xHER2-2 bsAb pair, but not an individual bsAb,
activated IL-2/IL-15 signaling in reporter cells to a level similar to that induced by recombinant
human IL-2 (rhIL-2) (Figure 1B). Importantly, the activation is reliant on TAA as the bsAb pair did not
activate cells when combined with irrelevant TAA-coated microspheres (Figure 1B). IL-2R agonistic
activity was confirmed using HER2* NCI-N87 cells instead of HER2-coated beads (Figure 1C). The
approach is not limited to HER2 since the CD122xMSLN-1/CD132xMSLN-2 bsAb pair, but not an
individual bsAb, also activated reporter cells in the presence of MSLN-coated microspheres (Figure
1D). When testing bsAb pairs targeting different MSLN epitopes, different reporter activation
profiles were observed with bsAb pairs targeting different TAA epitope combinations (Figure 1E and
Supplemental Figure S2A). The CD122xMSLN-1/CD132xMSLN-2 pair, with MSLN-1 arm targeting a
membrane-proximal epitope and MSLN-2 arm targeting a membrane-distal one, showed the
highest potential to induce reporter cell activation and thus was selected for further study. A similar
epitope-dependent phenomenon was also observed with HER2-targeting bsAb pairs (Supplemental
Figure S2B). We also evaluated bsAb pairs targeting the same TAA epitope and demonstrated that
this approach can activate signaling for both MSLN- and HER2-targeting bsAbs. While there was
some loss of potency when targeting the same epitope for MSLN, this reduction was not observed
for HER2 (Figure 1F and Supplemental Figure S2C). Altogether, we demonstrated with two different
TAAs that IL-2/IL-15 signaling can be activated through combinations of bsAbs that bring CD122 and
CD132 into proximity in a TAA-dependent manner.
CD122/CD132xTAA bsAb pairs induce STAT5 phosphorylation in NK cell line and human
peripheral blood mononuclear cells (PBMCs)

In a more physiologically relevant system, we tested the concept with the human NK cell
line, NK-92 cells, in the presence of cancer cells expressing different levels of target TAAs. IL-2/1L-15

signaling was evaluated by measuring the level of phosphorylated STATS5 (pSTATS5), a transcription
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factor downstream of the IL-2/IL-15 R signaling. The CD122/CD132xHER2 bsAb pair induced
substantial increase of pSTATS in presence of NCI-N87 cells, the tested tumor cell line with ~400k
HER2/cell, while it induced a lower level of pSTATS5 in presence of JIMT-1 cells, a cell line with ~69k
HER2/cell. When incubated with MC38-hHER2, an engineered cell line with ~44k HER2/cell, we
observed only marginal levels of pSTAT5 (Figure 2A, left panel, Supplemental Table 2). The TAA-
density-dependent pSTATS increase was also observed with the MSLN-targeting bsAb pair, with the
difference that the MSLN bsAb pair was more potent at inducing pSTATS5 towards cell lines
expressing lower levels of MSLN compared to the HER2 counterparts (Figure 2A, Supplemental
Table 2). As shown in Figure 2A, although JIMT-1 cells express a lower level of MSLN than HER2 (9k
MSLN/cell vs 69k HER2/cell), HER2 bsAb pair and MSLN bsAb pair stimulated similar profiles of
pSTATS in NK-92 when combined with this cell line.

As T cells play a pivotal role in IL-2-mediated anti-tumor activity [22], we tested whether the
CD122/132xMSLN bsAb pair could stimulate primary T cells from human PBMCs in the presence of
NCI-N87 cells. In contrast to rhiL-2, which stimulated IL-2Ra-positive Tregs at lower concentrations
than those required to stimulate IL-2Ra-negative CD8* T cells (Figure 2B, left panel), the
CD122xMSLN-1/CD132xMSLN-2 combination led to very similar activation of Tregs and CD8* T cells
(Figure 2B, right panel), as expected for a not-alpha strategy of IL-2 activation.

CD122/CD132xTAA bsAb pairs induce TAA-dependent killing of cancer cells in vitro

IL-2/IL-15 signaling plays a supportive role in TCR-mediated antigen-specific target cell killing
but are not expected to induce non-activated T cells to kill tumor cells alone. To assess the
tumoricidal potential of our bsAb pairs, we preactivated human PBMCs for 3 days using NCI-N87
cells and H4G5xTrastuzumab, a T-cell engager that binds to CD3 and HER2. These preactivated
PBMCs were then used to evaluate the specific killing of MSLN-expressing cancer cells, induced by

the CD122xMSLN-1/CD132xMSLN-2 bsAb pair. As a positive control, Proleukin induced killing by
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preactivated PBMCs of all tested cancer cell lines, including MSLN-negative MDA-MB-468 and SH-
SY5Y cells (Figure 2C & Supplemental Figure S3A-D). In contrast, the CD122xMSLN-1/CD132xMSLN-
2 bsAb pair only induced killing of the MSLN-positive cell lines, with significant killing of MSLN-high
NCI-N87 cells (~20k MSLN/cell) as well as HPAC cells (~14k MSLN/cell), and detectable but not
significant killing of MSLN-low JIMT-1 cells (~9k MSLN/cell) (Figure 2C & Supplemental Figure S3B-
D). Killing of MSLN-negative cells, MDA-MB-468 and SH-SY5Y, was not induced by the bsAb pair.
Complementary experiments were also conducted using human primary NK cells. The overnight
incubation of NK cells with CD122xMSLN-1/CD132xMSLN-2 bsAb pair and NCI-N87 cells enhanced
NK-mediated antibody-dependent cellular cytotoxicity (ADCC) of NCI-N87 cells induced by the Fc-
active anti-HER2 antibody Trastuzumab (Figure 2D). The increased killing correlates with a
detectable, although variable, increase in pSTATS5 in primary NK cells when co-cultured with MSLN-
positive NCI-N87 cells in the presence of the CD122xMSLN-1/CD132xMSLN-2 bsAb pair
(Supplemental Figure S3E). Altogether, we showed that our bsAbs induced killing of tumor cells by
pre-activated T cells and NK cells in a TAA-dependent manner. The reliance on signal 1 pre-
stimulation or the presence of Fc-active TAA antibody and TAA expression by target tumor cells
supports the superior safety profile of this novel approach.
TAA-dependent tumor engagement of CD122/CD132xTAA bsAb pairs induces robust
accumulation and activation of tumor-infiltrating CD8"* T cells and NK cells

To evaluate the in vivo activity of the CD122/CD132xTAA bsAb pairs, we tested the
CD122xMSLN-1/CD132xMSLN-2 bsAb pair in a syngeneic and fully immunocompetent mouse
model. As the targeting arms of the bsAb pair are not mouse cross-reactive (Supplemental Figure
S1C), hCD122/hCD132 transgenic mice (Tg-mice) were engrafted subcutaneously with hMSLN-
expressing MC38 colon cancer cells (Figure 3A). Tumor immunophenotyping by flow cytometry at

day 5 post treatment initiation showed that the CD122/CD132xMSLN bsAb pair enhanced CD45*
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leukocyte infiltration and significantly increased the number of infiltrating CD8* tumor-infiltrating T
lymphocytes (TILs) (Figure 3B, Supplemental Figure S4). A non-significant increase of CD8" TILs was
observed in Proleukin-treated mice (Figure 3B). The reported low expression of CD122/CD132 on
CD4* T cells [23] may account for the observed only marginal effect on CD4* TlLs as reported by
other not-alpha strategies [24,25]. Importantly, while Proleukin had no effect, the bsAb pair
drastically increased the proportion of central memory CD8* TlLs (CD44* CD62L*) (Figure 3C) and
enhanced significantly CD8* TILs proliferation (measured by Ki67) (Figure 3D). However, Q-PCR
analysis demonstrated that the bsAb pair did not increase intra-tumoral proinflammatory cytokines
(IFN-y, IL-6, and TNF-a) 5 days post treatment initiation (Supplemental Figure S5). The number,
proliferation and cytotoxic potential of tumor-infiltrating NK cells were also significantly increased
by the bsAb pair (Figure 3E). The CD122/CD132xMSLN bsAb pair did not alter the Treg population
within the tumor or the spleen. In contrast, Proleukin decreased intra-tumoral Tregs, likely through
their redistribution to the spleen (Supplemental Figure S6A). In another set of experiments, we
compared two bsAb pairs with high or medium affinity for CD122 and CD132 (referred to CD122-
H/CD132-H versus CD122-M/CD132-M, Supplemental Figure S1). In vitro tests revealed greater IL-
2R agonistic potency for the high-affinity pair compared to the medium-affinity pair (Supplemental
Figure S6B). Interestingly, the medium affinity CD122/CD132 arms increased the intra-tumoral NK
cell infiltration more substantially compared to the higher affinity CD122/CD132 arms
(Supplemental Figure S6C), likely due to less binding to CD122* and/or CD132* immune cells in
circulation leading to better tumor infiltration by the medium affinity bsab pair. The high and medium
affinity bsAb pairs induced similar levels of central memory CD8* T cells (Supplemental Figure S6D).
As such, the next experiments were performed using the bsAb pair carrying the medium affinity

CD122/CD132 binding arms.
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To confirm that the CD122/CD132xMSLN bsAb pair-induced TME modulation is
TAA-dependent, we compared it with a bsAb pair targeting an irrelevant TAA (CD122xirrel-
1/CD132xirrel-2). Flow cytometry analysis demonstrated that the CD122/CD132xMSLN bsAbs
accumulated on the cancer cell surface (gated as CD45" cells) in hMSLN-expressing MC38 tumors of
mice treated with CD122/CD132xMSLN bsAb pair, whereas no human antibody binding to the
cancer cells was detected in tumors of mice treated with the CD122xirrel-1/CD132xirrel-2 bsAb pair
(Figure 3F). As expected, CD122/CD132xMSLN bsAb pair but not CD122xirrel-1/CD132xirrel-2 bsAb
pair increased infiltration of NK cells and T cell subpopulations into the TME (Figure 3G and
Supplemental Figure S6E). In summary, these data demonstrate that combining CD122/CD132xTAA
bsAbs increases the numbers of CD8* TILs similarly to Proleukin. In contrast to Proleukin, the bsAb
pair also increases the number of tumor-infiltrating central memory CD8* T and NK cells as well as
enhancing NK cell activation in a TAA-dependent manner.

Improved safety profile of the CD122/CD132xTAA bsAb pair relative to Proleukin

To test whether the targeted activation of immune cells with the CD122/CD132xTAA bsAb
pairs could avoid the adverse effects associated with high-dose Proleukin, hMSLN-MC38 tumor-
bearing Tg-mice were dosed with either Proleukin or the CD122xMSLN-1/CD132xMSLN-2 bsAb pair
and mouse body weights were monitored. After 5 consecutive daily injections of Proleukin,
significant body weight loss was observed and mice showed reduced activity as well as piloerection.
In contrast, mice treated with CD122/CD132xMSLN bsAb pair did not lose body weight (Figure 4A,
supplemental Figure S7A) nor display any clinical signs of toxicity. Monitoring body weight over an
extended period in a separate experiment did not reveal any weight loss, further supporting the
safety profile of the bsAb pair (Supplemental Figure S7B). Proleukin treatment also increased spleen
and lung weights (Figures 4B-C), two common manifestations of IL-2-induced organ edema. In

contrast, no change in spleen or lung weight was observed in mice treated with the
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CD122/CD132xMSLN bsAb pair (Figures 4B-C). Furthermore, Proleukin induced a significant
upregulation of serum TNF-a and IFN-y while the CD122/CD132xMSLN bsAb pair did not stimulate
cytokine release in tumor-bearing mice (Figures 4D-E). In agreement with these observations,
Proleukin injection resulted in increased numbers of CD45*, CD3* and CD8* T cells and effector CD8*
T cells (CD44* CD62L") in the lungs relative to vehicle group. Albeit to a lower level, the same cellular
change was observed in the spleen as well. In contrast, most of these immune cell subpopulations
were not altered by the CD122/CD132xMSLN bsAb pair treatment, with the exception of a
significant increase of the NK cells in both lung and spleen (Supplemental Figures S8A-B), which may
be attributed to immune cell recirculation from the tumor. The presence of soluble MSLN (sMSLN)
detectable in the blood of tumor-engrafted mice (Supplemental Figure S9A) could be another factor
driving the increase of NK cells in the spleen and lung of mice treated with the bsAb pair, as the
bsAb pair mediated low level of IL-2R signaling in presence of similar sMSLN concentrations in anin
vitro assay (Supplemental Figure S9B). Proleukin treatment reduced the number of circulating
lymphocytes on day 5 post treatment initiation. The bsAb pair did not affect the number of
circulating lymphocytes at either day 5 or day 9 post treatment initiation (Supplemental Figure S9C-
D).

Additionally, we performed a human whole blood assay to assess potential cytokine release
induction in the presence of CD122/CD132xTAA bsAb pairs. Results showed that in contrast to
Proleukin, which significantly induced IFN-y and IL-6 production in human blood as expected, the
CD122/CD132xMSLN bsAb pair did not induce any cytokine production with levels of IFN-y and IL-6
close to those obtained with a negative control antibody (Cetuximab) or PBS (Figures 4F-G). It is
worth mentioning that even in the presence of a large amount of sMSLN (400 nM), the

CD122/CD132xMSLN bsAb pair didn’t upregulate any of the proinflammatory cytokines tested
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(Supplemental Figures S9E-F). These data further corroborate our in vivo findings, where the bsAb
pair didn’t induce cytokine release even in the presence of circulating SsMSLN (Figures 4D-E).
CD122/CD132xTAA bsAb pairs drive potent anti-tumor activity in combination with anti-PD-1
Preclinical evidence suggests that combining IL-2 pathway activation with PD-1 checkpoint
blockade represents a promising immunotherapy strategy [20,25-27]. To address the potential
benefit of combining the CD122/CD132xTAA bsAb pairs and PD-1 blockade, in vivo efficacy studies
were performed. Treatments were initiated when tumors reached a volume of 100 - 150 mm?3
(Figure 5A). As expected, anti-mPD-1 monotherapy resulted in only partial control of tumor growth.
Although the CD122/CD132xMSLN bsAb pair alone didn’t control tumor growth, combining the
bsAb pair with anti-mPD-1 therapy resulted in a significantly stronger inhibition of tumor growth
compared to anti-mPD-1 alone (at day 13, tumor growth inhibition (TGI) = 45% for anti-mPD-1 alone
vs 75% for the combination), with 2/7 animals achieving nearly complete tumor clearance (Figure
5B and Supplemental Figure S10A). Combined treatment also led to an increased survival
probability relative to the vehicle group (Figure 5C). Immunophenotyping of TILs at day 9 post-
treatment initiation showed that in vivo efficacy correlates with immunophenotypic changes in the
TME. Anti-mPD-1 monotherapy or combined to CD122/CD132xMSLN bsAb pair induced a
significant increase in tumor infiltration of CD45* and CD8* T cells as well as cytotoxic GZB* CD8* T
cells over vehicle-treated mice (Figures 5D-F). In contrast to anti-mPD-1 monotherapy, the
combined treatment with anti-mPD-1 and the bsAb pair resulted in a significant increase of NK,
proliferating NK and a more favorable CD8* T cell/Treg ratio compared to the vehicle control
(Figures 5G-I, Supplemental Figures S10B-D). The treatments did not change the proportion of
tumor specific CD8* T cells in circulation or in the tumor, however, the absolute number showed a
trend of increase in the tumor of mice from the anti-PD-1 and the combination treatment groups

(Supplemental Figure S11). The results suggest that the combination therapy enhances tumor
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clearance by increasing the presence of cytotoxic T cells and NK cells relative to Tregs. In summary,
anti-mPD-1/bsAb pair combination therapy integrates immunological outcomes observed with
anti-mPD-1 monotherapy, characterized by an increase in effector and cytotoxic T cells, with those
observed with CD122/CD132xMSLN bsAb pair therapy, which promotes expansion of NK cells and
central memory CD8* T cells, resulting in a favorable TME for better tumor control.
Distinct TAAs can be combined to further improve specificity

TAA expression on normal cells is a common cause of toxicity in TAA targeted therapies.
Targeting two distinct TAAs simultaneously may further restrict the beneficial effects to tumor cells
co-expressing the two TAAs while sparing normal cells expressing only one TAA. We thus tested
whether the bsAb pair strategy also works by combining bsAbs targeting two different TAAs (HER2
and MSLN). First, we tested the concept with CD122xHER2-1/CD132xMSLN-2 bsAb pair using HEK
Blue CD122/CD132 reporter cell line and microspheres co-coated with various levels of MSLN and
HER2. Results demonstrated that reporter cells were activated by the combination of CD122xHER2-
1/CD132xMSLN-2 in a TAA density-dependent manner (Figure 6A). It was interesting to observe
that higher TAA densities were required to support the bsAb pair targeting two distinct TAAs than
those targeting a single TAA (Figure 6A, Supplemental Figure S12A). Next, we sought to repeat this
compelling observation using cancer cells expressing both TAAs (NCI-N87 cells) and immune cells
expressing the dimeric receptor (NK-92 cells). Our data showed that the bsAb pair targeting both
HER2 and MSLN induced an increase of pSTATS level, although to a level slightly lower than those
induced by bsAb pairs targeting a single TAA (Figure 6B). We also tested the concept with a cell line
expressing lower levers of both TAAs (JIMT-1) than NCI-N87. With this cell line, the bsAb pair
targeting both TAAs also induced detectable pSTAT5 in NK-92 cells, which was substantially lower
than that induced by the bsAb pairs targeting a single TAA (Supplemental Figure S12B). As expected,

no activation was observed when using TAA-negative cancer cells (Supplemental Figure S12C).
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DISCUSSION

In this study, we described a strategy to restrict IL-2/IL-15 activation to TME by using a pair
of bsAbs, with one bsAb targeting CD122 and a TAA, the other bsAb targeting CD132 and the same
TAA or a different TAA expressed on the same tumor cell. This approach allows a broad T-cell
activation regardless of their TCR specificity by stimulating tumor-specific and bystander infiltrating
T cells, both of which may contribute to tumor cell killing when combining the bsAb pair with a T
cell engager bsAb. We demonstrated with HER2 and MSLN that this strategy activates IL-2/IL-15
signaling in a TAA-dependent manner. In contrast to Proleukin, the bsAb pair did not induce
cytokine release in human blood nor lung edema in mouse models, confirming it as a safe strategy
to harness IL-2/IL-15 activation inside the tumor. The strategy is likely to be expandable to other

TAAs.

The bsAb pair does not induce IL-2R signaling without the presence of TAA, as the two bsAbs
are unable to bring the IL-2R subunits together in the absence of TAA-expressing cells. This is
different from the immunocytokine strategy where an active IL-2 molecule is ligated to a tumor
targeting antibody [18,19], which still induces systemic IL-2R activation although with preferred
tumor accumulation. As antibodies have a much longer half-life than IL-2, the strategy also
addresses the inconvenient dosing schedule issues facing the high-dose IL-2 therapy. In addition,
the two bsAbs do not naturally associate with each other in the absence of TAA-expressing cells,
they thus can be administered simultaneously in a clinical setting, which may not be possible for

the split IL-2 strategy [21].

When pairing bsAbs targeting different epitopes on the same TAA, bsAbs targeting certain
epitope combinations showed higher potency than targeting other combinations. It has been

reported that targeting a membrane proximal TAA epitope by a bsAb bridging immune cells and

77



tumor cells induced higher levels of immune cell activation than targeting a membrane distal
epitope [28-30]. Although the activity of the bsAb pair is also affected by the TAA epitope, we did
not see a clear correlation with the membrane proximity of the TAA epitopes, suggesting that CD45-
exclusion may not be the underlying mechanism here. As binding by CD122xCD132 bsAbs induces
alternative dimeric receptor geometries compared to IL-2 [13], it is of interest to investigate
whether targeting different TAAs or different TAA epitopes by our strategy also induces different
geometries of the CD122/CD132 dimer, which is out of scope of this study. The affinity of the
different TAA binding arms could be another factor in addition to epitope position affecting the

activity of the bsAb pairs.

Treatment with CD122/CD132xMSLN bsAb pair, but not Proleukin, induced significant
increase of central memory CD8* T cells and NK cells in TME of an engineered mouse tumor model.
One possible explanation to the observed difference in central memory T cells is that the weaker
signaling induced by the bsAb pair favors memory T cell proliferation as reported previously [13,31].
Alternatively, the in vivo biological effects of the CD122/CD132xMSLN bsAb pair could mimic those
of IL-15, which is well-established for a role in promoting memory T cell and NK cell proliferation
[2]. IL-15 is usually [25,27,32] trans-presented to CD122/CD132 dimer-expressing immune cells by
IL-15Ra-expressing cells while IL-2 engages its receptor subunits through cis-binding [2]. As such,
the trans-presentation of IL-15 could be geometrically similar to the trans-presentation of the
CD122/CD132xTAA bsAb pair by TAA-expressing tumor cells to CD122/CD132 dimer-expressing
immune cells. This geometrical similarity may be one factor underlying the similar biological effects
of the CD122/CD132xTAA bsAb pair and IL-15. Upon IL-2-induced activation, CD122 and CD132 are
known to be internalized as a negative feedback mechanism to down-regulate signaling [33]. The
trans-presentation mechanism may decrease the rate of CD122/CD132 internalization by ligating

them to another cell and thus prolong signal activation induced by IL-15 and the bsAb pair, in
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contrast to IL-2. It could be interesting to assess whether the receptor dynamics and downstream
signaling kinetics induced by the bsAb pair are similar to those induced by IL-15 instead of IL-2 in a
separate study. Due to technical limitations, IL-2 signaling in vivo was not measured directly with
PSTATS, but with surrogate readouts such as T cell and NK cell activation/proliferation in this study,
following a common practice in the field [21,25]. Further technical innovation allowing in vivo
pSTATS tracking in real time will provide more insights to this field. Cis-binding to IL-2Ra, or other
engineered strategies to guide IL-2 signaling to antigen-specific T cells have been demonstrated
important to the in vivo efficacy of IL-2 targeting strategies [25,27,32], which, together with the
clinical failure of bempegaldesleukin [34], casts doubts on the validity of the non-targeted not-alpha
IL-2 strategy. However, the clinical success and subsequent approval by FDA of N803 [35,36], an IL-
15 superagonist, suggests that mimicking IL-15 biological effects locally in the tumor, although being
not-alpha by nature, could be a valid anti-tumor therapeutic strategy. Similar to other not-alpha
strategies, the bsAb pair also avoids preferential activation of Tregs vs CD8* T cells, in contrast to

IL-2.

In addition to inducing immune activation in TME, treatment with the CD122/CD132xMSLN
bsAb pair also showed some signs of immune activation in mouse spleens and lungs. This could be
due to recirculation of activated immune cells from the tumor to the circulation, or be mediated by
SMSLN in circulation, which is reported in sera of patients with MSLN-expressing cancers [37], and
detected in sera of the tumor-bearing mice from this study. Nonetheless, the combination of SMSLN
up to 400 nM (more than 20-fold higher than the levels detected in the tumor model) with the
CD122/CD132xMSLN bsAb pair does not induce cytokine release in human whole blood samples
from healthy donors. In agreement, the CD122/CD132xMSLN bsAb pair does not induce systemic

cytokine release and does not induce lung edema in the tested mouse tumor model, in contrast to
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Proleukin. The results suggest that CD122/CD132xTAA bsAb pairs are safe even with soluble TAA in

circulation.

We demonstrated that the bsAb strategy synergizes with checkpoint inhibitors in a mouse
model, potentially by combining the immunological effects of anti-mPD-1 monotherapy, which
increases effector and cytotoxic T cells, with the effects of the CD122/CD132xMSLN bsAb pair
therapy, which promotes the expansion of NK cells and memory CD8* T cells. Our data showed that
bsAb combination can control tumor growth only when combined with PD-1 blockade. While our
CD122/CD132 x TAA bsAb pair activates IL2R signaling, it is less potent than WT IL-2 possibly due to
its not-alpha nature and may be insufficient to control tumor growth on its own. The addition of
PD-1 blockade likely enhances this effect by synergistically promoting T cell activation and
functionality within the TME. Several other published not-alpha IL-2 variants have also shown only
modest or no efficacy in directly controlling tumor growth, but efficacy was achieved when
combined with additional treatment modalities [25,38]. Due to observed effects on memory T cells
and NK cells, the strategy may also be combined with other T- and NK cell-mediated
immunotherapies such as T/NK cell engagers, CAR T cells and anti-tumor mAbs. Combination with
immune-stimulating strategies may be required to treat cold tumors lacking immune infiltration.
The absence of mouse cross-reactivity of our targeting bsAbs and the usage of hCD122/hCD132
transgenic mice are a limitation of our study. Additional safety studies will be necessary before

advancing to clinical trials.

Importantly, this strategy also proved effective when each bsAb in the pair targeted a
different TAA. Since many TAAs are also expressed on healthy cells, albeit at lower levels, targeting
two distinct TAAs with the bsAb pair could further restrict IL-2 activation to tumors co-expressing

both TAAs, while sparing healthy cells that express only one. Looking ahead, this dual-targeting
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approach holds significant potential to enhance the specificity and safety of IL-2-based
immunotherapies, offering a more precise way to target tumors while minimizing off-target effects

on healthy tissues.

With both bsAb pairs targeting a single TAA and those targeting two distinct TAAs, we
noticed that lower TAA densities on tumor cells than that on TAA-coated beads were required to
activate IL-2R signaling. This could be explained by the better TAA mobility on cell membranes than
on TAA-coated beads. In addition, we noticed that the bsAb pairs targeting two TAAs required
higher TAA density than those targeting a single TAA, which could be due to the potential clustering
of a single TAA to increase its local density and the possibility of engaging both bsAbs with a single
TAA molecule. On top of TAA density, other factors, such as the membrane distribution and
targeted geometry of TAAs on cancer cell surface, may also influence the overall agonistic activity
of our CD122/CD132 x TAA bsAb combination strategy. Addressing these pertinent questions would
require additional specific experiments that fall outside the scope of the present study. We
recognize the regulatory challenges of developing a combination of two bsAbs but believe that the

potential clinical benefits justify pursuing this approach.
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FIGURE LEGENDS

Figure 1: CD122xTAA/CD132xTAA bsAb pairs induce IL-2/IL-15 signaling in reporter cells. (A)
Schematic representation showing the combination of CD122xTAA/CD132xTAA bsAbs selectively
activating IL-2/IL-15 signaling on immune cells in the presence of TAA-expressing tumor cells by
targeting different TAA epitopes (panel 3) or the same TAA epitope (panel 4). (B-F) In vitro biological
activity of CD122xTAA/CD132xTAA bsAb pairs was explored using HEK Blue CD122/CD132 reporter
cells and TAA-coated microspheres (B, D-F) or NCI-N87 tumor cells (C). rhiL-2 and hlgG1 were used
as positive and negative controls. (B) Reporter activity induced by a dose range of the CD122xHER2-
1/CD132xHER2-2 bsAb pair or individual bsAbs in presence of HER2-coated microspheres. (C)
Reporter activity induced by a dose range of the CD122xHER2-1/CD132xHER2-2 bsAb pair in
presence of HER2-expressing NCI-N87 cells. (D) Reporter activity induced by a dose range of the
CD122xMSLN-1/CD132xMSLN-2 bsAb pair or individual bsAbs tested at the maximal concentration
in presence of MSLN-coated microspheres. (E) Reporter activity induced by a dose range of
CD122xMSLN-1 bsAb paired with CD132xMSLN bsAbs targeting three different MSLN epitopes
(MSLN-2, MSLN-3 and MSLN-4). (F) Reporter activity induced by a dose range of IL-2RxMSLN bsAb
pairs targeting either two different MSLN epitopes (CD122xMSLN-1/CD132xMSLN-2) or the same
MSLN epitope (CD122xMSLN-1/CD132xMSLN-1 or CD122xMSLN-2/CD132xMSLN-2) with MSLN

coated microspheres. Graphs show Mean * SEM.
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Figure 2: CD122xTAA/CD132xTAA bsAb pairs induce STAT5 phosphorylation (pSTAT5) in human
NK cells and T cells and enhance T cell dependent cytotoxicity (TDCC) of tumor cells as well as NK-
mediated antibody-dependent cell-mediated cytotoxicity (ADCC) in a TAA-dependent manner.
(A) Dose-dependent induction of pSTATS5 in NK-92 cells by CD122xHER2-1/CD132xHER2-2 (left
panel) or CD122xMSLN-1/CD132xMSLN-2 (right panel) following incubation with cancer cells
expressing different levels of the corresponding TAA. (B) Dose-dependent induction of pSTATS5 in
human CD8" T cells and Tregs by Proleukin (left panel) or CD122xMSLN-1/CD132xMSLN-2 in the
presence of NCI-N87 cells (right panel). (C) TDCC of cancer cell lines expressing different levels of
MSLN induced by a hlgG1 isotype control, CD122xMSLN-1/CD132xMSLN-2 or Proleukin. Specific
killing was calculated by subtracting unspecific killing measured in control wells with PBMCs (n=4/5)
and cancer cell lines only. Graphs show Mean + SEM and statistical significance between groups
was measured using one-way ANOVA for each cancer cell line independently. (D) NK cell-mediated
ADCC of NCI-N87 cancer cells induced by overnight incubation with CD122xMSLN-1/CD132xMSLN-
2 followed by 6 h incubation with Trastuzumab. Specific killing was calculated by subtracting
unspecific killing measured in control wells with NK cells and cancer cell lines only. Graphs show

Mean + SEM and statistical significance between groups was measured using paired t test.

Figure 3: Treatment with CD122/CD132xMSLN bsAb pairs induce MSLN-dependent expansion and
activation of intra-tumoral CD8* T cells and NK cells. /n vivo biological activity was explored in
hCD122/hCD132 transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells. (A-E)
Mice were treated with vehicle control (n = 5), Proleukin (i.p. 3 mg/kg for 5 consecutive days, n = 6)
or CD122xMSLN-1/CD132xMSLN-2 bsAb pair (i.v. 10 mg/kg, twice (d0 and d3), n = 7).
Tumor-infiltrating immune cells were assessed 5 days post treatment initiation. Shown are (B)
absolute counts of CD45* leukocytes, CD4* or CD8* T cells, (C) proportion of central memory T cells

among CD8* T cells, (D) Ki67 mean fluorescence intensity (MFI) of CD8* T cells and proportion of
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GZB* cells among CD8* T cells, (E) absolute count of NK cells, Ki67 MFI of NK cells and proportion of
GZB* cells among NK cells. (F-G) Mice were treated with vehicle control (n = 7), CD122-MxMSLN-
1/CD132-MxMSLN-2 (n = 7) or bsAb pair targeting an irrelevant TAA (CD122xirrel-1/CD132xirrel-2
(n = 6)), twice (dO and d3) at 10 mg/kg (i.v.) and tumors were analyzed 5 days post treatment
initiation. Shown in the panels are (F) specific detection of human antibodies binding to MSLN-
positive tumor cells, (G) absolute numbers of intra-tumoral NK cells. Graphs show mean values +
SEM and statistical significance were determined using a one-way ANOVA with multiple comparison

test.

Figure 4: Improved safety profile of CD122/CD132xMSLN bsAb pairs in comparison to Proleukin.
(A to E) hCD122/hCD132 transgenic mice were engrafted with hMSLN-expressing MC38 colon
cancer cells. Mice were treated with vehicle (PBS) (n = 7), Proleukin (n = 6) or CD122 x MSLN-
1/CD132 x MSLN-2 bsAbs (n = 7). Mice were euthanized 5 days post treatment initiation. Shown in
the panels are body weight (A), spleen weight (B), lung weight (C), serum TNF-a (D) and serum IFN-
v (E) of the treated mice. (F-G) Induction of IFN-y (F) and IL-6 (G) release in human whole blood (10
healthy donors) by Cetuximab, Proleukin or CD122/CD132xMSLN bsAb pair. Graphs show mean
values + SEM and statistical significance between treatment groups was determined using a one-

way ANOVA with multiple comparison test.

Figure 5: CD122/CD132xMSLN bsAb pair potently inhibits tumor growth in combination with anti-
PD1. Therapeutic efficacy was tested in hCD122/hCD132 transgenic mice engrafted with hMSLN-
expressing MC38 cancer cells. (A-C) Mice were treated with vehicle (PBS) (n = 8), CD122xMSLN-
1/CD132xMSLN-2 bsAb pair, anti-mPD-1 (n = 7) or both anti-mPD-1 (n = 6) and bsAb combination
(n = 8). Shown are average tumor volume (B) and Kaplan-Meier survival curves (C). Arrows indicate

dosing of antibodies. Statistical analysis was performed using the log-rank (Mantel-Cox) test with
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Bonferroni correction comparison (*p<0.0125). (D-I) Analysis of tumor-infiltrating immune cells 9
days post treatment initiation. Shown in the panels are absolute counts of CD45* immune cells (D),
CD8* T cells (E), proportion of GZB* cells among CD8* T cells (F), CD8* T cells / Tregs ratio (G), Ki67
MFI within NK cells (H) and absolute counts of NK cells (I) in tumors of treated mice. Data are

represented as Mean + SEM. Statistical analysis was performed using a one-way ANOVA.

