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PREFACE

Why a Head and Neck surgeon studies dendritic cells and tumor microenvironment?

| have so frequently been asked this question during my PhD that | thought to introduce this
work with an answer. Precision medicine and immunotherapy were the main axis of research
and innovation in the last two decades in the field of oncology. Immunotherapy has radically
changed the prognosis of melanoma patients. The benefit is however limited to a minority of
patients in most other solid tumors, including head and neck squamous cell carcinomas
(HNSCC), with only 13 to 15% of overall response rates to PD-1 blockade, the most
advanced immunotherapy to date (1). The efforts on predictive biomarkers for
immunotherapy have reached clinical impact with the example of PDL1 companion test for
PD-1 blockade (2). However, this is far from precision medicine in which our goal would be
to have a complete ID of each cancer including its histological features, but also genomic
alterations and phenotyping of its immune and non-immune microenvironment. This ID would
allow us to propose a personalized treatment according to tumors aggressiveness and to the
presence of genomic and immune actionable targets. Technological advances allow us to
obtain such tumor ID by large screening techniques, but for obvious economic reasons and
also to impact our patient outcomes we need to identify the best biomarkers to be screened
and the appropriate combinations of treatment reaching efficacy while limiting toxicity. For
example, despite theoretical justification, monotherapies targeting a specific genomic
alteration failed to improve patient’s outcome so far (3).

Head and neck cancer surgery already offers precision medicine with customized resection
of tumors for each patient, and is the most efficient treatment to date (4). This is at cost of
removing essential anatomical structures leading to functional impairments and their
important negative impact on patients’ quality of life. Also, adjuvant treatments like
radiotherapy or chemotherapy are often required and add to the global treatment toxicity.
Despite those heavy treatments, a non-negligible number of our patients will present early
and severe recurrences, because of resistance to all those conventional treatments. We are,
to date, unable to predict such poor outcomes and additionally don’t know how to treat them
efficiently. This is how a head and neck surgeon enters Vassili Soumelis’ team in the U932
Immunity and Cancer unit, with the objectives of identifying high-risk patients and better
understanding dendritic cells (DC) biology to gain insight on how to better exploit the
therapeutic potential of this key cell type for anti-tumor immune response.

In this manuscript a short introduction of the head and neck cancer field will be followed by

the state of the art on DC activation in general and in cancer in particular. The results section



will present a paper showing that MMP2 has a great potential to become a clinical-grade
prognosis biomarker for resectable oral cavity cancers (OCSCC), with the prospect of
biomarker driven treatment intensification trials, and a second paper giving a new
perspective on DC activation programs and their functional impact, with the prospect of
guiding innovation and treatment combinations in immunotherapy. Another great approach to
decipher cancer biology and the resistance mechanisms to immunotherapy are window-of-
opportunity trials in which pre-and post-treatment samples allow intra-patient comparison of
treatment effects, in addition to the comparison of responders and non-responders, to
identify predictive biomarkers. We will be, with Christophe Le Tourneau, the principal
investigators of such trial with M7824, a bifunctional fusion protein targeting tumor growth
factor beta (TGF-B) and programmed cell death protein ligand 1 (PDL1), funded by Merck
and GSK. | prepared the protocol of this investigator sponsored study and will lead its

translational research. The synopsis of this trial is available in Annex 5.2.

Art is about opening possibilities, possibilities links to hope, we all need hope.
The music of strangers: Yo-yo Ma and The Silk Road Ensemble

Same applies to Science
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1. INTRODUCTION

1.1 Head and neck squamous cell carcinoma

1.1.1 Epidemiology, Current practice and place of immunotherapy

Head and neck cancers represented 64 690 new cases in 2018 in the USA and were
responsible for 13 740 disease-related deaths (5). The present thesis is limited to the most
frequent type of head and neck cancers that are Head and Neck squamous cell carcinoma
(HNSCC). Four main anatomical locations are involved: oral cavity, oropharynx, larynx and
hypopharynx, which altogether encompass a heterogeneous group with regard to risk
factors, treatment modalities and prognosis. There are 3 main risk factors for HNSCC:
tobacco, alcohol and human papilloma virus (HPV). Tobacco and alcohol are risk factors for
all 4 locations, although with different degrees of importance. This epidemiology explains the
predominance of males among HNSCC patients (72% in 2018, USA) (5). HPV is a risk factor
for the occurrence of cancer in the oropharyngeal lymphoid tissues (tonsil and base of
tongue). HPV-positive oropharyngeal cancers are associated to an increased radio-chemo-
sensitivity and to better prognosis as compared to the other HNSCC (6). Although HPV has
also been identified in around 10% of the 3 other locations, its role and impact are still
debated.

Most human cancers are classified according to the TNM stage: “T” describes the primary
tumor extension and ranges from T1 (smallest) to T4 (largest); “N” describes the regional
lymph node status and ranges from NO (no invaded lymph node) to N3 (worse lymph node
extension); “M” describes the metastatic status as being MO (no distant metastasis) or M1
(one or several distant metastasis). The different combinations of TNM stages are gathered
according to their prognostic value into 4 Union for International Cancer Control (UICC)
stages ranging from | (earliest cancers) to IV (most advanced cancers). Treatment algorithms
for HNSCC are rather complicated, because they take into account the tumor precise
location and size, with detailed analysis going beyond the TNM stage. Here, only the
treatment algorithm of primary OCSCC will be exposed, for a better understanding of the
article in the result section 3.2. OCSCC are treated by primary surgery, with the obvious
exception of unresectable tumors that undergo primary radio-chemotherapy, or
chemotherapy alone in the case of distant metastasis (7). After surgery, the clinical and
imaging information gathered in the pre-operative period are analyzed together with the
histopathological parameters defined on the operative specimen, in order to determine the

post-operative course. The major risk factors are T3 or T4 stage, N2 or N3 stage, presence



of extranodal extension and positive surgical margins. Minor risk factors are N1 stage, the
presence of perineural invasion and/ vascular embols, the latter being defined by the
presence of cancer cells in the lumen of vessels (8). HPV status, differentiation index and
mitotic index are not validated risk factors and do not influence treatment decision. Based on
their health status, their age and these clinical prognostic parameters, our patients undergo
close surveillance, adjuvant radiotherapy, adjuvant chemo-radiotherapy or adjuvant
radiotherapy combined with cetuximab, the only targeted therapy validated to date.

With this standard of care, around 25% of primary resectable OCSCC patients will present
with recurrence within 2 years (9), (10), (11). Only 25% to 50% of these recurrences will be
eligible for a salvage surgery, the best therapeutic option in this setting (12), (13), (14). More
than 50% of these patients will die within the following 2 years despite treatment for their
recurrent disease (11), (15). These outcomes, associated to the fact that we are to date
unable to predict which patient will present with such severe recurrence, were the starting

point our work on OCSCC biomarkers (Results section 3.2).

Nivolumab and Pembrolizumab are anti-PD1 immunotherapies that are part of the standard
of care for second line chemo-resistant recurrent and advanced tumors, since 2017 and
2018 respectively, as a result of the CheckMate-141 (16) and Keynote-040 trials (17). In this
setting the overall response rates were 13.3% and 14.6%. It is important to mention that
some unexpected prolonged responses were observed that had never been observed so far
with chemotherapy or targeted therapy regimens. However, these response rates remain
limited and way beyond those observed in melanoma, which prompt us to better understand
how to manipulate patients’ immune system. Immunotherapies are currently under evaluation
in multiple clinical settings, with various treatment schedules, and with various targets,
molecules and treatment combinations. Since immunotherapy is expected to initiate or boost
the anti-tumor immune response, it is likely that it should be more efficient if the treatment is
initiated in the presence of the tumor, rather than after its removal. Anti-cancer treatments
given before surgery are defined as neoadjuvant treatments. Specifically, for stage Ill and IV
untreated OCSCC, the ongoing worldwide phase Il trial KEYNOTE-689 is evaluating the
benefit of short neoadjuvant pembrolizumab followed by surgery and post-operative

treatment with pembrolizumab plus radio-chemotherapy.

Neoadjuvant chemotherapy has failed to show benefit in unselected stage Ill or IV HNSCC,
possibly to the lack of power in a heterogeneous population undergoing multi-modalities
treatments (18), (19). If we were able to identify aggressive OCSCC at the time of diagnosis,
we may be able to evaluate the interest of neoadjuvant treatments in this selected

population. Our remaining task would be to define which treatment would be the most
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appropriate, by the mean of predictive biomarkers. The estimation of the expected response

rate to PD-1 blockade was also one of the questions we tempted to address in this work.

1.1.2 Molecular drivers and pharmaceutical targets

The molecular drivers of HNSCC are separated according to HPV status. HPV proteins
inhibit the tumor suppressors p53 and pRb and are considered as the molecular events
initiating HPV-associated cancers. The carcinogenesis of HPV negative cancers include
molecular events cumulating from benign mucosal hyperplasia, to dysplasia and eventually
to cancer, which encompass among others losses of heterozygosity at loci 9p21, 3p21,
17p13 p53 mutation, Cyclin D1 amplification, PIK3CA amplification or mutation, and pTEN
inactivation (20). Altogether HNSCC are mainly associated to the loss or inhibition of tumor
suppressor genes, which are more difficult to target than driver oncogenes. This observation
explains the absence of efficient targeted therapy to date for HNSCC. Ongoing
developments to target mutant p53 might change the game in the next years (21). Some of
the different targeted therapies and immunotherapies approved or under evaluation in

HNSCC are represented in Fig 1.

TARGETED THERAPIES IMMUNOTHERAPIES
N%h Anti-IDO
-4 Bevacizumab K \\O Nivolumab
S \T" Bivatuzumab Pembrolizumab
3 \
= 7 J Avelumab
S Cetuximab 2\ e
§ \
5 # IMMUNE
CAR-Tcells & CELL
e
g TKI Q Cytokines
: . .
=1 PI3K/mTOR inhr SIGNALING PRR Agonlsts
W — Akt inhr CSF-Rinhr
Q . PATHWAYS
< MEK inhr Chemotherapy
E CDK inhr O NUCLEUS Radiotherapy
= =] SMAC mimetics
DNA mutant p53
"'!‘ fim peptide pulsed
9 Mﬁ» \ dendritic cell
TUMOR CELL vaccine

Fig 1- Selection of targeted therapies and immunotherapies for HNSCC. Color legend:
Black: approved treatments, Blue: under evaluation, Red: evaluation stopped for absence of



efficacy. CAR: chimeric antigen receptor. Chemotherapy and Radiotherapy appear here
because they may act as adjuvants for the immune system.

1.1.3 Molecular classifications and lack of biomarker

The molecular classification of HNSCC is largely ignored by the clinicians, because of the
absence of a consensus in this field, with 4 to 6 proposed molecular classes, and above all
because those molecular classes did not have any relevant clinical impact (22), (23), (24),
(25). De Cecco et al. published the largest analysis to date, based on 1386 tumor and 138
healthy samples. They identified 6 molecular classes: “classical” HPV-negative, 2 “basal’
classes, 1 “mesenchymal”’, 1 “immuno-reactive”, 1 “atypical HPV-positive” grouped with HPV-
negative “HPV-like” tumors. Interestingly, single cell analysis of OCSCC has recently shown
that the transcriptome of cancer cells was similar in the mesenchymal and the basal tumors,
and that it was the frequency of fibroblasts that explained the different signatures identified
by bulk RNA sequencing. Basal and mesenchymal tumors are respectively poorly and highly

infiltrated by fibroblasts.

In the absence of prognostic or theragnostic impact of the molecular classifications, many
individual biomarkers or signatures have been proposed for OCSCC, but again, none of
them has been implemented in clinical practice (26). One explanation is that many published
studies did not follow the REMARK criteria (27) that is a checklist of methodological
requirements aimed at increasing the quality of biomarker studies, to eventually promote
clinical translation. Despite hundreds of reports, few have reached a sufficient level of
evidence by combining multivariate analysis and the presence of a validation cohort. Levels
of evidence for tumor marker studies range from 1 (highest) to 5 (lowest) (Table 1) (28) (29).
Dunkel et al. proposed the CD44lowHIF1ahigh signature quantified by immunohistochemistry
(IHC) with a level of evidence of 2b, but restricted to stage | OCSCC (30). A study on
OCSCC data from The Cancer Genome Atlas (TCGA) and 2 independent datasets from
Gene Expression Omnibus (GEO) identified in multivariate analysis a seven-CpG-based
methylation signature predicting overall survival (31). However, this signature was not
confronted to all major clinical and histopathological parameters cited in 1.1.1. The same
caveat appeared in a study that proposed a histomorphometric-based image classifier of
nuclear morphology, established in a retrospective cohort of OCSCC patients from a single

institution, randomly divided in a discovery and a validation cohort (32).