Figure 6: BsAbs targeting different TAAs can be combined to further improve specificity. (A)
Induction of reporter activity of HEK Blue CD122/CD132 reporter cells by a dose range of
CD122xHER2-1/CD132xMSLN-2 bsAb pair in presence of microspheres coated with different
guantities of both MSLN and HER2. (B) Dose-dependent induction of pSTAT5 in NK-92 cells by
CD122xHER2-1/CD132xHER2-2, CD122xMSLN-1/CD132xMSLN-2 or CD122xHER2-1/CD132xMSLN-2

bsAb pairs following incubation with HER2 and MSLN expressing NCI-N87 cells.
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Supplemental Figure S1. (A) Schematic representation of the bispecific antibodies targeting CD122

or CD132 on one arm and HER2 or MSLN with the other arm. (B) Binding of the bsAbs was tested

by direct ELISA using biotynilated CD122 (left), CD132 (middle), HER2 (top right) and hMSLN

(bottom right). (C) Binding of the bsAbs on recombinant mouse CD122 (left), and mouse CD132

(right). Binding is measured through fluorescence with Amplex Red and secondary antibodies

conjugated with hydrogen peroxydase. Graphs show mean + SD.
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Supplemental Figure S2 Activity was explored using HEK Blue CD122/CD132 reporter cells and
measured by colorimetry. (A) Activity was measured with hMSLN coated microspheres and the
combination of CD122xMSLN-2 with bsAbs targeting CD132 and different epitopes of MSLN (MSLN-
1, MSLN-3 and MSLN-4, left panel), CD122xMSLN-3 with bsAbs targeting CD132 and different
epitopes of MSLN (MSLN-1, MSLN-2 and MSLN-4, middle panel) or CD122xMSLN-4 with bsAbs
targeting CD132 and different epitopes of MSLN (MSLN-1, MSLN-2 and MSLN-3, right panel). (B)
The effect of targeting different TAA epitopes was explored using HER2 targeting bsAbs. CD122 arm
was combined with HER2-1 and HER2-3 arms into bsAbs and CD132 arm was combined with HER2-
2 and HER-4 arms into bsAbs. These bsAbs were combined to compare the agonistic activity of the
different possible combinations. (C) Activity was compared between combinations of bsAbs
targeting different HER2 epitopes (CD122xHER-1/CD132xHER2-2 and CD122xHER-2/CD132xHER2-
1) or the same HER2 epitope (CD122xHER2-1 /CD132xHER2-1 and CD122xHER2-2/CD132xHER2-2)

with HER2 coated microspheres. Graphs show Mean + SD.
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Supplemental Figure S3 To compare the ability of CD122xMSLN-1/CD132xMSLN-2 with an isotype

control and proleukin to induce specific killing of tumor cells, T cell dependent cytotoxicity (TDCC)

assays were performed. (A-D) Pre-activated human peripheral blood mononuclear cells (PBMCs)

were incubated with SH-SY5Y (A), NCI-N87 (B), HPAC (C), and JIMT-1 (D) and under different test

conditions. Specific killing was calculated by subtracting unspecific killing measured in control wells

with PBMCs and cancer cell lines only. Graphs show Mean % SD. (E) Induction of pSTATS in isolated

human NK cells incubated with NCI-N87 cancer cells and CD122xMSLN-1, CD132xMSLN-2,

CD122xMSLN-1/CD132xMSLN-2 pair and Proleukin. Data are represented as Geomean + SEM.
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Supplemental Figure S4 Gating strategy for flow cytometry ex vivo tissue analysis of tumor-bearing
hCD122/hCD132 transgenic mice. Example of a gating approach to phenotype the main tumor

infiltrating lymphocytes and NK cells. Panel of antibodies used are listed in supplementary Table 4.
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Supplemental Figure S5. Cytokine profile in the tumor post-treatment. hCD122/hCD132 transgenic
mice were engrafted with hMSLN-expressing MC38 colon cancer cells. Mice were treated with
vehicle control (n = 4), Proleukin (i.p. 3 mg/kg for 5 consecutive days, n = 5) or CD122xMSLN-
1/CD132xMSLN-2 bsAb pair (i.v. 10 mg/kg, twice (d0 and d3), n = 5). mRNA were extracted from
each tumor at day 5 post-treatment initiation. IFN-y, IL6 and TNF-a mRNA cytokines levels were
measured by Q-PCR and compared between treatment groups. Data are represented as mean +

SEM.
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Supplemental Figure S6 (A) Proportion of CD25*FoxP3*CD4* Tregs in the tumor (left) and the spleen
(right) was measured 5 days after the start of treatment with Proleukin (i.p. dose of 3 mg/kg for 5
consecutive days, 6 mice) or combined CD122xMSLN-1/CD132xMSLN-2 bsAbs (i.v. dose of 10 mg/kg
each at day 0-3 post-treatment initiation, 7 mice). (B) IL2/IL-15 in vitro reporter activity comparing
pairs of bsAbs carrying the high or the medium affinity CD122/CD132 binding arms. Assay was done
by co-incubating MSLN-coated beads as a provider of the target and IL-2 reporter cell line as effector
cells (C-D) Immune profiling of tumor infiltrating immune cells in hCD122/hCD132 transgenic mice
engrafted with hMSLN-expressing MC38 colon cancer cells. Tumors were analyzed at day 9 post-
treatment with the combined CD122-HxMSLN-1/CD132-HxMSLN-2 versus CD122-MxMSLN-
1/CD132-MxMSLN-2 bsAbs (i.v. dose of 10 mg/kg each at day 0 and 3 post-treatment initiation, 7
mice). Shown are (C) absolute counts of CD45*, CD8* and NK cells, (D) proportion of central memory
CD8+ T cells (CD44*/CD62L"). (E) In vivo activity comparison between MSLN- versus irrelevant-
targeted bsAb pairs (respectively, CD122xMSLN-1/CD132xMSLN-2 and CD122xirrel-1/CD132xirrel-

2). Shown are absolute counts of CD3*, CD8* and proportion of central memory CD8* T cells
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(CD44*/CD62L"). Data are represented as mean = SEM. Statistical analysis performed using a one-

way ANOVA with multiple comparison test.
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Supplemental Figure S7. Body weight post-treatment initiation of hCD122/hCD132 transgenic mice
engrafted with hMSLN-expressing MC38 colon cancer cells. (A) Mean body weight post-Vehicle (i.v.
dose of PBS at day 0-3 post treatment initiation, 7 mice), Proleukin (i.p dose of 3 mg/kg for 5
consecutive days, grey arrows, 6 mice) or combined CD122xMSLN-1/CD132xMSLN-2 bsAbs (i.v.
dose of 10 mg/kg each at day 0-3 post-treatment initiation, Black arrows, 7 mice) until day 5 post
treatment initiation. (B) Mean body weight post-Vehicle or combined CD122xMSLN-
1/CD132xMSLN-2 bsAbs (i.v. at day 0-3-7-10 post-treatment initiation). Data are represented as

mean + SEM.
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Supplemental Figure S8 Immune profiling of infiltrating immune cells in (A) the spleen and (B) the
lung of hCD122/hCD132 transgenic mice engrafted with hMSLN-expressing MC38 colon cancer
cells. Tissue samples were analyzed by flow cytometry at day 5 post-treatment with Proleukin (i.p.
dose of 5 mg/kg for 5 consecutive days, 6 mice) or combined CD122xMSLN-1/CD132xMSLN bsAbs
(i.v. dose of 10 mg/kg each at day 0 and 3 post-treatment initiation, 7 mice) relative to vehicle
control group (7 mice). For each tissue sample (spleen or lung), shown are the absolute counts of
CD45*, CD3*, CD8" T cells, effector CD8* T cells (CD44*/CD62L°) and NK cells. Data are represented
as mean * SEM. Statistical analysis performed using a one-way ANOVA with multiple comparison

test.
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Supplemental Figure S9 (A) Serum soluble MSLN levels (nM) measured by MSD at different time
points (day 5 and 9 post treatment initiation with vehicle control, 5 mice each) in hCD122/hCD132
transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells. SMSLN was measured
using a customized MSD sandwich format that utilizes two MSLN-specific monoclonal antibodies as
described in supplementary material and methods. (B). HEK Blue IL2R reporter cell line were
incubate with a dose range of sMSLN and a fixed dose of CD122/CD132xMSLN bsAbs (17.4 ug/mL).

The grey area represents the concentration of sMSLN found in the sera of hCD122/hCD132
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transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells at day 5 and day 9 post
treatment initiation. (C-D) hCD122/hCD132 transgenic mice were engrafted with hMSLN-expressing
MC38 colon cancer cells. Mice were treated with vehicle control (n = 5), Proleukin (i.p. 3 mg/kg for
5 consecutive days, n = 6) or CD122xMSLN-1/CD132xMSLN-2 bsAb pair (i.v. 10 mg/kg, twice on d0
and d3 post-treatment initiation, n = 6). On (C) day 5 and (D) 9 post-treatment initiation, peripheral
blood was analyzed using the ProCyte Hematology Analyzer. (E-F) Fresh human whole blood (10
healthy individual donors), was incubated overnight with fixed doses of Cetuximab, Proleukin,
combined CD122/CD132xMSLN bsAbs in absence or presence of soluble human MSLN added at 400
nM final concentration. Plasma samples were analyzed to measure levels of (E) IFN-y and (F) IL-6.
Graphs show mean values + SEM and statistical significance between treatment groups were

determined using a one-way ANOVA with multiple comparison test.
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Supplemental Figure S10 (A) Individual tumor growth curves post treatment initiation of
hCD122/hCD132 transgenic mice engrafted with hMSLN-expressing MC38 colon cancer cells. (B-D)
Flow cytometry analysis of TILs including (B) the absolute counts of effector CD8+ T cells
(CD44*/CD62L), (C) the percentage of effector CD8* T cells among total CD8" T cells and (D)
proportion of central memory CD8* T cells (CD44*/CD62L"). Data are represented as mean * SEM.

Statistical analysis performed using a one-way ANOVA with multiple comparison test.
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Supplemental Figure S11. (A) Percentage of circulating MC38-tetramer-specific (KSPWFTTL
tetramer) CD8* T cells in blood, (B) percentage and absolute counts of tumor infiltrating MC38-
tetramer* intra-tumoral CD8* T cells in hCD122/hCD132 transgenic mice engrafted with hMSLN-
expressing MC38 colon cancer cells at day 9 post treatment initiation. Data are represented as mean

+ SEM.
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Supplemental Figure S12 (A) HEK Blue CD122/CD132 reporter cells were incubated with

CD122xHER2-1/CD132xHER2-2 (top panel) and CD122xMSLN-1/CD132xMSLN-2 (bottom panel) and

microspheres coated with different quantities of MSLN, HER2 and an irrelevant protein. (B) Dose-

dependent induction of pSTATS5 in NK-92 cells by CD122xHER2-1/CD132xHER2-2, CD122xMSLN-

1/CD132xMSLN-2 or CD122xHER2-1/CD132xMSLN-2 bsAb pairs following incubation with HER2 and

MSLN expressing JIMT-1 cells. (C) pSTATS levels in NK-92 cells after incubation with TAA SH-5YSY

cells (Supplemental table 2) and CD122xHER1/CD132xHER2-2, CD122 MSLN-1/CD132xMSLN-2 and

CD122xHER2-1/CD132xMSLN-2.

108



SUPPLEMENTAL TABLES

Supplemental Table 1 - List of recombinant proteins and reagents used in the current study

R binant cytoki
ecombinant cytokines or Vendor Cat No. Vs
Reagents

Recombinant human IL-2 Peprotech 200-02 In vitro
Recombinant human IL-15 Peprotech 200-15 In vitro
Proleukin (Aldesleukin) Farmamondo 100009320 In vivo, in vitro
Anti-mPD-1 {clone RMP1- | gy cel BE0146 In vivo
14)
Streptavidin-coated beads Polysciences 24158-5 In vitro
Biotinylated-hHER2 Acrobiosystems | HE2-H82E2 In vitro

Produced in house In vitro
Biotinylated-hMSLN

Acrobiosystems | MSN-H82E9-200ug | In vitro
Quanti Blue™ Solution Invivogen rep-qbs In vitro
BD Phosflow Fix Buffer | BD Biosciences 557870 In vitro Flow cytometry
BD Phosflow Perm Buffer Ill | BD Biosciences 558050 In vitro Flow cytometry

el s Agilent .

Qifikit Technologies K007811-8 In vitro Flow cytometry
HA4G5-Trastuzumab Produced in house In vitro killing assay
CD3 Monoclonal Antibody Th.erm.o.Flsher 16-0037-85 In Vlt.I’O killing assay
(OKT3) Scientific coating
EasySep Human NK Cell StemCell 17955 In vitro ADCC
Isolation Kit
CellTiter-Glo® Luminescent i -
Cell Viability Assay Promega AG G9242 In vitro killing assay
Tumor dissociation kit, . . .

Miltenyi Biotec 130-096-730 Ex vivo for Flow cytometry
mouse
Ph [ 12-myri 13-

orbo myristate 13 Sigma-Aldrich P8139-1MG Ex vivo Flow cytometry

acetate
lonomycin Sigma-Aldrich 19657-1MG Ex vivo Flow cytometry
GolgiStop Protein t t
. O.gl. Op Frotein transpor BD Biosciences 554724 Ex vivo Flow cytometry
inhibitor
MSD U-PLEX Biomarker MSD C0065-2 Ex vivo & plasma
Lympholyte-M Cedarlane CL5035 Ex vivo Flow cytometry
Collagenase, Type IV Gibco 17104019 Ex vivo Flow Cytometry
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Bovine pancreas

Deoxyribonuclease | Sigma-Aldrich DN25-1G Ex vivo Flow Cytometry

(DNAse I)

FO)fP:% Transcription Factor Th'erm'o_Flsher 00-5523-00 Ex vivo Flow cytometry

staining Buffer Set Scientific

Cetuximab Eli Lilly and LY2939777 Ex vivo Whole Blood
Company

Supplemental Table 2 - List of effector and cancer cell lines used in the current study

Human | Human
Cell line .. Type of | MSLN HER2 .
(Vendor, cat No. ) Origin cells density | density BT T
(SABC) | (SABC)
MEM alpha medium supplemented
with 12.5 % heat-inactivated fetal
E“D'éf/lzz ACCASS) s':nphoma ffcfeeﬁzo N/A N/A calf serum (FCS HI), 12.5 % heat-
’ inactivated horse serum (HI), 2 mM
L-glutamine and 5 ng/mL hIL-2
HEK-Blue IL-2 IL2R Effecto
(Invivogen, hkb- Reporter  cells N/A N/A DMEM with 4.5 g/L glucose, 2 mM
i12) cells L-glutamine, 10% FCS Hl, 25 pg/ml
HEK-BI7e IL2R gentamycin and 10;) ug/mL
CD122/CD132 Effecto normocin and 1 pug/mL puromycin
(Invivogen, hkb- Reporter r cells N/A N/A and 1xCLR selection
. cells
iI2bg)
NCI-N87 gastric Cancer , , RPMI 1640 medium with 10 % FCS
(ATCC, CRL-5822) | carcinoma | cells 207103 | 401376 Hl and 2 mM L-glutamine
JIMT-1 brea.st Cancer 9280 69332 DMEM .(High Glucose) medium
(ATCC, ACC589) carcinoma | cells containing 10% FCS HI
Ham's F12 and EMEM (EBSS) (1:1)
SH-SY5Y Neuro- Cancer supplemented with 2 mM L-
(ECACC, blastoma | cells 0 0 glutamine, 1 % non-essential
94030304) amino acids (NEAA), and 15 % fetal
bovine serum (FBS)
MDA-MB-468 Breast Cancer 0 0 L-15 Medium with 10 % FCS HI and
(ATCC, ACC738) carcinoma | cells 2 mM L-glutamine
DMEM F12-HAM medium
supplemented with 5 % FCS HI, 2
HPAC pancreas | Cancer , , mM L-glutamlne, 15mM HEPES.'
(ATCC, CRL-2119) | carcinoma | cells 14’000 | 4’000 0.5 mM s.odlum pyruvate, Insulin-
Transferrin-Selenium-
Ethanolamine 1X, 40 ng/mL
hydrocortisone, and 10 ng/mL
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mouse epidermal growth factor
(mEGF)
Mouse
DMEM (High Glucose) +10 % FCS HI
xﬁnii:czgﬂesnm zzlr(sir:\oma Cancer | 100'00 0 + 2 mM L-Glutamine +1mM
ZHY20121216) expressing cells 0 E\I/;Auxate + 10mM HEPES + 1X
hMSLN
1 0,
MC38-hHER? Mouse DMEM (High GIuc_ose) +10 % FCS HI
. colon Cancer , +2 mM L-Glutamine +1mM
(Biocytogen, . 0 44’000
carcinoma | cells pyruvate + 10mM HEPES + 1X
7JY20230115) :
expressing NEAA
hHER2

N/A: not applicable,

SABC: specific antibody binding capacity

Supplemental Table 3 - List of antibodies used in the current study to characterize pSTATS

induction via flow cytometry.

FI h Final
Antibody yorocnrom Vendor Cat No. Clone . me Localization
e dilution

live dead | Near-IR ThermoFishe | 5/ o0 N/A 1:1000 | intracellular
r Scientific

Fixable
Th Fish

Viability | eFluor 506 ErmOrISNe | 65 0866-18 | N/A 1/1000 | intracellular
r Scientific

Dye

Human BD

BD Fc N/A . 564220 Fcl 3 uL/test | extracellular
Biosciences

Block
BD

CD45 V500 .. 560777 HI30 1:100 extracellular
Biosciences
BD

CD45 PE-Cy7 N 557748 HI30 1:100 extracellular
Biosciences

CD3 AF594 Biolegend 300446 UCHT1 1:100 extracellular

CD4 BVv421 BP . 562424 RPA-T4 1:100 extracellular
Biosciences
BD

CD8 APC-Cy7 . 557834 SK1 1:100 extracellular
Biosciences

CD14 efluor 506 The_rmo.Filshe 69-0149-42 1:100 extracellular
r Scientific 61D3
ThermoFishe

CD19 efluor 506 - 69-0199-42 1:100 extracellular
r Scientific HIB19
ThermoFishe

CD56 efluor 506 - 69-0566-42 | TULY56 1:100 extracellular
r Scientific

pStat5 BD .

AF488 562075 47 4 ul/test t lul
(pY694) Biosciences ul/test | intracellular
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‘ Foxp3 ‘ AF647 ‘

BD
Biosciences

‘ 560045 ‘ 259D/C7 ‘

10

pL/test

intracellular ‘

Supplemental Table 4 - List of reagents and antibodies used in the current study for ex vivo
immune profiling via flow cytometry

Antibody ATl Vendor Cat No. Clone .Fm?I Localization
e dilution

Fixable L .

s eFluor506 eBioscience 65-0866-18 N/A 1:1000 | intracellular

Viability Dye

Rat anti-

mouse BD

CD16/CD32 | N/A . 553142 2.4G2 1:50 extracellular
Biosciences

(mouse Fc

Block)
BD

CD45 Bv421 . 563890 30-F11 1:100 extracellular
Biosciences

CD3 AF594 BiolLegend 100240 17A2 1:100 extracellular

Cbh4 PerCP-Cy5.5 | BiolLegend 100434 GK1.5 1:100 extracellular

CDS8a APC-H7 BP ) 560182 53-6.7 1:100 extracellular
Biosciences

NK1.1 PE eBioscience 12.5941-83 PK136 1:100 extracellular

NKp46 AF700 eBioscience 56-3351-82 29A1.4 | 1:100 extracellular

CDh44 PE-Cy7 eBioscience 25-0441-82 IM7 1:100 extracellular

CD62L AF647 BiolLegend 104421 MEL-14 | 1:100 extracellular

Foxp3 PE-Cy7 eBioscience 25-5773-82 FIK-16s | 1:100 intracellular

GZB AF647 BioLegend 515406 GB11 1:100 intracellular

Ki67 AF488 eBioscience 53-5698-82 SolA15 1:100 intracellular

CD25 BV711 eBioscience 407-0251-82 | PC61.5 1:100 extracellular

PerCP- L
CD4 eBioscience 46-0041-82 GK1.5 1:100 extracellular
eFluor710

CD8a FITC ThermoFisher |\ \\c 16750 | kT15 1:100 | extracellular
Scientific

H-2Kb 13-

Gal APC MBL TB-M501-2 N/A 1:25 extracellular

tetramer-

DAPIYTNV
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H-2Kb

MuLv-p15E APC MBL TB-M507-2 N/A 1:25 extracellular
Tetramer-

KSPWFTTL

Goat anti- ThermoFisher

human IgG | AF647 L A21445 N/A 1:200 | extracellular
Hal Scientific
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SUPPLEMENTAL METHODS

Reagents and cell lines

The reagents used in this study are included in Supplementary Table 1 and the list of detection
antibodies are listed in Supplementary Table 3. All effector and target cell lines were cultured at
37°C 5% CO; in their appropriate cell culture medium and are listed Supplementary Table 2.TAA
expression at the surface of cancer cell lines was measured using Quantitative Analysis kits (QIFIKIT),
following manufacturer’s recommendation (see Supplementary Table 2 for quantification data).
PBMCs and NK cells isolation

Buffy coats purchased from the “Centre de transfusion sanguine de Genéve (CTS)”. PBMCs are
isolated from buffy coats with SepMate™ PBMC isolation Tubes according to manufacturer’s
recommendations. NK cells were isolated using EasySep™ Human NK Cell Isolation Kit from isolated
PBMCs.

CD132xTAA and CD132xTAA bispecific antibody (bsAb) engineering

All bsAbs carried an inactive human 1gG1 Fc (LALA PA mutations: L234A/L235A/P329A). We used
two distinct technologies to generate the bsAbs: Firstly, we used phage display to produce unique
full-length 1gG in which the specificity is driven by a diversified light chain that is coupled to an
invariant dummy heavy chain. We generated k antibodies against CD122 and CD132 and A
antibodies against hMSLN and hHER2. The light chains of k and A antibodies were combined with
the heavy dummy chain in proprietary tri-cistronic vectors. We transfected CHO or Expi293 cells to
generate bsAbs without the need of additional mutations or linkers. The antibodies are purified
through a 3-step process described by Fischer and colleagues. (Fischer N et al, 2015). Secondly, CDR
sequences of anti-CD132 (P1A3), anti-CD122 (P2C4) and anti-hHER2 (Pertuzumab and Trastuzumab)
were obtained from published sequences (WO 2017/021540 Al and US 2006/0275305 Al
respectively). The CDR sequences were synthesized by Eurofins and combined in proprietary tetra-
cistronic vectors using the Knob-into-Hole (KiH), CrossMAb technologies (US 2017/0129962 A1l).
Anti-HER2 were inserted into the knob arm and anti-CD122/CD132 were inserted into the hole arm.
Lastly, we combined the CDR of some of our k and A antibodies targeting CD122 and CD132 with
the anti-HER2 arms (Trastuzumab and Pertuzumab) into CrossMab antibodies. We transfected CHO
cells and purified KiH through a two-step process. KiH were purified using CaptureSelect™ FcXL
Affinity Matrix and CaptureSelect™ IgG-CH1 Affinity Matrix successively and were eluted using
glycine pH 3.0 buffer and desalted against 25 mM Histidine/125 mM NaCl pH 6.0 buffer in 50 kDa
Amicon Ultra Centrifugal filter units. The quality of kA-bodies and KiH was verified by SEC-HPLC,
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electrophoresis in denaturing conditions, IsoElectric Focusing gel and by Agilent 2100 Bioanalyzer
with the Protein 80 kit. Aggregates levels above 5% were removed by size exclusion
chromatography.

Measurement of bsAbs binding to their respective targets by ELISA

Binding specificity of all bsAbs was evaluated by direct ELISA. Streptavidin-coated 96-well plates
were coated with 50 ulL/well of 1 pg/mL biotinylated CD122, CD132, hHER2, hMSLN and an
irrelevant protein. Binding of bsAbs to coated proteins was measured using HRP-linked goat anti-
human IgG-Fcy and Amplex™ UltraRed Reagent. Data were acquired using a Synergy HT (Biotek) at
the following wavelengths: excitation: 530/25, emission: 590/35.

Streptavidin microspheres coating

Streptavidin-coated beads were incubated with biotinylated proteins. Biotinylated-hHER2,
biotinylated-hMSLN and an irrelevant biotinylated protein were incubated separately, to obtain
hHER2-, hMSLN- and irrelevantly coated microspheres, or together in different ratios, to produce
hHER2/hMSLN/irrelevant protein-coated microspheres with variable target densities.

Flow cytometry acquisition and analysis

All flow cytometry data acquired during this study was acquired on a CytoFLEX S V4-B2-Y4-R3 Flow
cytometer and data was analyzed using FlowJo 10.8.1 software.

Detection of hMSLN & hHER2 protein copy number on cell lines and microspheres

Selected human cancer cell lines (NCI-N87, HPAC, JIMT-1, HPAC, MDA-MB-468, SH-SY5Y cells) and
coated streptavidin microspheres were incubated with an isotype control (#0102-01) anti-human
MSLN (#MAB32653) or anti-human HER2 antibodies (#MAB9896) and with the secondary FITC-
conjugated antibody provided with the kit. The standard beads from QIFIKIT were also stained with
the same secondary antibody. Samples were analyzed on a CytoFLEX S V4-B2-Y4-R3 Flow cytometer
and data were analyzed using FlowJo software. The MFI of standard beads was used to generate a
standard curve. The MFI of stained cells and coated streptavidin microspheres were used to
calculate the hMSLN or hHER2 copy number on cells using the standard curve and following
manufacturer’s instruction. Values are provided as SABC (specific antigen binding capacity.

Mouse model

hCD122/hCD132 KI mice were purchased from Biocytogen Co., Ltd. (all on a C57BL/6 background).
In these mice, the exons 2-8 of mouse CD122 gene that encodes the extracellular domain were
replaced by human CD122 exons 2-8. The exons 1-8 of mouse CD132 gene that encodes the full-

coding region sequences were replaced by human CD132 exons 1-8. Phenotypic analysis of mice
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showed that, in contrast to mCD122/mCD132, hCD122/hCD132 were detectable in all mouse T cells
and NK cells. Furthermore, the humanization of these genes does not change the overall
development, differentiation or distribution of immune cell types in spleen, blood and lymph node
(Biocytogen’s data). Mice were 8-9 weeks old at the start of studies. Experiments were performed
in accordance with the Swiss Federal Veterinary Office guidelines and approved by the Cantonal
Veterinary Office (approved protocol: #GE319). Upon reception, mice underwent a 1-week
acclimatation period in the laboratory environment to reduce stress and variability, particularly,
important given that transgenic mice were important from Biocytogen Co., Ltd, and needed time to
adjust to their new surroundings. Mice were housed in cages with soft bedding and environmental
enrichment was provided through the inclusion of cardboard rolls to promote natural behaviors.
Randomization was used to allocate mice to groups and based on tumor volume (tumor volume
mean per group not statistically different). The number of animals used in each group of
experiments was selected based on statistical power calculations to ensure sufficient sample size
for reliable and valid results while minimizing animal use in line with ethical considerations. A
preliminary conducted to evaluate the amplitude of tumor growth in hCD122/hCD132 Tg mice,
which allowed for efficient assessment of tumor growth variability informing the sample size
calculations for the main study. Animal were excluded a priori if they displayed pre-existing health
conditions or abnormal behavioral criteria. Mice were also excluded if tumor sizes (measured using
a caliper) were not within the predetermined range following randomization to ensure balanced
distribution of tumor sizes across experimental groups. No mice met exclusion criteria, and
therefore all animals were included in the final analysis. To minimize potential confounders,
treatment groups were mixed within mice cages, ensuring that environmental factors such as cage
location or handling did not influence the experimental outcomes. Score sheets were filled 3 times
per week to monitor animal welfare and to implement intervention to reduce pain, suffering and
distress (Refine and Humane endpoints). Finally, the researchers conducting the treatments and
data collection were blinded to the group allocation, while only the study coordinator had access
to the randomized sequence to prevent bias. A protocol (including the research question, key design
features, and analysis plan) was not prepared before the study.

Measurement of human soluble MSLN in the sera of hCD122/hCD132 Tg mice engrafted with
hMSLN-expresssing MC38 colon cancer cells

The assay is a validated biomarker MSD-based assay designed in a sequential format capable of

detecting free human sMSLN. After the minimum required dilution, samples were added to a
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streptavidin MSD plate previously coated with the biotinylated capture antibody. Then, Sulfo-
TAG™-conjugated detection antibody was added, and electrochemiluminescence (ECL) was
measured on the MSD platform following manufacturer’s recommendations.

Ex vivo single cell suspension preparation for flow cytometry analysis

For flow cytometry single cell suspensions from tissues were prepared. Single-cell suspension from
spleen was prepared by mechanical digestion with the gentleMACS™ Dissociator, followed by red
blood cell lysis using ACK buffer (Ammonium-Chloride-Potassium). Lungs were enzymatically
digested in collagenase IV (Gibco) and DNase | (Sigma-Aldrich) for 30 min at 37°C, followed by
mechanical digestion with the gentleMACS™ Dissociator. Tumors were processed into single-cell
suspensions using the mouse tumor dissociation kit from Miltenyi Biotec according to the
manufacturer’s instructions. Erythrocytes, majority of dead cells and debris were then removed
from tumor-cell suspensions using a density separation medium (Lympholyte®-M, Cedarlane).
Tissue-cell suspensions were filtered through a 70 um Nylon filter (BD Falcon) and counted using a
cell viability analyzer (Vi-CELL).

Ex vivo flow cytometry analysis of tumor specific T cells.

Single cell suspensions were stained for viability, washed with staining buffer and incubated with
purified rat anti-mouse CD16/CD32. Fluorescent-conjugated antibody mix and MC38-specific
tetramers (extracellular markers - Supplemental Table 4) were added to the cell suspension. Stained
cells were washed and fixed.

Ex vivo qPCR analysis of tumor tissue.

Total RNA from tumor was extracted with the RNeasy Mini Kit (Qiagen) according to the
manufacturer's instructions. Reverse transcription was performed by using High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). Quantitative PCR (Q-PCR) was performed in
triplicates using SYBR Green Master Mix (Applied Biosystems). Data were acquired and analyzed
with LightCycler® 480 Real-Time PCR System (Roche). Sequences primers are: B-actin, forward:
AGCCTTCCTTCTTGGGTATGG and reverse: CAACGTCACACTTCATGATGGAAT; GAPDH, forward:
CATGGCCTTCCGTGTTCCTA and reverse: TGTCATCATACTTGGCAGGTTTCT; IFNy, forward:
CAACAGCAAGGCGAAAAAGG and reverse: CCTGTGGGTTGTTGACCTCAA; IL-6: forward,
TCGGAGGCTTAATTACACATGTTC and reverse: TGCCATTGCACAACTCTTTTCT; TNFa, forward:
GCCACCACGCTCTTCTGTCT and reverse: GGTCTGGGCCATAGAACTGATG. The relative expression
levels were calculated as 2°(Ct gene-Ct HKG) x 100 with B-actin and GAPDH RNA as the

housekeeping gene endogenous control.
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8 Discussion

Cancer has cemented itself as one of the primary challenges in advancing public health.
The increasing scientific interest in cancer therapies and the progress in our understanding
of cancer immunology have led to the development of cancer immunotherapies and better
patient prognosis.2 Among immunotherapies, ICI have made the most significant impact
and are now used as first-line treatments for several cancer indications.?8%2%0 While being
the first to enter the clinic, cytokine therapies have seen limited use in cancer.?”® IL-2 and
IL-15 signaling are desirable targets in immunotherapies for their described effects on NK
and CD8* T cells. Despite its approval by the FDA, the clinical use of Proleukin, a human
recombinant IL-2, is limited by its shortcomings including severe toxicity, short half-life, and
preferential engagement of Tregs due to their constitutive expression of CD25. N-803, an
engineered IL-15 targeting superkine recently approved in combination with BCG for
treating bladder cancer,*°? bypasses the effect of systemic cytokine administration through
topical intravesical administration. This local administration strategy does not apply to many
other cancer indications, and harnessing IL-2/IL-15 effectively while avoiding its side effects
remains challenging.

In this study, we presented a novel approach that uses bsAb pairs to harness IL-2/IL-15
signaling, avoiding limitations associated with recombinant IL-2 and IL-15. The first antibody
targets CD122 and a TAA, and the second antibody targets CD132 and the same or a
different TAA. We used in vitro and in vivo models to show TAA-dependent IL-2/IL-15
activation and antitumoral activity. The TAA-dependent feature of our bsAb pairs restricts
IL-2/IL-15 activation inside the tumor and thus does not induce systemic toxicity, a hallmark
of traditional IL-2/IL-15 therapies, which is mainly linked to the peripheral activation of
immune cells and the release of inflammatory cytokines in the circulation. Molecules like
WTX-214 and RO7284755 use clever strategies to focus their activity on the TME but can’t
entirely avoid peripheral activation.3%8:382 The strategy closest to ours in the literature is split-
Neoleukin-2/15,388 which is based on Neuleukin-2/15, a not-alpha synthetic IL-2/15 mimetic
investigated in phase | clinical trial but discontinued in 2023 for “strategic reasons”. split-
Neoleukin-2/15 divides Neoleukin-2/15 into two inactive parts that are fused separately to
DARPIns (small molecules engineered to bind specific targets) and can activate IL-2/15
signaling when combined. The approach was tested in vivo, but the two parts were injected
separately in distinct injection sites, suggesting they can combine and become active

without binding through their DARPIns. This differentiates our approach as our two bsAbs
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do not interact with each other directly and become active only in the presence of the TAA-
expressing cell.

Our bsAbs were constructed using cross-mAb and kA-body technology. Both backbones
are very close to natural human proteins and are well-tolerated in humans. We introduced
mutations in the Fc portion of our bsAbs to abrogate their binding to FcyR and complement
receptors but maintain neonatal Fc receptor (FCRn) binding. This strategy allowed us to take
advantage of the long half-life of the IgG1l or IgG1-like backbones while avoiding the
undesired activation of FcyR-expressing cells and the complement system, which may
result in systemic immune activation. Maintaining FcRn binding is crucial to preserving their
long half-life. FCRn receptors are expressed at the surface of various tissues and are crucial
for the transfer and recycling of antibodies. They are involved in the transfer of antibodies
from mother to offspring through epithelial barriers and in the clearance of 1gG in the
kidneys.4%6407 FcRn prevent the degradation of antibodies by binding internalized
antibodies, which prevents their degradation and reroutes them to the surface.*%8
Pharmacokinetic (PK) studies have been performed on other molecules with cross-mAb and
kA-body backbones, and we expect our molecules to align with those.4%%40 While we
performed no PK studies, we showed a significant accumulation of intratumoral antibodies
in the hCD122/hCD132 transgenic mouse model (Article Fig. 3E) 48h after the last i.v.
injection, which is well beyond the half-life of recombinant IL-2 and IL-15. While this
observation was encouraging, this model would not be ideal for PK or biodistribution studies.
The first limitations are the potential immunogenicity and incompatibility of our human
antibodies with syngeneic mouse models. Repeated injections of nhon-mouse antibodies
often elicit mouse immune responses and the development of anti-drug antibodies (ADA),
leading to toxicity and rapid drug clearance. Supporting this, we observed hunched posture
and reduced mobility after injecting the 4" dose in our anti-mPD-1 + bsAbs experiment,
which are typical symptoms of an immune response driven by ADA. It's also noteworthy
that the binding affinity of human antibodies to murine FcRn is lower and would likely lead
to underestimating the molecule’s half-life. Another limitation is linked to the possible impact
of the genetic mutations on the expression levels and biodistribution of the hIL-2 receptor.
We could envisage engineering mouse surrogate antibodies to perform PK and
biodistribution studies in tumor-bearing mice. To this end, we could use AB12 (a mMSLN
expressing mouse mesothelioma cell line) engrafted BALB/c mice or TRAMP-C3 (a mMMSLN
expressing mouse prostate adenocarcinoma cell line) engrafted C57/BL6 mice.*'! However,
the identification and production of murine antibodies would require significant efforts. A
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better model to study PK and biodistribution would be the cynomolgus monkey. Cynomolgus
monkeys’ physiology and genetics are much closer to those of humans, making them a
closer model for the human system. Human antibodies are closely homologous to
cynomolgus monkey’s antibodies and are less likely to lead to ADA in this system. In
addition, all antibodies used in this project cross-react with cynomolgus proteins.
Altogether, the antibodies presented in this study are expected to have a much longer half-
life than Aldesleukin. While their half-life has not been measured, the dosing would probably
align with the favorable schedule of other therapeutic antibodies.

The in vitro and in vivo data presented here also support this approach's superior safety. In
vitro, the bsAb pairs induced IL-2/IL-15 signaling and killing of tumor cells exclusively in the
presence of their cognate TAA. In our in vivo model, TAA dependent activation of IL-2/IL-
15 signaling was observed inside the tumor. Although the bsAb pairs induced some signs
of activity outside of tumors in the lungs, the bsAbs were well-tolerated by mice and didn’t
impact circulating inflammatory cytokines nor their body or organ weights, in contrast to the
severe toxicity induced by Proleukin. The extra-tumoral activity we observed is unlikely to
be linked to the engagement of the anti-CD122/CD132 arms without binding to the TAA
arms as the bsAb pairs targeting an irrelevant protein instead of the TAA did not induce IL-
2/1L-15 activation in the TME or in circulation (Article Fig. S5D). Rather, the impact of bsAb
pairs on the immune infiltrates in the lung could be due to the recirculation of activated cells
from the TME to the lung or a consequence of circulating soluble MSLN (Article Fig. S6B).
Regardless, the presence of activated peripheral immune cells did not induce significant
lung inflammation nor impact systemic levels of inflammatory cytokines. We could perform
additional experiments to verify our hypotheses regarding the origin of the changes
observed in the lungs. Multiple sheddases cleave MSLN and release it in the serum, which
can be detected in most patients with mesothelioma.**?412 To avoid the shedding of MSLN,
two strategies can be tried. The first consists of knocking out multiple sheddases, which
could have other repercussions, as sheddases are involved in signaling and cell adhesion
and their disruption has been linked to inflammation and Alzheimer's disease.*'* The
second strategy is to make MSLN resistant to the sheddases. Sheddases seem to cleave
MSLN in a small region close to the plasma membrane.43 A mutated version of MSLN that
is resistant to cleavage by the most predominant sheddase has been reported.#'® Other
sheddases would still release some soluble MSLN with this MSLN variant. Engineering a
version resistant to all sheddases could be feasible and could help understanding the
involvement of sMSLN in peripheral activation but would require significant efforts.
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Additionally, the mutations could impact the folding of MSLN and, consequently, the binding
of our antibody pairs. We could also replace MSLN with a different TAA that is not shed at
the same level. Since we already have bsAbs for HER2, we tried but could not establish an
in vivo model due to insufficient HER2 expression on the available engineered human HER2
expressing MC38 mouse tumor cell line.

Using the transgenic hCD122 / hCD132 mouse model, we showed that our pairs of bsAbs
induce proliferation and activation of memory CD8* T cells and NK cells inside TAA-
expressing tumors (Fig. 3 B, D). This is different from high doses of Proleukin, where
treatment leads to the activation and proliferation of effector CD8* T cells and NK cells.?1°
Our observations are more aligned with not-alpha IL-2 strategies and IL-15 activation, which
are less potent activators of IL-2 signaling and favor proliferation and activation of memory
CD8* T cells and NK cells.®”” In consistent with the in vivo observations, we showed that
our bsAb pairs induce lower levels of pSTAT5 in PBMCs than Proleukin (Fig. 2B).
Interestingly, Roche’s IL-2 receptor B- and y-chain (IL-2RBy)-biased agonist fused to anti-
PD-1 (RO7284755) induces the differentiation of PD-1*TCF-1* stem-like CD8* T cells,
which they call better effector CD8* T cells.292:3% |n future experiments, we could test
whether the combination of our bsAbs with anti-mPD-1 leads to CD8* T cells with a similar
phenotype, which might be involved in the tumor growth inhibition we observed. IL-15
signaling favors the proliferation of memory T and NK cells.#1® Our bsAb pairs engage
CD122 and CD132 with one arm and a TAA with their other arm, which could mimic the
trans-presentation of IL-15 by CD215-expressing cells. Presentation of CD215-bound IL-15
is usually accompanied by complementary signals, like DC-derived type Il interferons or IL-
12, that will be mostly missing with bsAbs binding to TAAs. Additionally, while trans-
presentation of CD215-IL-15 complexes is important, IL-15 can still engage dimeric
CD122/CD132 receptors in cis, which our pairs of bsAbs can’t do. It is unlikely that our
bsAbs could replace IL-15 cross-presentation, but the effects on the TME are similar. The
ability of our bsAbs to bind immune cells and tumor cells simultaneously also resembles the
mechanism of TCE. While our approach does not mediate CD3/TCR signaling, our bsAb
pairs could retain immune cells near TAA* cells and favor their elimination. So far, in vitro,
we have focused on reporter cells, pSTAT5 quantification, and killing of target cells as a
proxy for IL-2/IL-15 signaling. To better understand the signaling induced by our bsAb pairs,
we could measure the contribution of PISK/AKT and MAPK/ERK. Several techniques could
be used, but a phosphoproteomic approach would be well-adapted.*'” Knocking out specific

downstream factors or kinome profiling that are known to be predominantly crucial for one
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of the two cytokines would also be informative. Furthermore, future pSTATS5 experiments
should take into account the signal duration and dynamics. When IL-2 binds to its receptor,
the complex is internalized to avoid prolonged signaling in the absence of new IL-2.#18 It is
possible that the simultaneous binding of the receptor and a protein on a different cell by
our bsAb pairs modifies the rate of internalization of the IL-2 receptor and changes the
signaling dynamics. We could compare pSTAT5 dynamics among our bsAb pairs, IL-2, and
IL-15 in future experiments. Including bsAb pairs with a range of affinities both on the TAA
and the CD122/CD132 arms could guide further development of this strategy.

Targeting membrane-proximal epitopes is advantageous for single bsAbs that trans-engage
two individual cells.*® The trans-engagement of our bsAbs on target cells and IL-2R
expressing cells suggests that the position of the targeted epitopes on the TAA or IL-2Rs
may also affect the activity of the bsAb pairs. Our study demonstrated that the potency of
the bsAb pairs varied depending on the epitopes targeted. However, we have not identified
the general rules underlying these differences (Fig.1D). We observed that HER2-targeting
BsAb pairs are more potent when CD122 is associated with a more membrane-proximal
epitope of HER2 compared to that associated with CD132. The opposite is observed for the
MSLN-targeting pairs. We hypothesize that the agonistic potential of the pairs may depend
on geometrical factors, where distance and orientation could play a significant role. Some
combinations may lead to incompatible distances or angles, making it hard for the two
antibodies to co-engage. Other than the capacity to stimulate IL-2R signaling, specific
biological properties of each TAA also need to be considered when choosing the target
epitope on TAAs. As an example, HER2 is known to form homodimers and heterodimers,
which stimulate the proliferation of tumor cells. Pertuzumab, but not Trastuzumab, was
shown to block HER2:HER3 heterodimerization, which could provide the approach with an
additional mechanism of action.*?°

While engineering our bsAbs, we developed arms targeting different epitopes for CD122,
CD132 or the TAAs with different affinities. Our in vitro data guided us to choose two bsAb
pairs among the possible IL-2RXMSLN combinations, with different affinities for CD122 and
CD132, for further in vivo testing. In both pairs, the anti-CD122 arm was combined with an
arm targeting a proximal MSLN epitope (dissociation constant=Kp=22 nM), and the anti-
CD132 arm was combined with an arm targeting a distal MSLN epitope (Kp=0.48 nM). In
initial in vivo experiments, we observed that the two pairs had similar effects on the TME.
Therefore, we continued with the pair with a lower affinity for CD122 and CD132 for the
remaining experiments. We hypothesized that using lower affinity sequences for CD122 and
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CD132 would reduce the number of antibodies retained in the periphery by IL-2R expressing
cells and favor intratumoral accumulation via the higher affinity anti-MSLN arms.
Furthermore, having moderate affinities for CD122 and CD132 could be beneficial for
activating IL-2/IL-15 signaling. Unlike blocking antibodies, where higher affinity is often
associated with increased activity, evidence suggests that agonistic antibodies aimed at
activating receptor signaling can benefit from lower affinities.*?! As the ideal affinity is likely
to change depending on the targeted epitope, we could engineer variants of our sequences
with different affinities to compare head to head. A structure-guided mutational approach
could be used to make sure the target epitope does not change. Alternatively, optimization
and de-optimization campaigns could be performed starting from one of our initial
sequences, followed by molecular modeling to ensure the target epitope remains unaltered.
The Kbp, i.e., the off-rate constant (Korr) divided by the on-rate constant (Kon), quantifies the
speed of dissociation and association of a complex and is most often used as the
guantification parameter for the affinity of antibodies. We hypothesize that both Korr and
Kon are important for molecules aimed at modulating signaling activity and considering them
separately from each other could further inform insightful decisions in antibody engineering.
For example, a sequence with slow association and slow dissociation could have the same
Ko as a different sequence with faster association and dissociation. Despite having the
same Kbp, we think the two antibodies could have significantly different effects on signaling
activation and dynamics.

This study demonstrated that this novel approach could activate IL-2/IL-15 signaling by
bringing them together through two different TAAs, HER2 and MSLN. In initial experiments,
we targeted CD122, CD132, and HER2 for various reasons. IL-2 and IL-15 are well known
to activate cells involved in antitumor immune responses, and harnessing IL-2 signaling
safely has been a major challenge for many years. Many tools like reporter cells and
recombinant proteins are available. Additionally, antibody sequences had been published
for CD122, CD132, and several HER2 epitopes and could be combined through CrossmAb
technology. This approach allowed us to validate the concept quickly and extend it to KA-
bodies and MSLN. Many signaling pathways initiate signaling cascades after their receptor
subunits form a multimer. We think that our approach may not be limited to CD122 and
CD132 combinations with HER2 and MSLN but can be applied to many others. The safety
and TAA selectivity we demonstrated make bsAb pairs well-versed in targeting pathways
limited by their toxicity. For example, IL-12 has been an attractive target in cancer
immunotherapies, but no FDA-approved IL-12 targeting immunotherapy exists due to
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severe systemic toxicities associated with T and NK cell activation.*?? As IL-12 receptor (IL-
12R) comprises two subunits, IL-12RB1 and IL-12RB2, it could potentially also be targeted
and activated in a TAA-dependent manner through bsAb pairs. Another development of our
approach that has not been investigated so far is using bsAb pairs that target subunits of
different receptors. A study has demonstrated using bispecific antibodies composed of small
antibody domains targeting two receptor subunits of different receptors that non-natural
heterodimeric receptors, like IL-2RB-IL-10RB, can transduce signaling in target cells.*?2 This
possibility opens up even more possible strategies for bsAb pairs.

We demonstrated the agonistic potential of bsAb pairs where the first antibody targets HER2
and the second targets MSLN (Fig. 6, S9). In this case, signaling is activated only with target
cells expressing both TAAs. Targeting multiple TAAs can further improve the specificity of
our bsAb pairs. Some TAAs are marginally expressed by healthy cells, but it is unlikely that
healthy cells will express more than one. The two-TAA bsAb pairs thus selectively target
tumor cells co-expressing both TAAs while sparing healthy cells expressing only one of
them. A different possible development of this approach could be to target a cytokine
receptor, and a protein co-expressed on the same cell (in cis). This approach would likely
increase peripheral activation but offers an alternative in projects where peripheral
activation is less concerning. Similarly to RO7284755, anti-PD-1 blocking arms could be
combined with IL-2R targeting arms to favor the activation of antigen-experienced immune
cells.*?#

Finally, the great success of ICI and increasing evidence that IL-2 activation synergizes with
anti-PD-1 treatment convinced us to combine our bsAb pairs with anti-mPD-1 antibody
administration. We could show that the reduction in tumor burden in mice treated with the
combination is associated with an immune infiltration profile different from that associated
with either the bsAb pair or the anti-mPD-1 alone. For example, we observed a CD8*/Treg
ratio similar to the bsAb pair alone, but the percentage of gnzmB* CD8* T cells was closer
to what we observed with anti-mPD-1 alone (Fig. 5 E-F). In addition to ICI, we believe our
approach could also be partnered successfully with other therapeutic approaches, such as
cancer vaccines and ACT. Cancer vaccines have been shown to remodel the TME and
increase immune cell infiltration. A study has shown that Ad-carcinoembryonic antigen (Ad-
CEA), a vaccine targeting CEA, fails to control tumor growth alone but induces significant
changes in the TME, including an increase of the infiltration of CD8*, gnzmB* CD8* T cells
and higher CD8*/Treg ratios.#?® Considering that we observed similar results with our bsAb
pairs and that vaccines inherently boost the pool of antigen-specific T cells, we believe that
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combining the two strategies could be beneficial. ACT comprises T cell therapy, NK cell
therapy, CAR T cell therapy, and CAR NK cell therapy.#?® As we demonstrated significant
effects both on CD8* and NK cells and ACT is often combined with injections of IL-2 and IL-

15 to support the maintenance of the injected cells, we believe the two strategies would be
natural partners.4?’
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9 Conclusion

In this thesis, we have developed a novel immunotherapeutic strategy. By demonstrating
the tumor-selective IL-2/IL-15 activation of immune cells and the favorable safety profile of
pairs of bsAbs, this thesis illustrates an approach that overcomes the limitations of cytokine
therapies. Importantly, we did not observe any worrying clinical signs of toxicity and
circulating inflammatory cytokines remained unchanged after bsAb treatment of mice. We
believe that the reduction in tumor growth accompanied by the proliferation and activation
of memory CD8* T and NK cells supports the applicability of the approach and warrants
further studies. Altogether, this thesis demonstrates a new approach to activate IL-2/IL-15
signaling that could serve as an example for a new generation of cytokine-targeting

therapies capable of circumventing toxicity and improving patients’ quality of life.
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11 Appendices

11.1 Appendix 1:
Composition and methods for the selective activation of cytokine signaling pathways

Patent filed internationally (PCT/EP2023/051721), January 2023

The patent protects the approach and illustrates the concept of paired bispecific antibodies.
| was involved in most of the laboratory experiments presented here. While the final
formatting and writing was done by attorneys, | was involved in the writing of the patent and

presentation of the data.
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EFS Attorney Docket No. NOVI-049/00 WO 322145-2988
Date of Deposit: January 24, 2023

COMPOSITION AND METHODS FOR THE SELECTIVE ACTIVATION OF

CYTOKINE SIGNALING PATHWAYS

RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, U.S. Application No.
63/302,514, filed on January 24, 2022. The contents of this application are incorporated

herein by reference in its entirety.

INCORPORATION-BY-REFERENCE OF SEQUENCE LISTING

[0002] The Sequence Listing XML associated with this application is provided
electronically in XML file format and is hereby incorporated by reference into the
specification. The name of the XML file containing the Sequence Listing XML is
NOVI 049 001WO SeqList ST26.xml. The XML file is 158,062 bytes in size, created on
January 24, 2023.

BACKGROUND OF THE INVENTION

[0003] Interleukin-2 (IL-2) is a 15 kDa cytokine essential for the balance between
activation and suppression of immune responses. Under normal conditions, CD4" helper T
cells are the main producers of the cytokine. Upon immune activation, both CD4" and
CDS8™ T cells are induced to produce IL-2 and the induction is regulated through a negative
feedback loop involving B lymphocyte-induced maturation protein 1 (BLIMP1)

[0004] IL-2 receptor (IL-2R) has three subunits, IL-2Ra (CD25), IL-2Rf3 (CD122) and IL-
2Ry (CD132). Of the three IL-2R subunits, only IL-2Ra is unique to IL-2R. IL-2Ry (also
called the common y chain) is common with IL-4, IL-7, IL-9, IL-15 and IL-21 receptor
complexes. IL-2Rf} is common with the Interleukin-15 (IL-15) receptor complex. IL-15 is a
cytokine for the development, proliferation, and activation of effector NK cells and
CD8" memory T cells. IL-15 binds to the IL-15 receptor & (IL-15Ra) and is presented in
trans to the IL-2RP -IL2Ry complex on effector cells. IL-15 and IL-2 share binding to
the IL-2Rp -IL2Ry complex, and signal through STAT3 and STATS pathways. However,
unlike IL-2, IL-15 does not support maintenance of CD4*CD25"FoxP3" regulatory T (Treg)
cells or induce cell death of activated CD8™ T cells. Additionally, IL-15 is the only cytokine
known to provide anti-apoptotic signaling to effector CD8" T cells. IL-15 signaling exhibits

280919112 v1

171



11.2 Appendix 2:
IFN-y-dependent tumor-antigen cross-presentation by lymphatic endothelial cells

promotes their killing by T cells and inhibits metastasis

Published in Science Advances, June 2022

This paper publishes a study on which | have worked during my Master thesis. This study
investigates the interaction between T cells and Lymphatic endothelial cells. This study
illustrates the importance of IFN-y for cytotoxic cell-mediated killing of lymphatic endothelial
cells and the effect on metastasis development. In this study | was involved in the
experiments performed and the discussions regarding the project while | was in the lab.
During that time, we performed flow cytometry analysis of mouse tumors and lymphoid

tissues, live cell imaging, and qPCR.
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IFN-y-dependent tumor-antigen cross-presentation by
lymphatic endothelial cells promotes their killing by

T cells and inhibits metastasis
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Tumor-associated lymphatic vessels promote metastasis and regulate antitumor immune responses. Here, we
assessed the impact of cytotoxic T cells on the local lymphatic vasculature and concomitant tumor dissemination
during an antitumor response. Interferon-y (IFN-y) released by effector T cells enhanced the expression of immuno-
suppressive markers by tumor-associated lymphatic endothelial cells (LECs). However, at higher effector T cell
densities within the tumor, T cell-based immunotherapies induced LEC apoptosis and decreased tumor lymphatic
vessel density. As a consequence, lymphatic flow was impaired, and lymph node metastasis was reduced. Mecha-
nistically, T cell-mediated tumor cell death induced the release of tumor antigens and cross-presentation by tumor
LECs, resulting in antigen-specific LEC killing by T cells. When LECs lacked the IFN-y receptor expression, LEC killing
was abrogated, indicating that IFN-y is indispensable for reducing tumor-associated lymphatic vessel density and
drainage. This study provides insight into how cytotoxic T cells modulate tumor lymphatic vessels and may help

to improve immunotherapeutic protocols.

INTRODUCTION

Metastasis is the principal cause of mortality in human cancers.
Although cancer cells can disseminate through blood vessels (BVs),
most solid cancers, such as breast cancer and melanoma, propagate
through the lymphatic vessels (LVs) to first reach the sentinel lymph
nodes (LNs) (1). Occurrence of tumor cells in LNs is associated with
poor prognosis in multiple types of cancers (2). Studies have shown
that metastatic tumor cells additionally migrate through LVs to settle
adjacent LNs, where they invade local BVs to further colonize dis-
tant organs (3, 4). Tumor LVs are not simple passive conduits for
metastatic dissemination. Mouse and human studies indicate that
lymphatic endothelial cells (LECs) lining the lymphatic vasculature
react to factors present in the tumor microenvironment (TME),
promoting LV growth and remodeling in primary tumors and
draining LNs (dLNs). This process is called lymphangiogenesis and
correlates with metastasis and impaired disease-free survival (2, 5).
Expression of the lymphangiogenic factor vascular endothelial growth
factor-C (VEGF-C) in patient samples is associated with LN metastasis
in several types of cancers (2, 6, 7). In murine models, alterations
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of VEGF-C and VEGF-D receptor signaling influence metastatic
dissemination to LNs and/or distal organs (8-16). LV expansion
within sentinel LNs induces the formation of a “premetastatic niche”
that would favor metastatic cell colonization (10, 17, 18). LVs in
distant metastatic regions further contribute to tumor progression
by attracting chemotherapy-resistant cancer stem-like cells (19).
Moreover, LVs promote lung metastasis and additional spreading to
other organs in an inducible lung lymphangiogenesis mouse model
(20). In patients with melanoma, lymphatic exudates are enriched
in tumor-derived factors and exhibit distinct tumor protein profiles
depending on the metastatic stage of the patients, suggesting that
they might be used to predict disease progression and response to
treatment (21).

Besides their critical role in tumor cell dissemination, LV are key
players in the initiation and the regulation of antitumor immune
responses, including T cell activation and infiltration in tumors.
While studies have indicated a possible local priming of naive T cell
infiltrating solid tumors (22-24), antigen transport by dendritic cells
(DCs) through LVs to the dLNGs is, nevertheless, crucial for the ini-
tiation of T cell responses in melanoma (25, 26). Consistent with a
beneficial role of the lymphatic vasculature in antitumor immunity,
the expression of genes associated to lymphatics or LV density
(LVD) positively correlates with tumor-infiltrating inflammatory
immune cell numbers in primary colorectal cancer and melanoma
(27-29). Transgenic mice lacking or exhibiting disturbed local LVs
demonstrate limited tumor drainage, reduced DC migration to dLNs,
decreased tumor-infiltrating leucocyte numbers, and impaired anti-
tumor adaptive immunity (25, 30). However, LVD and lymphatic
score (attributed by the relative expression levels of LV-related genes)
are also associated with enhanced infiltration of immunosuppressive
cells and expression of immunoregulatory molecules (25, 27, 28).
Therefore, although LVs are required for intratumoral T cell infiltra-
tion, they inhibit ongoing adaptive antitumor immunity. In mouse
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melanoma, tumor dLN (TdLN) LECs cross-present tumor antigen
to foster the apoptosis of tumor-specific CD8" T cells (31). In
colorectal cancer, VEGF-C signaling in tumor LECs enhances their
immunosuppressive properties through a synergistic cooperation
with tumor-associated macrophages (32). In multiple subcutaneous
tumor mouse models, tumor LECs up-regulate the immunosuppres-
sive molecule programmed death-ligand 1 (PD-L1) in response
to interferon-y (IFN-y) produced by tumor-specific CD8" T cells
(33, 39), thereby reducing intratumoral CD8" T cells (34). Recently,
we demonstrated that IFN-y signaling induces the up-regulation of
major histocompatibility complex (MHC) class II molecules by
tumor LECs, which locally promote the suppressive functions of
regulatory T cells, leading to an inhibition of cytotoxic CD8" T lym-
phocyte (CTL) effector functions and promoting tumor growth (35).
VEGF-C-induced lymphangiogenesis combined with immunotherapy
can potentiate antitumor T cell responses in murine melanoma
and glioblastoma (28, 36). Furthermore, serum VEGEF-C levels in
patients with melanoma positively correlate with a response to
immunotherapy and progression-free survival (28). In agreement,
lymphangiogenic vaccines composed of irradiated tumor cells engi-
neered to overexpress VEGF-C administered outside the tumor bed
promote tumor-specific T cell immunity and potentiate anti—
programmed cell death protein 1 (PD-1) immunotherapy in mouse
melanoma (37).

Although the dual role and the spatiotemporal effects of LVs
in antitumor immunity need to be considered, targeting the lym-
phatic vasculature represents a promising therapeutic strategy to
restrain cancer cell dissemination. A better understanding of the
mechanisms implicated in solid tumor rejection and disruption
of the tumor vasculature will help to optimize immunotherapeutic
protocols. Effective antigen-dependent killing of stromal cells by
transferred CTLs is crucial to indirectly eliminate antigen loss
variants (ALVs) in established tumor (38, 39). Cancer cell death
enhances the elimination of the tumor stroma through the release
of tumor antigens that sensitize stromal cells for antigen-specific
CTL killing (38-40). Tumor necrosis factor (TNF), Fas ligand
(FasL), and IFN-y expression by CTLs—together with the expres-
sion of their respective receptors TNFR, Fas, and IFN-yR by stromal
cells—are required for the bystander eradication of ALVs (41-43).
IFN-y produced by adoptively transferred CTLs inhibits tumor-
induced angiogenesis (44). The selective expression of IFN-yR by
endothelial cells is sufficient for IEN-y-induced BV destruction
and tumor regression (45). IFN-y secretion by T cells reduces LVD
in both steady-state and inflamed LNs (46) and promotes LEC
immunosuppressive function in tumors (34, 35). However, the im-
pact of T cell-based immunotherapies on intratumor LVD has not
been determined.

In this study, we show that therapies involving cytotoxic T cell
responses targeting tumors induce LEC apoptosis and lead to a re-
duction of tumor LVD. As a consequence, lymphatic flow drainage
and metastatic dissemination into LNs are diminished. These ef-
fects are abolished in the absence of IFN-yR expression by LECs,
indicating that T cells rely on the IFN-y signaling pathway to re-
strain tumor LVs. Mechanistically, IFN-y signaling in LECs poten-
tiates their capacity to cross-present tumor antigens released after
CTL-mediated tumor cell death and their subsequent killing by
CTLs. This study provides important insights into how CTLs mod-
ulate LVs to optimize the design of protocols for immunotherapies
in cancer.

Garnier etal., Sci. Adv. 8, eabl5162 (2022) 8 June 2022

RESULTS

Immunotherapy using tumor-specific CD8" T cells induces
tumor LEC apoptosis

We used several approaches to evaluate how T cell-based immuno-
therapies affect tumor LECs. First, we adoptively transferred 1 x 10°
ovalbumin (OVA)-specific T cell receptor (TCR) transgenic OT-1
CD45.1* CD8" effector T cells into BI6F10-OVA*VC" tumor-bearing
C57BL/6 mice (Fig. 1A). BI6F10-OVA'VC" is a melanoma cell line
expressing the model antigen OVA and engineered to produce
elevated levels of the lymphangiogenic factor VEGF-C (31). OT-1
effectors efficiently infiltrated OV A-expressing tumors, where they
actively produced IFN-y and granzyme-B (fig. S1A). OT-1 transfer
induced efficient tumor regression (Fig. 1A), as well as a significant
up-regulation of PD-L1 and MHCII molecules by tumor LECs
(fig. S1, B and C), corroborating earlier findings that LECs exposed
to IFN-y up-regulated IFN-y-target genes (34, 35). In addition,
OT-1 effector cell transfer resulted in a significant decrease in the
density of tumor LECs (Fig. 1B), as well as their increased expres-
sion of the proapoptotic marker activated caspase 3 (cleaved casp-3)
(Fig. 1C). In contrast, we did not observe any effect of OT-1 transfer
on LEC proliferation (fig. S1D), indicating that elevated intratumoral
VEGE-C levels were maintained following OT-1-mediated tumor cell
killing. In vitro generated OT-1 effectors adoptively transferred into
tumor-bearing mice, representing 2% of CD8" T cells in TdLNs (fig.
S1E), and failed at inducting cleaved casp-3 in LN LEC:s (fig. S1F).

Tumor LV reduction and tumor LEC apoptosis were also observed
when OT-1 effector cells were adoptively transferred into mice bear-
ing a mixed tumor, resulting from the injection of a 9:1 B16F10-VC'
and B16F10-OVA*VC" cell ratio (fig. S1, G to I). Tumor rejection
was not observed in this context (fig. S1G), ruling out the possibility
that reduced LV densities in tumors following OT-1 effector cell
transfer resulted from lower VEGF-C levels in smaller tumors. We
further performed LEC (Lyve-1*) (31, 35) and OT-1 (CD45.1%)
immunofluorescent staining on tumors from B16F10-OVA'VC'-
bearing mice adoptively transferred with OT-1 eftector cells (+OT-1)
or not (-). OT-1 transfer induced a decrease in LV area (Lyve-17)
(Fig. 1D), with a more pronounced effect on LVslocated at the center
of the tumor compared to the periphery of the tumor (Fig. 1D).
OT-1 transfer was further associated with a higher proportion of
cleaved casp-3" cells on tumor LECs (Fig. 1E). Transferred OT-1 cells
were not randomly distributed in tumors but were preferentially
localized in close proximity of tumor LV (fig. S1J).

We next vaccinated BI6F10-OVA*VC" tumor-bearing mice
with CpG-B + OVA, which led to increased density of IFN-y- and
granzyme-B-producing CD8" T cell in the tumor (fig. S2A), tumor
regression (Fig. 1F), as well as enhanced expression levels of PD-L1
and MHCII on tumor LECs (fig. S2, B and C). LEC proliferation
was slightly decreased upon vaccination (fig. S2D). LVD was sig-
nificantly reduced 7 days after vaccination (Fig. 1G), and cleaved
casp-3 was increased in tumor LECs (Fig. 1H). To determine whether
the pathway can be observed by vaccinating with an endogenous
tumor antigen, BI6F10-OVA*VC" tumor-bearing mice were vacci-
nated with CpG-B + Gp100 peptide and transferred with Gp100-
specific TCR transgenic Pmel-1 CD8" T cell effectors. Gp100
vaccination, Pmel-1 transfer, or a combination of the two all induced
tumor regression and up-regulation of PD-L1 and MHCII by tumor
LEC:s (fig. S3, A to C). However, only the combination of vaccina-
tion and T cell transfer reduced tumor LVD (fig. S3D) and enhanced
LEC apoptosis (fig. S3E), confirming our observations by using an
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Fig. 1. Boosting tumor-specific T cell resp pr tumor LEC apoptosis. (A to E) C57BL/6 mice were injected or not with in vitro activated CD8" OT-1 CD45.1" cells

(1 x10°cells) 9 days after B16F10-OVA*VC™ inoculation. (A) Tumor growth. (B) LVD (number of LECs per grams of tumor, normalized to control group) and (C) frequency
and median of cleaved casp-3" (casp-3) LECs (CD45"*9 CD31" GP38") in tumors at day 14 by flow cytometry. Graphs represent a pool of two experiments with 10 to
18 mice per group. (D and E) Representative immunofluorescent labeled tumor sections stained against OT-1 (CD45.1; green), LECs (Lyve-1; red), cleaved casp-3 (c-casp-3)
(white), and merge without () or upon OT-1 transfer at day 4 after transfer. (D) LVD measured as Lyve-1* cell counts per square millimeter of tumor and relative tumor
LEC distribution in individual tumors (T1 to T4). (E) LEC cleaved casp-3 activity [mean fluorescence intensity (MFI)] per tumor and per individual tumor LECs. (F to
H) C57BL/6 mice were vaccinated or not with CpG-B + OVA at day 5 after B16F10-OVA'VC" inoculation. (F) Tumor growth. (G) LVD and (H) frequency and median of
cleaved casp-3" LECs in tumors at day 12 by flow cytometry. Graphs represent a pool of two experiments with 10 to 11 mice per group. (A and F) Two-way analysis of
variance (ANOVA) test; (B to E, G, and H) Mann-Whitney test. Error bars show means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0,0001.

endogenous tumor antigen. Last, BI6F10-VC* (OVA negative) DCs (Polyclonal-ATT). This treatment induced a potent tumor
tumor-bearing mice were vaccinated with irradiated BIGF10-VC" cells  growth control (fig. S3F), induced the up-regulation of MHCII by
in the presence of CpG-B and adoptively transferred with CD8"  tumor LECs (fig. S3G), and resulted in reduced tumor LEC density
T cells preactivated in vitro with irradiated B16F10-VC" cells loaded  (fig. S3H) and increased frequencies of cleaved casp-3" LECs (fig. S3I).
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Therefore, tumor LEC killing and LV inhibition can be induced by
boosting polyclonal tumor-specific CTLs. Together, our data indi-
cate that immunotherapies aiming at increasing the numbers of
tumor-specific T cell effectors in tumors locally induce LEC apop-
tosis and decrease LVD.

Tumor LEC apoptosis requires elevated CTL numbers
We hypothesized that a threshold of CTL density in tumors is
necessary to overcome IFN-y-mediated LV immunosuppression
through the killing of tumor LECs. To determine whether LEC killing
correlates with CTL density, we transferred two different amounts
(0.05 x 10° and 0.5 x 10°) of OT-1 effectors in BI6F10-OVA*VC"
tumor-bearing mice. We observed a dose-dependent reduction of
tumor growth 5 days after T cell transfer (Fig. 2A), which was
correlated with the density of IFN-y- and granzyme-B-producing
OT-1 cell in tumors (fig. S4A). Whereas both doses induced PD-L1
up-regulation by tumor LECs as soon as 3 days after T cell transfer
(fig. S4B), increased frequencies of cleaved casp-3" LECs (Fig. 2B)
and reduced LEC densities (Fig. 2C) happened to be T cell dose
dependent. Densities of OT1 T cells within the tumor (Fig. 2D),
producing IFN-y (Fig. 2E) and granzyme-B (Fig. 2F), were positively
correlated to the frequency of apoptotic tumor LECs, reinforcing a
dose-dependent effect of OT-1 effectors on tumor LEC apoptosis.
However, given the data distribution observed in Fig. 2 (D to F),
additional factors present in the TME likely influence OT-1 effector
location and functions.