10



Level of evidence | Study type

1a Systematic review of prospective controlled study

1b Individual prospective controlled study

2a Systematic review of prospective-retrospective studies

2b Individual prospective-retrospective using samples banked
prospectively in the context of a clinical trial or register

3 Large retrospective studies

4 Small retrospective studies, Case series

5 Expert opinion, pilot studies

Table 1 — Levels of evidence according to the study type for biomarker identification

1.1.4 Concept of tumor microenvironment

Tumor microenvironment (TME) is defined as the cellular environment in which tumor cells
are surrounded by blood vessels, immune cells, fibroblasts, and the extracellular matrix
(ECM) (33). This concept integrates the work of geneticists, immunologists and biologists
working on non-immune cells. Concerning the immune microenvironment of tumors, the
TCGA data was used to propose a pan-cancer classification, by mining immune gene
expression in bulk RNA sequencing data from tumor samples. Six immune groups of cancer
have been proposed: C1 “Wound healing”, C2 “INF-y dominant”, C3 “Inflammatory”, C4
“Lymphocyte depleted”, C5 “Immunologically quiet” and C6 “TGF-B dominant” (34). HNSCC
were mainly “INF-y dominant®, although the classical molecular class, and to a lower
extended the mesenchymal and the atypical classes, were also found in the “wound-healing”
group. Almost none of the HNSCC samples were classified in the C3 to C6 groups. This
classification allows a first level of resolution of the immune landscape of cancers, but lacks
further resolution for each individual cancer. A study dedicated to HNSCC using 280 TCGA
samples found that these tumors had the highest regulatory T cell (Treg) to CD8+ T cells
ratio as compared to other cancers. However this ratio was higher in inflamed “immune high”
tumors than in the non-inflamed “immune low” tumors suggesting that inflamed tumors might
also have the highest level of immunosuppression (35). These 2 studies have the interest of
analyzing large cohorts of patients, but the extrapolation of immune gene expression into
estimated “real” immune infiltration is imperfect. Chakravarthy et al. showed that the
deconvolution of methylation data is more accurately correlated to flow cytometry data than
RNA data (36). They were able to show that inflamed HNSCC were enriched in CD8+T cells,
B cells and Treg, when non-inflamed tumors were enriched in fibroblast and neutrophils. With
the idea of understanding the link between cancer cell genomic alteration and the immune
infiltration of tumors, they compared the driver mutations between inflamed and non-inflamed
tumors and found few and minor statistically significant differences. This observation

highlights the complexity of the TME.
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1.2 Dendritic cells

1.2.1 Basics on dendritic cells and immunology

1.2.1.1 Basic concepts of the immune system

The immune system is aimed at protecting the host from pathogens, while respecting auto-
antigens. It is composed of the two innate and adaptive interplaying systems. The innate
immune system is composed by cells, such as macrophages and NK cells, which have the
capacity to defend the host from pathogens recognized rapidly with, in the general case, a
broad specificity, by pattern recognition receptors (PRR) that recognize non-self conserved
microbial molecules or altered-self molecules, and have phagocytic or cytotoxic capacities.
The adaptive immune system provides pathogen-specific responses, such as antibody
production by B cells or T-cell mediated cytotoxicity, after cell selection via antigen-specific
receptors among a large repertoire. The efficiency and the specificity of the adaptive immune
response are at the cost of more complexity, the need of more cell-cell interactions and an
increased delay in the response. The adaptive immune system is well known for its capacity
of developing a memory against those antigens, which is the basis for vaccination. However,
some innate immune cells such as NK cells may also develop memory, in the context of
infection or cancer (37). Those 2 systems interplay via the antigen presenting cells (APC),
which can internalize antigens from their microenvironment, to process them into peptides, to
link them to major histocompatibility complex (MHC) molecules, and to present the peptide-
MHC complex at the membrane to T cells. Those complexes will be recognized by the CD4+
or CD8+ T cells that have a receptor matching each specific combination of peptide-MHC.
Upon activation CD4+ T cells expand and become effector T helper (Th) cells (38),
specialized in coordinating the responses of the other adaptive cells that are the antibody-
producing B cells and the cytotoxic CD8+ T cells, which primary function is to kill infected

cells.

1.2.1.2 Discovery and definition of dendritic cells

DC are hematopoietic cells that represent 0,1-0,5% of white blood cells (39) and are also
found in most tissues, among which the oral and intestinal mucosa (40). DC were first
described in 1973 by Ralph Steinman when he identified large stellate cells from mouse

spleen among the cells that were adherent to the glass surfaces in vitro (Fig. 2) (41). He
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pursued a lifelong research on those cells that he described in 1978 as “100 times more
effective than other major cell subclasses--i.e., B and T lymphocytes and macrophages” to
stimulate primary mixed leukocyte reaction in mice, as measured by the increase in cell
proliferation (42). Their increased capacity to activate T cells as compared to other antigen
presenting cells was confirmed in humans in 1982 (39). The gross function of DC is now well
established: DC circulate in blood and patrol into tissues were they constantly sample their
surrounding environment by endocytosis and a process called macropinocytosis that allows
them to capture antigens (43). In the presence of some activating signals, which will be
described in greater details in this thesis, DC become activated and mature, and are able to
migrate to the T cell-rich paracortex in lymph nodes. There, they present MHC-peptide
complex to T cells, as well as membrane-bound costimulatory molecules, they secrete
soluble modulating molecules, and finally activate the T lymphocytes that bear the matching
TCR, a process called “T cell priming” (44). DC are described as the most potent cells to

bridge the innate and adaptive immune responses.
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Fig 2. Dendritic cell passport, DC picture from Steinman RM (41)

1.2.1.3 Dendritic cell functions
In the absence of abnormal antigen or activating signals, cells are loaded with self-antigens.

They do not induce an adaptive immune response, even by the small fraction of mature T
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cells that are specific for those antigens and persisted after thymic selection, because of the
requirement of additional activating signals to eventually activate T cells. This system
protects the host from autoimmunity. These mechanisms have been summarized by the
three signal theory required to activate T cells: APC will provide the first signal by presenting
the peptide-MHC complex, the second signal by membrane bound costimulatory molecules
such as CD80/CD86 that bind CD28 on T cells, and the third signal by soluble priming
cytokines (Fig 3) (45).

Input Integration Output
(Immunogen) (Innate immune system) (Adaptive immunity)

A
Purified PAMPs Purified APCs $3. Priming
= cytokines
® & 5 © &
C»: . J /v
DO&M 4= Mode) —— Productive immunity
e ) Antigen
v 7 2. QG b \

Mgy,
s2.
Costimulation

A x
o Any,
gy

Fig 3 — The three signal theory linking the innate and adaptive immune systems (adapted
from (46)

DC main functions are to provide those 3 signals, but they also participate to immune cell
recruitment by the production of chemokines. Another specificity of DC, as compared to other
APC, is to migrate from peripheral tissues were they captured antigens to the lymph nodes
were they activate the T lymphocytes, under the control of the CCR7/CCL19-CCL21 axis
(47). To deliver the first signal, that is antigen presentation, DCs internalize antigens by
endocytosis, phagocytosis or micropinocytosis. Endocytosis is mediated by many different
types of DC-receptors (detailed in section 1.2.1.5), that initiate the formation of clathrin-
coated endocytic vesicles. Phagocytosis is also mediated by specific receptors and allows
the internalization of particulate antigens, such as pathogens, apoptotic and necrotic bodies.
Macropinocytosis is dependent on the cytoskeleton and not on receptors. It allows to sample
large amounts of fluid that contains the soluble antigens (43). The uptaken antigens are
processed into proteolytic peptides in the endosomes, and are eventually associated to MHC
class | or MHC class Il molecules (48), and presented at the plasma membrane. Peptide-
MHC class | complexes will lead to direct CD8+ T cell activation, a process named “cross-
presentation”, first described by Bevan in 1976 (49). Peptide-MHC class Il will lead to CD4+
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T helper cell activation. According to the other DC molecules corresponding to signal 2 and
signal 3 molecules, the CD4+ T cells will fine tune their final function, a process named T
helper cell polarization, a concept first described by Mosmann in 1987 (50) . Since then,
many different T helper profiles have been described and are presented in Fig 4 (38), (51),
(52), (53), (54). The different T helper profiles correspond to different predominant
transcription factors that induce the production of specific sets of cytokines, appropriate for
the clearance of specific pathogens (intracellular, extracellular, parasites...), via their effect

on surrounding immune and non-immune cells.
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Fig 4 — CD4 T helper cell polarization according to the signals delivered by DC (54)

It is now clear that the role of DC and of our immune system in general is not restricted to
infection and the detection of pathogens, but is also implied in human diseases like auto-
immunity (55), cancer (56), asthma and allergies (57), atherosclerosis (58), bone diseases

(59), and in the medicine-induced challenge that is transplantation (60), (61).

1.2.1.4 DC subsets
The identification of DC subsets, their markers, phenotype and function is still an evolving
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field, which began in 1992 when Vremec and Shortman identified in the spleen and in the
thymus of mice the CD8+ DC, using DC-enriched cell suspensions and 30 color FACS
panels (62). Since then, many teams have contributed to the identification of the mice and
human DC subsets in various tissues, including four recent landmark papers having been
published between 2017 and 2019, that used the novel single-cell technologies to enrich the
current knowledge on human blood DC (63) (64) (65) (66). The field will probably further
evolve in the future by the study of tissue-infiltrating DC both at steady-state and in
pathological contexts. Mouse DC biology has also bought a lot to the field, and the

correspondence between mouse and human DC subsets is available in Annex 5.1.

(i) Ontogeny

DC in the periphery arise from a common DC progenitors (CDP) of the bone-marrow. Both in
humans and mice, CDP differentiates first into plasmacytoid dendritic cells (pDC) or
conventional (or “myeloid”) DC precursors named “pre-DC”. It was long debated if pDC gave
rise to pre-DC or if they were two different subsets (67), since pre-DC express most pDC
markers such as CD123, CD303 and CD304. Pre-DC may now be distinguished by their
expression of CD33 and CX3CR1 (63). The early separation of pDC and pre-DC has been
recently confirmed by barcoding technology (68). Pre-DC further differentiate into cDC1 and

cDC2 the 2 main subsets of conventional DC.

(ii) Subsets markers

As mentioned above, peripheral blood DC subsets classification is still a matter of debate. To
try to clarify the state of knowledge, | performed a comparison of the human DC subsets
markers presented in table 2, using the markers identified by unsupervised analysis of blood
DC by single-cell sequencing and confirmed by flow cytometry, or large-scale single-cell
phenotyping by cytometry by time of flight (63), (64), (65), (66). These four studies have
consensual data regarding cDC1 and pDC. Villani et al. described a 4 new DC subsets: DC2,
DC3, DC4 and DC5 (64). The 3 other studies in part redefined the annotation of these
subsets. DC2 indeed corresponded to cDC2 but require both BDCA1 and CD5 expression
for their precise identification. DC3 were in fact corresponding to a mix of classical
monocytes and CD5 negative cDC, referred as cDC3 by Dutertre et al. (65). DC4 were
corresponding to non-classical monocytes, as shown by Dutertre et al. and Glnther et al.
using different technical approaches (65) (66). The DC5 (or AS-DC for AXL+ SIGLECG6+)
subset was mainly composed of pre-DC (63), (65), (66). Most markers are not subsets-

specific or even DC-specific, which explains why multi-marker strategies are required to
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identify or purify DC and DC subsets (Results section 3.1). The different DC subsets may be
identified in blood and in peripheral tissues, although with variations in proportions (Fig 5)
(65).

pre-DC for CD123+
& some pre-cDC2 pDC
for CD123lo *

Seeet al. cDC1 cDC2 Not described Appear, Put
labelling not studied

Villani et al. DC1 DC2 DC3 Excluded by CL[E)E;A' DC5 DCé6
labelling CLEC9A* cD1c* cD1ct gating cp1C ASDC pDC

. cDC3 cDC3 cDC3 .
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HLA-DR + + Ty ) St CEE CEEE o L CEEE

CcD4 + + + + +

CD11c + + + + + + + - -

BDCA1 /CDl1c - +++ ++ ++ Weak - - -

BDCA2 / CD303 - - - - ++ (pre-cDC2) ++

BDCA3/(CD141 + - - - - -

BDCA4 / CD304 - - - - + ++

CcD123 - - - - 2 populations / ++ ++

SIGLEC6 - Weak / + - - + weak

AXL - Weak / + Weak / + Weak / + Weak / + - + -

CLEC9A ++ -- -- -- -- --

CcD163 weak weak + - + + - - -

CD36 - - + - - +

CD32B - + +(cD32) | -/+(cD32) - - -

CcD5 + - - - ++

IntegrinB7 o +

CD200R +

CD271 (NGFR) o

CD182 (CXCR2) +

CD14 ++ + -

CD16 - SELE

CD85d ++

CcD88 + ++

cD89 - - + - - - +

FceRla + ++ & = +

HLA-DQ + + + + +

CD85g o

CcD1d ++

BTLA CEEE

CD135 I

CD22 ++

CD169 ++

CcD74 + +

CcD109 e

CD206 highest

TLR2 highest

TLR4 highest

Table 2 — DC subsets markers comparison between the 4 publications of See et al.
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(63), Villani et al. (64), Dutertre et al. (65), and Giinther et al. (66). Cells in grey are for
expressed markers (+), cells in light grey are for weakly expressed markers (weak), cells in
white are for absent markers (-) or undetermined (empty cells). Markers and signs (+/-) in red
are consistent between See et al. and Villani et al. publications, and those in black have not
been reported in one or the other publication. Markers in green were reported in the study of

Dutertre et al. and those in purple in the study of Ginther at al.