We next investigated whether tumor LEC killing also occurs in
the absence of immunotherapy in a more immunogenic tumor mouse
model. We used MC38-OVA* adenocarcinoma cells engineered to

overproduce VEGF-C (MC38-OVA*VC" cells). In vitro, VEGF-C
mRNA levels in MC38-OVA'VC" cell cultures were increased
around 60-fold compared with the MC38-OVA cell line and were
1.6-fold less than in BI6F10-OVA"VC" cells (fig. S4C). In vivo,
VEGEF-C levels in BI6F10-OVA'VC" and MC38-OVA'VC' tumors
were measured in the same range of concentrations (fig. $4D). We
compared C57BL/6 inoculated with either BIGF10-OVA"VC* cells or
MC38-OVA*VC' cells. MC38-OVA*VC" tumors exhibited a slower
growth (fig. S4E). Granzyme-B CD8" effector T cell densities were
significantly enhanced in MC38-OVA"VC" tumors compared to
B16F10-OVA*VC' tumors (fig. S4F). PD-L1 expression levels were
increased in MC38-OVA*VC" compared to BL6F10-OVA*VC" tu-
mor LECs (fig. S4G). LV frequency and density were markedly lower
(fig. S4H), and the frequency of cleaved casp-3 in tumor LECs was
enhanced in MC38-OVA*VC" tumors (fig. S41). Although different
molecular and/or cellular actors specific to a given TME may also
influence LEC density, these data show that elevated CTL numbers
in the tumor tissue correlate with tumor LVD inhibition. We next
thought to determine whether LEC killing by infiltrating CTLs occurs
in BI6F10-OVA" tumors, which do not overexpress VEGF-C. OT-1
effector transferred in BI6F10-OVA"™ and B16F10-OVA"VC" tumor-
bearing mice controlled tumor growth (fig. S4]) and induced PD-L1
and MHCII up-regulation in tumor LECs (fig. S4, K and L). Fre-
quencies of cleaved casp-3* LECs were notably elevated in B16F10-
OVA" tumors compared to BI6F10-OVA*VC" tumors already in
the absence of OT-1 transfer (fig. S4M). As expected, OT-1 transfer
significantly increased cleaved casp-3" LEC frequencies (fig. S4M)
and reduced LEC densities (fig. S4N) in B16F10-OVA"VC' tumors.
In contrast, cleaved casp-3* LEC frequencies remained similar in
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al CTL densities and tumor LEC killing. (A to C) C57BL/6 mice were injected or not with different doses of in vitro acti-

vated OT-1 cells (0.05 x 10% or 0.5 x 10° cells) 9 days after B16-OVA-VC inoculation and euthanized 3 or 5 days later. (A) Tumor size, (B) frequency of cleaved casp-3* tumor
LECs, and (C) LEC density 3 and 5 days after injection. Data represent a pool of three experiments (A and B) with N= 16 to 17 mice per group and one experiment (C) with

5 to 6 mice per group. (D to F) Correlations between (D) OT-1, (E) OT-1-producing

IFN-y, and (F) OT-1-producing granzyme-B densities and the frequency of cleaved

casp-3* tumor LECs 5 days after transfer of 0.5 x 10° activated OT-1 cells. Data represent a pool of six experiments, N =59 mice. (A to C) One-way ANOVA test; (D to F)
linear regression. Error bars show means + SEM. N.S., not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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B16F10-OVA™ tumors with and without OT-1 transfer (fig. S4M).
The amount of LECs is extremely low in BI6F10-OVA" compared to
B16F10-OVA"VC" tumors (fig. S4N), supporting the idea that an ele-
vated ratio CTL/LEC results in tumor LECkilling by infiltrating CTLs.
Accordingly, whereas the density of CTL was 10-fold higher in B16F10-
OVA*VC" tumors compared to B16F10-OVA" tumors (fig. $40), the
ratio CTL density/LEC density remained 50-fold higher in B16F10-
OVA" tumors compared to BI6F10-OVA*VC" tumors (fig. S4P).

Adoptive transfer of tumor-specific T cells restricts
lymphatic drainage

LVs are the primary route for cancer cell spreading and metastasis
establishment in sentinel LNs and distal organs. Therefore, targeting
the lymphatic vasculature represents a promising therapeutic strategy
to restrain cancer cell dissemination. We next assessed whether LVD
decrease upon tumor-specific CD8" T effector transfer would result
in impaired LV drainage functions.

In B16F10-OVA*VC" tumor-bearing mice injected intratumor-
ally with fluorescein isothiocyanate (FITC) beads, the migration of
FITC* DCs in TdLNs was reduced in mice adobptively transferred
5 days before with 0.5 x 10° but not 0.05 x 10° of OT-1 effectors
(Fig. 3A). In contrast, the frequency of total DCs in the TdLNs was
not altered in mice adoptively transferred with either of the two
OT-1 doses (Fig. 3B). In addition, the transfer of 0.5 x 106 OT-1 cells
reduced metastasis in LNs proximal to the tumor, as quantified by
the black color intensity in inguinal, axillary, and brachial LNs (fig.
S5A). Whereas the number of cancer-positive inguinal LNs was not
affected by OT-1 transfer, we observed an increased proportion of
axillary and brachial LNs devoid of metastasis following adoptive
T cell transfer (ATT) (fig. SSA). Gp100 staining of TdLN sections

further indicated that LN metastasis was significantly reduced 5 days
after the transfer of 0.5 x 10° OT-1 effectors, in terms of both the
number of metastatic foci per LNs and the number of metastasis-
positive LNs (fig. S5B). The size of primary tumors being significantly
decreased upon OT-1 adoptive transfer, reduced LN metastasis
can be a combination of lower tumor cell spreading and impaired
LV drainage. Therefore, we next thought to determine whether LV
disruption significantly contributes to reduced LN metastasis follow-
ing ATT. We adoptively transferred OT-1 cells in BI6F10-OVA*VC*
tumor-bearing mice and further injected peritumorally cell trace
violet (CTV)-labeled B16F10-VC" tumor cells at a time point
primary tumor sizes were not decreased by the adoptive transfer of
OT1. Adoptive transfer of OT-1 cells drastically inhibited the de novo
migration of CTV-labeled B16F10-VC" tumor cells toward primary
and secondary TdLNs (Fig. 3C). In summary, these results demon-
strate that elevated numbers of tumor-specific effector T cells in-
duce LEC apoptosis in tumors, resulting in LV dismantling, altered
drainage to TdLNs, and diminished LN metastasis.

ATT-mediated dismantling of tumor LV and LN metastasis
inhibition are dependent on IFN-yR signaling in LECs

IFN-y has been shown to negatively affect LN-LV (46). As CTLs
represent a substantial source of IFN-y in tumors, we next sought to
determine whether LV destruction by ATT relies on IFN-yR signal-
ing in tumor LECs. We generated conditional knockout (KO) mice
in which LECs do not express IFN-yR subunit 2. Prox-1 Cre™"2
mice (47), which express the tamoxifen-inducible Cre recombinase
under the promoter of the LEC-specific transcription factor Prox-1,
were crossed with TEN-yR2%¥1X mice (IFN-yR*™*! mice) (48).
We validated by quantitative polymerase chain reaction (QPCR) the
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Fig. 3. Tumor LV drainage functions are impaired upon adoptive T cell transfer. (A and B) C57BL/6 mice were injected or not with different doses of in vitro activated
OT-1 cells (0.05 x 10° or 0.5 x 10° cells) 9 days after B16F10-OVA*VC" inoculation and euthanized 5 days later. FITC-labeled beads (0.5 mm) were injected intratumorally
24 hours before euthanasia. Frequencies of (A) FITC beads™ DCs (CD11¢*MHCII*) and (B) total DCs in TdLNs (pool of inguinal and axillary LN) by flow cytometry. Data
represent two pooled experiments, N=10 to 11 mice per group. (C) C57BL/6 mice were inoculated with B16F10-OVA*VC* and were injected or not with 0.5 x 10° in vitro
activated OT-1 cells 9 days later. CTV-labeled B16F10-VC" tumor cells were injected peritumorally at day 13, and mice were euthanized at day 14. Frequencies of GP38"
CTV" cells in the TdLNs (inguinal and axillary). Data represent a pool of three experiments, N=14 to 15 mice per group. (A and B) One-way ANOVA; (C) Mann-Whitney

statistical test. Error bars show means + SEM. *P < 0.05, **P < 0.01.
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deletion of IFN-yR2 in LECs sorted from B16F10-OVA*VC' tumors
of IEN-yR*™*! mice (fig. S6A). Lyve-1 staining of naive LNs showed
a modest but significant increase in LVD in steady-state [FN-yR*™*
LNs compared to IEN-yR" " control LNs (Fig. 4A), confirming pre-
viously published data that T cell-derived IFN-y secretion inhibits
LV-specific genes in LN LECs and consequently reduce in LN-LV
(46). Whereas ATT did not modify IFN-yR1 and Jakl mRNA levels,
it enhanced the expression of STAT-1 and different IFN-y response
genes, such as IFN regulatory factor 1 (IRF-1), CIITA (Class II Major
Histocompatibility Complex Transactivator), MHCII, and PD-L1
genes in LECs from B16F10-OVA'VC" tumors in IFN-yR"" control

mechanism (fig. S6A). PD-L1 and MHCII were also up-regulated at
the protein level in tumor LECs following OT-1 transfer in IFN-yR™ "
controls, whereas it was abrogated in IFN-yR*?"*"! mice (fig. S6,
B and C). Notably, PD-L1 and MHCII up-regulation after OT-1
transfer was observed in tumor blood endothelial cells (BECs) from
both IEN-yRY" and IEN-yR*™*! mice (fig. $6, D and E), again val-
idating the specific deletion of IEN-yR in LECs.

Although OT-1 transfer similarly induced BI6F10-OVA'VC*
tumor regression in IFEN-yR"T and IEN-yR*"***! mice (Fig. 4B),
both the reduction of tumor LVD (Fig. 4C) and the increase of LEC
apoptosis (Fig, 4D) induced by ATT were abolished in IFN-yR*P*!

mice (fig. S6A). These effects were abolished in tumor LECs from

mice, demonstrating that IFN-y is crucial for LV killing. Whereas
IEN-yR*P™*! mice, highlighting an IEN-yR signaling-dependent

LVs were increased in steady-state LNs from IEN-yR*P™*! mice
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Fig. 4. IFN-yR signaling in LECs is indisp ble to ATT-mediated tumor LV destruction. (A) Lyve-1 staining of ndLN (non dLN) sections from IFN-yR"T and IFN-yR*P">*"
mice 4 weeks after tamoxifen treatment. (B to F) Tamoxifen-treated IFN-yR" and IFN-yR*"™*! mice were injected or not with 0.5 x 10° in vitro activated OT-1 cells 8 days
after B16F10-OVA™VC" inoculation. (B) Tumor growth. Data are representative of three experiments. (C) Tumor LEC density and (D) frequency of cleaved casp-3™ tumor
LEC 5 days after T cell injection. Data represent two pooled experiments, N = 6 to 10 mice per group. (E) Black color intensity analysis of inguinal, axillary, and brachial TdLN
from indicated mice 6 days after OT-1 transfer. Pictures show representative images, and histograms show the quantification of the intensity for individual LNs. Data are
pooled from three experiments, N = 16 mice per group. (F) Gp100 staining of inguinal, axillary, and brachial TdLNs from indicated mice 9 days after OT-1 transfer. Pictures
show representative images, and histograms show the quantification of Gp100™ cells in LNs. Data are from six mice per group. (A, C, and D) Mann-Whitney statistical test;
(B) two-way ANOVA test; (E) one-way ANOVA test. Error bars show means + SEM.*P < 0.05, **P < 0.01, ****P < 0.0001.
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compared to IFN -yRWT mice (Fig. 4A), tumor LVD and frequency

of cleaved casp-3* tumor LECs were not different between the two
groups in the absence of OT-1 transfer (Fig. 4, C and D), suggesting
that the IFN-y produced by endogenous immune cells is not suffi-
cient to induce B16F10-OVA'VC" tumor LEC apoptosis. Notably,
OT-1 effector transfer also reduced tumor BEC density (fig. S6F)
and induced BEC apoptosis (fig. S6G) in both IEN-yR"T and
IEN-yR™*! mice,

We next investigated the impact of OT-1-induced LV dismantling,
as well as the requirement of IFN-y signaling, on metastasis estab-
lishment in TdLNSs. In the absence of OT-1 transfer, TdLNs from
B16F10-OVA*VC' tumor-bearing IFN-yR"" and IFN-yR*"*! mice
exhibited similar levels of metastasis (fig. S6H), ruling out the pos-
sibility that increased LVD observed at steady state in IFN-yR*P™*!
LNs (Fi\% 4A) would provide a better metastatic niche compared to
IEN-yR™" LNs. The adog;ive transfer of OT-1 in B16F10-OVA*VC*
tumor-bearing IFN-yR"" mice only modestly alters tumor metas-
tasis in inguinal TdLNs, while it significantly reduced tumor metas-
tasis in axillary TdLNs (Fig. 4E). In contrast, both inguinal and
axillary TdLNs from adoptively transferred BI6F10-OVA*VC"*
tumor-bearing IFN-yR*"™*! mice showed more metastasis compared
to control IEN-yR™ " mice (Fig. 4E). Tumor regression induced b¥
OT-1 effector transfer was identical in IFN-yR*P™*! and TFN-yR"
mice (Fig. 4B), ruling out the possibility that differences in primary
tumor size would account for the modulation of TdLN metastasis.
Gp100 immunofluorescent staining demonstrated that, upon OT-1
transfer, metastatic foci were increased in TdLNs from B16F10-
OVA*VC' tumor-bearing IFN-yR*™" mice compared to [EN-yR""
mice (Fig. 4F). After OT-1 transfer, the number of metastatic posi-
tive LNs was generally higher in BIGF10-OVA*VC" tumor-bearing
IFN-yR*™* mice compared to IFN-yR"" mice, with significant
difference in black color intensity in inguinal and axillary TdLNs
(fig. S6, I and J). In addition, OT-1 frequencies were found similar
in TdLNs of IEN-yRP"™" and IFN-yR"" mice (fig. S6K), dismissing
a potential difference in the local control of metastasis by CTLs in
LNs. Together, these data indicate that the reduction in tumor LV
induced by tumor-specific effector CD8" T cells inhibits metastasis
in TdLNs in an IFN-yR-signaling dependent manner.

CTLs eliminate LECs through antigenic contact and killing

Manipulating CTL killing activity in tumors represents an attractive
immunotherapeutic approach. CTLs kill target cells on the basis of
antigenic peptide MHCI recognition through the release of cytotoxic
molecules. IFN-y enhances antigen processing and presentation in
tumor cells, which, in turn, promotes their recognition and killing
by T cells (49). Hence, promoting the production of IFN-y by CTLs
leads to enhanced antitumor responses in vivo in mouse models
(50, 51). In vitro, LEC killing by OT-1 cells was found to be depen-
dent on the number of T cells transferred and required preloading
of LECs with OVA peptide (Fig. 5A). Soluble IFN-y favored, as ex-
pected, PD-L1 and MHCII expression on LECs (fig. S7, A and B),
testifying LEC responsiveness to the cytokine. However, IFN-y
signaling was not sufficient to promote LEC apoptosis (Fig. 5A),
suggesting that antigen-dependent CTL-LEC interactions are nec-
essary. In vivo, multiple intratumoral injections of high doses
(1.5 pg twice a day for 4 days) of IFN-y significantly reduced tumor
growth (fig. S7C), likely due to the proapoptotic function of the cyto-
kine on tumor cells. However, although this treatment efficiently
induced the up-regulation of IFN-y-responsive genes PD-L1 and
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MHCII by tumor LECs (fig. S7, D and E), it did not induce cleaved
casp-3 expression by tumor LECs (fig. S7F), confirming that IFN-y
is not sufficient to induce tumor LEC apoptosis. It has been previ-
ously published that IFN-y negatively regulates LN LECs by inhib-
iting sprouting lymphangiogenesis and decreased markers of LEC
fate, without, however, evidencing any direct effect on LEC apoptosis
(46). Furthermore, LECs from steady-state skin and from B16F10-
OVA'VC' tumors expressed significantly lower levels of IFN-yR
compared to TdLN and non-dLN LECs (fig. S7G), suggesting that
LECs from different organs may respond differently when exposed
to similar cytokine milieu.

To firmly determine whether OT-1 selectively eliminates LECs
presenting their cognate antigenic peptide, OT-1 effectors were
incubated with WT (GFP") and B,m"" (B2-microglobulin) (GFP"%)
LEC cocultures, loaded or not with OVA peptide, and treated or not
with IFN-y blocking antibodies or granzyme-B inhibitor. Effector
CD8" T cells induced cleaved casp-3 expression exclusively in OVA
peptide-loaded WT LECs (Fig. 5B), resulting in a lower proportion
of WT LECs compared to [iZmKo LECs (fig. S7H). Those effects
were abolished in the presence of granzyme-B inhibitor (Fig. 5B and
fig. S7H). In contrast, IFN-y blocking antibodies did not prevent
LEC apoptosis, demonstrating that IFN-y does not exert a direct
proapoptotic effect (Fig. 5B and fig. S7H). Live imaging experiments
also showed that OV A-loaded WT (GFP") LECs, but not OVA-loaded
B,mX© (GFP™®) LECs, expressed cleaved casp-3 and underwent
apoptosis after establishing an antigenic synapse with OT-1 effector
T cells (Fig. 5C and movie S1).

We next compared the ability of different doses of high-TCR
affinity OT-1 and low-TCR affinity OT-3 effector T cells (52) to
induce the expression of cleaved casp-3 in LECs in vitro. OT-3 cells
were less efficient at inducing LEC apoptosis (fig. S7I). Therefore,
in vitro LEC killing requires the establishment of cognate antigen-
specific synapses with high-affinity TCR CTLs.

CTLs induce apoptosis in tumor-antigen cross-presenting
tumor LECs, resulting in LN metastasis inhibition
We have shown that BI6F10-OVA*VC" tumor LECs exhibit the
ability to capture and process exogenous antigens (35). Furthermore,
LEC:s are capable of antigen cross-presentation in steady-state LNs
(53), TdLNs, and tumors (31). To determine whether, as demonstrated
in vitro, the killing of tumor LEC:s is also dependent on antigen-
specific cognate interaction with CTLs in vivo, we first assessed the
ability of tumor LECs to function as antigen cross-presenting cells.
LECs (CD45 CD31%gp38") and DCs (CD45°CD11¢"MHCII") were
isolated from B16F10-OVA'VC" tumors, and mRNA levels of genes
implicated in the MHClI-restricted antigen (cross-)presentation
pathways were evaluated. H-2K’, B2m, Nirc5, Tap-1, and Lmp2
mRNAs were significantly induced in tumor LECs from IFN-yR""
control mice 4 days after the transfer of OT-1 effectors (Fig. 6A). In
notable contrast, tumor LECs from IFN-yR*P™*! mice expressed
lower mRNA levels of all these genes with or without OT-1 transfer
(Fig. 6A), demonstrating that IFN-y signaling in tumor LECs pro-
motes their ability to function as bona fide antigen (cross-)presenting
cells. The fold induction of the different mRNAs after OT-1 transfer
was superior in tumor LECs from IEN-yR"" mice compared to
tumor DCs, which otherwise behaved similarly in IEN-yR"" and
IEN-yR*"™*" mice (fig. S8).

On the basis of the observation that cancer cell apoptosis was
induced in B16F10-OVA*VC" tumors following OT-1 effector

70f18

179

$Z0T ‘L1 Arenuef uo S10°00U910s MMM //:SANY WOLJ PAPRO[UMO(]



SCIENCE ADVANCES | RESEARCH ARTICLE
A 25 . B 1o
3 ‘gl = WT (GFP* cells)
P 20+ & 5 84 == B,m" (GFP™ cells)
= FMOf| 2 £3
K] G 154 m € 6
B o 428
£ > S o
= © 104 U< o4
€ ) ©T T
S 9] ]
S 2 5 8% 2
O E N.S.
J £ —iy
e
T - 0— =
_— s + —emmll - OT-1 + 4+ 4+ 4+ + 4+ + + + 4+ + + OF
Cleaved casp-3 - E O F oV P P i Bl B4 % B2 owm
= = =i o EIEN =) a-IFN-y  GranzB inhibitor
C 0min 90 min 120 min 150 min 210 min 100
I z 3 7 BB - e
T | o St E
] 80
S | 60
o )
I g 40 @
5 g
3 2 204 *lo 3
g DR R2:073 3h
] ol R:0.73 5 9
= Es 0-t T T T 0 28
g E007  pomoGRprscells) 40 5 2
- o2 3@
a i) - o 20
S z& = . ° i\o 430 =1
ko i
g E s0de °° ".. o '5 é
£ £ 0 2
= < 40 5
>
£ 10
o | .
% 20 R?:0.06
R2:0.01
ré\- 0 T T T T
B 30 90 150 210 270
= Minutes

Fig. 5. CTLs induce LEC apoptosis through antigen-specific interactions. (A) LEC/FRC cultures were loaded or not with OVA peptide (OVA) and incubated with either
different ratios of in vitro activated OT-1 cells (1:10, 1:3, and 3:1 OT1:LEC/FRC) or soluble IFN-y. Frequencies of cleaved casp-3” LECs after 14 hours. Data are representative
of two independent experiments. Each point represents a technical replicate. (B) WT (LC3-GFP") or ﬁ;mm (GFP™9) LEC/FRC cultures were loaded or not with OVA and
incubated or not with anti-IFN-y antibodies and granzyme-B inhibitor. In vitro activated OT-1 cells were added in the cultures and frequencies of cleaved casp-3* WT and
B,m*C LECs (gated on CD45"9CD31*gp38™ cells) 14 hours later. Data are from one experiment. (C) Sorted WT (LC3-GFP*) and B,m"® (GFP"®9) LEC cocultures (ratio of 1:1)
were loaded with OVA and in vitro activated OT-1 cells were added (OT-1:LEC ratio of 10:1), and time-lapse imaging was performed (see movie S1). Representative images
atindicated time points of bright field, all LECs, WT LC3-GFP" LECs, and cleaved casp-3 activity. The arrows indicate one example of Bmeo (GFP"®9) LECs. Graphs represent
the relative MFI of cleaved casp-3 substrate (left y axis) and the relative frequency of OT-1 touching LECs (right y axis) in WT and ﬁmeo LECs. Data are representative

pooled from three experiments. (A) Mann-Whitney statistical test. Error bars show means + SEM. (C) Linear regression. *P < 0.05, ****P < 0.0001.

transfer (fig. SA), we hypothesized that, upon ATT, tumor LECs
exposed to IFN-y would acquire the ability to cross-present tumor
antigens released by CTL-mediated tumor destruction. Therefore,
we measured the expression levels of MHCI-OVA complexes at the
surface of LECs in BIGF10-OVA*VC" tumors from mice adoptively
transferred with 0.05 x 10° or 0.5 x 10° OT-1 effectors. MHCI-OVA
complexes were up-regulated by tumor LECs in a T cell dose-
dependent manner, and more at day 5 compared to day 3 after ATT
(Fig. 6B). In line with our hypothesis, we found that tumor LECs
underwent apoptosis upon antigen-specific interaction with CTLs
and that cleaved casp-3 was specifically up-regulated by MHCI-OVA”*
tumor LECs (Fig. 6C).

Supporting the notion that effector T cells promote the ability of
tumor LECs to cross-present tumor antigens, OVA + CpG-B vacci-
nation of BI6F10-OVA"VC" tumor-bearing mice resulted in an
increased expression of MHCI-OVA complexes by tumor LECs
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(fig. S9B). Similarly, LECs from MC38-OVA*VC" tumors, which
contained elevated CTL numbers (fig. S4F), expressed increased
levels of MHCI-OVA complexes compared to LECs from B16F10-
OVA*VC" tumors (fig. S9C). In addition, BI6F10-OVA*VC" tu-
mor LECs expressed increased levels of MHCI-OVA complexes
following the adoptive transfer of Pmel-1 effectors or after vacci-
nation with Gp100 + CpG (fig. S8D), demonstrating that tumor
cell killing by CTLs induces tumor antigen spreading for cross-
presenting LECs.

The up-regulation of MHCI-OVA complexes by LECs derived
from B16F10-OVA*VC" tumors of IEN-yR"" control mice was
higher at day 8 compared to day 5 after injection of 0.5 x 10° OT-1
effectors and decreased again at day 16, likely due to variations of
CTL-dependent tumor destruction followed by the release of tumor
antigens over time (Fig. 6D). In contrast, the expression of MHCI-
OVA complexes was almost fully abrogated in tumor LECs from
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Fig. 6. CTLs induce the apoptosis of tumor-antigen cross-presenting tumor LECs in an IFN-y-dependent manner. (A) Tamoxifen-treated IFN-yRW'r and IFN-yR Aprox:ti
mice were injected or not with 0.5 x 10° OT-1 cells 9 days after B16F10-OVA‘VC" inoculation. mRNA levels of indicated genes in tumor LECs 4 days later. Data are from
one experiment, N=3 to 4 mice per group. (B and C€) C57BL/6 mice were injected or not with 0.05 x 10° or 0.5 x 10° OT-1 cells 9 days after B16F10-OVA*VC" inoculation.
(B) MHCI-OVA complex levels in tumor LECs at days 3 and 5 after OT-1 transfer. (C) Frequencies of cleaved casp-3 among MHCI-OVA™? (Neg) and MHCI-OVAP®* (Pos) LECs
5 days after transfer. (D) Tamoxifen-treated IFN—yRWT and IFN-yR*P"**" mice were injected with 0.5 x 10° OT-1 cells 9 days after B16F10-OVA*VC" inoculation. MHCI-OVA
complex levels in tumor LECs at days 5, 8, and 16 after OT-1 transfer. Data are from one experiment, N=4 to 10 mice per group. (A, C, and D) Mann-Whitney statistical test;

(B) one-way ANOVA test. Error bars show means + SEM. *P < 0.05, **P < 0.01, ****P < (.

IEN-yR*P™*! mice (Fig. 6D), establishing a direct link between IFN-y
signaling and antigen cross-presentation in tumor LECs.

To prove that MHClI-restricted tumor antigen presentation is a
prerequisite for LEC killing by CTLs, we adoptively transferred
OT-1 effectors in BI6F10-OVA"VC* tumor-bearing WT and B,m"*°
mice, which lack MHCI expression. In the absence of OT-1, LVD
was similar between WT and ]3me° mice (fig. S10A). OT-1 transfer
similarly reduced tumor growth in C57BL/6 and $,m"® mice (Fig. 7A),
and the density of IFN-y* and granzyme-B* OT1 was identical in
both groups (fig. S10B). PD-L1 and MHCII molecules were also
up-regulated in a similar fashion by tumor LECs in both groups
(fig. S10, C and D). In contrast, tumor LECs from Bmeo mice did
not express MHCI-OVA complexes (fig. S10E). The induction of
cleaved casp-3 in tumor LECs by OT-1 transfer observed in WT
mice was completely abolished in LECs from f,m"® mice (Fig. 7B),
demonstrating that MHCI expression by LEC:s is crucial for LV
killing by OT1 cells. Last, we have generated mice in which the
absence of Bz—micr_o$lobulin (Bom) is restricted to LECs by
crossing Prox-1Cre"™® 2 mice with Bzmﬂ‘”‘m”x mice (B,m®*Pr% ),
B16F10-OVA'VC' tumor-bearing control f;m" " and Bm™™**! mice

Garnier etal., Sci. Adv. 8, eabl5162 (2022) 8 June 2022

.0001.

were adoptively transferred with OT-1 effectors. Tumor growths
were similar in both groups (Fig. 7C), as well as the density of OT-1
effector infiltrating the tumors (fig. S10F). While PD-L1 and MHCII
expression by LECs were identical in tumors isolated from g,m""
and Bm*" ! mice (fig. $10, G and H), LECs from B,m*P"*! ty-
mors do not express MHCI-OV A (fig. S$10I). Tumor LEC apoptosis
was reduced (Fig. 7D) in Bom™P ! mice compared to fm T mice,
firmly demonstrating that MHCI expression by LEC is required for
their killing by CTLs. Last, both the number of metastasis-positive
LNs (Fig. 7E) and the number of metastatic foci per LNs (Fig. 7F)
were augmented in B,m*"**! mice compared to §,m"" mice adop-
tively transferred with OT-1 effectors (Fig. 7F). These experiments
firmly demonstrate that MHCI expression by LEC is required for
their killing by CTLs, leading to the control of LN metastasis.

DISCUSSION

Immunotherapy has been the hallmark progress in the treatment of
cancer over the last decade. Multiple immunotherapeutic approaches
aiming at improving T cell responses, such as immune checkpoint
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Fig. 7. T cell diated LEC apoptosis requires MHCI expression on tumor LECs. (A and B) C57BL/6 and ﬁ;mm were injected or not with 0.5 x 10° OT-1 cells 8 days
after B16F10-OVA"VC" inoculation. (A) Tumor growth and (B) frequencies of cleaved casp-3* tumor LECs 4 days after OT-1 transfer. Data are from one experiment, N=6
to 7 mice per group. (C to F) Tamoxifen-treated B,m"" and B,m**"®*" mice were injected with 0.5 x 10° OT-1 cells 9 days after B16F10-OVA'VC" inoculation. (C) Tumor
growth and (D) frequencies of cleaved casp-3" tumor LECs 5 days after OT-1 transfer. Data are from one experiment, N=6 to 7 mice per group. (E) The percentage of
metastasis-positive and metastasis-negative (free of metastasis) LNs according to black color. Pictures show representative images. Scale bars, 0.5 cm. (F) Immunofluorescent
Gp100 staining of inguinal, axillary, and brachial TdLNs (iLN, aLN, and bLN, respectively) 5 days after OT-1 transfer. Histograms represent the quantification of Gp100" cells

in LNs. (A and C) Two-way ANOVA test; (B, D, and E) Mann-Whitney statistical test. Error bars show means + SEM. *P < 0.05, **P < 0.01.

blockade, adoptive cellular therapies, and cancer vaccines, represent
powerful tools in the fight against cancer. Although tumor-associated
lymphangiogenesis has been shown to increase the responsiveness
of the TME to immunotherapies (28), it simultaneously dampens
the efficacy of antitumor cytotoxic T cell responses by enhancing
immunosuppression (31, 34, 35, 54). In this study, we focused our
research on LV alteration by therapies involving antitumor effector
CD8" T cell responses. As previously shown, we observed that the
immunosuppressive phenotype of tumor LECs is stronger in immuno-
genic tumors (MC38-OVA-VC") compared to less-immunogenic
ones (B16-OVA-VC") or following adoptive T cell and vaccination
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strategies, therefore altering the efficacy of those approaches. How-
ever, when the scales are tipped toward potent T cell responses,
boosting of antitumor cytotoxic T cell density not only promotes
cancer cell death and tumor rejection but also triggers tumor LEC
apoptosis and LV dismantling. Increasing effector CD8" T cells in
tumors enhances the expression of the proapoptotic marker cleaved
casp-3 in tumor LECs, leading to reduced LV densities. The decrease
in LVs was found more pronounced at the center of the tumor com-
pared to the periphery of the tumor, which is reminiscent with the
observation that T cells attack the tumor vasculature predominantly
inside the tumor mass (55). CTL transfer also resulted in BEC
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apoptosis and reduced densities in tumors, suggesting a broader
mechanism of nonhematopoietic, or at least endothelial, cell death
in the presence of potent cytotoxic T cell responses.

Using different tumor models and different T cell-based immuno-
therapeutic approaches, we show that enhanced infiltration of tumor-
specific T effector positively correlated to the frequency of apoptotic
tumor LECs. These results suggest that a certain threshold of CTL
density in tumors is necessary to overcome IFN-y-mediated LV
immunosuppression by inducing tumor LEC apoptosis and con-
comitant LV destruction.

Cytotoxic T cells can kill target cells bearing specific cognate
peptide-MHCI complexes via direct cell-cell contact, while ignoring
healthy bystander cells lacking cognate peptide-MHCI complexes.
As previously observed, after being adoptively transferred, OVA-
specific CD8" effector OT-1 cells infiltrate the stroma of OVA-
expressing lymphangiogenic melanoma, localize, and cluster in close
proximity to tumor LV (31). LECs were demonstrated to capture,
process, and cross-present exogenous antigen, leading to CD8" T cell
clustering and suppression at steady state (31, 53, 56, 57) and in a
tumor context (31). We show that molecules implicated in MHCI-
restricted (cross-)presentation pathways (such as NLRC5 (NLR
Family CARD Domain Containing 5), TAP1 (Transporter associ-
ated with antigen processing 1), LMP2 (Latent Membrane Protein
2), MHCI, and B,m) are up-regulated by tumor LECs in mice that
have received ATT. The expression level of these genes is higher in
tumor LECs compared to total tumor CD11c*MHCIT* DCs. How-
ever, it is possible that specific DC subsets, or DCs in TdLNs, exhibit
an increased ability to cross-present tumor antigens. LECs in OVA-
expressing melanomas and their TdLNs express MHCI-SIINFEKL
peptide (MHCI-OVA) complexes at their surface (31), suggesting
that LECs in tumors can function as antigen cross-presenting cells.
An alternative possibility is that preprocessed antigenic peptides re-
leased in the TME directly bind MHCI molecules expressed at the
surface of tumor LECs.

Furthermore, we show that B16-OVA-VC" tumor LECs up-
regulate MHCI-OVA complexes when treated with ATT or vacci-
nation, suggesting that antigen-specific interactions with effector
T cells induce apoptosis in tumor LECs. Accordingly, cleaved casp-3
expression is specifically enhanced in tumor LECs expressing
MHCI-OVA complexes. In BIGF10-OVA" tumors that do not over-
express VEGF-C and contain very low LEC numbers, frequencies of
cleaved casp-3 LECs were notably elevated compared to B16F10-
OVA'VC' tumors already in the absence of ATT, suggesting that
elevated CTL/LEC ratio might enhance tumor LEC killing by infil-
trating CTLs. VEGF-C has been described to exhibit cytoprotective
effects on LECs (58). Therefore, it is likely that, in addition to direct
killing by CTL, elevated amounts of VEGF-C in B16F10-OVA"VC*
tumors compared to BI6F10-OVA™ tumors protect tumor LEC
from apoptosis. Together, our data support the hypothesis that LEC
apoptosis induced by CTLs is T cell dose dependent and TCR affinity/
avidity dependent.

Our in vitro and in vivo experiments demonstrate that LEC
apoptosis induced by CTLs is abolished when LECs are deficient for
B.m molecules, demonstrating that ATT eliminates LECs through
TCR-MHCI/tumor antigen interactions. It has been shown that the
presentation of high-affinity ligands (peptide MHCI complexes) by
cancer cells and/or the tumor stroma is required for cytokine pro-
duction by T cell, stroma destruction, and relapse-free tumor re-
gression (59). We provide evidence that the efficacy of LEC killing
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by CTLs relies on direct TCR recognition most likely via high-affinity
and/or high-avidity interactions. LEC apoptosis induced by CTLs is
T cell dose dependent, indicating that the ratio between LECs and
T cells is a critical parameter. In vivo, the transfer of effector
Pmel-1 T cells, which express a TCR recognizing the low-affinity
peptide Gp100 (59), is inefficient at inducing tumor LEC death and
LV destruction and requires concomitant vaccination with Gp100 +
CpG-B. Accordingly, OV A-specific low-TCR affinity OT-3 effector
T cells are less efficient to promote LEC apoptosis compared to
high-TCR aftinity OT-1 T cells in vitro. Those findings imply that
the selection of T cells with high TCR affinity for tumor-specific
peptide-MHCI complexes for immunotherapies will not only pro-
mote the killing of cancer cells but also induce tumor LEC death. In
addition, peptide-derived vaccine strategies aiming at enhancing T cell
priming by DCs could also enhance peptide loading and presentation
by tumor LECs and may help to disrupt the tumor-associated LV.

Our results indicate that tumor antigen release promotes the
cross-presentation of tumor antigens by LECs, allowing their subse-
quent antigen-dependent killing by CTLs. Consistent with the
hypothesis that CTL killing of tumor cells would increase the avail-
ability of tumor antigens for cross-presentation by LECs, we show
that Pmel-1 effector transfer in BIGF10-OVA*VC" tumor-bearing
mice enhances the expression of MHCI-OVA complexes by tu-
mor LECs. This indicates that tumor antigen spreading for cross-
presenting LECs occurs in the context of immunotherapy and will
likely enlarge the breadth of CD8" TCR repertoires and will amplify
antigen-specific LEC killing by CTLs.

IFN-y has been shown to play a dual and opposite role in cancer
development. IFN-y signaling not only enhances PD-L1 expression
on tumor cells, inhibiting antitumor immunity (60), but also aug-
ments antigen processing and presentation, which, in turn, enhances
their recognition and cytolysis by T cells (61). In developing tumors,
the expression of PD-L1 and MHCII molecules by tumor LECs are
dependent on IFN-yR signaling. We show that IFN-y produced intra-
tumorally during ATT further enhances the expression of PD-L1
and MHCII by tumor LECs, which will likely promote their immuno-
suppressive functions (34, 35, 61). Following ATT, IEN-y in LECs
further increases their expression of the MHCI transactivator
NLRC5- and MHClI-related genes, stimulating the antigen process-
ing and presentation machinery in LECs, as was also shown for
tumor cells (62). This mechanism could be useful to potentiate LEC
killing by tumor-specific CTL through an antigen-dependent pathway.
By using conditional KO mice in which LECs do not express IFN-yR,
we observed that both the inhibition of tumor LVD and the induc-
tion of LEC apoptosis induced by ATT are abolished in the absence
of IFN-yR signaling in LECs, demonstrating that IFN-y is crucial
for their killing by CTLs. CTLs destroy their target cells through
different pathways, triggering programmed intracellular events in
target cells and leading to apoptotic cell death: the granule exocytosis
(perforin/granzymes), the secretion of proinflammatory molecules
(IEN-y/TNF), and the expression of cell death ligand [FasL/ TRAIL
(tumor-necrosis-factor related apoptosis inducing ligand)] (63). In vitro,
we observed that LEC killing by CTLs is abrogated by the addition
of granzyme-B inhibitor, suggesting that involvement of this path-
way in CTLs induced tumor LEC apoptosis. The addition of elevated
doses of IFN-y alone does not favor the expression of cleaved casp-3 in
LECs, confirming that LEC death is not a direct consequence of
a proapoptotic effect of IFN-y. Further investigations need to be
performed to validate the implication of the granzyme pathway
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in vivo. Together, our data show that LEC killing by CTLs is depen-
dent on IFN-yR signaling in LECs, which promotes their ability
to cross-present tumor-derived antigenic peptides and to become
CTL targets. However, we cannot rule out the possibility that IFN-y
further contributes to the pathway by directly modulating the ex-
pression of molecules implicated in tumor cell adhesion and trans-
migration through the lymphatic endothelium.

Tumor lymphangiogenesis and the remodeling of LVs are im-
portant steps in tumor cell dissemination. Cancer metastasis prop-
agates through LVs to first reach the sentinel LNs and further
colonize distant organs (3, 4). Our data show that T cells in tumors
not only can support immunosuppressive functions of tumor LECs
but also can induce their apoptosis. Which of the two opposite ef-
fects dominate depends on the number and affinity of CTLs attack-
ing the tumor. Tumor LEC apoptosis and LV destruction by CTLs
resulted in altered lymphatic drainage to TdLNs and reduced LN
metastasis. Although we cannot firmly rule out a direct effect of
CTL transfer on LN metastasis or the preexistence of undetectable
micrometastasis in LNs at the time of CTL transfer, the reduced
transport of injected tumor cells to TdLNs suggests that tumor LV
disruption prevents tumor cell migration from primary tumors and
subsequent transit to LNs. This is further supported by the fact that,
upon OT-1 CTL adoptive transfer, TALN metastasis are significantly
increased in IFN-yRP™*! compared to IEN-yR"T mice, and this is
despite similar OT-1 CTL frequencies in TdLNSs. It has been shown
that lymphangiogenesis in TdLNs is part of the formation of the
LN premetastatic niche and is associated with metastasis formation
(10, 17, 18). However, metastatic scores in LNs from tumor-bearing
conditional KO mice in which LECs do not express IFN-yR were
not affected in the absence of CTL transfer, indicating that the
disruption of tumor-associated LVs, and not alterations of LN
premetastatic niches, is responsible for reduced LN metastasis after
ATT. Last, we observed a significant reduction of LN metastasis in
both primary (inguinal) and secondary (axillary and brachial) TdLNs.
Further investigation will determine whether decreased metastasis
in secondary TdLNs results from reduced inguinal LN burden or
from a failure to sequentially colonize downstream LNs.

ATT and vaccination aiming at enhancing antitumor CTL responses
and tumor cell killing represent up-and-coming strategies to fight
cancers. Because LV's represent the main route for tumor cell spread-
ing and dissemination to sentinel LNs and concomitant spreading
to distal organs, our data reveal an unexpected mechanism by which
tumor-associated LVs can be modulated by CTLs and metastasis
can be reduced. Deciphering the mechanisms in LV destruction by
antitumor CTLs, as well as determining the numbers of CTLs re-
quired to induce efficient LV destruction, is important to pave the
way for the development of new therapeutic strategies to inhibit tu-
mor dissemination.

METHODS

Mice

C57BL/6N (B6) mice were purchased from Charles River Laboratories,
France. Mice with a disrupted $,M gene (hereafter called p,M*®)
(64) were backcrossed onto the B6 background for at least 10 gener-
ations (from SwImMR, University of Zurich). To generate mice se-
lectively lacking IFN-yR or fm in LECs (IFN-yR*"" ! or B,m"P™*1),
IFN—yR2ﬂ/ i (IFN—'yRWT) mice (48) or Bzmﬂ/ﬂ (Bzm‘w) mice [purchased
from Charles River Laboratories; B6(Cg)-B2mtm1c(EUCOMM)
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Hmgu/J, strain #: 034858, RRID:IMSR_JAX:034858] were crossed
with Prox1-Cre"*'? mice (47). OV Ays;_s64-specific TCR transgenic
OT-1 CD45.1 mice (purchased from Charles River Laboratories),
OVA;s7_564-specific TCR transgenic OT-3 CD45.1 mice (65), and
Gp10025_33-specific TCR transgenic Pmel-1 mice (66), as well as
LC3-GFP mice (67), were bred in our animal facility. All mice (male
and female) were used between the ages of 6 and 12 weeks and bred
and maintained under specific-pathogen—free conditions at the animal
facility of Geneva Medical School and under SPF (specific-pathogen-
free) conditions at Charles River Laboratories, France. All procedures
were approved and performed in accordance to the guidelines of
the animal research committee of Geneva under the license num-
ber GE79/20.

Tamoxifen treatment

Prox-Cre®*2 IEN-yR2"" (IFN-yR*P™*!") mice and IFN-yR2?
(IFN-yR"") littermate control mice were treated intraperitoneally
by injection with tamoxifen (T5648, Sigma-Aldrich), 1 mg per mouse
twice a day for 4 days. Mice were used for experiments 2 weeks after
the last injection.

Tumor cell lines

Mouse B16-F10 melanoma cells (American Type Culture Collection)
were transfected with OVA (a gift from B. Huard) (B16F10-OVA™),
and B16F10-OVA™ and B16F10 were engineered to overexpress
VEGF-C (B16F10-OVA*VEGF-C" or B16-VEGF-C™) as previously
published (31) and were maintained in RPMI supplemented with
10% heat-inactivated fetal bovine serum (FBS), 100 uM penicillin-
streptomycin, and 50 mM of B-mercaptoethanol. Geneticin was
added after 1 day of culture to select OVA-expressing cells.

To obtain mouse MC38-VEGF-C™ cells, MC38 cells (a gift from
W. Reith) were transduced with a third-generation lentivirus en-
coding full-length mouse vegfc (NM_009506.2) under the control
of EF1A promoter (VectorBuilder) and selected using puromycin
(4 pg/ml). To generate retroviral m(mouse)OVA vector particles,
the MigR1-OVA-IRES-GFP retroviral vector was cotransfected with
the package plasmids pMD-gag/pol and pMD-VSV-G (all plasmids
gifted by P. Romero) into human embryonic kidney 293T cells.
The medium was changed with fresh full medium after 8 hours.
Forty-eight hours later, the supernatants were harvested and filtered
with a 0.45-um filter and stored at —80°C (with the help of E. Cosset).
MC38-VEGF-C" cells were transfected with supernatants contain-
ing OVA-GFP retrovirus, and MC38-OVA"VEGF-C" cells were
sorted by flow cytometry on the basis of GFP expression. Cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco), 10%
heat-inactivated fetal calf serum, 100 uM penicillin-streptomycin, and
50 mM B-mercaptoethanol.

Cell lines were not authenticated, used at below passage 20, and
tested negative for Mycof_lasmu. Mouse VEGF-C protein levels from
B16F10-OVA*VEGF-C" and MC38-OVA*VEGE-C" tumors were
measured by using a mouse VEGF-C enzyme-linked immunosorbent
assay kit (Cusabio), according to the manufacturer’s instructions.

Tumor cell inoculation and tumor measurement

Mice were anesthetized using isoflurane or a mix of 2% Rompun
(Bayer)/10% ketamine (Vetoquinol), and their backs were shaved. A
total of 0.5 x 10° BI6F10-OVAVEGF-C™ cells, MC38-OVA 'VEGF-C"
cells, or a mixture of BI6F10-VEGF-C™ and B16F10-OVA*-VEGF-CM
cells (ratio 9:1) were injected in 100 ul of phosphate-buffered saline
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(PBS) subcutaneously on the back dorsolateral side. Primary tumor
inoculation was controlled by measuring the distance between the
front leg, the back leg, and the vertebral column of the mice, and the
injection was always performed at the same distances from these
three locations, at equal distance from the vertebral column and the
back leg, representing approximately one-third of the distance to
the front leg. Tumor size was monitored blindly every 1 to 2 days
using a caliper, and tumor size was calculated by length x width.
Mouse exclusion criteria are the following: tumor necrosis, tumor
size >15 mm (diameter), and/or signs of pain or anxiety.

Tissue processing for flow cytometry and in vitro culture

LN cell isolation

For experiments involving the detection of fluorescent bead uptake
by DCs or the presence of OT-1 in the TdLNs, LNs were cut into
small pieces with scissors and digested in RPMI containing collagenase D
(1 mg/ml; Roche) and deoxyribonuclease I (DNase I) (10 pg/ml;
Roche) for 40 min at 37°C. After 20 min, solutions were mixed up
and down and incubated for an additional 20 min at 37°C and
filtered through a 70-um cell strainer in fluorescence-activated cell
sorting (FACS) buffer [PBS, 10% bovine serum albumin (BSA), and
5 mM EDTA], and single-cell suspensions were incubated with
anti-CD16/CD32 antibody.

Stromal cell isolation

Tumors were cut into small pieces and digested in RPMI containing
collagenase IV (1 mg/ml; Worthington Biochemical Corporation),
DNase I (40 ug/ml; Roche), and 1% FBS for 30 min at 37°C. Samples
were mixed up and down every 10 min. Tubes were centrifuged for
a few seconds at 1500 rpm and supernatants were filtered through a
70-um cell strainer in FACS buffer to stop the reaction. The remain-
ing tissue was further digested in RPMI with collagenase D (1 mg/ml;
Roche), DNase I (40 pg/ml; Roche), and 1% of FBS for 20 min at
37°C, with additional two cycles of repeated pipetting. The solution
was filtered through a 70-um cell strainer in FACS buffer and
pooled into the first collected tubes.

OT-1, OT-3, Pmel-1, and polyclonal cell preparation

Spleens and LNs were smashed, filtered through a 70-um mesh filter,
and centrifuged at 1500 rpm for 5 min. Red blood cells were lysed
with 1 ml of ammonium-chloride-potassium lysis buffer per spleen
for 1 min. Following the addition of cell culture medium, splenocytes
were washed and resuspended in complete medium (RPMI supple-
mented with 10% FBS, 1% penicillin-streptomycin, and 50 mM
2-B-mercaptoethanol).

LEC and fibroblastic reticular cell in vitro culture

A mixed LEC-fibroblastic reticular cell (FRC) culture was performed
as previously described (68). Briefly, LNs from 6- to 8-week-old
female mice (C57BL6N, LC3-GFP, or BmeO) were dissected and
digested with a freshly prepared enzymatic solution containing
RPMI 1640 (Gibco), dispase (0.8 mg/ml) (Gibco), collagenase P
(0.2 mg/ml) (Roche), and DNase I (0.1 mg/ml) (Roche). Tubes con-
taining the digestion mixture were incubated at 37°C in a water bath,
and every 10 min, LNs were gently mixed using a 1-ml pipette and,
thereafter, the supernatant was filtered through a 70-um cell strainer
on 10 ml of cold FACS buffer containing 0.5% BSA (AppliChem)
and 5 mM EDTA (AppliChem) in PBS. These steps were repeated
every 10 min until all LNs were completely digested. Cells were
washed and filtered through a 70-um cell strainer, quantified using
a hemocytometer, and plated in a T75 flask [coated with human
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fibronectin (10 pg/ml) (Millipore) and PureCol (10 pug/ml) (Advanced
BioMatrix) for 30 min at 37°C] at a concentration of 4 x 10’ to
6 x 107 cells per well. The LEC-FRC cell culture medium was
minimum essential medium-o (Gibco) supplemented with heat-
inactivated, 10% batch-tested, low immunoglobulin FBS (Gibco)
and 1% penicillin/streptomycin (Gibco). Plates were washed and
the culture medium was renewed every day to remove nonadherent
cells. After 6 to 7 days, cultures primarily contained LECs and FRCs.
Cells were detached with Accutase (Thermo Fisher Scientific) for
5 min at 37°C and plated on a 24-well plate (precoated with fibro-
nectin and PureCol) at a concentration of 0.1 x 10° t0 0.2 x 10° cells
per well. In some experiments, cells were treated with IFN-y
(PeproTech; 10 pg/ml) for 14 hours.

Vaccination

OVA + CpG-B vaccination

B16F10-OVA "VEGF-C" tumor-bearing mice were injected subcu-
taneously at day 5 with OVA protein (50 pg per mouse; Invivogen)
and CpG-B 1668 (30 pg per mouse; Invivogen).

Gp100 + CpG-B vaccination

B16F10-OVAVEGF-C! tumor-bearing mice were injected subcu-
taneously at day 5 with human Gp100 peptide (KVPRNQDWL)
(100 ug per mouse; Thermo Fisher Scientific) and CpG-B 1668
(30 ug per mouse; Invivogen).

Irradiated B16F10 VC" + CpG-B vaccination

B16F10 VC' tumor-bearing mice were injected subcutaneously at
day 8 with irradiated BL6F10-VC" [100 gray (Gy)] and CpG-B 1668
(30 ug per mouse; Invivogen).

CTL activation, adoptive transfer, and coculture
with LEC-FRC
Splenocytes and LNs from 6- to 8-week-old OT-1, OT-3, Pmel-1, and
C57BL/6N female mice were prepared as mentioned above (see the
“Tissue processing for flow cytometry and in vitro culture” section).
OT-1 and OT-3 cells were stimulated with 1 nM of OVA peptide
(SIINFEKL) (Sigma-Aldrich) in the presence of interleukin-2 (IL-2)
(100 U/ml) (PeproTech) in complete medium for 3 days. For in vitro
experiments, OT-1 and OT-3 were added to LEC-FRC cultures (loaded
or not with 1 nM OVA peptide) at different T cell/LEC-FRC ratios
(1:3, 1:1, and 3:1) for 14 hours, in the presence or absence of block-
ing IFN-y antibodies (10 ug/ml; XMG1.2, Bio X Cell) or granzyme-B
inhibitor (300 uM; Calbiochem). For in vivo experiments, 0.05 x
10% 0.5 x 10°% or 1 x 10° OT-1 cells were injected intravenously
into tumor-bearing mice (day 7 or 9 after tumor inoculation).
Pmel-1 cells were loaded with 1 nM hGp100 peptide (KVPRNQDWL)
(Thermo Fisher Scientific) for 1 hour in complete medium and washed
with complete medium. IL-2 (50 U/ml) was added to cultures at days 2
and 4, and cells were harvested after 5 days of culture. For in vivo ex-
periment, 12 x 10° of Pmel-1 effector cells were injected intravenously
into tumor-bearing mice (day +9 after tumor inoculation).
Polyclonal CD8" T cells were purified from spleen and LNs of
C57BL/6 mice by using a CD8a." T cell isolation kit according to the
manufacturer’s instructions (Miltenyi Biotec). CD8™ T cells were
cultured with IL-2 (100 U/ml) and bone marrow-derived DCs
(ratio 1:1). Before the coculture, DCs were preloaded with irradiated
(100 Gy) B16F10 VC" cells (ratio of 2:1) and preactivated with lipo-
polysaccharide (0.1 ug/ml) for 18 hours. After 5 days of culture, CD8"
T cells were harvested and adoptively transferred into tumor-bearing
mice (day 10 after tumor inoculation).
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IFN-y intratumoral injection
IEN-y (1.5 ug; PeproTech) was injected or not intratumorally twice
a day for 4 days into B16F 10-OVA*VEGE-CM tumor-bearing mice.

Lymphatic drainage function

DC migration

Twenty microliters of 0.5-mm FITC-conjugated latex microspheres
(Polysciences, diluted 1/50° in PBS) was injected intratumorally.
After 24 hours, flow cytometric analysis (CD11c¢* MHCII* FITC)
was performed on single-cell suspensions prepared from tumor-
draining inguinal and axillary LNs.

Tumor cell migration

B16F10-VEGF-C (B16-VC) melanoma cells (31) were stained with
CTV for 20 min at 37°C in PBS, and 1 x 10° cells were injected per-
itumorally. Primary tumor inoculation was controlled by measur-
ing the distance between the front leg, the back leg, and the vertebral
column of the mice, and the injection was always performed at the
same distances from these three locations. CTV* B16-VC tumor cells
were injected peritumorally at a time point primary tumor sizes
were not decreased by the adoptive transfer of OT1, and the site of
injection was at the limit border of the tumor mass, always in the
same direction (30° related to the inguinal LN). A total of 30 pl of
tumor cell suspension was injected with constant pressure (30 ul/3 s)
by using a 0.3-ml syringe. After 36 hours, flow cytometric analysis
(CD45"8 CTV* GP38") was performed on single-cell suspensions
prepared from tumor-draining inguinal and axillary LNs.

Metastasis quantification

Black color intensity quantification in TdLNs

The mean of black color intensity of inguinal, axillary, and brachial
TdLN from pictures was calculated using Image]. The incidence
was quantified as the percentage of black LNs among total LNs.
Gp100sstaining

TdLNs (inguinal, axillary, and brachial) were mounted in OCT
(Optimal cutting temperature) medium. Twenty-five-micrometer—
thick sections were cut and fixed with paraformaldehyde 4% for
15 min. Slides were washed and permeabilized [PBS + 0.2% Triton
X-100 + 20% dimethyl sulfoxide (DMSO); 1 hour, room tempera-
ture], and incubated for 2 hours in DMSO:H,0,:PBS + 0.2% Triton
X-100 (1:1:4) and 1 hour in PBS + 0.2% Triton X-100 + 20% DMSO
and 0.3 M glycine. After washing (PBS + 0.2% Triton X-100) and
blocking (PBS + 0.2% Triton X-100 + 10% DMSO + 10% FBS), sec-
tions were stained overnight at 4°C using Alexa Fluor 647-labeled
Gp100 antibody (1/200% clone; Abcam) in PBS + 5% DMSO + 5%
EBS. Sections were mounted with 4',6-diamidino-2-phenylindole
(DAPI) Fluoromount-G (SouthernBiotech). Tumor area within
TdLNs was detected with QuPath 0.2.3 (69) using intensity thresh-
olds. This area was then normalized with the ganglion area and ex-
pressed as a percentage. LNs were considered as “metastasis-free”
when the percentage was less than 0.01%. The incidence was quan-
tified as the percentage of Gp100-positive LNs among total LNs.

Antibodies, flow cytometry, and cell sorting

Monoclonal antibodies (mAbs) used for flow cytometry are listed in
Table 1 below. For flow cytometric analysis, single-cell suspensions
were incubated with Fc Block (anti-CD16/32 FcyRII-RIII) for 10 min
at 4°C and stained with antibodies and fixable dye for 20 to 30 min
in PBS at 4°C. Intracellular staining was performed using the Intra-
cellular Fixation and Permeabilization Buffer Set (eBioscience). For
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IFN-y and granzyme-B, cells were first restimulated in complete
RPMI containing phorbol 12-myristate 13-acetate (100 ng/ml;
Sigma-Aldrich), ionomycin (1 pg/ml; Sigma-Aldrich), and GolgiStop
solution (1/1000e; BD Biosciences) and incubated 4 hours at 37°C,
5% CO,. Data were acquired with a Fortessa analyzer (BD) and
analyzed using FlowJo software (FlowJo company). For LEC sorting
from LEC/FRC cultures, cells were stained with mAbs against CD45,
GP38, and CD31 and sorted using MoFlo Astrios (Beckman Coulter).
For LEC sorting from tumors, single-cell suspensions were stained
with mAbs against CD45, GP38, and CD31, and LECs were sorted
using a MoFlo Astrios (Beckman Coulter) as CD45"%, GP38", and
CD31" cells. For DC sorting from tumors, single-cell suspensions
were stained with mAbs against CD45, CD11¢, and MHCII, and DCs
were sorted using a MoFlo Astrios (Beckman Coulter) as CD45",
CD11c", and MHCII" cells. FMO (full stained minus one) was per-
formed for cleaved casp-3, PD-L1, MHCII, and MHCI-OVA.

Immunohistochemistry on tumor sections

Mouse tumors were embedded for 4 hours in 4% paraformaldehyde
overnight in 30% sucrose and mounted in OCT medium. Fifty-
micrometer-thick sections were cut and fixed in 4% paraformaldehyde
for 20 min. After washing and permeabilization [0.5% PBS/BSA +
Triton X-100 (1/400e, AppliChem); 20 min, room temperature],
sections were stained overnight at 4°C using a rat anti-Lyve-1 anti-
body (1/300e; Novus) and a rabbit anti-cleaved casp-3 (1/100e; Cell
Signaling Technologies). Alexa Fluor 546-labeled goat anti-rat
(1/1000e; Invitrogen) and donkey anti-rabbit AF647 (1/1000e;
Jackson ImmunoResearch) and Alexa Fluor 488-labeled anti-CD45.1
(1/100e; BioLegend, clone A20) antibodies were incubated for
2 hours at room temperature. Sections were mounted with DAPI
Fluoromount-G (SouthernBiotech).

Confocal imaging cytometry

Tumor lymphatic vascularization, apoptosis, and OT-1 (CD45.1)
distribution in B16-OVA-VC tumors were analyzed as follows. In-
dividual tumor slices were imaged using an upright spinning disk
confocal microscope (Axio Examiner Z1 Advanced Microscope
Base, Zeiss) equipped with a confocal scanner unit CSU-X1 Al
(Yokogawa Electric Corporation). Excitation of the fluorochromes
was conducted via three lasers with the wavelengths of 488, 561, and
640 nm (LaserStack v4 Base, 3i). The fluorescence was detected
using a 10x/0.3 numerical aperture (NA) or a 63x/1.0 NA water
immersion objective (W Plan Apochromat, Zeiss), an appropriate
band-pass emission filter (Semrock), and an electron-multiplying
charge-coupled device camera (Evolve 512 10 MHz Back Illuminated,
Photometrics). Three-dimensional image stacks were obtained by
sequential acquisition of multiple field of views (FOVs) covering
the whole individual section area along the complete z axis to screen
through the complete tissue thickness using a motorized XY stage
(ProScan, Prior). To ensure comparability between the samples, the
same excitation light intensities and exposure times were adjusted,
and the settings were chosen so that any over- or undersatured pixels
were avoided. SlideBook software (6.0.17, 3i) was used for image
acquisition and the creation of maximum projections. The subse-
quent generation of montage images from contiguous positions was
performed using the Fiji “Grid/collection” stitching plugin (70).
Before analysis, all images were processed using a “rolling ball”
algorithm implemented into the Fiji plugin “Substract Background”
to correct for uneven illuminated background (71).
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Table 1. Monoclonal antibodies used for flow cytometry. Monoclonal antibodies, catalog numbers, RRID numbers, clones, and provider companies
are shown. APC, allophycocyanin; PercP, peridinin-chlorophyll-protein; PE, phycoerythrine; BV 421, brilliant violet 421; BUV 395, brilliant ultra violet 395.

Supplier name Catalog number RRID (Research Resource Identifiers) Clone Provider
Brilliant Violet 510 anti-mouse i
CD45 antibody 103138 AB_2563061 30-F11 BioLegend
Brilliant Violet 510 anti-mouse
TER-119/erythroid cell 116237 AB_2561661 TER-119 BioLegend
antibody
SPCsIy macepodobani 127410 AB_10613649 81.1 BioLegend
antibody
PerCP/cyanine5.5 anti-mouse 5
CD31 antibody 102522 AB_2566761 MEC13.3 BioLegend
R MR T 515408 AB_2562196 GB11 BioLegend
granzyme-B antibody
Fixable viability dye eFluor 780 65-0865-18 N/A N/A Thermo Fisher Scientific
CD274 (PD-L1,B7-H1)
monoclonal antibody, super 78-5982-82 AB_2724081 MIHS Thermo Fisher Scientific
bright 780
£ ereomianthedy, 11-5698-82 AB_11151330 SolATS Thermo Fisher Scientific
OVA257-264 (SIINFEKL)
PeRidebolind tohi2K 25-5743-82 AB_10853347 25D1.16 Thermo Fisher Scientific
monoclonal antibody,
PE-cyanine7
D> mongclonal antibody 25-0453-82 AB_469629 A20 Thermo Fisher Scientific
(A20), PE-cyanine7
DIl menodionalantibody 25:0114-82 AB_469590 N418 Thermo Fisher Scientific
PE-cyanine7
ED16(ED32 manociona! 14-0161-86 AB_467135 93 Thermo Fisher Scientific
antibody
BV421 rat anti-mouse I-A/I-E 743870 AB_2741821 2G9 BD Biosciences
PE rabbit anti-active caspase 3 550821 AB_393906 C92-605 BD Biosciences
BUV395 rat anti-mouse CD8a 563786 AB_2732919 53-6.7 BD Biosciences
BulliantViolSt 785 antemouse 505838 AB_2629667 XMG1.2 BD Biosciences
IFN-y antibody
BV605 rat anti-mouse CD119 745111 AB_2742716 GR20 BD Biosciences

LEC counts and cleaved casp-3 mean fluorescence intensity
(MEFI) in individual LEC were quantified automatically across whole
tumor sections using Image]’s (National Institutes of Health) im-
plemented “Analyze Particles” tool upon prior intensity-based thresh-
olding and image segmentation of individual fluorescent channels
(561 nm, LEC; 640 nm, cleaved casp-3). LEC tumor distribution
was calculated as the ratio of the shortest distance of individual
LECs to the tumor edge divided by the sum of individual LEC
distances toward the center and the edge of the tumor. Distance
analysis between individual OT-1 and LEC and the verification of
nonrandomized distribution pattern was performed using ImageJ’s
plugin DiAna (72).

Live cellimaging

LECs from W (LC3-GFP) and p,m"° LEC/FRC cocultures were
sorted by flow cytometry (see the “Antibodies, flow cytometry, and
cell sorting” section), and 5 x 10* cells (ratio 1:1) were plated on
fibronectin/PureCol-coated 35-mm by 10-mm petri dish. One day
later, cells were loaded with OV A peptide (SIINFEKL) (1 nM;
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Sigma-Aldrich) and stained with 0.5 uM eF(eFluor)670-labeled cell
proliferation dye (eBioscience) for 30 min at 37°C in PBS. Cells were
washed three times in PBS and incubated for 30 min at 37°C with
NucView 405 casp-3 substrate (5 uM; Biotium). After washing, 1 x
10° in vitro activated OT-1 cells were added to the cultures. Time-
lapse confocal spinning disk video microscopy was performed to
measure cleaved casp-3 MFI in individual LEC as described above.
To detect and to quantify LEC-touching OT-1 number, a mask
around individual LECs was generated using the all-LEC channel.
Last, this mask was applied to the bright-field channel to count
temporal contacts between OT-1 and WT or B,m*® at a time-lapse
interval of 1 min over 270 min.

RNA isolation and reverse transcription qPCR

Total RNA was isolated using the RNeasy Plus Micro Kit (QIAGEN)
from sorted LEC and DC (see the “Antibodies, flow cytometry, and
cell sorting” section). cDNA was synthesized using the PrimeScript
RT Reagent Kit followed by a preamplification of the respective
genes of interest using the TagMan Preamp Master Mix (Applied
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Biosystems). PCRs were performed with the ABI Prism 7900 HT
detection system and the PowerUp SYBR Green Master Mix
(Applied Biosystems). Results (two replicates) were normalized with
glyceraldehyde phosphate dehydrogenase (gapdh), and 132 normal-
ization factors and fold changes were calculated according to the
GeNorm method.

Primers were as follows: Ifngr2: GGCTGGAGCCATTTCAAC
AC (forward) and AAAGGGCCTTCAACCTGTTC (reverse); Ifngrl:
GCCTAAAGGGAAAGGTCGGG (forward) and CACTCCGGT
TATGCTCCACA (reverse); Jakl: GTGCGTTTTTAGAGCGCAGG
(forward) and CAGAGCTGATCACTTCCGTGT (reverse); Statl:
AAAGTCATGGCTGCCGAGAA (forward) and CATCGGTTCT-
GGTGCTTCCT (reverse); Irfl: CCATTCACACAGGCCGATAC
(forward) and ACAGCAGAGCTGCCCTTGTT (reverse); C2ta:
CCCTGCGTGTGATGGATGTC (forward) and ATCTCAGACT-
GATCCTGGCAT (reverse); H2-ab: CTGTGGTGG TGCTGATGG
T (forward) and CGTTGGTGAAGTAGCACTCG (reverse); Cd274:
CATCCCAGAACTGCCTGCAA (forward) and TGCCAATC-
GACGATCAGAGG (reverse); H2kb: GTGATCTCTGGCTGT-
GAAGT (forward) and GTCTCCACAAGCTCCATGTC (reverse);
Nlrc5: CTTCCCGCCTCTCCTTCCACAAT (forward) and
CTCCACCTGCCCACATCCTACCA (reverse); Tapl: GGACTTG-
CCTTGTTCCGAGAG (forward) and GCTGCCACATAACTGA-
TAGCGA (reverse); Lmp2: CATGAACCGAGATGGCTCTAGT
(forward) and TCATCGTAGAATTTTGGCAGCTC (reverse); B2m:
CCCCACTGAGACTGATACATACG (forward) and CGATCCCAG-
TAGACGGTCTTG (reverse); Gapdh: CCCGTAGACAAAAT-
GGTGAAG (forward) and AGGTCAATGAAGGGGTCGTTG
(reverse); and L32: GAAACTGGCGGAAACCCA (forward) and
GGATCTGGCCCTTGAACCTT (reverse). For VEGF-C qPCR, a
RT2 qPCR primer assay was used (QIAGEN, catalog no 330001
PPMO03061F; reference position: 449).

Statistical analysis

Statistical analysis was performed with Prism (version 9.0; GraphPad,
San Diego, CA). Groups were first compared with F test to test the
hypothesis of equal variances. In the presence of significantly differ-
ent variances, datasets were compared using either a nonparametric
test (specifically Mann-Whitney test for comparison of two groups).
In the presence of equal variances, parametric tests were used, spe-
cifically one-way analysis of variance (ANOVA) with Tukey’s mul-
tiple comparisons test for comparison of three or more groups and
two-way ANOVA with Sidak’s multiple comparisons test for com-
parison of the dataset containing repeated measurements. P values
were reported as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and
¥*¥XP < 0.0001. Some data points were omitted from analysis by
identifying outliers with the Prism software (ROUT method).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
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11.3 Appendix 3:
Lymphatic-derived oxysterols promote antitumor immunity and response to

immunotherapy in melanoma

Published in Nature Communications, January 2025

This paper publishes a study on which | have worked during my Master thesis. This study
investigates the importance of Lymphatic endothelial cells’ derived 25-hydroxycholesterol
and shows its involvement in promoting the pro-inflammatory phenotype of myeloid cells. In
this study | helped with some of the in vivo experiments and participated in some of the

discussions during the time | spent in Prof. Hugues’ laboratory.
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In melanoma, lymphangiogenesis correlates with metastasis and poor prog:-
nosis and promotes immunosuppression. However, it also potentiates
immunotherapy by supporting immune cell trafficking. We show in a lym-
phangiogenic murine melanoma that lymphatic endothelial cells (LECs)
upregulate the enzyme Ch25h, which catalyzes the formation of 25-
hydroxycholesterol (25-HC) from cholesterol and plays important roles in lipid
metabolism, gene regulation, and immune activation. We identify a role for
LECs as a source of extracellular 25-HC in tumors inhibiting PPAR-y in intra-
tumoral macrophages and monocytes, preventing their immunosuppressive
function and instead promoting their conversion into proinflammatory mye-
loid cells that support effector T cell functions. In human melanoma, LECs also
upregulate Ch25h, and its expression correlates with the lymphatic vessel
signature, infiltration of pro-inflammatory macrophages, better patient survi-
val, and better response to immunotherapy. We identify here in mechanistic
detail an important LEC function that supports anti-tumor immunity, which
can be therapeutically exploited in combination with immunotherapy.