H Concatenated Blood

tSNE2

tSNE1 — pre-DC —cDC1 —Mono/Mac CD16-
—pDC cDC2 — Mono/Mac CD16*

Fig. 5 Adapted from Dutertre et al. (65). Tissue distribution of monocytic cells and DC

subsets in the human blood, spleen and tonsil analyzed by cytometry by time of flight.

(iii) cDC

cDC subsets presentation

cDC include all DC subsets except pDC and pre-DC. They express high levels of MHC-II
molecules and CD11c+. The 2 main populations of dendritic cells, now labeled cDC1 and
cDC2, were identified in 2000 (69) . cDC1 express CLEC9a and BDCA3 and are considered
as the optimal subset for cross-presentation (70), when cDC2 express BDCA1 and
preferentially activate CD4 T cells. Since the use of those markers to identify both subsets in
flow cytometry, most researcher could observe a subset of BDCA3-BDCA1- cells, which was
in general not further studied, as it is often the case for double-negative populations. Single-
cell sequencing showed recently that they corresponded to a homogenous subset at the
transcriptomic level in blood, labelled cDC4 by Villani et al. (64). They have also been
described in benign tonsils and oropharyngeal cancer (71). However, as stated above, those
cells have the highest similarities with non-classical monocytes (65). Villani et al. also
proposed that cDC2 corresponded in fact to 2 subsets, DC2 and DC3, recognizable by their
differential expression of CD32b (Table 1) (64). However, at the protein level CD32
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expression appears more as a continuum and CD32b cannot be specifically used for cell
sorting, in the absence of specific antibody available. Thus, the evidence of the existence of
those 2 subsets and their differential function was still unclear. The recent papers of Dutertre
at al. (65) and Gunther et al. (66) confirmed that the cDC2 compartment is more
heterogenous than the ¢cDC1 compartment. Dutertre et al. propose a third class of DC,
labeled cDC3, expressing BDCA1 but not CD5, and composed of a continuum of cells
distinguishable by their expression of CD163 and CD14 (Table 2). Langerhans cells are one
other DC subset and are found in the skin. As we could not identify them in the normal upper
airway mucosa or in head and neck cancer tissue, they were not part of the scope of the

present thesis and will not be further detailed.

cDC1

Human cDC1 or their mouse CD8a+ (blood and lymphoid tissue) or CD103+ (peripheral
tissue) counterparts appear to be highly effective at performing cross-presentation (72), (73),
as compared to other DC subsets, and are therefore ideal targets for anti-cancer vaccine,
among other therapeutic uses. Human ¢cDC1 can be identified by their expression of XCR1
and CLECY9A, and by their higher expression of BDCA3 as compared to other DC and cell
types expressing this marker (74), (Results section 3.1). They are not potent inducers of
regulatory T cells in vitro, which seems to be one of the functional difference with their mouse
counterpart (75). The main transcription factors involved in cDC1 development and function
are IRF8 and Batf3 (76). Mouse biology has improved a lot our understanding of cDC1, by
the mean of cDC1-deficient mice that may be obtained by knock-out of Irf8, Batf3, Nfil3, 1d2,
and Bcl6 (77). Steady-state human and mouse cDC1 express TLR3 at higher levels than
cDC2 (74), and TLR8 but only mouse and not human cDC1 express TLR9 (70), (78). The
high expression of TLR3 is of importance for cross-presentation in response to viral infection
(79). In the lymph nodes cDC1 are sporadically dispersed in the T cell area, in line with their

preferential role of direct CD8 T cell activation (80).

cDC2

On the other hand cDC2 are the main DC subset in the sense that they outnumber cDC1 in
most tissues (80), (81), (Results section 3.1), (Fig 5). cDC2 are less efficient than cDC1 for
cross-presentation, but similarly efficient at activating CD4 T cells and inducing the various
Th polarization described in section 1.2.1.3 (Fig 4) (82). At steady-state, they are considered
as regulators of the Treg/Th17 homeostasis in the barriers sites that are lung and intestinal
tissues (83). They express the transcription factors IRF4 and ZEB2 and IRF8, but at lower
levels than cDC1. Patients with autosomic recessive IRF8 mutations have a complete lack of

classical and non-classical monocytes, pDC and cDC (76), (84). However, IRF8-deficiency
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affected cDC1 and pDC but not cDC2 development in a model of human induced pluripotent
stem cell differentiation (85). They express both the surface and intra-cellular TLR 1 to 8 (86)
and are able to recognize most pathogens but those recognized by TLR9. cDC2 also
overexpress ITGAM as compared to cDC1, a molecule implied in phagocytosis (74). In the
lymph nodes cDC2 are clustered in the interfollicular area, in line with its preferential role of
direct CD4 T helper cell activation (80).

(iv) Mo-DC, CD14+DC and inflammatory DC

Beside the cDC subsets presented above, another CD11c+ DC subset derived from CD14+
monocytes in humans (in Ly6C+ monocytes in mice) is restricted to secondary lymphoid
tissues and peripheral tissue (87). This subset is labeled “Mo-DC” for monocyte-derived DC
or sometimes CD14+DC or inflammatory DC in the cases were they are induced by some
inflammation, which is not always easy to demonstrate in human (88), (89). They can be
produced in vitro by stimulating for 5 days monocytes with GM-CSF and IL-4 (90). Mo-DC
are efficient at promoting an inflammatory microenvironment, at antigen-uptake, antigen-
presentation and cross-presentation (91), but their ability to migrate to lymph nodes is limited
(81). We may thus hypothesize that in vivo Mo-DC interact with T cells preferentially locally in
inflammatory peripheral tissues. It is important to mention that the terms CD14+DC and
inflammatory DC are very confusing. A subset of blood cDC from healthy human expresses
CD14, is closer to DC than to macrophages at the phenotypic and transcriptomics level, and
was recently labeled CD14+CD163+ cDC3 (65). Whether HLA-DR+ CD11c+ BDCA1+
CD14+ cells identified in human inflammatory tissues arise from monocytes or are a subset
of cDC3 remain to be elucidated. A simple flow cytometry approach determining their
expression of the DC markers FceRla and HLA-DQ as opposed to the monocyte markers
CD88 and CD89 could address this question.

(v) pDC

Our team has recently reviewed in detail pDC phenotype and function, and | contributed to
the chapter describing the state of knowledge on the role of pDC in cancer. This publication
(92) is available in Annex 5.3. pDC were identified in 1958 by Lennert K and Remmele as a
cell having the morphological features of a plasma cell, and located in the T cell area in
lymph nodes (93). It was not until 1997 (94) that they were identified as a DC subset, and
until 1999 that their main feature, that is a high efficiency at producing type | interferon (IFN)
after stimulation, was described (95), (96). Their mouse equivalent was discovered in 2001
(97), and they match most human pDC features, although some differences in markers and

cytokine production have been observed (92). As shown in the Table 1, steady-state pDC
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express HLA-DR, CD4, CD303/BDCA2, CD304/BDCA4, CD123 (IL3 receptor), and CD36,
but they do not express CD11c or CD1c/BDCA1 or AXL. Human pDC express the
intracellular receptors TLR7 and TLR9 for the detection of single-stranded viral RNA and
DNA respectively, but do not express TLR3 (98). They have a functional cyclic-GMP-AMP
(cGAMP) synthase - Stimulator of IFN genes (cGAS-STING) pathway for cytosolic DNA
sensing and type | IFN induction. pDC are less efficient than the other DC subsets at
performing endocytosis or phagocytosis (99). pDC present antigens to CD4 T cells and can
also perform cross-presentation (100). pDC also express surface receptors, among which
cytokine-receptors for IL-3, IL-10, GM-CSF, TGF-B or TNF-a, which can induce pDC
maturation or modulate TLR-induced maturation (92). In summary, pDC is the first subset to
differentiate from other DC subsets during hematopoiesis and is specialized in the production

of type | IFN after activation, mostly by viruses.

1.2.1.5 Dendritic cell receptors and signaling pathways

DC express at steady-state or upon activation different families of receptors that may be
separated into 3 groups: PRR that are receptors for the direct recognition of pathogens and
danger signals, receptors for indirect sensing of infection and inflammation, and the
remaining receptors that serve the other DC functions and homeostasis. The first two groups
will be detailed below, since they initiate the maturation process detailed in sections 1.2.2
and 1.2.3, and because some of their ligands were used in the manuscript presented in the

result section 3.1.

(i) Pattern-Recognition Receptors

The direct recognition of pathogens and danger signals occurs via PRR that recognize
pathogen-associated molecular pattern (PAMP) and damage-associated molecular pattern
(DAMP) (Table 3). PAMP are small molecular motifs conserved within microbes. DAMP are
molecules that are undetectable by the immune system at steady-state, but become exposed
after cell stress or cell death (101). Well-known DAMP include high-mobility Box 1 (HMGB-1)
and adenosine triphosphate (ATP). The main receptors for PAMP and DAMP recognition, as
well as their natural or pharmaceutical ligands, are listed in Table 3. PRR include the family
of Toll-like receptors (TLR), C-type lectin receptor (CLR), Cytosolic sensors that include
cytosolic DNA sensors (CDS), NOD-like receptors (NLR) and RIG-1-like receptors (RLR),
and DAMP receptors (Fig 6).
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Figure 6. Signaling pathways associated to PRR, adapted from Shekarian et al. (102) (in
particular, the TLR represented by a purple rectangle have been modified from the original
figure, since they was a typing error so that they were all labelled TLR5)




PRR agonist in

Receptor Ligand Localization Pathway
clinical trial
TLR
Lipomannans (mycobacteria), Lipoproteins
Lipoteichoic acids (Gram-positive bacteria),
Cell-wall b-glucans (bacteria & fungi),
TLR1:TLR2 Zymosan (fungi), HKLM, HKSA, PAM3, Plasma MyD88/MAPK/
heterodimer HMGB1 membrane NFkB Amplivant
Lipomannans (mycobacteria), Lipoproteins
TLR2:TLR6 Lipoteichoic acids (Gram-positive bacteria), Plasma MyD88/MAPK/
heterodimer Cell-wall b-glucans (bacteria & fungi), FSL-1 membrane NFkB -

TRIF/TRAF3/

Polyl:C, Rintatolimod,

TLR3 Double-stranded RNA (viruses), Poly I:C Endolysosome IRF3 Hiltonol
MyD88/MAPK/
LPS (Gram-negative bacteria) NFkB,
Lipoteichoic acids (Gram-positive bacteria) Plasma TRAM/TRIF/ LPS, GSK1572932A,
TLR4 HMGB1 membrane IRF3 G100, MPL(AS15)
Plasma MyD88/MAPK/
TLR5 Flagellin (bacteria) membrane NFkB CBLB502
MyD88/MAPK/
TLR7 Single-stranded RNA (viruses), Flu Endolysosome NFkB Imiquimod
Imiquimod,
Resiquimod,
MyD88/MAPK/ | MEDI9197,
TLR8 Single-stranded RNA (viruses), R848 Endolysosome NFkB Motolimod
CpG, CMP-001,
DNA with unmethylated CpG (bacteria and MyD88/MAPK/ MGN1703, SD-101,
TLR9 herpesviruses) Endolysosome NFkB 1018ISS, Agatolimod
Plasma MyD88/MAPK/
TLR10 Unknown membrane NFkB -
CLR
Dectin-1 Zymosan, b-glucan, HKCA, Curdlan, Plasma
(CLECTA) Mycobacteria membrane CARD9/NFkB -
Dectin-2 Plasma
(CLEC6A) a-mannan, Mycobacteria membrane CARD9/NFkB -
Carbohydrate patterns (Fungi), trehalose
Mincle dimycolate (Mycobacteria), SAP130 (dead Plasma
(CLECA4E) cells) membrane CARD9/NFkB -
Syk kinases
DNGR-1 Carbohydrate patterns (Fungi), F-actin Plasma and cross-
(CLEC9A) (necrotic cells) membrane presentation -
Clec2 Plasma Required for
(CLEC1B) Podoplanin membrane DC motility -
CLECSF8 a-mannan, trehalose dimycolate Plasma
(CLEC4D) (Mycobacteria) membrane CARD9/NFkB -
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Plasma ITIM inhibitory
DCIR Carbohydrate patterns (fungi) membrane motif -
MICL Carbohydrate patterns (Fungi), uric acid, Plasma ITIM inhibitory
(CLEC12A) proteinaceous ligands (necrotic cells) membrane motif -

Plasma Endocytic
DEC-205 Keratin at acid pH only ((103) membrane receptor -

mannose, fucose, N-acetylglucosamine, Plasma Endocytic
MMR glycolipid antigens (lipoarabinomannan) membrane receptor -
ICAM-2 and

Plasma ICAM-3 for T
DC-SIGN fucosylated glycans, mannose structures membrane cell activation -
MBL glycan-associated mannose Soluble -
Cytosolic sensors
NOD-like Peptidoglycans: IE-DAP (NOD1 / gram RIP2/MAPK/
receptor negative bacteria), MDP (bacteria) NFkB -
AlM2 Cytosolic DNA, Flu Cytoplasm Caspase-1 -