Lymphangiogenesis s a hallmark of many solid tumors. The
expansion of tumor lymphatic vessels (LVs) is largely mediated by
VEGF-C and its receptors VEGFR-2/3, and high VEGF-C levels in the
tumor microenvironment (TME) increase lymph node (LN}
metastasis’. In preclinical tumor models, an increase in VEGF-C
signaling enhances metastatic dissemination to LMNs and/or distal
organs (reviewed in ref. 2). In addition, increased lymphatic drai-
nage from the primary solid tumor to the sentinel LNs induces
intra-LN LV expansion, associated with the formation of a “pre-
metastatic niche” that favors metastatic cell colonization™, LVs
further impact anti-tumor immunity. First, LVs drain antigens and

antigen-presenting dendritic cells (DCs) to LNs and are, therefore,
essential for the initiation of anti-tumor T-cell responses.
However, tumor lymphatic endothelial cells (LECs) upregulate
immunoregulatory molecules such as PD-L1 and MHCH to limit
T cell-mediated immunity (especially against self-antigens), and
hence their high density in tumors is  associated with
immunosuppression’ . Finally, VEGF-C-induced lymphangiogen-
esis combined with immunotherapy approaches, including vacci-
nation or PD-1 blockade, promote tumor-specific T cell immunity
in tumor mouwse models®'?, These results suggest that LECs are
sensitive to the TME and that their high level of plasticity allows

A& full list of sffilistions appears at the end of the paper.

e-mail: stephanie.hugues@unigech
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them to adopt different phenotypes that can differentially impact
tumor and immune cells.

Our RNA sequencing data indicates that, among other genes, LECs
in murine melnoma upregulate the enzyme cholesterol 25-
hydroxylase (Ch25h). Ch2sh is an interferon-sdmulated gene oxidiz-
ing cholesterol, and its primary product 25-hydroxycholesterol
{25HC) exhibits a broad-spectrum antiviral activity, by inducing
membrane modificatons blocking virus-cell interactions”. Specifically,
25-HC inhibits the lipidcondensing effects of cholesterol, rendering
the lipid bilayers less rigid. 25-HC further exhibits funcdons in mod-
ulating the nflammatwory response. On one hand, it enhances the
expression of IL-8, IL-6, CCLS, and CSF1, while on the other hand
inhibits the production of IL-13 due @ an effect on sterol regulatory
element-binding proteins (SREBP)Y. In vitro, 25-HC regulates tran-
scriptional responses in macrophages and acts as an amplifier of
inflammation via AP-1. In vivo, Ch25h*® mice exhibit dampened
inflammatory responses in influenza-infected mice™,

In the context of wumor development, oxysterols can exert both
pro- and and-tumorigenic functions in vitro'®, In patients, low expres-
sion of Ch25h has been correlated with poor disease outcomes in
colorectal cancer”, Studies have described that tumor-derived extra-
cellular vesicles (TEVs) dampen the expression of Ch25h in the TME
and educate healthy cells to functon as premetastatc niches and to
promote metastsis”, Furthermore, Ch25h expression in endothelial
cells (ECs) dampens wmor-associated angiogenesis in melanoma and
CRC mouse models®, In addition, Ch25h expression in tumaor-
infilrating cytotoxic T lymphocytes (CTLs) prevens rrogocylosi
with cancer cells, and consequently inhibits CTL fratricide by other
CTLs". Finally, mwmor-derived factors downregulate Ch25h in phago-
cytes, promoting phagolysosome fusion and dampening the cross-
presentation of tumor antigens by the intratumoral DCs™®, Altogether,
these studies highlighta role for Ch25h expression and intracellular 25-
HC in promoting CTL and DC functions, and inhibiting metastasis.
However, whether and how the upregulation of Ch25h by LECs and the
subsequent release of 25-HC in the TME will impact the tumor-
associated lymphatic vasculature and and-tumor immunity &
unknown.

Here, we assess the impact of Ch25h expression by LECs in Iym-
phangiogenic murine melanoma on tumor growth and ant-umor
immunity. In these semings, LECs represent a source of extracellular
25-HC in tumaors, and the specific Ch25h abrogadon in LECs induces a
significant reduction of 25-HC levek. Subsequent 25-HC deprivation in
the TME leads to a polarization of tumor-associated myeloid cells
towards an immunosuppressive phenotype and prevents them from
supportng effector T cell contralling tumor growth. Mechanistically,
tumor LEC-derived 25-HC inhibits PPAR-y in macrophages and mono-
cytes and allows them to differentiate into proinflammamry INOS™
myeloid cells in the TME. Importandy, the whole pathway, from the
upregulation of Ch25h expression in mmor LECs to the promotion of
immunogenic myeloid cells, enhanced T cell responses, and better
control of tumor growth, is amplified upon immunotherapy, Le., vac-
cination or adoptive T cell transfer. This suggess that protocols aim-
ing at reinvigorating and-tumor immunity can also promote LEC-
immunogenic functions through the production of 25-HC. LECs in
human melanoma express Ch25h, and levels of expression correlate
with better response w ICE therapy. Our results highlight a role of
extracellular oxysterols in strengthening and boosting ant-mumor
immunity.

Results

Tumor LECs upregulate Ch25h and contribute to extracellular
25-hydroxy cholesterol levels in lymphangiogenic melanoma
To assess LEC immunomodulatory functions in lymphangogenic
melanoma, we have used BloF10-0VA tumors overexpressing VEGF-C
(B16F10-0VA VEGF-C), which, upon inoculation in mice, exhibit

increased density of mmoral LECs compared to parental BloF10-0VA
tumors™®, Tumor cells were inoculated in C57BL/6 mice, and RNA
sequencing was performed on LECs sorted from tumors, tumor-
draining LNs (TdLN) and non-draining LNs (NdLN) onday 1L Principal
component analysis showed that LECs in different organs exhibited a
tssue-specific signature, which was further affected by the TME
(Sup plementary Fig. 1A). Over 3000 genes were dysregulated in tumor
LECs compared o TdLN or NdLN (Supplementary Fig. 1A). Cholesterol
25-hydroxylase (Ch25h) mRMNA was upregulated in tumor LECs com-
pared to TdLN LECs and NdLN LECs (Fig. 1A). We have previously
published that Ch25h expression in central nervous system (CNS)
endothelial cells promotes neuroinflammation by inhibiting immuno-
suppressive myeloid cells™, In addition, stwdies have shown that
Ch25h expression in the TME impacts anti-umor immunity'%
Importantly, TOGA damsers indicate that Ch25h mRNA expression in
tumors positively correlates with LV signatures (LV signature 1: pdpr,
vegft. yel, and LV signature 2: proxd, fit4, hveel, pdpn, vegfc) in mela-
noma patients (Fig. 1B). Overall survival (08) was improved in mela-
noma patients with high tumoral Ch25h expression (top 25% cutoff)
compared torelatively lower expression (bottom 75% cum ) (Fig. 1B).
Although standalone PD-1 or CTLA-4 blockade treatmen s did not have
significant positive predictive acdvity related to Ch25h levels in mel-
anoma patients (Supplementary Fig. 1B), Ch25h shows strong and
significant effect in a large integrated dataset of melanoma padents
that received PD-1+ CTLA-4 co-blockade™™ (Fig. 1C). This indicates
that Ch25h expression correlates with a better response t the immune
checkpoint blockade (ICE)-based combinatorial regimen.

Flow cytometry on BloF10-0VA VEGF-C tumors inoculated in
Ch25h-GFP*™* fluorescent reporter mice (Supplementary Fig. 1C)™,
revealed that whereas different cells in the TME (Supplementary
Fig. 1D) were mostly GFP negative (Fig. 1D, E), macrophages were the
main expressors, followed by blood endothelial cells (BECs) and
LECs, which expressed significant and comparable levels of Ch25h
(Fig. 1D, E). In addition, tumor cells expressed negligible levels of
Ch25h mRNA ex vivo (Supplementary Fig. 1E). Immunofluorescent
s@mining on B16F10-0VA VEGF-C tumor sections Further confirmed
that LECs, BECs, and macrophages express Ch25h protein (Supple-
mentary Fig. 1F). Analysis of LECs from skin, tumors, TdLNs, and
NdLMNs at different time points after tumor inoculadon confirmed
that Ch25h protein expression was significantly upregulated in tumor
LECs compared to the other sites (Fig. 1F), and further showed that
tumar LECs not only expressed high Ch25h levels already at day 8
after tumor inoculation, but further maintained elevated levels over
the course of tumor growth (Fig. 1F). OF note, Ch25h expression
levels in BECs followed a pattern that was comparable to LECs
(Supplementary Fig. 1G). To determine the role of Ch25h expression
by LECs in tumors, Ch25h-GFP™F mice were crossed with Prox-
1Cre®™™ ™ mice™ (LECA™™ mice). Ch25h-GFP™" mice were used as
controls (LEC*™ mice). Upon tamoxifen treatment, Ch25h protein
expression was efficiendy abrogated in tumor LECs from LECL®5R
mice compared to LEC*™ mice (Fig. 1G), whereas its expression by
tumor BECs was not affected (Fig. 1G). Flow cytometry analysis
showed that LEC density was unaffected in LEC2™ and LEC*™
tumors (Supplementary Fig. 2A), and Lyve-1 staining on LECA™*® and
LEC*™ tumor sections did not indicate any alterations of the LV
sructure after Ch25h abrogation in LECs (Supplementary Fig. 2B). In
addition, draining of Alexa Fluor 488-dextran from tumor to CWmor-
draining LNs was unaffected in LEC2“™* mice compared to LEC*™
mice (Supplementary Fig. 2C). Therefore, abrogation of Ch25h in
LECs does not affect gross LV vasculature and drainage function,
suggesting that 25HC has no major inracellular impact on LEC
themselves. Accordingly, bulk RNA sequencing on LECs sorted from
tumors in LEC=™*" and LEC*™ mice showed high sample similarity
berween the two groups (Supplementary Fig. 2D). Besides confirming
an efficient deletion of Ch25h in LECs from LEC2“™™ mice
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(Supplementary Fig. 2E), data revealed very few differentially
expressed genes (Supplementary Fig. 2F). None of these genes,
except vcaml, are implicated in LVstructure and functions. However,
vcaml expression levels were negligible in all samples compared to
highly expressed genes such as ch25h, lyvel, proxi, icami, and
pecaml (Supplementary Fig.2G). These results are in agreement with
the fact that vcaml is not expressed by LV capillaries and plays a

functional role in LV collectors™, indicating that its differential
expression between tumor LECs from LECA®® and LEC*™ mice has
no major effect on tumor LV functions.

Altogether, these results showthat Ch25h abrogation in LECsdoes
not affect their structure and drainage functionsin tumors. In contrast,
lipid spectrometry analysis on tumor interstitial fluid showed that 25-
HC levels were significantly reduced in LEC2“™* tumors compared to
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Fig. 1 | LECs express Chi25h and contmol extracellnlar 25-hydroxycholesterol
(25HC) levels in lymphangiogenic B16F10-0VA tumors. A B16FI0-0VA VEGFC
tumaors were inoculated in C57BL6 mice. LECs were snred by flow cytometry
(CO45™FCLONG 38" from tumors, tumor-draining LNs (TdLM) and non-d mining
LMs (MdIM) after 11 days. Ch25h mRNA levels (RPEM) provided by RNA sequencing.
= 5micg/group. Data were presented as mean values + S0, B Correlation between
Chi25h expresson and lymphatic vessel (LV) signature (LV signature & pdpn, vegf,
Iyeel, and LV signature 2: proxI firs, havel. papn. vegft) in SKCM (SKin cutaneous
melanoma) patients (TPM transcript per million). SKCM patient overall survival
(05) of high and low Chi25h expression. Data extracted from TCGA. € Predictive
activity (08) of Ch25h high and Chsh low-expressors SKCM patients treated with
anti-PD-1 and anti-<CTLA-4, from an integrated dataset of multiple clinical trial st-
dies. Significance was determined by logrank analysis. D-F BlaFI0-OVA VEGFC
tumiorcells were injected into Ch25h-GFP and WT mice. I, E Ch25h expression by
tumaor infiltrated cells on day 4. (DC dendritic cells, CAF cancer-asociated fibro-
blasts, BEC blood endaothealial cellsh. Results are representative of two independent
experiments, with n= 4 mice/ group. F Ch25h expression by LECs in indicated

organs at different time points. Resuls are pooled from two independent ecperi-
ments, with 7= 2-3 mice/group each. Two-way ANCVA, ™ P< 0.0000. G, H BlsF10-
OVA VEGFC tumar cells were injected in LECS and LECYT mice. G Ch25h
expression by LECsand BECs imtumors on day 11 Resuls are representative of two
independent experiments, with 7 =5 mice/group. D-G ChlSh expression is repre-
sented as MFI Ch25h-GFP - MFI'WT mice. H 25-HC levels in tumor imterstitial fluid
measured by liquid ¢hromatog raphy - mass spectrometry. Resules are pooled from
wo experiments, with = 4-13 mice /group. G. H Twoetailed unpaired ctest

P 0U05; TP < 0L000OL 1VEGFC expression in human melanoma cell lines by
(PCR. Histograms depict technical triplicates from one experiment. E-1 Data were
presented as mean values + S0, J, K Human melanoma VEGF-C™ T362C and VEGF-
™ Tol8A cells were injected in NSG (WT), NSGLEC™™™, and NSG-LEC™ mice.
Ch25h expression (MF1 Ch25h-GFP-MFI'WT mice) by LECs from tumors and skin
was asessed by flow cytometry. Data were presented as mean values + S0. Resules
are representative of two independent experiments. L Ch25h mRMA and PDPN
staining on human melanoma sections (r = 3 patients). Representative images are
shown for patients 1 (Pil) and 2 (Pe2). Scale bar, 20and 5 pm (zoomed ).

LEC*™ tumors (Fig. 1H). This indicates that, although they are not the
main Ch25h expression in the TME, LECs significantly contribute to
extracellular 25-HC levels in B16F10-0VA VEGF-C tumors, Accordingly,
primary cultured WT LECs exposed w B16F10-0VA VEGF-C tumor cell
condidoned medium (TCM) potendy released 25-HC in vitro com-
pared to Ch25h knockout LECs (Supple mentary Fig. 2H). This was not
the case for WT BMDMs, which, similar to Ch25h knockout EMDMSs,
did notrelease detectable levels of 25-HC extracellularly when exposed
to TCM (Supplementary Fig. 2H). In addition, 25-HC was detected in
the culture supernatant of b.END3 mouse brain EC line exposed to
TCM, suggesting that BECs can produce extracelular 25-HC (Supple-
mentary Fig. 2H). These in vitro resuls suggest that 25-HC produced
by LECs and BECs can be secreted, while macrophages likely maintain
this metabolite intracellularly. Systemic levels of 25-HC insera of Ble-
OVA VEGF-C tumor mice were not affected in LEC2™ mice compared
to controls (Supplementary Fig 20) and were lower compared to local
tumor levels (Fig. IH). These results demonstrate that LEC-specific
depletion of Ch25h controls 25-HC in the TME without inducing var-
iation of systemic 25-HC levels (which are relatively low). Ch25his also
implicated in the production of 7-keto-25-hydroxycholesterol (7-keto-
25-HC)™, 7-keto-25-HC was decreased in BL6-OVA VEGF-C tumors from
LEC2®5E compared to LECYT mice (Supplementary Fig. 21), however,
i levels in the TME remained abundant compared o 25-HC (Fig. IH).

To determine whether our findings translate to human tumors,
VEGF-C producton was assessed by measur ing VEGF-C mRNA levels in
apanel of human melanoma cell lines (Fig. 11). Some of the cell lines did
not express detectable vegfc (TLOLS, Me275, Me215) or only low levels
(Tol8A), while others (T362C, Te72E) showed significant expression of
vegfc (Fig. ). To assess IF the in viro measured VEGF-C mRMNA
expression were biologically relevant in promodng LV formation in an
in vivo tumor setting, VEGF-C™* T362C and VEGF-C* Ta18A human
melanoma cells were implanted into immune-compromised NSG mice
crossed with Ch25h-GFP™* fluorescent reporter (NSG_LEC*). In con-
trast to VEGF-C'™ To18A cells, VEGF-C™ T362C human melanoma
induced detectable amounts of tumoral LECs (Fig. 1). Srikingly, LECs
upregulated Ch25h in T362C lymphangiogenic wmors compared to
skin LECs (Fig. 1K). These results show that melanoma patient-derived
cell lines produce VEGF-C that supports LV sprouting in the TME of
mice in vivo, and the upregulation of Ch25h in mouse LECs. Impor-
tantly, we ako detected Ch25h mRNA in LECs from human mela-
noma (Fig. 1L).

Ch25h expression by tumor LECs controls tumor growth by
impacting anti-tumor immunity

‘Wenext tested the impact of Ch25h abrogaton in LECs on B16F10-0VA
VEGF-C mmor development. Tumor growth was significantly
increased, and tumor cell proliferation enhanced, in LEC2™ mice

compared to LEC*™ mice (Fig. 2A). Increased tumor growth in LECS™
mice compared to LEC*™ mice was also observed in parental B16F10,
and in modek of colorectal adenoccarcinoma (ectopic subcutaneous
MC38 and MC38 VEGF-C**, orthotopic intrarectal MC38) and breast
cancer (orthotopic mammary fat pad E0771) (Supple mentary Fig. 3A)
These results demonstrate that Ch25h expression by LECs controls the
growth of other tumors and B not restricced to OVA expressing
or to VEGF-C overexpressing tumors (% of LEC among CD45%%
cells=2562+ 5263 % of LEC among live cells=0.5275 £ 03225). In
addition, Ch25h GFP” expression was detected in tumor LECs in par-
ental BI6F10 (% of LEC among CD45™* cells = 0,029 + 0.053; % of LEC
among live cells = 0.0043 £ 0.0049), orthompic MC38 (LECH among
CO4 5% cells =0.244 £ 0140 % of LEC among live cells =0.0166 +
0.0084) and ectopic MC38 VEGF-C™* (% of LEC among CD45=¢
cells=0.475 +0250; % of LEC among live cells = 0.0081 £ 0.005%)
umors (Supplementary Fig. 3B6). In these tumor models, macro-
phages are more or less abundant (% 2252 +1.092 in Bl&6F1O,
10,823+ 7277 in MC38 and 0.980 £ 0.930 in MC38 VEGF-C™ tumors)
and are the main expression of Ch25h (Supplementary Fig. 3B). In
ectopic MC38 and orthotopic EO771 tumors, however, LEC numbers
were too low to be detected by flow cytometry.

Differences in B16F10-0OWA VEGF-C tumor growth were abro-
gated when LEC2™*" and LEC*™ mice were crossed on either NSG or
Rag2*® background (Fig. 2B). Ch25h was nevertheless expressed in
tumoral LECs FromNSG-LEC*™ and Rag2*?-LEC*™ mice and abrogated
in NSG-LECA™= and Rag2**-LEC&™* mice (Fig. 2B). Therefore, the
anti-tumorigenic effect of 25-HC is immune cell-dependent, although
Ch25h expression can be induced in tumoral LECs in the absence of
immune celk. Accordingly, Ble FLO-OVA VEGF-C tumor growth was
not only increased in LECA™5® mice (Fig. 2A and Supplementary
Fig.4A), but the CD45 /umor cell ratio was significantly decreased in
tumors from LECA™5® compared to tumaors from LEC® mice (Sup-
plementary Fig. 4A). Therefore, our data indicates that Ch25h
expression by LECs dampens B16F10-0VA VEGF-C tumor growth by
impacdng anti-tumor immunity. Furthermore, tumor growth differ-
ence being abrogated in a Rag 2 background, this phenotype likely
requires B and/or T cell-mediated immunity. B-cell depletion did not
abolish B16FLO-OVA VEGF-C tumor growth difference in LEC*™ and
LEC2™® mice (Supplementary Fig. 4B), suggesting that T-cell
responses are essential. Ch2Sh-derived metabolite 25-HC can be
further metabolized by the enzyme Cyp7bl intw 7a-25-HC, which is a
ligand for the G-protein coupled receptor Epstein-Bar r virus-ind uced
gene 2 (EBI2)** that induces chemotactic migration of a large variety
of immune cells”™*, A negligible level of Cyp7b1 mRMNA was found in
tumoral LECs by RNAseq or by O-PCR (Supplementary Fig. 4Cl. In
addition, BI&6F10-0VA YEGF-C tumors transplanted in mixed bone
marrow (BEM) chimeric mice (50% WT CD451° BM cells + 50% EBIZ
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CD4517 /2" BM cells) did not show any difference in the ratio of WT/
EBI2* infiltrating immune cells compared to blood circulating cells
{Supplementary Fig. 4D), ruling out a role for EBl2-mediated immune
cell recruitment in tumaors in the impact of LEC-derived 25-HC on
anti-tumor immunicy.

In-depth analysk of Bl16F10-OVA VEGF-C tumor-infilrating T
cells did not show any significant difference in frequencies of

effector T cell populations intumors from LEC*™ and LECS“* mice,
such as CD4™ T cells producing IFN-y, Treg, and CD8" T cells or CD8”
T cells producing IFN-y and Granzyme-B (Fig. 2C). Whereas some
OV A-specific effector CDS™ T cells are detectable in tumors, no dif-
ference was observed in freguencies between LECY™ and LEC&™5®
mice (Supplementary Fig. 4E). These results were surprising since
differences in tumor growth between LEC*™ and LEC2™® mice were
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Fig. 2 | Loss of Ch25h expression by tumor LECs enhances tumor growth by
dam pening anti-tmor immunity. A - D BIGF100VA VEGF-Ccells were injected in
LEC*@ = and LEC™ mice (&, C, DY), in NSG-LEC**= and MSC-LEC*™ mice, or in
Rag2™-LEC*** and Rag2™ LEC™ mice (B). A. B Tumor growthwas followed and
normalized to the dze of tumors in LEC™, NSGLEC™, and Rag2*“LEC* mice,
respectively, at day & for tumor growth, two-way ANOVA, P < 005, Data were
presemted as mean values+ SEM. Tumaor cell proliferation (K6 ') was evaluated by
flow cytometry on day 11. Data were presented as mean values +50. Results are
pooled from two independent experiments (7 = 4-8 mice per group each ) and
normalized to WT (A). and Ch2Sh expression (MFICR2Sh-GFP - MFFWT mice) was
measured by flow oytometry at day 12 (B). C. D Tumors were harvested on day 1.

CCD4" and CDS' T cells were analyzed for their expresion of indicated markers.
Representative Alow oytometry dot plots and histograms provide the frequency of
posdtivecells among Tcell subsets. Data are presented as mean values + S0, Resuls
are pooled from two independent ecperiments (7 = 4-8 mice’ group each) and
normalized o WT. D Myeloid cells (CDiih'CD6S') were separated into monocytes
(Lys C'F4/80) and macrophages (LyeC F4/80') and were analyzed for their
expression of indicated markers. Representative flow cytometry dot plots provide
the frequency of positive cells among indicated cells. Data were presented as mean
values + 50, Results are representative of two independent experiments, r=5-7
mice/goup each. A-D For FACS analysis, twoetailed unpaired rtest. P 0005

“P 0000 TP < (uOeOeOL

abrogated in a Rag2™® background (Fig. 24, B). This indicates that
T cells may be needed to support or amplify other immune cell
functions.

CDe8CTDIL myeloid cells, further separated based on LysC
and F4/80 expression to discriminate between monocytes (LyaC F4/
B80') and macrophages (Ly&CF4/807), showed striking phenotypic
differences between in tumors from LEC2Y* and LEC*™ mice. Both
cell subsets demonstrated a significant shift toward an immuno-
suppressive state (CD2067) in LEC2™™ mice compared to LEC*T
mice for which tumors contained more pro-inflammatory monocytes
and macrophages (CD206 MHCIF, iNOS") (Fig. 2D). Therefore, in the
absence of Ch25h expression by tumoral LECs, the phenotype of
tumor-infiltrating monocytes and macrophages is biased towards an
immunosup pressive phenoty pe. Supporting the hypothesis of T cells
promoting anti-wmor monocyte and macrophage functions in LECYT
mice, tumors in Rag?®® mice exhibited an almost complete absence
of INOS™ monocytes or macrophages compared to WT tumors
(Supplementary Fig. 4F). Consktent with an absence of contribution
for B cells to the phenoty pe, the frequencies of INOS™ monocytes and
macrophages in tumors were not affected by the deletion of B cells
(Supplementary Fig. 4G). Other innate leukocyte populations infil-
trating tumors from LEC*" and LEC2™ mice showed a slight
reduction in NK frequency, but did not reveal any further major
difference, including DC and NK effector populations (Supplemen-
tary Fig. 4H). In contrast, although the frequency of total neurophils
(LyeG") was not affected, we observed a decrease in INOS™ ones
(Supplementary Fig. 4H).

Impaired response to immunotherapy in mice lacking Ch25h
expression in LECs

Bl6F10 melanoma is often classified as an immunologically cold
tumor®, Having in mind that the expression of Ch25h in human mel-
anoma correlates with a better response to immunotherapy (Fig. 1C),
we reasoned that by midgatng immunogenicity of B16FLO-OVA VEGF-
C tumors, we might observe a superior impact of Ch25h expression by
LECs on anti-tumor immune responses. To this aim, B16F10-0VA VEGF-
C tumor-bear ing LEC2™* and LEC*™ mice were vaccinated with OVA
protein combined with CpG-B. First, we observed that upon vaccina-
tion, tumor LECs from LEC™™ mice upregulated even further Ch25h
(Fig. 3A). Interestngly, the vaccinaton did not potentiate Ch25h
expression in BECs (Fig 3A). In addition, whereas both LEC2™ and
LEC*T mice efficiently controlled tumor growth the first 2 weeks of
vaccination compared to unvaccinated controls (Fig. 3B), tumors
relapsed in LECS™ mice, whereas LEC*™ mice can maintain smal
tumor sizes for up to 24 days at least, afterwards they may relapse
(Fig. 36 and Supplementary Fig 3A) possibly due to immune cell
exhaustion. Tumor cell analysis revealed that the CD45 /mumor cell
ratio and CD45 frequency in the tumor were decreased, whereas tumor
cell proliferation was increased in vaccinated LECA™* mice compared
tocontrols (Fig 3C) Apartfrom CD206 MHCI monoc yte frequencies,
alteradons mward an immunosuppressive phenotype of tumor-
infilrating monocytes and macrophages in LEC2™® mice were
mostly recapitulated upon vaccination (Fig. 3D) as in unvaccinated

mice (Fig. 2D), with significantly less INOS™ in both monocytes and
macrophages, and less CD206 MHCII cells in macrophages compared
to LEC*™ mice. Consequently, the ratios iINOS/CD206" monocytes and
macrophages were impaired in wmors of vaccinated LEC2™ mice,
with a more drastic effect on monocytes compared o macrop hages
(Fig. 3D). Strikingly, whereas differencesin T cells were absent without
vaccination (Fig. 2C), mmor-infilrating IFN-y and TNF-a producing
effector CDE™ T cell frequencies were impaired in LECS™® mice,
whereas PD-1Tim-3 exhausted CD8™ T cells were increased (Fig. 3E)
Granzyme-B expression by CDS™ T cells was however not affected by
the abrogation of Ch25h in LECs (Fig. 3E). IFN-y producing CD4" T cell
(Thl) frequencies were significantly impaired in tumors in vaccinated
LEC&™5 mice (Fig 3E), while Treg frequencies were not altered
(Fig. 3E). Although RNA sequencing data did not showany difference in
the expression of genes related to antigen presentation between
tumor LECs from LEC*T and LECA™*® mice (Supplementary Fig 2F), it
is possible that wpon vaccination, LEC antigen-presentadon funcdons
were affected by the loss of Ch25h and contributed tw the impact
observed in T cell responses in tumors from LEC2™* mice. LECs are
well known m express negligible levels of co-stimulatory molecules™
We nevertheless assessed the frequency of MHCI positive cells, the
expression levels of SIINFEKL-MHC- complexes and PD-L1 in tumor
LECs from LEC*™ and LEC=™™ mice (Supplementary Fig. 5B) and
coud not observe any difference. These results suggest that Ch25h
expression by LECs does not modulate their abilicy t present antigens.
and does not contribute to differences in T cell responses in tumors
from LEC*T and LECS™*® mice,

NEK frequencies and effector functions (production of IFN-y and
Granzyme-B) appeared unaffected in tumors from vaccinated
LEC2™5: mice com pared to their controls (Supplementary Fig. 5C). DC
and neutrophil (Ly&G) fregquencies were respectively increased and
decreased in tumors from LECE™ mice, with however no difference
in iNOS neutrophils (LyeG INOST) (Supplementary Fig. 5C), suggest-
ing that some populations in the TME were affected by the loss of
inflammatory myeloid cells and effector T celk in vaccinated LEC2™
mice. In TALMNs, we could not find any difference in DC frequencies,
SIINFEKL-MHC-1l complexes expression levels by DCs, or effector T cell
frequencies, and the frequencies of monocytes and macrophages
expressing INOS and CD206 were negligible (Supplementary Fig. SD).
Together with the fact that LECs express negligible levels of Ch25h in
TdLNs, these da@ support a local moduladon of tumor-infilcradng
immune cells by Ch25h expressing LECs. Finally, LN memstasis was
augmented in LEC2=® mice (Supplementary Fig. 5E), probably due to
primary tumor relapse, and not because of an aleration of the lym-
phatc vasculature associated with the tumor, which appears com-
parable in tumors from vaccinated LEC2“™® and LEC*" mice
(Supplementary Fig. 5F).

‘We tested a second approach of immunotherapy, the adoptive
transfer of tumor-specific effector COE™ T cells. In this setting, the
priming phase of anti-tumor CD8™ T cells is bypassed, allowing
a focus on the impact of Ch25h expression by LECs on effector
T cells in tumors. Preactivated OT-1 cells injected intravenously
into Bl6F10-0VA VEGF-C tumor-bearing mice were significantly
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Fig. 3 | Loss of Ch25h in LECs dampens immunotherapy efficacy im lym-
phangiogenic mdanoma. A-E LEC*™™ and LEC* mice were inoculated with

B16F10-0VA VEGF-C ( Bl6-OVAVC) cells and vaceinated with (WA protein and CpG-

B at day 5 (A) or at day 4 and day & (B-E). A Ch25h expression (GFF MA)was
measured by flow cytometry on day 1. n=5 mice/ group. B Tumor growth was
followed and compared to unvaccinated BL6FI0-0WA VEGFC tumorbearing WT
mice. Representative of four independent experiments, n = 5-6 micggroup each.
C-E Tumor were harvested on day 24 and analyzed by flow ortometry. © CD45'/
tumor cell ratio and tumor cell proliferation (Kie 7 and (D45 cell frequency in
living cells. D Myeloid cells (CDUL'CD6E') were separated into monocytes

(Ly6 C'F4/8 () and macrophages (Ly6C F4/80") and were analyzed for their

LECHT LECAFsr

expression of indicated markers. E CI4* and CDS' T cells were analyzed for their
epression of indicated markers. C-E Representative of two independent experi-
ments, n=5-8 mioe/group each. Data were presented as mean values + SDIF, G)
LEC*™™ and LEC™ mice wene inoculated with BI6F10:0VA VEGFC cells and
adoptively transferred & days laver with OT-1 effector T cells. Tumaor groweh was
followed and normalized to the size of WT at day & (F), and OT-1cells were analyzed
in tumors 2 days after transfer for indicated markers (G). Data were pooled from
two independent experiments, 7 = 2-5 micg/group each, and are presemted as
mean values + SEM (F) or as mean values £ SDIGL B, F Two-way ANOVA, P < 0. 05,
(A, €, D. E, G) Two-tailed unpaired ptest. "P <0005 "< 0L0L ™P< 0000,

less efficient at controlling tumor growth in LEC2™™ mice com-
pared to LEC*™ controls (Fig. 3F). Already 2 days post-adoptive
transfer, OT-1 cells infiltrating tumors exhibited reduced effector
functions (lower numbers of IFN-y", TNFo, Granzyme-B
cells) (Fig. 3G).

Altogether, our data suggest that upon vaccinadon or effector T
cell ransfer, the expression of Ch25h in tumor LECs induces the
release of extracellular 25HC in the TME and promotes anti-mmor
activity of monocytes, macrophages, and effector T cells, resulting ina
beter response o immunoterapy.
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25-HC alters the phenotype of tumor-associated myeloid cells
in vitro

We next determined whether the expression of Ch25h by LECs in the
TME has a direct effect on myeloid cells and/or T cells. Immunostain-
ing on B16F10-OVA VEGF-C tumor sectons revealed that both T cells
and macrophages are positoned in proximity of LVs (Fig.4A). Ch2Shs
responsible for the production of 25+1C and 7-keto-25-HC. Given that

o0OT-1+ BMDM (TCM)

o0T-1 + BMDM (TCMe25-HC)

extracellular 25-HC has been shown to impact macrophage phenotype
in vitro*, whereas only an endogenous expression has been reported
toalter T cell effectors”, we first tested in vitro the impact of 25-HC on
tumor-conditioned BM-derived macrophages (BMDM). Flow cyto-
metry experiments revealed that BMDM cultures exposed to tumor-
condidoned medium (TCM) mostly exhibited an M2-like phenotype,
with more than 70% expressing CD206 (MHCII" or MHCII) and
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Fig. 4 | 25-HC treatment reverses tumor-assoc iabed macrophage fmm unasup-
pressive phenotype and functions in vitro, A LEC™™™ and LEC™ mice were
imoculated with BI6F10-0VA VEGF-C cells and tumors were harvested at day 11
Montages of maximum projected 30 confocal images of representative sections
{n=3 mice/group) immunostained for lymphatic vessels ( Lyve-1, green), T cells
(CDE, red)y, myeloid cells (CD&S, white), and nuclei (blue). Images were obtained
using a 10 objective, including a 3x relative magnification. Selected regions of
imterest are indicated by dashed squares and denoted magnified areas are shownin
images beside. Scale bars, 1mm, ¥Whpm izoomed). B BMDMs were incubated with
BI6F10-0VA VEGFC tumor-cond itioned med ium (TCM) and treated or not with 25-
HC for 48 h. BMDM phenotype was analyzed by flow cytometry. Data were

represent ative of three independent ecperiments with 7 = 3-6 replicates each. Data
were presented asmeanvalses + 0. CEMDM were treated or not with IFNy or 1L-4
and further treated ornot with 25-HC for 48 h. BMOM phenotype was analyzed by
flow cytometry. Datawere representative of two independent experiments with
n=4-8replicates each. Data were presented as mean values + 50, D TCM-exposed
BMDM were treated or not with 25HC for 48 h, washed, and incubated with OT-1
effector cells (5:1 atio) for 48 h. T-cell phenotype was anabyzed by flow cytometry.
Data were representative of two independent experiments with r = 3-5 replicates
each. Data wene presented as mean values + 50, B Two-tailed unpaired r-test

€ Twoway ANOVA, D Cme-way ANOWAL P« 0005; "Pa 0000 =P < 0000

T 0.0000.

comained very few MHCII'CD20% cells (Fig. 4B), among which iNOS™
cells were undetectable in absence of further treatment (Fig. 4C). This
is in ling with the results obtained in RagZ*® mice (Supplementary
Fig. 4F), and probably due to the absence of inflammatory factors, 25-
HC treatment significantly reduced the frequencies of CD206™ TCM-
exposed BMDM, increased their CD86 expression, and further
decreased their expression levels of Tim-3 and PD-L1 (Fig. 4B), mole-
cules that have been shown to participate in immunosuppression
mediated by macrophages™*. A moduladon of TCM-exposed mac-
rophages by 25-HC toward a less immunosuppressive phenotype as
also confirmed by Q-PCR, with increased cdSes, cdS0, illk, tnf ils, il12
mRNA expression levels, and decreased mye, IO, tgfhl, mrcl, cd274,
and haver2 mRNA levels (Supplementary Fig. 6 A). Although it has been
shown that inracellular 25-HC acs as an antagonist of SREBP in
macrophages, resulting in decreased IL-1p production, our data sug-
gest that extracellular 25HC ac through a different mechankm and
promaotes IL-1P producton. Inagreement, similar results (upregulation
of cd80, cd86, illb, tnf, il6 and il12 expression, downregulation of mrcl,
0, and rgfbd) were observed when TCM-exposed Ch2Sh™ BMDM
were reated with 25-HC (Sup plementary Fig. 6B).

The proportion of BMDM treated with the Ml-polarizing cytokine
IFM-y that differentiated into INOS™ cells, although represented at low
frequency, was potentialized by the addition of 25-HC (Fig. 4C). Low
INOS™ cell frequencies might be explained by a lack of pro-
inflammatory Factors that need to synergize with IFMN-y and 25-HC to
promote i expression. Freguencies of MHCIMCD206 cells and the
expression levels of CDE6 (Fig. 4C), all hallmarks of pro-inflammatory,
or immunogenic, macrophages were also enhanced. 25-HC did reduce
Tim-3 expression by Ml-polarized BMDM, without moduladng PD-L1
levels, which directly respond to IFN-yand were very high (Fig. £C). In
contrast to IFN-y, pre-treatment of the M2-polarizing cytokine IL-4
increased the frequencies of CD206" cells (Fig 4C). The addition of 25-
HC inhibited the polarizaton of immunosuppressive macrophages
mediated by L4, with decreased CD20%", decreased PD-L1, and
decreased Tim-3 (Fig. 4C). As previously shown™, IFN-y treamment
induced upregulation of ch2sh in BMDM (Supplemenary Fig. 6C)
However, Ch25h BMDM exhibited similar phenotypic modulation
compared to WT BMDM (Fig. £C) when exposed to polarizing cyto-
kines IFM-y or IL-4 and treated with 25-HC (Supplementary Fig. 6D},
demonstrating that endogenous Ch25h expression does not con-
tribute @ the modulation of BMDM polarizaton induced by extra-
cellular 25-HC. To determine whether alterations of phenotypes
translate into impaired functions of macrophages, we further assessed
their ability to modulate T cell effector and exhausted phenotypes. As
published™®, tumor-conditioned BMDM significantly inhibited T cell
effector functions (decreased frequencies of Granzyme-B™ and IFMN-y~
OT-1 celk) and promoted a T cell exhausted phenotype (increased
expression levels of Tim-3 and PD-1 by OT-1) (Fig. 4D). Strikingly, 23-HC
pre-treatment of TCM-exposed BMDM significantly dampened their
ability to inhibit effector T cells (Fig. 4D), which exhibited restored
production of effector factors, and decreased expression of exhaws-
tion markers, suggesting that in vive, 25-HC might dampen the
immunosuppressive functons of tumor-associated macrophages.

Although it remained elevated compared to 25-HC levels, 7-keto-
25-HC was also reduced in the TME of LECA™™ mice (Supplementary
Fig. 2]). Therefore, we tested whether it could impact macrophage
phenotype and funcdons. 7-keto-25-HC treatment induced minor
modulations oFEMDM phenotype (Supplementary Fig. 6E), however, it
did not affect their ability to suppress effector T cells (Supplementary
Fig. 6F). Altogether, these data suggest that 25-HC produced by LECs in
the TME & a main regulator of tumor-associated myeloid cells.

LEC-derived 25-HC controls tumor growth by regulating mye-
loid cell functions
To determine whether myeloid cells are the primary cellular targets of
LEC-derived 25-HC in vivo in tumors, and subsequendy impact anti-
tumor T cell responses, we depleted miyeloid cells by injectng anti-
CSFIR (CDUS) antibodies” into BI6F10-OVA VEGF-C wmor-bearing
LEC&™55and LEC*T mice vaccinated as before, This treatment resulted
in the depletion of 73% of macrophages and 25% ofmonocytes in LEC*™
tumors and 65% of macrophages and 51% of monocytes in LEC2™
tumors (Supplementary Fig. 7A) and was sufficient w abrogate the
difference in twmor size between LECA™ and LEC*™ mice (Fig. SA).
Upon myeloid cell depletion, vaccinated LEC* mice could not control
the growth of tumors as efficiently (Fig. SA). This suggests that in
vaccinated LEC™ mice, the net-effect of antibody-mediated cell
depletion in tumors resuleed in the elimination of anti-mmoral proin-
flammatory monocytes and macrophages, The TME of LEC*™ unvac-
cinated mice con@ins a balanced mix of pro- and anti-tumor al myeloid
cells (Fig. 2D). As such, ant-CSFIR (CD115) antibody oreatment in
umvaccinated WT mice did not impact tumor growth (Supplementary
Fig. 7B), suggesting that the net-effect of myeloid cell depletion was
zero, with the depletion of both immunogenic and immunosuppres-
sive myeloid cells. Next, we have used a reductionist approach to
assess directly if the impact of LEC-derived 25-HC on wmor myeloid
cells is indeed responsible for controlling tumor growth, by excluding
the contribution from other immune cells in the TME Immunodefi-
cient (NSG) mice in which LECs express (NSG-LEC*™) or not (NSG-
LECA™5% Ch25h were transplanted with B16F10-OVA VEGF-C tumor
cells mixed with BMDM or not. Tumor-bearing mice were next adop-
tively transferred with OT-1 effectors, NSG-LEC*T and NSG-LECA®S
mice transplanted with wmor celk alone and transferred with T celk
exhibited an efficient and similar tumor growth regression, confirming
that 25-HC released by LECs in the TME does not directly impact the
ability of effector T cells to control tumor growth (Fig. SB). In contrast,
when co-ransplanted with tumor cells and BMDM, compared to NSG-
LEC*™ mice, NSG-LECA™ mice developed larger tumors (Fig. 5B,
These results, combined with our in vitro data (Fig. 4), demon-
strate that myeloid cells represent the targets of 25-HC produced by
LECs in the TME, resulting in a dampening of their immunosupp ressive
functions.

25-HC produced by LECs prevents the acguisition of an immu-
nosuppressive phenotype by tumor-associated myeloid cells
Transcriptomic analysks of monocytes (CDUIb Ly6CF4/807%) and
macrophages (CDLIL Ly 6C“*F4/807) sorted from B16F10HOVA VEGF-C
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B NSCLEC™™ and NSG-LEC™ mice were inoculated with BI6FI0-CVA
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from day 6. Two-way ANOVA, “F < LOL Data were pooled from owo independent
experiments with r =5-8 mice/group each. A, B Data were presented as mean
values + SEM.

tumors after OVA+CpG-B vaccination revealed that their phenotype
was strongly altered by the absence of Ch25h expression in LECs. First,
most of the top n Hallmark pathways expressed by monocytes in
LEC* mimors were related to inflammation, such as inflammatory
responses, IFN-y response, IL-6/Jak/STAT3 signaling, TNF-u signaling
via NF-KE and IL-2/STATS signaling (Fig 6A). Simiarly in tumor-
infilrating macrophages from LEC*™ mice, the top ten Hallmark
pathways were related tw inflammation and Mi-like TAM signature,
such as IL-6/Jak/STAT3 signaling, inflammatory response, TNF-x sig-
naling via NF-KB, IFN-y response, ROS pathway, P53 pathway™
(Fig. &A). In contrast, the 10 top pathways expressed by LECA®™®
tumor macrophages contained E2F @rgets that promote tumor cell
metastasis’®, Myc{argets that mediate early glycolysis and dampen
proinflammatory responses in macrophages by inhibiting IRF4¥,
mTORC1 signaling that regulates proinflammatory macrophage Func-
tion and metabolism***, mimtc spindles, which seem tobe a mutually
exclusive events of NLRP3 activation®, and spermatogenesis, a path-
way con@ining known TAM receptors, such as Tyro3, Axl and MerTK,
promoting M2 polarization and efferocytsis, two pro-mmoral
processes™ ™ (Fig. 6A). Interestingly, whereas in macrophages path-
ways related w metabolism were particulady expressed in LECS™
tumors (normalized enrichment score of 13 and 1.3 for cholesterol
homeostasis and glycolysis, respectively), oxidatve phosphorylation
was the highest pathway upregulated in monocytes in LECS™
tumaors (Fig. 6A). The facy acid oxidation pathway was ako upregu-
lated in monocytes from LEC2“® tumors (Fig. 6A) Knowing that M2-
like myeloid cells undergo a membolic reprogramming wward oxi-
dative metabolism for binenergetic purposes (OXPHOS*, and that

mitochondrial faty acid oxidation has been associated with an
immunosuppressive myeloid cell phenotype®’, it is empting to spec-
ulate that the modulation of the “M2-like” phenotype by LEC-derived
25-HC might re program pro-resobving and pro-twumoral cells into more
inflammatory  anti-tumoral myeloid cells. Accordingly, by looking
more precisely at the heatmaps generated with genes classified as
“anti-tumor”, monoecytes and macrophages present in tumors isolated
from LEC*™ mice expressed a far more anti<umor immune signawre
compared to LEC2“™ mice (Fig. 6B), with higher gene expression
such as 81h, cxcl?, cxcli®). nos?, and others. Other pro-inflammatory
genes were also more expressed in monocytes and macrophages in
LEC*T compared to LECA=® tumors, such as, for example, nirp3 or
(Supplementary Fig 8A), although their role in tumor context remains
unclear. In contrast, monocyies and macrophages in wmors from
LECE™5" mice upregulated genes clearly related to pro-tumoral
immune functions, such as Ax, 110, and pparg (Fig. 6B), with a
more pronounced effect in macrophages compared to monocytes.
Finally, monocytes and macrophages in LEC*™ tumors exhibited
enrichment in genes described as “M1" signature by Pan W. et al.
whereas monocytes and macrophages in LEC2™ " tumorsshowed an
association with the “M2” signature™ (Fig. 6C). No clear difference
was observed in genes implicated in other myeloid cell functions,
such as phagocytosis, or SERBP targets, between monocytes and
macrophages isolated from LEC* and LECA™*® tumors (Supple-
mentary Fig. 8B). In order to determine whether 25-HC could be
considered as a therapy to redirect the myeloid cells in vivo, we
treated BL6F10-0VA VEGF-C tumor-bearing mice intratumorally with
25HC. We observed a better control of tumor growth in treated
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animals compared to untreated controls (Fig. 6D). Inaddition, a shift
toward more pro-inflammatory tumor-infileradng myeloid cells was
observed, as indicated by an increased rado of INOSYCD206"
monocytes (Fig. 6D). We did not observe a significant change in
macrophages, for which the rado was very low.

Supporting a role for 25HC in promotng anti-tumor macro-
phages in melanoma patients, we found that Ch25h showed a

significant positive correladon with an Ml-like macrophage signature
but no clear correlatdon with M2-lke macrophage signature in the skin
cutaneous melanoma (SKCM) TCGA dataset (Fig. 6E). In addidon,
although correlation of Ch25h with M2-signature was weak in both
normal skin and tumor melanoma (R=015 and R=0.043, respec-
tively), the correlation of Ch25h with Ml-signature was muech stronger
in melanoma (R=045) compared to normal skin (R=019) (Fg. 6E),
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Fig. & | Altered monocyte and macrophage transciptomes in the absence of
Ch25h expression by LECs in lymphangiogenic melnoma. A -C LEC*™™ and
LEC*™ mice were inoculated with BlaF10-0VA VEGFC cells and vaccinated with
OVA protein and CpG-Bon day 4 and day 8. Tumors were hanested on day 24, and
monocytes and macrophageswere sorted by fow cytometry (see Fig. 2D for gating
strategyl. RNA sequencing was performed (1Tlumina ). A Top 10 Hallmark pathways
expressed inmonocytes and macrophages in tumors from LEC™ and LEC™
mice. B Heatmap showing expression levels of genes implicated in “antitumor® or
“profumor” immune signatures in monooytes and macrophages and in tumors
from LECS™ and LEC*™ mice. € GSEA enrichment of M1 and M2 signatures in

manooytes and macrophages from tumor in LEC™™ and LEC™ mice using gene
set from ref. 50, D BI6F10-0VA VEGF-C tumor-bearing C57B L6 mice wene treated
with 25HC every 2 days, starting at day 4. Tumor growth was followed. Twoway
ANCOVA, *F < 0,05, Data were a pool of three independent experiments with e = 4-6
mice/ group each. On day 1, tumorswere harvested, and the CDeE'CO1IL" myeloid
ocell (macrophage. F4/S0 LyoC and monocytes, F4/B0Ly6 C) phenotype was
assessed by flow cytometry. Ratio iNOS'/CD206" cells are provided. Two-tailed
unpaired t4est, **p < (LOOL E Correlation between Ch25h expression and

ML'M2 signatures in normal skin and in SKCM patients. Data were extracted from
the TCGA database

indicating that Ch25h is not generally associated with M1 macrophages
but rather only in tumoral or tumo r-associated context.

LEC-derived 25-HC decreases PPAR-y levels in tumor-asociated
macrophages to dampen their immunosuppressive functions
25-HC has been shown to mediate both LXR-dependent and -inde-
pendent effects’. Therefore, we investgated whether this pathway is
implicated in the ability of extracellular 25-HC t© modulate macro-
phage phenoty pe and functions. In vitro, LXR deficient and WT BMDM
pre-exposed to TCM and oreated with 25-HC exhibited similar regula-
tion of their phenotype, with decreased CD206'MHCII frequencies
and decreased Tim-3 expression levels (Supplementary Fig. 9A) indi-
cating that the impact of 25-HC on macrophages in mwmoral context &
LXR independent. In vivo, when co-inoculated with B16F10-OV A VEGF-
C tumor cells into NSG mice, LXR deficient BMDM supported the
control of wmor growth mediated by the transfer of OT-1 effectors as
efficiendy as WT BMDM (Supplementary Fig. 9B), confirming that 25-
HC present in the TME promotes the ability of macrophages to control
tumor growth independently of LXR.

Macrophages strongly upregulated PPAR-y in BL6F10-0VA VEGF-C
tumors from LECSS2® mice (Fig. 68), which is well-known to exert an
anti-inflammatory effect on macrophages by inhibiting AP-1/ NFKB/
STATI pathways, COX-2, MPO, Caspase 3, and ROS producton and in
contrast promotng OXPHOS and the production of antk-inflammatory
cytokines =, All these pathways being also modulated in myeloid cells
infiltrating tumors from LEC2“=® and LEC*™ mice (Fig. 6A, B), and 25-
HC having been shown to decrease PPAR-y levels in viro in THP-1
macrophages™, we wondered whether this pathway could be impli-
cated in the ability of 25HC to prevent macrophage imimiunosup-
pressive phenotype and Function. Accordingly, TCM-exposed BMDM
treated with 25-HC downregulated PPAR-y mRNA (Fig. 7A). As shown
before, the addition of 25-HC inhibited the “M2-like” phenotype of
TCM-exposed BMDM, inducing downregulaton of CD206 (MHCIT or
MHCII') and Tim-3 (Fig 4B). Suppordng the hypothesis of an implica-
tion for PPAR-y, treamment with the PPAR-y antagonist TOO70907 hada
similar effect (Supplementary Fig 2C). In addidon, BMDM treated with
the PPAR-y agonist Troglizone significantly inhibited 25-HC ability to
prevent the induction of “M2-like” BMDM by the TCM (Fig 7B),
establishing a direct link between the mode of action of 25-HC and
PPAR-y in TCM-exposed macrophages. More importantly, TCM-
exposed, 25-HC treated, BMDM pretreated with Troglitazone main-
tained their abilicy to inhibit effector Toell unctions and w promote T
cell exhauvstion when incubated with 25-HC (Fig. 7C). In vivo, LEC™
mice transplanted with BleF10-0OVA VEGF-C tumor cells mixed with
WT BEMDM controlled significantly better the growth of tumors upon
OVA+CpG-B vaccination compared to LEC®™™ mice (Fig. 7D). In
contrast, both LEC* and LEC2®™™ mice efficiently controlled tumaor
growth after vaccination when tumor cells were mixed with PPAR-y
deficient macrophages (Fig. 7D), indicating that the lack of LEC-
derived 25-HC can be compensated by the absence of PPAR-y
expression by tumor-associated miyeloid cells.

Altogether, these experiments demonstrate that 25-HC produced
by LECs in BI&6F10-OVA VEGF-C tumors prevents the induction of
immunosuppressive functons in macrophages by the TME by

inhibiting their expression of PPAR-y, consequently allowing effector T
cells w maintain their effector phenotype in tumors and © provide
bemer control of tumor growth.

Discussion

During tumor develo pment, malignant cells take advantage of multiple
mechanisms to evade immune-mediated recognition and killing™. This
is why approaches aiming at reinvigorating anti-tumor immunity cur-
renty represent the most promising treatment against cancer. The link
bemween tumor-associted lymphangiogenesis and cancer cell
spreading, and metastasis is well-established. Howewver, the growth and
the remodeling of LVs at the primary tumor, draining LNs and distant
premeastatic niches, has been shown to not only SUpport merastasis
but also impact and-tumor immunity’. Complex interactions between
tumor cells, immune cells, and stromal cells make it hard to precisely
decipher the contribution of LECs in shaping immune cell phenotype
and functions in tumors. In addidon, the plastcity of LECs and dueir
response to molecular cues From the TME are still unclear.

Here we show that in comparkon t© LECs in steady-state skin or
[MNs, LECs in murine lymphangiogenic melanoma upregulate the
oxysterol-producing enzyme Ch25h, which has been shown to play
important roles in regulating lipid membolism, gene expression, and
immune activaton. We further translated our findings to human
tumors, showing that VEGF-C**" human melanoma cells promote LV
expansion in immune-compromised mice, and induce the upregula-
tion of Ch25h inthe TME compared tw skin LECs, suggesting that LECs
in twmors from melanoma patients will likely upregulate Ch25h and
produce 25-HC in the TME. In agreement, LECs express Ch25h mENA in
melanoma wmors.

Specific genetic abrogation of Ch25h in murine LECs demon-
strates that in lymphangiogenic melanoma, LECs significantly con-
tribute to the levels of extracellular 25-HC, the main product of the
enzyme, which is beneficial for the conrol of tumor growth, by pro-
modng anti-tumor immunity and response to immunotherapy. We
further showed an impaired contol of mwmor growth of poorly Tym-
phangiogenic tumars, and of different cancer types, in mice in which
Ch25h was abrogated in LECs, indicadng that beneficial Ch25h
expression by LECs is not restricted to melanoma or to VEGF-C over-
expressing tumors. The role of oxysterols in umor settings is con-
rroversial Some oxysterols (2-HC and 24-HC) can recruit pro-tumaoral
CXCR2" neutrophils, promoting an immunosuppressive TME™. Intra-
cellular cholesterol and derivatives, including oxysterols, are directly
sensed by [XRaoyP nuclear receptors, leading to the transcription of
genes implicated in reverse cholesterol transport. LXRs activation
correlates with the generation of antkinflammato ry macrophages and
DCs™, In contrast, therapeutic GW3%65 agonist-mediated LXR act-
vation has been shown to promote anti-tumoral Immune response,
decreasing MDSC numbers while enhancing the activation of CTLs in
both muring models and in cancer patients™, However, we do not
foreses LXRs activation as a pathway being involved in the ability of
LEC-derived 25-HC to promote antifumor immunicy. Indeed, LXRs
sense intracellular cholesterol derivatves, whereas we show that
tumor LECs do not exhibit any significant transcriptomic changes in
the absence of Ch25h expression. In agreement, our invitro and invivo
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Fig. 7 | LECderived 25-HC dampens the immunosuppressive functons of
tumor-assocbted macrophages by inhibiting PFAR-y expression A BMDM
were incubated with BleFH-0VA VEGF-C tumo r-oondi toned medium (TCM),
treated or not with 25HC for 48 h, and analyzed by C-PCR for PRARy mENAlevels.
Data were representative of two ecperiments withr = 2-3 replicates each. Data
were presented as mean values+ S0D. Two-tailed unpaired ftest. *F < (L0S.

B BMDMs were incubated with tumor-conditioned medium (TCM), treated or not
with 25HC, Troglitazone, or the combination of 25-HC and Troglitazone for 48 h
BMDM phen otype was analyzed by flow cytometry. D ata were representative of two
independent experimen ts with =3 replicates each. Data were presented as mean
values + S0 Ome-vay ANOVA, == U00L === < (UWWL € TCMexposed BMDM

Day

were treated or not with 25HC, Troglitazone, or the combination of 25-HC and
Troglitazone for 4 8h, washed, and incubated with 0T effector celks for 48 h. T-cell
phenotype was analyzed by flow cytometry. Data were representative of two
independent experiments with =6 replicates each. Data were presented as= mean
values + S0, One-way ANOVA, *F < 0,05 =P < 0.0 == < 0.0000 B LEC™™ and
LEC*™ mice were inocul ated with Blé FI0OVAVEGF-C cells mixed with either WT or
PPAR-y deficient (PP AR-y™) BMDM and vaccinated with (WA protein and CpG 6 on
day 4 and day & Tumor growth was followed. Data are presented as mean

values + SEM. Tworway ANOVA, =/ <0001, Datawere representative of two inde-
pendent experiments with r+=4 -5 mice/group each.

data show that 25-HC in the TME enhances the ability of macrophages
to control tumor growth inde pendently of the LXR pathway.
Whereas Ch25h has been described to be expressed by CTL and
DCs in mouse tumors, including B16FL0 melanoma ®*, we could not
detect it in lymphangiogenic B16F10-0WA VEGF-C tumors. This could
be explined by the fact that the production of wmor-derived
factors™*, which seem to inhibit Ch25h expression in both CTLs and
DCs, might be increased in our model. Although we detected high
levels of Ch25h expression in tumor-associated macrophages, it &
likely that they do not dominantly contribute to extracellular 25HC
lewels, as, at least invitro, they do not release 25-HC in the extracellular
medium, whereas LECs and BECs can do so. Although we did not
decipher the mechanisms, it is likely that ECs exhibit pardcular fea-
tures, which are not shared by macrophages, involved in the ability to
secrete 25-HC, In addidon, Ch25h abrogation in LECs leads to a sig-
nificant decrease in extracellular 25-HC levelsin tumors. It was recently
shown that 25-HC produced by macrophages promaotes their immu-
nosuppressive phenotype in mouse colorectal cancer™. Although this
seems to be in contradicton with our data, it is possible that

extracellular and intracellular 25-HC differentially impact tumor-
associated macrophage (TAM) phenotype and functon. In their
study, in vitro treatment of macrophages with 25HC surprisingly
promotes their immunosuppression. However, macrophages were
pretreated with 25-HC before being exposed two IL-4 and IL-13, which
might affect the data. It is howewver difficult to explain why the authors
observed a better control of tumor growth in mice fully deficient for
Ch25h, and why they reported a negative impact of high Ch25h
expression in human colorectal cancer on prognosis, as we and others
show the opposite™ ",

‘We observed that Ch25h is ako expressed by mumor BECs, likely,
as previously described, dampening their expansion and subsequent
angiogenesis, and inhibiting metastasis”. However, as LECs seem to
significandy contribute to extracellular 25-HC levels in lymphangio-
genic melanoma, our data argue for an intracellular role of Ch25h
expression and 25-HC in BECs in regulating the tumor-associated
blood vasculare, whereas LEC-derived 25-HC certainly exerts extra-
cellular functions. It was shown that in mmor-associated BECs, intra-
cellular 25HC prevents their uptake of TEVs, leading to their activation
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and enhancing their ability to promote metastasis®. However, it
unlikely that this process occur s in tumor LECs, as the transcriptome of
Ch25h deficient LECs exhibits high similarity with control LECs.

Our datashow that in the absence of 25-HC production by LECs in
tumaors, infilcrating monocytes and macrophages adopt a completely
different phenotype, with profound transcripomic  alterations,
including a dampening of pro-inflammatory gene signature and an
upregulation of genes implicated in immunosuppression. These
modulations result from an unbalance of pathways that are important
for myeloid cell funcdons, with impaired inflammatory response, THF-
o and IFN-y response, or ROS production, and in contrast enhanced
immunoreguladon, M2-like responses, oxidative metabolism, and Fatty
ackd oxidation. Interesdngly, among the genes that are downregulated
in monocytes and macro phages when 25-HC production by LECs has
been abrogated, we idendfied IL-1p. This can be surprising, since 254HC
has been shown to downregulate IL-1P in macrophages™. The study
indicates that intracellular 25-HC acts as an antagonist of SREGP in the
cytmplasm of macrophages, and therefore dampens their production
of IL-1B. However, our data show that 25-HC is produced by LECs
extracellularly in the TME and promotes ant-tumoral macrophages
and monocytes, including upregulation of IL-1P. The role of IL-13 in
tumors is controversial. It has been described as a protumor al factor in
most cancers™ ™, promoting M2-like macrophages and protumoral
neutrophil recruimnent. However, and supporting our data indicatng
that 25-HC exposed macrophages promote anti-umor effector T cell
functions, it has been shown that IL-1p enhanced the ability of tumor-
specific T cells to eradicate established B16 melanoma®™, In the breast
cancer model as well, IL-1B promotes the infilcration of ant-mumor
immune cells and controls primary tumor growth™.

We further demonstrate that tumor-infilcrating myeloid cells are
the primary targets of LEC-derived 25-HC. Indeed, myeloid cell
depletion abolehed the impact on effector T cell responses observed
inthe absence of Ch25h expression by LECs, indicating that T cells are
not directly impacted by 25HC released by LECs in the TME A study
has described that IL-27-induced Ch25h in CD4™ T cells acts as an
immunoregulawry enzyme, through the production of 25HC, inter-
fering with cholesterol membolism and leading w bystander CD4° T
cell inhibidon®. However, in the TME of the different models used, we
could not detect Ch25h expression in T cells, suggesting that this
pathway is not involved.

We provide additional invitro and in vivo evidence that 25-HC can
inhibit CD206" immunosuppressive monocytes and macrophages.
Howewer, this effect is not sufficient to induce pro-inflammatory INOS*
myeloid cells. In vitro, INOS induction in macrophages requires pro-
inflammatory polarizing cytokines (IFN-y) and & potentiated by the
additonof25-HC. Invive, INOSexpression by tumor macr ophages and
monocytes also requires T-cell derived cytokines (lkely IFN-y as well),
as demonstrated by an almost total absence of INOS™ myeloid cells in
tumors in Rag2* mice, and is further potentdalized by LEC-derived 25-
HC. Therefore, 25-HC produced by LECs in the TME dampens myeloid
cell immunosuppressive propertes and further synergizes with other
factors to promote pro-inflammatory myeloid cells and support anti-
tumor effector T cells. These effects are amplified when the immu-
nogenicity of the TME is boosted through immunotherapy protocols,
such as vaccination or adoptive T cell transfer, and correlate with
enhanced Ch2Sh expression by LECs inthe TME Our findings are in
ling with a soudy showing a role for 25-HC acting as an amplifier of
inflammatory signaling in macrophages in the context of viral
infection”, Although the molecular mechanism promoting the upre-
gulation of Ch25h by LECs was notdeciphered here, ouwr data ar gue for
a primary role of non-immune cells, either mwmor cells themselves or
stromal cells, and show that it is further promoted by vaccine-induced
inflammiation. Therefore, protocols aiming at strengrhening tumor-
specific immunity might boost the producton of 25HC by LECs in
umors and function as a loop to further enhance antimimor

immunity. Accordingly, we observed that melanoma patients with high
Ch25h expression exhibit becter survival and improved response to
immunotherapy. This sugzests that Ch25h expression might be a
prognostic biomarker in melanoma patients and their response to
immunotherapy. Further reinforcing the translational aspects of our
findings, intrammoral injecdon of 25-HC redirects myeloid cells
toward a less immunosuppressive phenotype, allowing a better con-
trol of tumor growth. However, the hydrophobic features of 254C
may limit its direct use as a therapeutical compound.

Among the mRMNA transcrips differendally regulated in macro-
phages and monocytes in the absence of ch2ih expression by LECs,
one particularly caught our ateention, pparg. PPAR-y belongs o the
family of Peroxisome proliferator-activated receptors (PPARs), which
are ligand-regulated manscription factors influencing several cellular
pathways™. It has been known for decades that PPAR-y agonists sup-
press the production of inflammatory cyokines by monocytes
invitro®, Further more, PPAR-y activation has been shown to modulate
macrophage polarization in vitro, by suppressing their immunogenic
state with downregulaton of ros2, mf, ile, ilib, and mcpl™ while pro-
motng their expression of immunosuppressive markers such as {10,
argd, mred, and others™, In lymphangiogenic melanoma, we observed
that both monocytes and macrophages upregulate pparg when LECs
do not express Ch25h, likely promotng their immunosuppressive
phenotype. In vitro, pparg is downmodulated by 25-HC in macro-
phages, supporting a direct implicadon of this pathway in controlling
their immunoregulatory functions in wmors, The pathway is also
implicated in vivo, with a restored control of BleF10-OVA VEGF-C
tumor growth in LEC27=® mice vaccinated with OVA+CpG-B when
macrophages do not express PPAR-y. Altogether, our data argue for a
key role of LEC-derived extracellular 25-HC in dampening PPAR-y
expression and the immunosu ppressive phenoty pe of monocytes and
macrophages in the TME

Because tumor LEC exhibis timely-related pro- and anti-
tumorigenic effects, it is becoming clearer that it will be very diffi-
cult to target the whole lymphatic vasculature in tumors as a ther-
apeutic approach. On the one hand, we and others have shown that
LECs in primary tumors and in TdLNs can specifically inhibit tumor-
specific T cells by functioning as MHCI and MHCII-restricted antigen-
presenting cells to induce CDE + T cell deletionand Treg generation,
respectively™ ", As such, it appears relevant to delete them, either
through depleting antibodies or AAVE™™, or through immu-
notherapeutic approaches, such as their antigen-specific killing
mediated by high-density wmor-infiltradng CTLs™, However, tumor
LVs are needed for the drainage of tumor antigens and the migration
of DCs to the TdLNs, and, therefore, are essential in the initiation of
anti-tumor adaptive immunity™ 7, In addition, tumoral LVs increase
the overall recruitment of immune cells in tumors® and are therefore
beneficial for immunotherapy protocols that either boost or reinvi-
gorate immune cells* . Therefore, the targeting of specific LEC
functions, and not of the whole lymphatic vasculature, seems more
pertinent, especially if it can be achieved through established
immunotherapeutic protocols. Here we show that Ch25h upregula-
tion by LECs in murine melanoma leads to the production of 25-HC in
the TME and inhibits PPAR-y in myeloid cells, allowing their con-
version into pro-immunogenic cells that support T cell effector
functions and prevent their exhaustion. Interestingly, this mechan-
ism is amplified upon vaccination with a tumor antigen or after the
adoptve transfer of antk-mmor effector T cells, with increased Ch25h
expression in tumor LECs, increased pro-immunogenic myeloid cell
generation, improved anti-tumor effector T cell responsesand better
control of tumor growth, Hence, besides their purpose of promoting
anti-tumor immunity, immunotherapy protocols can further act on
multiple LEC immunomodulatory facets, by favoring either their
immunosuppressive™, or their immunogenic functions, such as the
upregulation of Ch25h. Altogether, these studies revealed the
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incredible complexity of LEC-mediated immunomoduladon, and
indicate that the immunogenicity of the TME, which also depends on
the course of tumor growth, greatly influences LEC phenotype and
functions.

I our study, 25-HC produced by LECs inthe TME has a beneficial
effect on murine melanoma growth and response to immunotherapy,
revealing an important role of extracellular oxysterols in preventing
the polarizaton of wmor-associated monocytes and macrophages
into immunosuppressive cells by inhibiting PPAR-y. Therefore, an
angle of attck, in combination with immunotherapy, would be to
provide sufficient levels of tumoral exoacellular 25-HC or to locally
inhibit PPAR-y.