TBK1/IRF3/
ZBP1 (or DAI) | Cytosolic DNA NFkB -
NLRP/NALP cell damage (eg. by toxins), downstream Cytoplasm CARD/
receptors purinergic P2 receptors Caspase-1 -
Short double-stranded RNA, 5' single-
RIG-1-like stranded RNA (RIG-1) (viruses), Long IPS1/TRAF3/
receptors double-stranded RNA (MDAS5), Flu Cytoplasm IRF3 BO-112 (MDAS5)

Cytoplasm,

Endoplasmic TBK1/IRF3/ MIW815 (ADU-
cGAS Cytosolic DNA reticulum NFkB S100), MK-1454
Other DAMP receptors

Plasma
RAGE HMGB1 membrane MAPK/NFkB -

Plasma ERK/c-Fos/c-
TREM-1 TREM-1 ligand, soluble TREM-1, HMGB1 membrane Jun/AP1, NFkB -

Plasma
P2X receptors | Extra-cellular ATP membrane Inflammasome -

Table 3. PRR expressed by DC: classification, natural and pharmaceutical ligands, and

corresponding signaling pathways. NFkB: Nuclear factor kappa-light chain enhancer of

activated B cells
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TLR

Jules Hoffmann was awarded in 2011 the Nobel Prize in Physiology or Medicine for the
discovery in 1996 of the host-defense role of Toll receptor in adult fly. Similar receptors
discovered in mammalians were called Toll-like receptors. There are 13 different TLR, but
only 10 are expressed in humans (TLR1 to TLR10), whereas 12 are expressed in mice (TLR
1to TLR 9 and TLR11 to TLR13, that will not be further detailed). Those 10 TLR of a broader
specificity as compared to the antigen receptors of the adaptive immune response and have
the advantage of being able to recognize PAMP that cover most pathogenic microbes. TLR3,
TL7/8 and TLR9 are in the endocytic vesicles, whereas the other TLR1, TLR2, TLR4, TLR5
and TLR6 are located at the plasma membrane. They are expressed by DC, but also many
other immune cell types, stromal cells, epithelial cells and even cancer cells. TLR signal
through 2 main pathways: the MyD88 and the TRIF signaling pathways (104). After ligand
binding, all TLR but TLR3 engage MyD88 adaptor molecule, that recruits IRAK proteins,
which in turn recruit TRAF6. Upon phosphorylation, TRAF6 is dissociated from the receptor
complex and binds TAK1 (TGF-$ activated kinase), TAB1 and TAB2 to form a complex in the
cytosol. This complex phosphorylates the kinases IkB which leads to the translocation of the
transcription factor NFkB to the nucleus. In parallel TAK1 activates mitogen-activated protein
(MAP) kinases signaling cascades leading to nuclear translocation of CREB and AP1. AP1
and NFkB activate the transcription of genes coding for cytokines, chemokines, MHC class Il
and costimulatory molecules. TLR3, but also TLR4, activate the TRIF signaling pathway.
TRIF recruits TBK1 and TRAF3, and TRAM in the case of TLR4 activation. These complexes
phosphorylate interferon regulatory factors (IRF) IRF3 and IRF7, which activate together with
CREB the expression of interferon and a sub-class of interferon-inducible genes such as
IFN-I, CXCL10 and CCL5. TRIF can also bind TRAF6 and induce cytokine production
similarly to the MyD88 pathway. Finally, TLR7, TLR8 and TLR9 also induce interferon
inducible genes via TRAF6 and IRF7, but without TRIF (105) (Fig 7). Eventually, these
activation pathways are regulated by other autocrine and paracrine molecules, such as IFN-I
itself (106), (105).
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Fig 7- TLR signaling pathways (105).

CLR
C-type lectin receptors recognize mostly glycan structures of pathogens via their

carbohydrate recognition domain (CRD). Only CLR having or cooperating with immune-
receptor tyrosine-based activation motifs (ITAM) activate signaling cascade that primarily
engage Syk kinases to eventually activate NFkB and gene transcription. The ITAM-signaling
CLR are Dectin-1, Dectin-2, macrophage-inducible C-type lectin (Mincle), DC NK lectin group
receptor-1 (DNGR-1) (also known as Clec9A), Clec-2 and CLECSF8. DNGR-1 is
preferentially expressed on cDC1 and does not induce an inflammatory response despite its
ITAM motif, but rather participates to the process of cross-presentation. Other CLR, such as
DC immunoreceptor (DCIR) and myeloid inhibitory c-type lectin-like receptor (MICL) have
immune-receptor tyrosine based inhibitory motifs (ITIM) that inhibit the immune response
(40), (107). Other CLR are mainly involved in endocytosis and phagocytosis, such as MMR
(CD206) (108), and DEC-205 (109), (110). DC-specific ICAM3-grabbing non-integrin (DC-
SIGN) is a CLR that activates T cell by via ICAM-3 binding (111). Finally, mannose-binding-
lectin (MBL) is a soluble CLR that undergoes conformational changes upon carbohydrate
binding. It participates to host defense by direct inhibition of pathogen entry into the cell,

opsonization, or activation of the complement cascade (112).
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Cytosolic sensors

In addition to TLR and CLR that are primarily sensors of extracellular pathogens, DC express
several families of cytosolic sensors of intra-cellular microbial products detailed in Table 2. A
first family is composed of nucleotide-binding oligomerization domain (NOD)-like receptors
(NLR), which are also expressed in macrophages and epithelial cells. NLR recognize
peptidoglycans from bacteria, which have entered the cell by as a result of infection or by
endocytosis. NLR have a caspase recruitment domain (CARD) for intra-cellular signaling.
Upon activation, they induce NFkB activation via CARD/RIP2/TAK1/IKK signaling, similarly to
TLR (113). Absent In Melanoma 2 (AIM2) and Z-DAN-binding protein 1 (ZBP1) also known
as DNA-dependent Activator of IFN regulatory factors (DAI) are 2 other members of the
NLR-family and recognize cytosolic DNA. AIM2 signals through caspase-1, to eventually
induce pyroptosis (114). DAI also activates TBK1, IRF3 and leads to type | IFN production,
but its knock-down does not significantly reduce the final amount of type | IFN produced
upon activation (115), (116).

Another related family is the NLRP family that has a pyrin domain instead of the CARD
domain. There are 14 NLRP identified in humans. NLRP3 is the best characterized, and its
signaling leads to the formation of a multiprotein complex labelled the “inflammasome”. It is
activated upon cell damage such as membrane pores induced by toxins, or by activation of
the purinergic P2 receptors like P2X7, which are receptors for extra-cellular ATP. Unlike
NOD-1 and NOD-2, the inflammasome does not activate NFkB, but induces the production of
inflammatory cytokines and death of infected cells (114).

A third family is composed of retinoic acid-inducible gene (RIG)-like receptors (RLR). RIG-1
and melanoma differentiation-associated gene 5 (MDAS5) are members of this family and
recognize respectively short and long double-stranded RNA produced by viruses within the
cell (as opposed to TLR3, TLR7 and TLR8 that recognize extracellular viral RNAs) (113).
RLR also harbor CARD domains, which activate the downstream mitochondrial antiviral
signaling protein (MAVS), TRAF proteins and eventually TBK1 and IRF3, as previously
described for TLR3.

The fourth family is composed by the cGAS-STING pathway. At steady-state, host DNA is
restricted to the nucleus. Cytosolic DNA sensors therefore detect pathogen-derived DNA
during viral, microbial or protozoan infection or host DNA in pathological conditions like
cancer. STING is activated by cGAMP upon cytolosic DNA sensing by cGAS. This induces
STING trafficking from the endoplasmic reticulum to perinuclear vesicles, the recruitment of

TBK1 and the phosphorylation of IRF3, leading to the transcription of type | IFN (117).
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Other DAMP receptors

DAMP receptors recognize cell and tissue damage signals, such as ATP, HMGB1, S100
proteins, heat shock proteins (HSP). Some receptors presented above, such as DNGR-1,
are DAMP receptors. The purigenic receptors that recognize extra-cellular ATP are part of
the inflammasome cited above in the cytosolic sensor paragraph. Other DAMP receptors
include receptor for advanced glycation end products (RAGE) and triggering receptor
expressed on myeloid cells-1 (TREM-1). Both receptors are located at the plasma membrane
and recognize HMGB1, which is a DNA chaperone located in the nucleus at steady state,
released in the extra-cellular compartment after cell death. RAGE also recognizes advanced
glycation end products, S100 proteins, amyloid beta peptide and beta sheet fibrils. It signals
with TLR4 to eventually activate MAP kinases and NFkB (101). TREM-1 also binds soluble
TREM-1, a molecule obtained by alternative splicing or MMP cleavage of TREM-1 transcript,
and TREM1-ligand, a molecule less characterized. TREM-1 harbors an ITAM motif, and
activates ERK, c-Fos, c-Jun and NFkB (118). Among other HSP receptors, LDL receptor
related protein 1 (also named CD91) recognizes HSPgp96 and leads to DC maturation (119).

(ii) Receptors for indirect sensing of infection and inflammation

DC may indirectly sense infection and inflammation and undergo a maturation process by the
stimulation of inflammatory cytokine receptors, Fc receptors by immune complexes, or
Tumor Necrosis Factor (TNF) superfamily ligands and receptors (TNFSF and TNFRSF). DC
express receptors for most cytokines spontaneously or upon activation. The cytokines are
secreted directly by the pathogens or indirectly by surrounding activated immune cells. Many
inflammatory mediators have been described as DC activators in various contexts, such as
type | IFN, TNF-a, IL-1B8 and prostaglandin E2 (PGEZ2) in infection (48), TNF-a, IL-6, PGE2
and IFN-B in cancer (120), and TNF-a, IL-1, IL-6, GM-CSF, and thymic stromal
lymphopoietin (TSLP) in auto-immunity and inflammatory diseases (55). On the other hand,
DC activation may be downregulated by anti-inflammatory factors such as IL-10, TGF-B,
VEGF or retinoic acid (121). Cytokine receptors mainly signal through the Janus kinase
(Jak)—signal transducer and activator of transcription (STAT) pathway (122), although some
cytokines have other signaling pathways (123). Jak kinases phosphorylate cytokine
receptors upon activation, and STAT proteins may then bind phosphorylated cytokines
receptors via their SH2 domain. Phosphorylated STAT may then induce or repress gene
transcription. There are 4 different JAK kinases and 7 different STAT proteins that permit a
certain specificity of the cytokine signaling pathways, such as the unique IL-4/STAT6
pathway. Jak-STAT signaling, and particularly STAT1, STAT3 and STATS, are of importance
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in DC development (124). Importantly for the present work on DC activation, STAT proteins
regulate different transcription programs in differentiated DC. For example, STAT3 and
STATS5 may collaborate during DC maturation, as shown for TSLP-DC (125) or may
antagonize each other to regulate the immune response, as shown with the IL-21/STAT3 —
GM-CSF/STAT5 competition (126). Cytokine receptors may also signal through the MAP
kinase pathways. Several cytokines signal through the same pathways and still induce
different effects, suggesting that specificity may be due to a precise combination of the level
of activation of each pathway (122), or by changes in the STAT sensitive genes in the
different cell types and states (127). DC also express receptors for growth factors, some of
which being considered as cytokines, such as GM-CSF, and able to induce DC maturation
(122).

Beyond receptors for soluble cytokines and growth-factors, DC express several TNFSF and
the receptor CD40 (TNFRSF5) that are involved cell-cell communication and DC-T cell
cross-talk in particular, and are upregulated on various cell types during inflammation (128).
Many of these molecules have been associated with a costimulatory function and have
entered the field of the targetable positive checkpoints, such as CD40-CD40L, OX40-
OX40L(TNFSF4), CD30-CD30L(TNFSF8), 4-1BB-4-1BBL(TNFSF9), HVEM-
LIGHT(TNFSF14). DC maturation induced by CD40 binding of CD40L expressed on T cells
was shown in 1994 by Caux et al. using cord blood derived Langherhans cells (129). All DC
subsets express lymphotoxin beta receptors (LTbR) that binds lymphotoxin beta (LT-B) and
LIGHT. Since DC also produce LT-B, this interaction is involved in an autocrine loop

regulating DC proliferation (130).

DC may sense immune complexes or specific antibodies via their Fc receptors (FcR). All DC
subsets express FcgRI (CD64), FcgRIIA and B (CD32a, CD32b), and FcgRIIl (CD16). FcR
binding induces DC maturation (131). All FcR but FcgRIIB harbor an ITAM motif that has the
activating properties described above for CLR and induces antibody-dependent
phagocytosis. FcgRIIB harbors an ITIM inhibitory motif, which activation inhibits the
production of inflammatory cytokines in DC via downstream signaling through Src kinases
and phospholipase C gamma (132). FcgRIIA and FcgRIIB counterbalance their opposite
effect and their expression participates in the regulation of DC maturation (133). However,
the role of ITAM and ITIM signaling in DC seems more complex than in other lymphoid cells:
ITAM-related cytokine secretion inhibition has been described in mouse pDC during murine
CMV infection (134) or after CpG stimulation (135), and ITIM-dependant IFN-I genes
expression (136). It remains possible that such paradoxical effect may also occur

downstream Fc receptors.
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DC can detect pathogens coated with complement via their complement receptors CR3 and
CR4. However, most studies on the activating role of complement in DC have been
conducted with in vitro with Mo-DC, and the observation made on complement-induced

maturation and CR upregulation during maturation need to be confirmed in primary DC (137).