Methods

Mice

C57BL/6N  wild-ype (WT) mice (Mus musculus, mived sexes,
7-12 weeks old) were purchased from Charles River. Ch25h-eGFP**
mice were generated by Cyagen as published™”. Briefly, a constitudve
Knock-In (K1) with conditional knockout (KO), using a floxed-reporter
Ch23h knock-in, with e GFP was used as a reporter protein fused to the
3 end of Ch25h. The entire gene was further flanked with LoxP sites,
avolding promoter disruption. Linker-eGFP reporter was inserted in
the targedng casserte and is thus not expressed as a fusion protein
before cre-recombination. To generate mice selecdvely lacking Ch25h
in lymphatic endothelial cells (LEC2™), Ch25h-eGFP"™ mice were
crossed with Proxl-Cre™™™ mice™, Ch25h-eGFP™ mice were used as
controls (LEC*). For some experiments, LEC2™ and LEC*™ mice
were crossed on NSG or Rag2® mice (both obtained from Charles
River). EBIZ mice were obtained From Prof. C. Pot. OVAzsrseespecific
TCR transgenic OT-1 CD45.1 mice, CD451(Ly5), and C57BL/6 mice
(obtained from Charles River), were bred in our animal facilicy. LXR-KO
mice™ and Vav-Cre PPAR-Y™ mice™ were described before, Ch25h full
knockout mice were purchased from Jackson Laboratories. All mice
were used between 6-12 weeks of age, randomized among groups, and
maintained wunder SPF conditions at the animal Facility of Geneva
Medical School. Mice were housed under a 12 e12h lightidark sche-
dule, with temperature maintained between 20 and 22°C and a
humidity level of around 50%. Mice had access w food and water ad
libitum. Mo statistical methods were applied a priori to calculate group
sample size, all experimens were performed at least twice with a
minimum of three animalk per group. All procedures were approved
and performed in accordance with the guidelines of the animal
research commitiee of Geneva (Commission Cantonale pour les
Expériences sur les Animaux (CCEA) and the Office fédéral de la santé
alimentaire et des affaires vétérinaires (OSAV)) under the licence
numbers GE/149/19 and GE167.

Tamoxifen treatment

LECA®5E myjce and LECYT limermate control mice were injected intra-
peritvneally with tamaoxifen (T5648, Sigma-Aldrich), 1 mg/mo use twice
a day for 4 continuous days. Mice were used for experiments two
weeks after the last injection.

Cell lines

Mouse BlaF10 melanoma cells (ATCC) were transfected with ovalbu-
min (gift of B, Huard) (BE16F10-0VA), and B16F10-OVA were engineered
to overexpress VEGF-C (BI6F10-0VA VEGF-C) as published”, and
Bl6F10 and B16F10-0VA VEGF-C were maintained in RPMI supple-
mented with 10% heat-inactvated FBS, 100pM  penicillin-
strepromycin. Genetein was added afer 1 day of culture to select
OVA-expressing cells. MC38 cells, MC38 VEGF-C cells™, EO771 cells,
were maintained in DMEM (Gibco), 10% heat-inactvated FCS, 100 pM
penicillinstreptonycin. Cell lines were not authenticated, used at
below passage 20, and tested negative for Mycoplasma. Human mel-
anoma cell lines TI015, T362C, T6IBA, Me215, Me2757, and T672E”

were maintained in RPMI supplemented with 10% heat-inactivated FBS,
100 uM penicillin-strepromycin. b.End3 mouse endothelial cells were a
gift from B. Kwak.

Human melanoma samples

Patients signed the informed consent Form for the translational clinical
trial PEMSYS (NCT(03534635) and agreed w the re-use of their biclo-
gical material and clinical data, The study was approved by the com-
petent local ethics committee (htopsy/www.cervd.chf, CER-VD,
Switzerland) under the identification of BASEC 1D 2017-01107.

Tumor cell inoculation and tumor measurement

Mice were anesthetized using isoflurane or a mix of Rompun 2%
(Bayer)/Ketamine 10% (Vetoguinol) and their backs were shaved.
Unless specified, 0.5 = 10° B16F10, BL6F1I0HOVA VEGF-C, MC38, MC38
VEGF-C cells, and 2 = 10° human melanoma cell lines T362C and T618A
cells, were injected in 100 pl of PBS subcutaneously on the back dor-
solateral side. For BMDMs and tumor cells co-injection experiment,
05 =10¢ BI6FI0-0VA VEGF-C mmor cells were co-injected with
0.1 = 10* BMDMs from C57BL/6 mice or LXR-KO mice (OT-1 adoptve
transfer experiment in NSG) or 0.25 = 10° BMDMs from WT/PPAR-y®
mice (vaccination experiment) in 100 pl of PES subcutaneously on the
back dorsolateral side. Primary tumor inoculadon was controlled by
measuring the distance between the front leg, the back leg, and the
vertebral column of the mice, and the injection was always performed
at the same distances from these three locations, at equal distance
from the vertebral column and the back leg, representng -1/3 of the
distance to the front leg. For orthotopic tumor models, 0.5 10°
E0771 cells were injected into the fourth mammary fat pad, and
05 =10 MC38 cells were injected into the rectum. Tumor size was
monitored blindly every 1-2 days using a caliper, and tumor size was
calculated by length = width or measured at the ending point (weight).
For some experiments, tumor growth has been normalized inorder to
pool data from different experiments. Tumor size for each day was
normalized w the size of controls or w the size for each group from
measurement at the first timepoint (details are indicated in the figure
legends accordingly). Mouse exclusion criteria permitted by our ethics
committee are tumor size =15mm (diameter ) and/or signs of pain or
anxiety. We confirm that the exclusion criteria were not exceeded.

Tissue digestion and single-cell preparation

Stromal cell isolation. Tissues were cut into small pieces and digested
in RPMI containing collagenase IV (1 mg/ml; Worthington Bioche mical
Corporation), DMase | (40 pg/ml Roche), and 1% FBS for 30min at
37 °C Samples were mixed up and down every 10 min. Tubes were
centrifuged for a few seconds at 400=g, and supernatants were filtered
through a 70 pm cell strainer in FACS buffer to stop the reacdon. The
remaining tissue was further digested in RPMI with collagenase D
(Lmg/ml; Roche), DNase | (40 pg/ml; Roche), and 1% of FBS for 20 min
at 37°C, with an additional two cycles of repeated pipetting. The
soludon was filtered through a 70 um cell srainer in FACS buffer and
pooled into the first collected tubes. For wmors, digestion was fol-
lowed by debrk removal using Lympholyte®M (CEDARLANE)
according to the manufacturer's instructions. For LNs, sromal cell
were further enriched by CD45 negative selecton using MACS® Col-
umn (Mileenyi Biotec). For skin, the remaining tissues after digestion
were gently scratched on 70 pm cell strainers and filtered for the fol-
lowing staining.

Leukocyte isolation. Tissues were cutinto small pieces and digestedin
RPMI containing collagenase D (1mg/ml; Worthington Biochemical
Corporation), DNase | (40 pg/ml; Roche), and 1% FBS for 40min at
37 °C Samples were mixed up and down every 10 min. The solution
was filtered through a 70um cell sorainer in FACS buffer m stop the
reaction. For tumors, digestion was followed by debris removal using
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Lympholyte®-M (CEDARLANE) according to the manufacturer's
instructons.

Mouse OT-1 T cell isolation, activation, and purification
Spleens and LMNs from OT-1 CD45.1 mice were smashed, filered
through a 70-pm mesh fileer, and centrifuged at 400+=2 for 5 min. Red
blood cells were lysed with ammonium-chloride-potassiom lysis
buffer. Following the addition of the cell culure medium, spleno-
cytes were washed and resuspended in complete RPMI (supple-
mented with 10% FBS, 1% penicillin-streptomycin, and 50 mM 2-}-
mercaptoethanol). OT-1 cells were activated with 1nM OVA-I peptide
(SINFEKL) (Sigma-Aldrich) in the presence of 100 U/ml interleukin-2
(IL-2) (PeproTech) in vitro for 3 days. Activated OT-1 T cells were
purified by using a CD& T cell isolation kit (Miltenyl Biotec)
according to the manufacturer's instructions.

Generation of naive bone marrow-derived macro-

phages (BMDMs)

Bone marrow cells were collected From femurs obtained from 8 to 10-
week-old mice. After red blood cell lysis, bone marrow cells were
seeded ata density of 107 cells/100 = 15-mm Petri dish and cultured at
37 °C in DMEM containing 20 ng/ml CSF1 (PeproTech). BMDMs were
ready for use on day 7 following a fresh medium change on day 4.

Vacdnation

BL6F10-0VA VEGFC tumor-bearing mice were injected subcutaneously
at days 4 and B post wmor inoculation with OVA protein (50 pg/mice;
Invivogen) and Cpl-B 1826 (30 pg/mice; Invivogen ).

Activated OT-1 T cell adoptive transfer
OT-1CD45.1 cells were activated and purified as described above. In the
experiments with LEC* and LEC&™* mice, BI6F10-0VA VEGF-C
tumor-bearing mice received 1.5 = 10° activated OT-1 cells per mouse
intravenously atday 8 post tumor inoculadon. In the experiments with
NSG, NSG-LEC™, and NSG-LEC*™ mice, 0.5 » 10° activated OT-1 cells
were injected intravenously at day 8 post wmor inoculaton. Tumor
growth was measured every 2 days using a caliper.

25-HC intratumoral injection

25-HC was resuspended into a solution of 50% Ethanol (Fluka Analy-
tical) and 50% Poly (ethylene glycol) methacrylate-500 (Sigma) via
sonication. 25-HC or control solution was injected intratumorally at
200ug in 20 pl/mouse every two days sarting at day 4 post tumor
injectiom.

Bone marrow (BM) chimeric mice construction

Bone marrow (EM) chimeric mice were generated as described™.
Briefly, BM cells were recovered from the tibia and femurs of WT
CD451° and EBI2*" CD45.17/.2" donor mice and mixed in a 11 rado.
About 5-7 = 10F cells were injected intravenously into sub-lethally
irradiated recipient LEC*™ and LEC2™ " mice (two consecutive doses
of 500cGy with 4-h intervals). Experiments were performed at least
6 weeks after reconstruction.

In vitro BMDM polarization and treatment with 25HC or
7-keto-25-HC

EMDMs from WT or Ch25h™" mice were stimulated for 48 h with IFN-y
(20 nz/mil, PeproTech) or with IL-4 (50 ng/ml, PeproTech) to polarize
toward an Ml-like or M2-like phenotype, respectvely, and treated or
not with 1p/ml of either 25-HC (MedChemExpress) or 7-keto-25HC
(Cayman Chemical Company)

Ex vivo LEC cultures
LNs were harvested and digested in MEM Alpha Medium (Gibco) with
Dispase (800 pg/ml, Sigma), Collagenase P (200 pg/ml, Roche), DNase |

(100 pg/ml; Roche) at 37 °C, resuspended every 10 min, 2/3 of the
digestion mix was transferred to collecting mbes and replaced by fresh
digestion mix. The operation was repeated until full digeston. Culure
plates precoated with PureCol (10pg/ml, Advanced BioMarix) and
human fibronecdn (10pg/ml Gibco) were seeded with the cell sus-
pension for 7 days. The medium, containing cells in suspension, was
removed at day 1 and day 3, to keep adherent cells that are mainly a
mixmre of (CD45 negative) LECs and FRCs. LECs were sorted with a
FACS Aria Fusion sorter (BD) based on CD45%5GP3RCDAL" expression
and put back in culture on precoated culture plates.

In vitro 25 HC release experiments

LECs and BMDMswere generated rom WT and Ch25h knockout mice.
10,000 cellsfwellof LECs, BMDMs, and b.END3 cells were put in culre
in 96-well plates precoated with PureCol (10 wg/ml, Advanced BioMa-
trix) and human fibronectin (10 pg/ml, Gibco) for LECs, and 1.5% gelatin
for bEND3 cells. Cells were treated with Bl6-OVA VEGF-C cell culture
supernatants for 3 days, and supernatants were harvested for 25HC

dosage.

In vitro BMDMSs treatment with tumor conditional medium
(TCM), 25-HC, 7-keto-25-HC, PPAR-y inhibitor, and PPAR-y
agonist
EMDMs from WT, Ch25h™ or LXR-KO mice were harvested and pre-
seeded into a Petri dish or six-well non-reated cell culture plates
{Corning Inc.) overnight and treated with different compounds used
either alone or incombinadon: 1 pg/ml25-HC (Med ChemExpress), 1 pg/
ml 7-keto-25-HC (Cayman Chemical Company), 20 nM PPAR-y inhibitor
TOO70907 (Cayman Chemical Company), 50 uM PPARy agonit Tro-
glitazone (MedChemExpress) and TCM (prepared from 2 days Bl6F 10-
OVA VEGF-C cells in vitro culture medium). After 48 h, BMDMs were
harvested for flow cytometry, Q-PCR, or co-culwre experiments with
T cells.

For in vitro co-culture of BMDMs and OT-1 cells, OT-1 cells and
BM DM s were preactvated or pretreated as described above. Activated
OT-1 cells and pretreated BMDMs were co-cultured ata ratio of LS in
flat-bottom 96-well plates ina complete RPMI medium. After 48 h, OT-
1 cell were harvested For flow cytomemry.

Lymphatic vessel drainage

Dextran-Alexa Fluor 488 (40 kD) was injected intratumorally (3l at
100 mg/ml). 20 min later, inguinal and axillary tumor dLMNs and their
contralateral control LNs were harvested and desociated in 200 pl of
PES, cenmrifuged at 400=gand 100 ul ofsupernatant from each sample
was transferred to a new plate. A fluoro spectrometer (Spectamax
Paradigm; Molecular Devices) was used m determine Alexa Fluor 488
fluorescence intensity in dLNs. The background of fluorescence in the
contralateral side was removed to the intensity of the dextran-Alexa
Fluor 488 tumor side.

Flow cytometry analysis

Monoclonal antibodies (mAbs) used for flow cytometry are lsted in
Supplementary Table 1. Unless specified, antibodies were used at 1:200
working diludon. For flow cytometry, single-cell suspensions were
incubated with FeBlock (anti-CD16/32 FeyRIFRIE Invirogen) for
10 min, at 4 *C and stained for exmracellular markers with antibodies
and fixable viability dye (Dye e Auor TM 780, Thermo Fisher) for 20 min
im PES at 4 °C. To assess Ch25h-GFP expression, cells were stained for
extracellular markers, and live-cell impermeant DNA DRAQ? dye
(Biolegend) was used for viability evaluation on unfixed cells. Anti-
mouse antibodies used for stain cell surface markers: anti-GP38 (8.11),
anti-CD31390), anti-FA/FE (M5/114.15.2), anti-B220 (RA3-6B2), anti-
CD1lb (M1/70), anti-CD1lc (HL3 or N4B), anti-CD19 (6D5), anti-CD3
(REAG41), anti-CD4 (GKLS or RM4-5), anti-CD45 (30-F11), anti-CD45.1
(A20), and-CD452 (104), antFCD 8 (53-6.7), anti-CD86 (GLL), anti-F4/80
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(BMB), anti-l-a/I-E (M5/114.15.2 or 2G9), anti-Ly6C (HKL4), anti-LyeG
(1AB), antiNKL]l (PK136), anti-PD-1 (RMP1-300, anti-PD-L1 (10 F.2G2),
anti-TCRE (H57-597), anti-Ter119 (TER-119), anti-Tim-3 (RMT3-23), H-
2K(b) chicken ova 257-264 SIMNFEKL tetramer (NIH tetramer core
facility ). Intracellular staining was performed using the Intracellular
Fixation & Permeabilizaton buffer set (eBioscience). Antibodies to
intracelular markers: antFCD206 ((D65C2), anti-CD68 (FA-11), anti-
Foxp3 (FJK-165), anti-Grarneyme-B (GBL1), anti-IFMN-y (XMGL2), anti-
INOS (CXNFT), and-Ki67 (SolAlS), and anti-TNF-u (MP&-XT22),

Forr IFMN-y, Granzyme-B, and TMF-c, cells were first re-stimulated in
complete RPMI containing PMA (100 ng/ml; Sigma-Aldrich), lonomy-
cin (1pg/ml, Sigma-Aldrich), and Golgi Plug solution (11000 BD
Biosciences), and incubated 4 h at 37 °C, 5% CO..

Datm were acquired with a Fortessa analyzer (BD) and analyzed
using Flow]o software (Flow]o).

Hematoxylin & Eosin (H&E) and immunofluorescence (IF)
staining

Tumors and dLMNs were embedded either into OCT (Optdmal cuting
temperatre) mediom and kept at -80°C or fived with 4% paraf-
ormaldehyde (PFA) and embedded into paraffin. Frozen samples were
sectioned into 7 um, air-dried, and postfixed with 4% PFA for 10 min ac
room wemperature (RT), washed with PES three times, and followed
with permeabilization with 0.1% Triton-100 for 10 min. Paraffin sam-
pleswere sectioned int 4-7 pm, di-paraffined, and performed antigen
retrieval with the Tintoretriever pressure cooker (Bio SB) using the
high-pressure setting for 10 minutes in Tris-EDTA buffer (pH 9) before
the following steps.

H&E staining was performed with H&E staining kit (Vector
Laboratories) for LN-metastasis analysis. Images were obtained by Axio
Scan.Z1 (Zeiss), processed and analyzed with QuPath. Metastasis
fraction was calculated as the percentage of melanoma area among
total LN area.

IF staining was performed for lymphatic vessel density, and
macrophage/monocyte proximity analysis. Following the blocking
with 10% FBS For 1 h at RT. The sections were stained overnight with
primary antibodies diluted in 10% BSA at 4°C overnight. The fol-
lowing primary anti-mouse antibodies were used according to the
experiments: anti-Lyve-1 (11000, abl4917, Abcam; 1:200, 14-0445 82,
Invirogen), anthCD8 (L1000, 14-0808-82, Thermo), anti-CD6S
(L2000, 137002, Biolegend), anti-CD31 (L 100, AF3628, R&D Sys-
tems), ant-Ch25h (1100, ABINLZS?938, ANTIBODIES). Sections were
washed and stained with unconjugated secondary Auvorochrome-
coupled antibodies for 1h at room temperature, The following sec-
ondary antibodies from Thermo were used: Alexa Fluor™346 goat
anti-rat (LOT: 2146039), Alexa Fluor™488 goat antkrabbit (LOT:
1386400), Alexa Fluor™647 donkey anti-rabbit (LOT: 2420695). Prior
to mounting with Fluoromount™ Aqueous Mounting Medium
(Skma), sections were stained with DAPH (11000 dilution of 1 mg/mil
stock) for nuclel smining. Images were obtained by spinning disk
confocal microscope (Axio Examiner Z1 Advanced Microscope Base,
Zeiss) equipped with a confocal scanner unit CSU-X1 Al (Yokogawa
Electric Corporation). The fluorescence was detected using three
laser-excitadon wavelengths (488 nm, 561nm, and &40 nm; Laser-
Stack w4 Base, 3i) in combination with appropriate band-pass-
emission filters (Semrock), an electron-multiplying charge-coupled
device camera (EMCCD, Evolve 512 10MHz Back Illuminated, Pho-
tometrics) and a 10x /0.3 NA water immersion objective (W Plan
Apochromat, Zeiss). 3D image stacks were obtained by sequential
acquisition of multiple fields of views along the z-axis using a
motorized XY-stage (ProScan, Prior). SlideBook software (60,17, 30
was used for image acquisition and the creation of maximum pro-
jections. The subsequent generation of montage images from con-
tiguous positions was performed using the Fiji grid/collection
stitching plugin®™

RMNA in situ hybridization combined with immunofluorescence
For the combined RNA-ISH-IF (RMAscope®) analysis, samples were
fixed in 4% NBF at 4°C for 24 h and 5-pm thick sectons from FFPE
blocks were cut. In situ hybridization (ISH) with co-immunostaining
(IF) was performed following the mamufacrer's recommendation of
the RMAscope Multiplex Fluorescent Reagent Kit v2 assay (Cat#
323100, Advanced Cell Diagnostics). Standard condidons were used:
15min. incubation For the Antigen retrieval step and 8 min. for Pro-
tease Plus treatment. Combined ISH and antibody staining with Opal
dyes (Akoya Biosciences) was performed manually for ISH and
emploving an automated Ventana Discovery Ultra Staining module
(Ventana, Roche) For IF. For the individual experiments, the following
combinations of RMNAscope® probes (all from Biotechne) and anti-
bodies were employed. All opal dyes were purchased from Akoya
Biosciences inc: Probe-Hs-CH25H probe (Caté 533811) with opal570
(Cat# FPI488001KT), antd-Podoplanin Ab (Cat# 916605, Biolegend,
diluted 1/250) with opal620 (Caté FP1497001KT). Nuclei were visua-
lized by final incubation with Spectral DAPIH1/10, Cat# FP1490, Akoya
Biosciences). The slides were mounted with fluorescence mounting
medium (Cat® 53023, Dako) and stored in the dark at 4°C undl
scanned within 48 h. Images were acquired on the Vectra Polarks
automated imaging system at 40X (Akoya Biosciences, Marlborough,
USA), allowing the unmixing of spectrally overlapping fluorophores
and tissue awofluorescence of whole slide scans uwsing Phenochart
(Akoya Biosciences).

RMA isolation and gquantitative RT-PCR (Q-PCR)

Towl RNA was Bolated using Trizol Reagent (Thermo) or miRMeasy
Mini Kit (Qiagen) de pending on cellnumbers. RNA guantity and quality
were analyzed using a Nanodrop 2000 (Thermo Fisher) or Bloanalyzer
(Agilent Technologies). Reverse transcription was performed using
PrimeScript™ RT Reagent Kit (Takara) followed by a pre-amplification
of the respective genes of interest using the TagMan Preamp Master
Mix (Applied Biosystems) or M-MLY (Promega). Q-PCR analyses were
performed with the AEI Prem 7900 HT detection system and the
PowerUp SYBR Green Master M (Applied Biosystems). Primer
sequences are provided in Supplementary Table 2. Quantficadon of
the transcript was performed using the 2-AACt method with glycer-
aldehyde phosphate dehydrogenase (gapdh), acth, or wgether with
rpl3? as internal reference genes.

Bulk RNA sequencing and data analysis

Singe cell suspensions from tumors, LNs, and skin, were obtained as
described above. Cells were stained with cell surface markers and live/
dead dye DRAQY (Biolkegend), and then sorted directly into RNA Pro-
tector Reagent (Qiagen ) with a FACS Aria Fusionsorter (BD). For LECs
from C57BL/% MNdLNs, TdLNs, and tumors, cells were sorted as
CIM45CD3IGP3S" populadon from BI6FI-OVA VEGF-C tumor-
bearing mice sacrificed at day 11. For tumor LECs from LEC*™ and
LECA™5E mice, cells were sorted from mimors as CD45CD31GPI&"
cells From B16 FI0-0VA VEGF-C tumor-bearing mice sacrificed on day
11. For macrophages and monocytes from LEC* and LEC2™® mice,
cells were sorted From tumors of OVA+CpG-B vaccinated B16F10-0OVA
VEGF-C tumaor-bearing mice sacrificed at day 24. Sorting was based on
common markers CD45Lin (CD1%/CD3) Ly 6G CDI L™ with exclusion of
DCs ((D11c™ F4/807), and further separated as macrophages (F4/
BOLy6C) and monocytes (F4/80Ly6C ).

Towl RNA was quantified with a Qubit (Auorimeter from Life
Technologies) and RNA integrity was assessed with a Bioanalyzer
(Agilent Technologies). The SMART-Seq v4 kit from Clonetech was
used For the reverse transcription and cDMNA amplific ation according to
the manufacturer's specifications, starting with 1ng (for LECs and
Macrophages) or 10 ng (for monocytes) of wal RNA as input. 200 pg
of cDNA were used for library preparation using the Nextera XT kit
from Mumina. Ubrary molarity and quality were assessed with Qubit
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and Tapestation using a DNA High-sensitivity chip (Agilent Technolo-
gies). Libraries were sequenced on a HiSeq 4000 (for LECs)/NovaSeq
6000 (for macrophages and monocytes) lllumina sequencer For
SR50MFor LECs) or SR100 (For macro phages and monocytes) reads.

Analyske for LECs from C5TBL/& MNdLNs, TdLNs, and tumors
(GSE242026). Fast( reads were mapped to the ENSEMEL reference
genome (GRCM3B.R0) using STAR version 2.4.0j% with smndard set-
tings, except that any reads mapping © more than one locatdon in the
genome (ambiguous reads) were discarded (m=1). A unique gene
model was used to quanify reads per gene. Briefly, the model con-
siders all anno@ited exons of all amnotated protein-coding isoforms of
agene tocreate a unigue gene where the genomic region of all exons s
considered coming from the same RNA molecule and merged. All
reads overlapping the exons of each unique gene model were re ported
using featureCounts version L4.6-pl™, Gene expressions were repor-
ted as raw counts and, in parallel, normalized in RPEM @ filter out
genes with low expression values (1 RPKM) before calling for differ-
entially expressed genes. Library size normalizadons and differential
gene expression calculadons were performed using the package
edgeR™ designed for the R software. Only genes having a significant
fold-change (Benjamini-Hochberg corrected p value <0.001) were
considered. Sample similarity was analyzed as follows: Euclidean dis-
tance between samples was calculated from the log Transformed gene
expression counts mar i with the dist Function (vectors), 0= identity
(same sample). The color key indicates the values given by the Eucli-
dean distance calculation.

Analysis for TA-LECs from LEC™" and LEC=“"*" mios (GSE242150).
Mapping was done with the STAR v.27.0 software © the UCSC mmil0
Mus musculus reference. Biological quality controland summarization
were done with PicardTools (v.1141). The number of reads was pre-
pared with HTSeq v0.9.1 (htseg-count). The differential expression
analysis was performed with R/Bioconductor package EdgeR
(v.3.26.8). The genes having a count above 1 count per million reads
{cpm) in at least 3 samples were kept for the analysis. The poorly or not
expressed genes were filiered out. The filtered damset consists of
13 454 genes. The differentially expressed gene tests were done with a
GLM i(general linear model) with a negative binomial distribution. The
differentially expressed genes p values are corrected for multiple
resting errors with a 5% FDR (false discovery rate). The cor rection used
is Benjamini-Hochberg (BH). The likelihood test was used for the
statstical test of differential expression.

Analysis for macrophages and monocytes from LEC™ and
LECESH mjon (GSE 239972). Mapping and quantification using STAR
and Salmon: nf-core/rmaseq pipelin (v3.9) on mmld, Counts were
normalized for library size using the TMM method from EdgeR
(v.3.32.1) and voom from imma (v 3.46.0). Differential expression was
computed with limma, after filering out low expressed genes (with
average FPKM <2 or average reads counts <5) and not characterized,
non-coding or pseudo genes; the filered set of genes contains
n=9392 genes. Gene set enrichment analysis was performed with
clusterProfiler (v3.18.1) applying GSEA (Gene Set Enrichment Analysis)
on the Hallmark collection of genesets. The gene lists used for M1and
M2 signature enrichment were used as described in ref. 50, Gene lists
for heatmaps are listed in Supplementary Table 3

Generation of anti-CSFIR(CD115) depleting antibody

Monoclonal anti-mouse CSFIR(CDI15) depletion anthody was gener-
ated with AFS28 hybridoma. Briefly, AFS98 hybridoma cells were cul-
tured with the CELLine 1000 system (Wheaton) in PFHM-Il medium
supplementing with 1% penicillin and strepromycin. Cell culoure con-
tent was harvested on day 14 and day 21. Hybridoma cells were spined
down by centrifuging at 400=g for 5min. The supernatant was

harvested, filtered, and concenrated (using AMICON concentrators)
for purificadgon (performed by our Protein Core Facility). Antibodies
were purified with Superdex200 104300 Size Exclusion Chromato-
graphy (SEC) system. The purity of the antibodies was analyzed by
acrylamide gel electrophoresis

In vivo myedoid cell depletion

To deplete myeloid cells in the vaccination experiment, 1mg’ mouse
anti-CSFIR depletion antibody or PBS control was injected intraper-
ioneally at day 10 (2 days after second dose of vaccinadon) after
tumor inoculadon. In the non-vaccinated experiment, 1 mg' mouse
anti-CSFIR depletion antibody or PES was injected intraperitoneally on
day 4 after tumor inoculation. The following injections were done
every 3 days at 500 pg/mouse until the day of sacrifice for all
experiments.

In vivo B-cell depletion

To deplete B cellk in the BI&FI0-OVA VEGFC model, one dose of
250ug/mouse anti-CD20 depletion andbody was injected intraper-
imneally 3 days before wmor inoculadon,

Correlation analysis in TCGA melanoma dataset

A Spearman’s correlation analysis was carried out between CH25H
gene expression and a signature of lymphatic vesseks (LV signature L:
pdpre, vegfc, bveel; LV signature 2 praxd, fied, beel, pdpr, vegfc) or M1
M2 macrophage (Blueprint 2) signatures in The Cancer Genome Atlas’
(TCGA) skin cutaneous melanoma (SKCM) padents dataser (rn=458
patients), accessed via the UCSC Xena project (heop//xena ucsc.edu).
Correlation beoween CH25H and M1/M2-signature in normal skin
sampleswas performed in TCGA nomnal skinand normal skin from the
GTEx damset. both sun-exposed and non-exposed. Different damses
and analysis workflows were used as described® ™, All tests were two-
sided and without adjustments for multiple compar Bons.

Survival analyses in the TCGA melanoma dataset

Survival analysis was carried out using CH25H gene expression inthe
TCGA melanoma dataser. We accessed patient OS5 or PFS durations
and tumor gene expression profiles for SKCM patients’ dataset
(n=458) based on the UCSC Xena project (hrepe//xena.ucscedu)™
Briefly, OS/PFS analysis was based on a log-rank hypothesis test (the
Mantel-Cox statistical test) that also estimated the Cox-pro por tional
hazard ratio (HR) and the 95% confidence intervals accompanied by a
Kaplan-Meier (KM) plot. Herein, the expression threshold cut-off at
25% (top) vs. 75% (rest) gene expression level was used for splitting
the patients into hig h-expression and low-expression sub-cohorts. All
tests were twosided and without adjustments for mulktiple
COMParisons.

Survival amalysis of immuno-oncology clinical trials

Patient survival analysis in immuno-oncology clinical trials was car-
ried out using ch25h gene expression. We accessed tumor tran-
scriptomic data from melanoma patients profiled before anti-PD-1
immunotherapy alone, and-CTLA-4 immunotherapy alone, or a
combination of anti-PD-1/CTLA-4 immunotherapy. These data and
subsequent 05 esdmates were accessed from an integrated dataset
of multiple clinical trial studies consisting of 570 melnoma
patients™~ -, Briefly, 05 analysis was based on a log-rank hypothesis
test (the Mantel-Cox statistical test) that also esdmated the Cox-
proportional hazard ratio (HR) and the 25% confidence intervals
accompanied by a Kaplan-Meier (KM) plot. Herein, the expression
threshold cut-offwas based on a statisdeal auto-cutoff criterion® ==,
Thresholds (overall expression ranges lowest-highest) for each
treatment condition: PDL 8 (1-1571); CTLA-4: 29 (2-283); PDL + CTLA-
4: 29 (2-B0). All tests were two-sided and without adjustments for
multiple comparisons.
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Ex vivo and in vitro 25-HC and 7-keto-25 HC dosage

25-hydroxycholesterol was analyzed using a walidated HPLC-MS
method™. For tumor intersttial Auid: harvested tumors were placed
on 70 um filters at the wp of 5mi-wbes, and centrifuged at 3002 for
20 min, intersttial Aukd was collected. For serum samples: fresh blood
was collected and centrifuged at 500=g for Smin, and serum was
collected. For in vitro samples: LECs, BMDMs, and b.End3 blood
endothelial cells were treated with tumor cell supernatants For 3 days,
supernatant were harvested and centrifuged at 500=g for Smin to
remove the debri. Tumor intersttial fluids and sera were collected
and placed in glass vials containing d-~4p-hydroxycholesterol and
dr-24-hydroxycholesterol as deuterated internal standards and
dichloromethane (8 ml), methanol (4 ml, containing 10pg of butylated
hyd roxytoluene), and water (2ml, containing 20 ng ethylenediamine-
tetraacetic acid). The samples were then mixed and sonicated. After
that, they were centrifuged, and the organic phase was recovered and
dried under nitrogen steam. Finally, samples were purified by solid-
phase extraction using columns made of normal silica. Cholesterolwas
removed From the samples using hexane-sopropanol (99:1, viv). 25HC
(from tumor interstitial fAluid and sera) and 7-keto-25-HC (From tumor
interstital) were then eluted using hexane-isopropanal (73, vwv) and
analyzed by HPLC-MS using an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) coupled w an Accela HPLC system (Ther mo
Fisher Scientific). Chromatographic separation was performed using
an Ascentis Express C18 column (27 pm, 150 = 4.6 mm, Sigma), kept at
15°C, The mobile phase was a gradient of methanol and water con-
taining acetc acid. Values have been normalized to the sam ple volume,

Statistical analysis

Dat were analyzed using Prism 9 software (GraphPad). Unless speci-
fied, amalysk for significance was performed by one-way or two-way
ANOVA when more than two groups were compared and by two-tailed
Swdent rtest when only two groups were compared. p<0.05 was
corsidered statistically significant (*p < 0.05, =p <001, *p<0.001,
===p < 0.0001),

Reporting summary
Further information on research design is available in the Mamwre
Portfolio Repordng Summary linked to this article.

Data availability

The data underlying this article are accessible at httpsy/dol.org10.
26037 yareta:aowe Bahjvemjmfx23mdeefvyu. All data needed to eval-
uate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. The RNA sequencing data generated in this
study has been deposited in the Gene Expression Omnibus (GEO)
database with public accessibility, the link to each dataset is listed
below: Bulk RNA sequencing on LECs from C57BL/6 NdLMs, TdLNs, and
tumors (GSE242026): hrops:'www.nchi.nlm.nihgovizeo/query/ace.
cgi. Bulk RMA sequencing on TA-LECs from LEC*T and LEC2™ mice
(GSE242150)  hropsy/www.nchlnlm.nih.gov/geo/query/ace.cgi. Bulk
RNA sequencing on macrophages and monocytes from LEC*™ and
LECA™EE  mice (GSE239972):  hrpswww.nchinlm.nih.gov/geo/
query/acc.cg Source data are provided with this paper.
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