Finally, chemokine receptors are also part of the indirect sensing of inflammation. Immature
DC may be recruited from blood into inflammatory sites by the chemokines CCL2 (MCP-1), -
3(MIP1a), -4(MIP-1b), -5(RANTES), -7(MCP-3), -8(MCP-2), -17(TARC), -18, -20(MIP-3a), -
22(MDC) and CXCL13 (138).

1.2.2 DC maturation

1.2.2.1 General concept of maturation

In the early 1980’s, the ability of DC to activate T cells and the high levels of expression on
CMH-II by DC were established. Nussenzweig observed that the response of unprimed T
cells to syngeneic DC mixed leukocyte reaction was 10-times weaker than with allogeneic
cells (139). This was the first indirect evidence that some variations in DC maturation states
could have functional consequences on the level of mixed T cell activation. The concept of
DC maturation was first described in 1985 on Langherhans skin DC (LCs) by Schuler et al.:
they described that fresh epidermal LCs were poorly efficient at activating T cells, but
increased this ability by 10 fold after 3 days of in vitro culture without other stimulation, and
that this “maturation” process was associated to some visible changes such as the
disappearance of Birbeck granules (140). The same year, the importance of DC in the
activation of unprimed and memory T helper cells was demonstrated (141). Shortly after the
first description of T helper polarization (50), the concept of APC costimulatory molecules
arose in 1988 when Weaver et al. observed that the absence or presence of IL-1 produced
by macrophages induced Th1 and Th2 helper T cells respectively (142). DC failed to produce
IL-1 (143), but other costimulatory molecules were identified in the 90’s, such as ICAM-1
(CD54) (144), and CD80 (145). The receptors initiating DC maturation were described in
section 1.2.1.5. Maturation is a global process that involves many changes in the
transcriptomic programs, the expression of surface molecules including MHC molecules
(146), the secretion of cytokines (147) and chemokines, and changes in cell shape, which
occur prior or during the migration to the lymph nodes (148), (149), and finally the associated

changes in function. Steinman stated that he preferred the term “maturation” to “activation”,
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since the latter seems to reduce the process to a limited number of on-off events, when
maturation corresponds to a larger scale differentiation process, more comparable to the
differentiation of blasts of the bone marrow into peripheral blood cells (44). First, we will
describe the general changes occurring during DC maturation. Secondly, in chapter 1.2.2.2,
we will overview the different shades of maturation and their functional impact. More details

on DC states in the context of cancer will be given in chapter 1.2.3.

(i) MHC molecules trafficking and antigen presentation

Immature DC present very few MHC Il-peptide complexes because they are poorly efficient
at degrading internalized antigens as a consequence of the low efficiency of proteases and
cathepsin B (150), (151). In parallel, MHC-II molecules are sequestered in the lysosomes
and unable to bind peptides (152), (153), because of the presence of the li-chain that
occupies the peptide binding site, which needs to be degraded by cathepsin S (154), (155).
In parallel, immature DC have a strong antigen capture capacity that persists until a signal
initiates the process of maturation. Among the cascade of molecular events occurring upon
maturation, several participate in the increase of antigen presentation. First, the synthesis of
MHC class Il increases (156). Second, the acidification of the endosomes and lysosomes
activates the above mentioned enzymes and leads to the formation of CMH-peptide
complexes (48). Lastly, those complexes traffic to endosomal vesicles, where they colocalize
with costimulatory molecules and MCH-I before being presented together at the cell surface
(157). All this machinery occurs rapidly within the first hours of activation, and is limited in
time to the initial phase of maturation, before a downregulation of these processes (150).
Conversely, the regulation of MHC-I, involved mainly in self-antigen presentation, but also in
cross-presentation, seems stable over time (48). In parallel, mature DC lose their high

antigen-capture capacity (158).

(ii) Membrane-bound costimulatory molecules

T cell costimulation corresponds to the 2™ and 3™ signals described in section 1.2.1.3.
Membrane bound molecules costimulatory molecules deliver the second signal to T cells, as
opposed to soluble cytokines that deliver the third signal. Upon activating receptors binding,
DC up-regulate more or less costimulatory molecules, such as the well-known members of
the B7 family CD80 and CD86, used in most experiments to define DC activation or
maturation. CD80 and CD86 are ligands for the activation molecule CD28 on T cells (45).
CD28 binding on naive CD4 T cells, simultaneously with MHC-II-peptide-TCR binding,
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promotes T cell proliferation, cytokine production and cell survival. In the last decades, many
other costimulatory molecules have been described: members of the TNF super family
described in 1.2.1.5 (CD40, OX40L, CD30L, 4-1BBL, HVEM, LIGHT, GITRL, CD70), other
members of the B7 family (inducible T cell costimulatory ligand (ICOSL), B7-H6, B7H7),
members of the SLAM family (CD48, CD150, Ly9, NTBA, CD84) (159), (160), (161). The
immune activation resulting from the upregulation of costimulatory molecules is regulated in
two ways: the presence of an inhibitory receptor on T cell for a specific DC costimulatory
molecule, or the upregulation of co-inhibitory molecules on DC. The first case is illustrated by
CD80 and CD86 that may bind the inhibitory receptor CTLA-4 on T cells, the latter molecule
having been the first targeted negative immune-checkpoint in immuno-oncology (162). The
second case corresponds to the negative-checkpoint ligands expressed on DC, such as
PDL1, PDL2, B7H3, B7H4, VISTA/B7H5, HVEM, PVR, NECTIN2, CD200 or TIM3 (159),
(160), (161). The classification of those molecules as mainly costimulatory or coinhibitory is
not always trivial, and some difference have been observed in the field between mice and
human biology, e.g. PDL2 that has a costimulatory role in mice and a coinhibitory role in
human (163). In 1999 Bleijs et al. also described a costimulatory role for integrins: T cell
proliferation and polarization was modulated by the level of interaction between the LFA-1
complex (CD18/CD11a) and the intercellular adhesion molecules (ICAM) ICAM-1 (CD54),
ICAM-2 (CD102), ICAM-3(CD50) in an antigen-presenting cell-free system (164). The

costimulatory role of integrins expressed on DC has since then been confirmed (165).

(iii) Cytokine and Chemokine production

One of the important effect of the downstream signaling of PRR and the other receptors for
indirect sensing of inflammation described in chapter 1.2.1.5 is the transcription of genes
coding for inflammatory cytokines via the transcription factors NFkB, IRF, STAT, CREB or
AP1 (166). Simulated DC will produce a certain combination of cytokines, usually classified
as immunostimulatory (IL-12, IL-6, IL-183, IFN-a, IFN-) or immunosuppressive (IL-10, TGF-
B). The various combination of cytokines produced upon DC activation depend on the stimuli
in vitro, and on the integration of stimuli in in vivo contexts. The cytokines produced by
activated DC will in turn bind their own receptors in an autocrine manner and allow positive
or negative feedback loops. For example, IFN-3 was essential for TLR3 and TLR4 induced
upregulation of CD80, CD86 and CD40 (167). In another study, IL-15 together with IFN-a
and IFN-B induced autocrine DC activation and stimulated in vivo naive CD8 T cell
proliferation, but not CD4 T cells (168). Conversely IL-10 may suppress DC maturation in an

autocrine manner (169).
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DC cytokines will also act on surrounding cells and provide the 3™ signal to T cells. This third
signal has been considered as the main regulator of Th polarization. Typically, DC derived
IL-12 and IFN-y induce Th1 polarization, IL-4 induces Th2 and IL-10 and TGF-B induce
regulatory T cells (Treg) (Fig 4) (54). However, IL-4 stimulates DC production of IL-12,
providing a negative feedback loop in Th2 environment (170). Cytokine production is not only
controlled by the stimuli but may be influenced by the DC subsets. For example, GM-CSF
activated mouse cDC1 and cDC2 promote Th1 and Th2 T cell polarization respectively,

depending on IL-12 levels (171).

(iv) Migration and cell shape

Maturation-induced migration and changes in cell shape are important features specific of
DC as compared to other antigen-presenting cells such as tissue-resident macrophages.
Upon maturation, tissue-resident DC will migrate by the afferent lymphatics to the draining
lymph node together with developing cell projections (158). These afferent-lymph derived DC
are usually labelled “migratory DC”, as opposed to lymphoid tissue resident DC. In the lymph
node, DC will interact with T cells in the paracortical zone and initiate the adaptive immune
response. It is assumed that migratory DC do not recirculate in the efferent lymph vessel and
blood. The migration from the tissue to the lymph node is under the control of the
CCR7/CCL19-CCL21 axis (47), (172), (173). DC upregulate CCR7 upon maturation, under
the control of NFkB (174). CCR7+DC will be attracted into the lymphatics by the chemokine
CCL21, produced by lymphatic endothelial cells, and will follow a gradient of CCL21 to
eventually get into the lymph node areas (175).

With regard to subset specificity, all DC have the ability to become migratory DC, although it
is still debated for mouse Mo-DC and data on human Mo-DC are scarce (176), (177). cDC2
preferentially migrate in the interfollicular area, as a results of the expression of EBI2
expression (178).

Concerning stimuli specificity, under some specific conditions, such as TSLP-induced
maturation, DC may also upregulate CXCR5 and migrate to B cells zone of lymph nodes
under the control of CXCL13, were they participate to the activation of follicular helper T cells
(Tfh) (179), (180). These last examples illustrates how different stimuli induce different
shades of maturation and here of migration, which will favor DC interaction with a specific
cell type, which in turn will determine the final functional output.

Mature DC will develop cell protrusions via actin cytoskeleton modifications that favor DC-T
interaction in the lymph node (181). The PRR signaling pathways control the cellular pools of

actin: upon activation the Arp2/3-dependent front pool of actin allowing antigen capture will
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be downregulated while the mDia1-dependent rear pool of actin allowing cell locomotion will
be upregulated (158). CCR7 downstream signaling (182) and MHC class Il invariant chain
(183) will also participate to the regulation of the actin cytoskeleton, making a link between
antigen-presentation and migration. In parallel, trans-endothelial migration itself promotes DC
maturation (148), (184).

1.2.2.2 Maturation patterns

(i) Concept of various maturations

All the modifications described in the former chapter are part of DC maturation process.
However, there are some variations in the quality and quantity of the molecules involved that
correspond to the various DC maturation states described in literature, such as fully mature,
TLR-induced, immunogenic, tolerogenic, semi-mature, or homeostatic (Fig 8). Those
differences in maturations are important to describe because of their functional impact on
both the innate and the adaptive immune responses. They are therefore implied in the
physiopathology of many diseases, from autoimmunity to cancer. The role of DC in auto-
immunity was discovered in 1983, when Knight et al. transferred DC from autoimmune
encephalomyelitis-bearing animals to healthy ones, and observed in the latter the
appearance of the disease, driven by the induction of auto-reactive T cells (185). This
experiment illustrates how a specific context of DC maturation, here being encephalomyelitis,
induces a reproducible effect on the adaptive immune response.

The main dichotomy found in literature on DC maturation states classifies DC as
immunogenic if they lead to a predominant effector T cell response or tolerogenic if they lead
to a predominant regulatory T cell response. This separation happens upon priming, when
naive T cells integrate the signals from the combination of membrane-bound and soluble
costimulatory molecules present at the DC-T immune (186). Grossly, immunogenic DC are
typically associated to membrane-bound costimulatory molecules and the cytokines IL-12
and IL-1B, whereas tolerogenic DC are associated to the membrane-bound coinhibitory
molecules and IL10, TGF-B and TNF, or even no cytokines (187), (188), (189), (190). This is
of course a simplistic view, omitting other T cell modulating signals, such exosomes (191).
We will overview so called immunogenic DC and tolerogenic DC, but will not go into details
about homeostatic maturation, which exists at steady-state and implies self-antigen
presentation for peripheral self-tolerance (172), (192). Although being a fascinating function
of DC, homeostatic maturation has no direct link to the inflammation-induced maturation that
is detailed here in order to better understand the specific context of cancer inflammation.

It is important to mention that not only the context may induce immunogenic or tolerogenic
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DC, but also the different DC subsets within the same context (193). For example, in mice
atherosclerosis, cDC1 promote atheroprotective Treg responses, to the contrary of CCL17+
cDC2 that inhibited Treg maintenance (194). The same observation was made in lung were
CD103+DC become tolerogenic while CD103-DC are immunogenic after allergen or TLR

ligand stimulation (195).
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Fig 8 — Features of immature and of the different types of mature DC and their impact on the
immune response, here applied to the anti-tumor immune response. Adapted from Dudek et
al. (187).

(i) Immunogenic DC

Immunogenic DC are defined by their ability to prime CD4 and eventually CD8 T cells
towards a cytotoxic effector immune response, and may also include DC that promote Tfh
and B cells activation towards a humoral immune response. The typical induction of
immunogenic DC refers to DC stimulated by a “non-self’ entity, which will prime T cell
harboring the specific TCR for this “non-self” antigen, as it is the case for acute infection.
One of the most broadly corresponding experimental model uses lipopolysaccharide (LPS) to
stimulate TLR4 on DC. This typically leads to the upregulation of MHC-II, CD80, CD86 and
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IL12p40 production, which in turn induce naive CD4 T cell proliferation and IFNg production
(196). DC IL-12 production may then be increased through CD40L-CD40 DC-T cell
interaction (197), for up to 16 hours (198).

Not only the stimuli themselves, but their duration and intensity are important for the
induction of immunogenic DC (199). Besides the stimuli, the tissue of origin may modulate
the immunogenic potential of DC. This observation is of major importance for vaccination
strategies. For example, Stary et al. showed that both R848-based synthetic adjuvants
particles and a mucosal route, as opposed to a systemic route, where necessary to obtain a
prolonged immunity after vaccination against Chalmydia Trachomatis (200). The same
observation was made for anti-cancer vaccine by Sandoval, Tartour et al., in 2 mouse
models of orthotopic head and neck and lung cancers: tumor growth was inhibited after

vaccination by intranasal route and not intramuscular route (201).

(iii) Tolerogenic DC

The concept of tolerogenic DC appeared in 1979 when Mitchison introduced the idea that
Langherans cells could be exploited to increase host versus graft tolerance to prevent graft
rejection, which was still a major challenge at that time (202). Since then, the term has been
used in many different contexts, in vitro, ex vivo and in vivo and is a rather large concept that
engulfs all cases that eventually induce a predominant regulatory T cell response and
immunosuppression. It also includes the specific case of self-tolerance, when this regulatory
response is induced by the presentation of normal self-antigens, as in the thymus (203), the
mesenteric lymph nodes (204) and even the periphery (205), that will not be further detailed
in this thesis. Importantly, a regulatory T cell response can also be induced by immature DC,
further enlarging this field (192), (206), (207), (208), (209). When considering stimulated DC
that have a tolerogenic function, another term frequently used is “semi-mature” which in
general corresponds to the presence of some, but not all, features of activation (187). The
absent features are considered as the cause of this immunosuppressive response. This term
is confusing because it may be understood as the results of an aborted maturation process,
whereas it is not the only context lead to tolerogenic DC. It is also questionable, since a
comprehensive measurement of all DC membrane-bound and secreted molecules is not
routinely performed: we cannot exclude that DC inducing a tolerogenic output have in fact

undergone as much change as the immunogenic DC, but qualitatively different.

The main characteristics of tolerogenic DC are a low or intermediate expression of

costimulatory molecules (210), an increased or predominant secretion of IL-10 (206), and the
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polarization of CD4 T cells towards a regulatory T cell response (208). IL-10 secretion favors
Treg polarization (211), but also inhibits antigen presentation by DC though its inhibitory
effect on proteases in the endosomes (151). Another type of tolerogenic DC corresponds to
DC expressing the same levels of MHC-II and costimulatory molecules CD80/CD86 than
control immunogenic DC, but that do not secrete IL-12 not IL-10. This type of DC may be
induced by paracrine DC stimulation with inflammatory cytokines without PRR stimulation, as
shown in vitro and in vivo using in chimeric TLR4-/- TLR4+/- chimeric mice (196). In this
experiment, CD80+/CD86+ semi-mature DC failed to produce IL-12p40 but could induce
clonal T cell proliferation at a similar level than TLR4+/+ control DC. However, they failed to
promote INF-y or IL-4 production by T cells. The regulatory phenotype of expanded T cells

was not analyzed (196).

Tolerogenic DC can be induced in vitro by siRNA silencing CD80, CD86 (212), CD40 (213)
or IL-10 (214), or by anti-inflammatory factors such as vitamin A, vitamin D3 (215),
prostaglandin E2, IDO, IL10 (216), TGF-B (217), retinoids (218), hepatocyte growth factor
(219), E-cadherin disruption (220), and vasoactive intestinal peptide (221). For all these
tolerogenic inducers, the tolerogenic phenotype of DC was experimentally confirmed by the
observation of a regulatory T cell response. Various mechanisms are engaged in each case
to eventually obtain the tolerogenic function. For example, Vitamin D3 inhibited NFkB p65
phosphorylation, skewed the production of CCL17 towards CCL22, a regulatory T cell
attracting chemokine, down-regulated HLA-DR, CD80, CD86 and CD40 on cDC2, as
compared to unstimulated DC. The final read-out was that it augmented the suppressive
effect of CD4 T cells in mixed leukocyte reaction, as shown by the decrease in IFN-y
production (215). However, some experiments performed with the tolerogenic inducers listed
above were not performed with sorted human primary cDC, but with in vitro-generated Mo-
DC, and in some cases the stimuli were given during Mo-DC differentiation, so that their
effect on cDC remains to be shown. M-CSF is another example of a molecule that induces
semi-mature DC: it efficiently induced the upregulation of MCH-II molecules synthesis and
their presentation at the plasma membrane, but without stabilizing them sufficiently to

eventually induce T cell activation, thus resulting in a final inhibitory effect (222).

Ex vivo, DC co-culture with murine pulmonary stromal cells also induces a tolerogenic
phenotype, corresponding to a decreased MCH-IlI expression, an increase in IL-10 and
prostaglandin E2 secretion, and a suppression in T proliferation, despite the unchanged
levels of CD80, CD86 and CD40. In this model, TGF-B is in part responsible for this DC
phenotype (189).

Tolerogenic DC have also been observed in vivo. In 3 mouse models of cancer, Gerner et al.
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showed that tumor infiltrating DC expressed similar levels of costimulatory molecules than
dermal DC, but that they were poorly efficient at antigen uptake, thus leading to inefficient at
MHC-Il-peptide complex presentation, and poor T cell response in the draining lymph node
(223). Similarly, in the study of lliev et al. (224), mouse DC from mesenteric lymph nodes
induced more Treg differentiation that spleen DC (8.9% vs 3.2%) in the presence of OVA.
Conditioning spleen DC with intestine epithelial cell-derived supernatant increased the Treg
polarization up to 9.1%, showing the importance of the soluble microenvironment, and of
TGF-B and retinoic acid in this case, in the induction of tolerogenic DC. Another factor
engaged in the regulatory response is the DC: T cell ratio. In the same study, the authors
showed that the decrease of DC:T cell ratio from 1:1 to 1:64 dramatically increased the
induction of CD4+Foxp3+ Treg after co-culture (225).

The induction of tolerogenic DC upon stimulation is not restricted to specific receptors. TLR
activation induces mainly immune responses as seen in the previous paragraph 1.2.2.2 (ii),
but can also induce tolerogenic responses, as seen with Zymosan (226) or Yersinia pestis,
that signal through TLR2 and Dectin1, and TLR6 respectively (227). Tolerogenic DC may
also overexpress the inhibitory Fc receptor FcgRIlb (CD32b), as observed in human

quiescent rheumatoid arthritis (228) and in cancer (71).

Tolerogenic DC play a role in many different diseases. Their presence in cancer TME is
thought to favor immunosuppression and tumor immune-evasion (188) (see section 1.2.3.3).
To the contrary, their absence or insufficient effect causes auto-immunity or augments
atherosclerosis (229). Tolerogenic DC thus have a therapeutic potential in auto-immune and

inflammatory diseases, and to augment graft lifespan after transplantation.
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1.2.3 DC in cancers
1.2.3.1 Tumor-infiltrating DC

DC are key players of the anti-tumor immune response. As described for infection, DC will be
recruited and activated by danger signals occurring upon tumor-induced tissue-damage
(230). At the initiation of tumor-induced inflammation, DC recruitment from blood into tumor is
controlled by the chemokines that may be secreted by the epithelial cells and/or the resident
innate immune cells (117), (231). DAMP present in tumors are released by the tumor cells or
the normal cells from the underlying tissue that undergo non-apoptotic cell deaths, such as
necrosis or necroptosis. Necroptosis is a sub-type of regulated cell death in which the
plasma membrane is irreversibly permeabilized and has been shown to happen during
treatment by chemotherapy or radiotherapy (232). It is also named “immunogenic cell death”
because of its potential to initiate anti-tumor response (233), (234). DC will uptake abnormal
tumor-derived antigens (230), and present them to T cells in the tumor draining lymph node
after DC maturation and migration (235). As soon as DC have been recruited into the tumor,
an efficient immune response is therefore possible. The existence of tumors are obvious
proofs that these responses are insufficient. Deciphering tumor infiltrating DC will add

knowledge to the complex network of biological events that underlie tumor immune escape.

All main DC subsets described in blood (chapter 1.2.1.4) are found in cancer tissue, to the
exception of pre-DC / AS-DC (71). Additionally, tumors are inflammatory tissues and are
infiltrated by CD14+DC / Mo-DC (236), (237). In tonsil SCC, ¢DC1, cDC2, cDC4 (or BDCA1-
BDCA3-DC) and pDC represent altogether 1.2 +/- 0.8% of CD45+ cells, as compared to
0.7%+/-0.2% in benign tonsil, and cDC1 was the less frequent DC subset (71). In the same
study, the proportion of cDC/pDC ratio was increased in the tumor. These data cannot be
extrapolated to the other locations of HNSCC, because tonsil cancer occur by definition in a
secondary lymphoid organ and not (or not only) in upper-aero-digestive tract mucosa. In
early lung adenocarcinoma, cytometry by time of flight (CyTOF) analyses showed that cDC2
and cDC1 represented 4 % and 0.25% of CD45+ cells respectively. The frequencies of cDC2
were equivalent to the one observed in paired normal lung, whereas the frequencies of cDC1
were significantly decreased (237). These variations of proportions are interesting with
regard to the differential recruitment of subsets, but do not reflect the overall density of cDC
subsets in tumor tissue, since the frequencies of CD45+ cells are increased in tumors as
compared to juxtatumors. We will review the evidence of cDC anti- and pro-tumorigenic

function in cancer. The role of pDC will not be detailed as it is presented in Annex 5.3.
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1.2.3.2 cDC in cancer: teammates of the anti-tumor immune response

cDC1, the cross-presenting DC subset, are considered as the most efficient cell subset to
induce an effector CD8 cytotoxic response, since the experiments performed with tumor-
bearing Batf3-deficient mice models (77), (223), (238). This superiority of cDC1 to cross-
present antigens from necrotic cells has been confirmed in human (72) (239) (240).
Additionally, cDC1 were shown to be, at the RNA level, the main source of the major T cell
attracting cytokines CXCL9 and CXCL10 in a mice model of melanoma, as compared to
cDC2, Mo-DC, macrophages, stroma and tumor cells (241). This observation remains to be
confirmed in human cancer. cDC1 of human malignant tonsil upregulated CXCL10 as
compared to cDC1 from benign tonsil, but the levels of CXCL10 transcripts were not
compared across subsets (71). Given the very low number of tumor infiltrating cDC1, it
seems rather unlikely that CXCL9 and CXCL10 secretion is limited to ¢cDC1 in human
tumors. Beyond cross-presentation human cDC1 can also produce inflammatory cytokine IL-
12 (72). Finally, in the line with the protective role of cDC1 in the context of cancer, tumor
highly infiltrated by cDC1 have been associated to good prognosis in multiple cancers, and in
the TCGA analysis of HNSCC in particular (70).

Cytotoxic anti-tumor CD8+ response is not only due to cDC1 and cross-presentation. First,
human cDC2 may also cross-present (242). Second, cDC1 and cDC2 prime CD4 T cells,
whom support to CD8 T cells has been shown essential in B16 and B78 melanoma mice
models (243), (244), (245), (246). Third, cDC2 overexpress CCL22 and CCL17, two
chemokines attracting more immature DC and CD4 T cells into tumors (237). Four, they
secrete inflammatory cytokines, as shown by MARS-seq single-cell transcriptomics of the
immune infiltrate of an early lung adenocarcinoma and its paired juxtatumor tissue. Two DC
clusters corresponding to cDC1 and cDC2 were identified. cDC2 were shown to secrete the
inflammatory cytokines IL-6, IL-8 and IL-1p at a similar level than CD14+ monocytes. The
same cytokine profile was observed in normal lung tissue, supporting that the immunogenic
potential of DC was maintained in tumor tissue (237). cDC2 have been also been shown to
be an important source of IFN-B, a cytokine that promotes cDC1 cross-presentation (247),
(248). Five, the ability of cDC2 in transporting tumor-antigen to the lymph node was
confirmed in a mice model of melanoma: the percentages of antigen-positive cDC1 and
migratory cDC2 in the tumor draining lymph node were of 10-15% and ~3% respectively
(249). Finally, cDC2 are also important for the anti-tumor immune response occurring locally
in tertiary lymphoid structures (TLS). Both cDC1 and cDC2 overexpressed LT-, a cytokine
associated with TLS (237). The analysis of tumor tissue sections confirmed that DC

colocalized with TLS and T cells. This observation was in the line with the former analysis by
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Dieu-Nosjean et al. of mature DC-LAMP+ DC in TLS from 74 early non-small cell carcinomas
lung cancer (NSCLC) samples (250). High DC-LAMP+/TLS tumors identified patients with a
better prognosis, supporting the beneficial role of tumor-infiltrating DC in the spontaneous
anti-tumor response. Since both studies used DC-LAMP to identify DC by immuno-histo-
chemistry (IHC), the presence of DC-LAMP negative cDC2 in other area of the tumor and

their functional status was not analyzed.

1.2.3.3 ¢cDC in cancer: opponents of the anti-tumor immune response

Having described how DC may protect the host against abnormal tumor tissue in a very
similar manner as in infection, there is also an extensive literature supporting the tolerogenic
role of tumor infiltrating DC (56). Tolerogenic tumor infiltrating DC are considered as pro-
tumorigenic, either by remaining passive and not initiating an efficient immune response, or
even by expressing factors that counteract the function of surrounding anti-tumor immune

cells.

As described in section 1.2.2.2, tolerogenic tumor-infiltrating DC may be recognized by their
low levels of expression of the costimulatory molecules CD40, CD80 and CD86, their low
secretion of pro-inflammatory cytokines, and their increased production of IL-10 and TGF-b
as shown in mice (251), (252) and human DC (253). TGF-B and IL-10 promote Treg
polarization and anergy of antigen-specific effector T cells (251), (252), (253), (254). IL-10
blocking was able to restore DC responsiveness (254). In this line, other studies showed that
IL-10 deficient DC were more immunogenic and able to induce sustained anti-tumor Th1
responses than control DC (255).

Tumor DC-derived indoleamine 2,3-dioxygenase (IDO) is another factor responsible for T cell
immunosuppression (71), (256). IDO is an enzyme that depletes tryptophan available for
surrounding cells and is recognized as a strong immunosuppressor; in particular mice
IDO+DC downregulated CD3zeta chain in CD8 T cells, resulting in impaired cytotoxic
effector function (257).

Tumor cDC2 have also been categorized as tolerogenic because of their poor ability to
present MCH-II-tumor-antigen complex to T cells spontaneously; a soluble peptide
restimulation was required to restore adequate antigen presentation (243), (244).

The overexpression of negative checkpoints ligands on DC was also reported to inhibit T cell
response (258), (259), (260). In human tonsil cancer, cDC2 overexpressed the negative
checkpoints PDL1, PDL2, and LAG, the genes associated to the GOTerm ‘Immune
response_IL-10 signaling pathway’, and downregulated 2 GOTerms associated to NFkB

activation as compared to cDC2 from benign tonsil, supporting the idea of tumor-induced
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immunosuppression (71). Again, this might be specific to cancers developing in the lymphoid

organ that is the tonsil.

Given the evidences of the presence of tolerogenic DC in cancer, the next question would be
to ask which factors are responsible for this phenotype. One mechanism is a DC-Treg loop:
tolerogenic DC promote Treg that in turn promote tolerogenic DC by downregulating CD80
and CD86 on DC after TCR engagement via CTLA-4 (261). Also, DC and Treg derived IL-10
reduce DC expression of MHC-II, costimulatory molecules and secretion of IL-1B, IL-6, IL-12
and TNF (169). IL-10 is the TME may also be produced by macrophages, and similarly inhibit
the production of IL-12 by DC, as shown for CD103+ DC in a mice model of mammary
carcinoma (262). IL-10 exerts its tolerogenic effect on DC by inhibiting TLR, TNF-a, and IFN-
y signaling in DC (169).

Besides IL-10, other DC tolerogenic inducers were identified in tumors, such as
mesenchymal Stromal Cell-Derived Extracellular Vesicles (263), PGE2 (264), VEGF (265),
CSF-1 (266), GDF-15 (267), RANKL (268). It is important to mention that Mo-DC and not
primary DC were used in these 6 studies (263) (264) (265), (266), (267), (268).

Finally, abnormalities in metabolisms induced by the hypoxic TME is also a factor that may
promote tolerogenic DC. In vitro experiments using a peptide-pulsed Mo-DC co-cultured with
CD8+Tcells showed that lactic acid decreased the ability of Mo-DC to produce IL-12, but not
IL-10, and inhibited CD8+T cell proliferation (269). In a mouse model of ovarian cancer,
tumor infiltrating DC activation was inhibited by a XBP1-dependant triglyceride biosynthetic
program induced by the tumor micro-environment (270).

Altogether, these data support the presence of tolerogenic DC in tumors, but ex vivo data
from human tumor infiltrating DC compared to normal-tissue resident DC, and on TME-

derived tolerogenic factors are sparse.

1.2.3.4 cDC in cancer: 2 sides of the same coin

It seems difficult to conciliate the important number of evidences supporting the anti- and
pro-tumorigenic effect on cDC. NFKkB is an important factor in the regulation of DC maturation
and subsequent function. Although initially associated to the host protection, NFkB may also
act as a mediator of anti-inflammatory functions, as reviewed by Pires et al. in “NF-kappaB:
Two sides of the same coin”, hence the title of this paragraph. In human, there are some
evidence that tumor infiltrating DC harbor simultaneously immunogenic and
immunosuppressive features. Michea, Noél et al. performed transcriptomic analysis of triple

negative breast cancer APC and showed that the Gene Ontology (GO) Terms, ‘chemokine
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activity’, ‘cytokine activity’, ‘cytokine receptor binding’ and ‘IL-10 signaling’ were shared by
cDC2s and CD14+, supporting the simultaneous expression of pro and anti-inflammatory
cytokines (236). Using a similar approach in human tonsil cancer, cDC1 were shown to
simultaneously upregulate the genes associated to the GO Terms pro-inflammatory ‘Immune
response_|FN-alpha/beta signaling via JAK/STAT’ and ‘Immune response_T regulatory cell-
mediated modulation’ including the negative immune checkpoint LAG3 (71).

Similarly, in the same study, BDCA1-BDCA3- DC (cDC4) overexpressed both
immunostimulatory genes as IRF1 or STAT1 and the immunosuppressive /IDO1. IDO that is
considered as a strong immunosuppressive factor is also in fact required for DC maturation,
chemokine secretion and chemokine receptor expression, thus moderating the negative role
of IDO on DC in the TME (271). PGE2 induced tolerogenic DC (264), but was also able to
rescue the impairment in CCR7/CCL19 upregulation on DC caused by prostate cancer cell
line-derived factors (272).

In summary, DC are protective against cancer, but the complex biological network present in
the TME also limits their full immunogenic potential. Combined therapeutic approaches
counteracting the different factors inducing tumor tolerance are required and would need to

be selected on fine analysis of human DC subsets in each specific context.

1.2.3.5 DC as therapy

Given their key role in anti-tumor immune response, several approaches using DC as a
therapeutic tool have been proposed and tested. DC may be used directly as a cell therapy.
In this case, autologous DC (or monocytes) are obtained by leukapheresis and modulated
(and/or differentiated), expanded and pulsed or fused with specific targets in vitro, before
being injected to patients (273). Such treatments have been proposed for cancer and auto-
immune diseases (NCT02618902). One example is the sipuleucel-T vaccine that obtained
approval for prostate cancer (274). DC cell therapy is limited by its cost, but also by the fact
that the DC activation phenotype obtained in vifro may not be stable during cell transfer
limiting the efficacy. A recent meta-analysis including 6 clinical trials testing DC pulsed with
prostate-specific membrane antigen in metastatic castration-resistant prostate cancer
patients failed to show a benefit on survival (275). Several trials with combination therapies
are ongoing with sipuleucel-T (NCT03024216, NCT01818986) and other DC-based vaccines
in other indications (NCT02479230). Sipuleucel-T is produced with PBMC cultured with
tumor peptide but does not isolate one or several APC subtypes. To the contrary, other

phase | trials tested DC vaccination with specific DC subsets, which were injected intra-
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nodally, in HLA-A*0201 patients presenting with metastatic chemo-resistant melanoma
expressing gp100. A first trial used autologous sorted blood pDC activated overnight with IL-
3 and subsequently with FSME-IMMUN (a vaccine against tick-born encephalitis) and then
loaded with tumor peptide (276). Another phase | trial successfully achieved vaccination with
3 to 10 million sorted autologous CD1c positive primary DC. cDC were cultured overnight in
X-Vivo with human serum and GM-CSF for maturation, and then loaded with the tumor
peptide shortly before injection (277). As observed with checkpoint blockade, 4 out of 14
patients presented prolonged clinical responses in this phase 1. A phase 3 trial is currently
testing a vaccine made of autologous sorted pDC and cDC in melanoma (NCT02993315). A
phase 1 ftrial is currently testing personalized vaccines using autologous DC pulsed with
autologous whole tumor cell lysate and injected intra-nodally in patients with advanced solid
tumors and high tumor mutation burden (NCT03671720).

An alternative approach to cell therapy is the DC targeting in vivo via activating receptors and
pathways. We will only detail here the current clinical use of PRR and TLR agonists, as an
introduction for the study presented in result section 3.1. However, other activators are being
used or under evaluation such as cGAS-STING pathway activators (278), (279), (280)
(NCT02723955), DEC-205 ligands (NCT02166905) (207), DC-SIGN ligands (40), and
aluminum salts or saponins that activate the NLRP3 inflammasome (281). These activators
may be used either as adjuvants for peptide-based vaccine or may be applied on or injected
in tumors. It must be kept it mind that these adjuvants may also interact directly with other
cells types, such as cGAS-STING activators that have a direct effect on T lymphocytes (282).
Imiquimod (R848) is a TLR7/8 ligand used routinely for basal cell carcinoma. Salmon et al.
showed an optimal anti-tumor effect by activating cDC1 with a cocktail FLT3L and Poly I:C
combined to anti-PDL1 in a B16 melanoma mice models (238). In the same model, Desch et
al. further showed that Poly I:C activated cDC1 and R848 activated cDC2, and that both
were able to induce a cytotoxic T cell response (284). A similar approach with intra-target
lesion injection of FLT3 and Poly |:C, combined with 2Gy radiation therapy, was used in a
pre-clinical model and in a phase | clinical trial including patients presenting with treatment-
resistant indolent non-Hodgkin's lymphomas (NCT01976585) (283). In both mice and
human, accumulation of intra-tumoral cDC1 and cDC2 was observed with this in situ
vaccination strategy. Another study in mouse models of fibrosarcoma, lung carcinoma and
B16 melanoma, showed that peri-tumoral injections of CpG-ODN controlled tumor growth
and that this effect was mediated by NK cells and CD8 T cells. The presence of mature
migratory DC was demonstrated, but the possible role of CD4 T helper cells as an
intermediate for CD8 T cell activation was not studied (285). In mouse models of colon and

kidney cancers, weekly peri-tumoral CpG injections associated to radiotherapy could achieve
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complete cure of established tumors and even induce an abscopal effect on simultaneous
untreated contralateral tumors (286). That said, CpG is a TLR9 ligand, and TLR9 is not
expressed on the same DC subsets in mice and in human, limiting the straightforward clinical
translation of these results. Finally, a study in advanced melanoma patients showed
promising results and an overall response rate of 38% with TriMixDC-MEL and ipilimumab.
TriMixDC-MEL combines Mo-DC-based cell therapy with a TLR4 signaling by
coelectroporating constitutively activated TLR4, CD40L and CD70 (287).

In addition to pharmaceutical TLR agonists, chemotherapy and radiotherapy are also able to
promote DC recruitment and maturation. In several mice model of solid cancers, Ma et al.
demonstrated that anthracycline-based chemotherapy induced the recruitment of cDC2 into
tumors and that it was due to ATP binding on DC purinergic receptors, ATP having been
released by dying tumor cells (288). In colon, lung and melanoma mouse models,
radiotherapy induced the upregulation of CD70 and CD86, but not of MHC-II, on ¢cDC2 and
induced a CD8+ T cell mediated anti-tumor immune response. CD4+T cell were dispensable
in this study (289). Radiotherapy was shown to activate the immune system in multiple ways,
such as the activation of the cGAS-STING pathway, the induction of chemokine production
and the upregulation of integrins (290). In this line, dozens of clinical trials are currently
evaluating various combinations of radiotherapy and immunotherapy in many different
cancer types (291). However, radiotherapy also has immunosuppressive effects, and in
particular was shown to down-regulate CD80 and CD86 and DC (292).
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2. OBJECTIVES OF THE THESIS

DC biology is now a knowledge-rich field, particularly in mouse DC and human blood DC
biology. As presented in the introduction, some debate remains on DC maturation states.
Moreover in vivo mouse models and even some clinical trials have shown that DC are a
highly valuable target for immunotherapy in cancer and other diseases, and that DC
maturation state is the key for DC-based treatment efficacy. Knowledge on human HNSCC
tumor infiltrating DC is scarce and does not allow to anticipate how to modulate tumor DC as

therapy.

The objective of my thesis was to describe in a high-resolution approach the molecular state
of tumor infiltrating DC and their relation to the tumor microenvironment.

We wanted to address several questions:

- Which DC subsets infiltrate HNSCC and in which proportions?

- What is their expression of maturation marker and of positive and negative immune
checkpoints?

- What is the relationship between tumor infiltrating DC frequencies and states and the other
tumor immune subsets?

- Which mechanisms shape DC maturation states in the TME?

- Are there patterns of tumor immune infiltration?

- What is the association between tumor immune cell infiltration and the soluble TME?

- Which TME parameters are associated to prognosis?

- Can we identify potential therapeutic targets and/or theragnostic markers?

To do so, we took advantage of the human clinical samples available at the Institute Curie,
provided by the surgical oncology and the pathology departments, from surgical specimens
of willing patients. We analyzed DC subsets, their maturation markers and checkpoint
expression, other myeloid cell subsets, and T cell subsets in primary HNSCC by flow
cytometry. In parallel, we completed our biobank of tumor-derived secretome that had been
initiated several years ago in our team, to obtain multiplex analysis of soluble molecules
relevant to multiple cancer pathways. | wanted to obtain paired flow cytometry and soluble
TME data to perform integrated analysis. This joint DC-focused and multiparametric

approach of the TME was the starting point to understand HNSCC DC in their tumor context.

We developed a multicolor flow cytometry antibody panel optimized for DC subsets and |

took advantage of the expertise of the clinical immunology team of Olivier Lantz for the T cell
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antibody panel. First, | discovered the difficulty of working the limited resource that are fresh
human tumor samples. Then, | had to handle the analysis of the medium throughput data
obtained by immuno-monitoring. For this reason, | trained to use the recent Qlucore
software, aimed at helping non-bioinformatician researchers to explore sequencing data. |
thought to apply to my flow cytometry dataset the methods that are usually dedicated to RNA
sequencing analysis, such as unsupervised analyzes and clustering. With this approach, |
have been able to identify an important role for the frequency of CD3+ T cell in the “structure”
of my dataset. With this observation and the extensive literature available on the role of
tumor infiltrating T cells, | finally selected this parameter for the supervised analyzes. | was
then able to observe that DC subsets in CD3 high inflamed tumors presented with a constant
pattern of high PDL1 and very low ICOSL expression. This pattern was opposed to blood DC
and to DC from non-inflamed tumor, that had an intermediate expression of ICOSL and a low

expression of PDLA1.

This observation lead me to use a valuable resource of the team created by Maximilien
Grandclaudon aimed at elucidating DC phenotype and T cell modulation after DC exposure
to many different stimuli in vitro (293). The initial scope of this database was the
mathematical modelling of cell-cell communication. | approached it in a new way, with the
perspective of PDL1 and ICOSL, the 2 molecules identified from tumor samples. Doing so, |
identified 2 opposite patterns of matured DC, which we labelled “secretory” and “helper”.
Transcriptomic analysis of sorted HNSCC samples allowed us to confirm the relevance of
this new classification of DC maturation state in human tissue. The corresponding

manuscript that will soon be submitted is presented in the results section 3.1.

In parallel, | could obtain paired flow cytometry data and soluble data for 18 samples. | was
able to confirm the expected association of T cell infiltration with the levels of soluble CXCL9
and CXCL10. This observation was important to validate this original primary-tumor derived
secretome approach. Comparison of tumor and juxtatumor tissue revealed many deregulated
proteins that were all candidate biomarkers. | used my medical skills to select the best
clinical setting to pursue with prognosis biomarker discovery and identified soluble MMP2 as
a predictive of poor prognosis in oral cavity cancer patients. | designed a large validation
cohort to confirm this finding. My objective then was not only to validate the value of MMP2,
but also to evaluate if there was a relation between patients’ prognosis and the expected
response rates to immunotherapy by measuring genes of a published predictive signature.
This biomarker study based on an unsupervised analysis of primary tumor secretome has

been submitted to Clinical Cancer Research and is presented in the results section 3.2.
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3. RESULTS

3.1 PDL1 AND ICOSL DISCRIMINATE HUMAN SECRETORY AND HELPER
DENDRITIC CELLS

Article available at https://doi.org/10.1101/721563
Abstract

Dendritic cells (DC) are described as immature at the steady state, with a high antigen
capture capacity, turning into a mature state with a strong T cell stimulatory capacity upon
activation. Using 16 different stimuli in vitro (130 observations), we describe two states of
human activated dendritic cells. PDL1highlCOSLIlow “secretory DC” produced large amounts
of inflammatory cytokines and chemokines but induced very low levels of T helper (Th)
cytokines following DC-T co-culture; conversely PDL1lowlCOSLhigh “helper DC” produced
low levels of secreted factors but induced high levels of Th cytokines characteristic of a
broad range of Th subsets. Secretory DC were phenotypically identified in T cell inflamed
primary head and neck squamous cell carcinoma. RNAseq analysis showed that they
expressed a typical secretory DC signature, including CD40, PVR, IL1B, TNF, and CCL19.
This novel and universal functional dichotomy of human DC opens broad perspectives for the

characterization of inflammatory diseases, and for immunotherapy.
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INTRODUCTION

Dendritic cells (DC) have a key role in initiating and polarizing the immune responses,
including anti-tumor immunity (1). Immature DC patrol in tissues and have a low expression
of costimulatory molecules. Following antigen stimulation, they mature and acquire a strong
T cell stimulatory capacity (2). So far, mature DC have been classified as immunogenic when
they induced T effectors and secreted IL12 and IL1b, or tolerogenic when they induced
regulatory T cells and secreted IL-10, TNF and TGFb, or no cytokines (3), (4), (5), (6). In
cancer, it is considered that factors derived from the tumor microenvironment induce
tolerogenic DC (7), (8), (9). However, most studies have been realized using a limited
number of stimuli, mostly in mice models or in vitro with human monocyte-derived DC (10),
(11), (12). Furthermore, the phenotype and function of tissue infiltrating DC in human
remains largely unknown. Our aim was to decipher the mechanisms regulating DC
phenotypes and to understand their associated function, with a physiopathological relevance

in human cancer.

RESULTS

To determine the phenotypic heterogeneity of DC infiltrating cancer tissue and its relation to
the other immune cell types, we analyzed by flow cytometry 22 fresh head and neck
squamous cell carcinoma (HNSCC) samples. Here, we show that the frequencies of tumor
infiltrating CD3 T cells were positively associated to the frequencies of DC and to PDL1
expression on CD11c+HLA-DR+ cell subsets, and negatively associated to the frequencies
of neutrophils and of ICOSL expression on the same cells (Fig1). We used 2 different
antibody panels analyzing T cell subsets (Fig S1A) and myeloid cells subsets (Fig 1A, 1B). In
the myeloid panel, CD45+, Lineage- (CD3, CD19, CD56) cells were analyzed by their
expression of CD11c and HLA-DR. The double positive population was separated into four
populations by their expression of CD14 and BDCA1, and included the monocytes and
macrophages (MMAC), the CD14+DC, the cDC2 (BDCA1+CD14-) and the double negative
population enriched in cDC1 (cDC1e) (Fig S1B). Plasmacytoid DC were gated as CD11c-,
HLA-DR+, CD123+. We extracted a total of 434 parameters. We found a large variation of
CD3 infiltration across tumors ranking from 1% to 61% (Fig 1C). In order to identify the
parameters associated to tumor inflammation, we defined 3 groups of equivalent sizes
labeled “CD3 High” (n=8), “CD3 Int” (n=6), and “CD3 low” (n=8). To avoid bias, we used a
sub-list of 81 non-redundant parameters among the 434 measured, meaning that each

population was expressed only in percentage of its parental population (Table 1). CD3 high
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tumors were significantly enriched in cDC2, cDC1e, pDC and in PDL1 expressing MMAC
and cDC1e. Conversely, CD3 low tumors were enriched in Lin-DR- cells (mainly neutrophils,
see Fig S1C), macrophages, and ICOSL expressing CD11c+HLA-DR+ cells (Fig 1D, 1E,
1F). The levels of expression of PDL1 and ICOSL in the four CD11c+HLA-DR+ subsets were
highly correlated in all tumor samples (Fig S1D). CD11c+HLA-DR+ cell subsets in CD3 low
tumors expressed intermediate levels of PDL1 and ICOSL and were closer to the expression
observed on their blood counterparts than the same subsets in CD3 high tumors, which
upregulated PDL1 and downregulated ICOSL (Fig 1E). Thirteen out of the 16 significant
parameters were obtained from the myeloid cell panel (Fig 1D), showing that there were
fewer variations in the percentages of the various T cells subsets related to CD3 infiltration
levels. For example, the proportion of regulatory T cells among the CD4+ T cells were 34%,
35% and 41% in the CD3 High, Int and Low groups respectively. Finally, to determine if any
combined parameter, ratio or clinical variable was highly efficient at discriminating the 3
groups, we performed an elastic net model including the all the 434 parameters and 14
clinical parameters (Table 2). We found that the intermediate expression of ICOSL on
CD11c+HLA-DR+ cell subsets was highly characteristic of the CD3 low group (Fig S1E).
Only parameters directly linked to T cell infiltration (percentages of T cell subsets in live cells)
were found in the high CD3 group. In summary, we showed that CD3 inflamed tumors were
more infiltrated by DC subsets that expressed higher levels of PDL1 than in non-inflamed
tumors, and that PDL1 and ICOSL expressions on DC and macrophages were opposed (Fig
1D, Fig S1D).

To identify candidate stimuli that could be responsible for the PDL1/ICOSL expression
patterns and to further understand the subsequent functional implications, we took
advantage of a DC-T cell dataset from Grandclaudon et al. (13). We used the existing data
on primary blood CD11c+HLA-DR+ DC and generated supplementary experiments and
analysis. Briefly, blood DC were activated for 24 hours by 16 different types of perturbators
and analyzed for their expression of 29 surface markers (n=154 data points), and their
secretion of 32 chemokines and cytokines (n=130 data points). The remaining cells were co-
cultured with allogenic naive CD4 T cells for 6 days and we measured the expansion fold.
After 24h of restimulation by anti CD3/CD28 we measured 17 T helper cytokines (Fig 2A).
We confirmed the anti-correlation of PDL1 and ICOSL expression (Fig2B). Three main
groups of responses were observed: (i) PDL1high and ICOSLIow, like on ex vivo cDC2 from
inflamed tumors; (ii) PDL1low and ICOSLhigh, and (iii) medium-like PDL1 low and ICOSL
low (Fig 2B). Co-expression of both PDL1high and ICOSLhigh was a rare profile and was not
observed for very high expression levels. ICOSL expression was null when PDL1

expression reached its highest levels. We used an unsupervised approach by t-SNE of the

53



29 surface markers to verify that PDL1 and ICOSL were relevant markers to discriminate the
various DC phenotypes observed in vitro. We observed that PDL1 high cells clustered
together and were distinct from ICOSL high cell clusters and from PDL1 low ICOSL low
cluster, the latter including most Medium-DC conditions (Fig 2C). The DC perturbators
inducing a majority of PDL1 high ICOSL low cDC2 were R848, Zymosan, HKSA and HKLM,
while the ones inducing a majority of ICOSL high PDL1 low cDC2 were TSLP, GM-CSF and
Flu (Fig 2C, Table 3). To pursue the analysis of the different functions of these DC
phenotypes, we defined 4 groups of activated DC by their PDL1 and ICOSL expression (Fig
2B). First, we analyzed the 29 surface markers in these 4 groups and in Medium-DC: PDL1
High ICOSL low DC co-expressed PVR, PDL2, Nectin2, CD54, and CD40, with Spearman
correlation coefficients of 0.8, 0.75, 0.66, 0.64 and 0.62 respectively (Fig2D, 3E, Table 4).
ICOSL high PDL1 low DC did not have any correlated molecule with a Spearman correlation

coefficient superior to 0,5.

Next, we analyzed the secretion of 32 DC derived cytokines and chemokines, and 17 T
helper cytokines secreted by naive CD4 T cells after 6 days of co-culture (Fig 3A, Table 5,
Table 6). PDL1 high ICOSL low secreted the largest amount of most cytokines measured,
such as TNF-a, IL-1a, IL-1b, IL1-RA, IL-6, IL-10, IL-12p40, IL-23, IL-27, CCL19, BCA1,
MIP1a, as compared to both PDL1 low ICOSL high DC and to Medium DC, but they did not
induce more secretion of T helper cytokines by naive CD4 T cells than Medium-DC (Fig 3B).
Conversely, it was the PDL1 low ICOSL high DC that induced the highest activation of T cells
as measured by the high expression of most CD4 T helper cytokines after co-culture, without
a clear T helper polarization (Fig 3A, 3B, S3A, S3B). Therefore, we labeled PDL1 high
ICOSL low DC the “secretory DC” and PDL1 low ICOSL DC the “helper DC”, both being
different activated profiles, distinct from previously described tolerogenic DC. “Helper” DC
increased very significantly the secretion of Th2 cytokines, IL-10, IL-3 and IL-9 by the CD4 T
cells as compared to “secretory” DC, whereas IL-2 and IFNg were only mildly increased.
There was no significant difference for Th17 cytokines. T cell proliferation was increased by

both “secretory” and “helper” DC as compared to medium DC (Fig S3C).

To further characterize the changes occurring during DC activation in the context of cancer,
we performed RNA sequencing of cDC2 sorted from HNSCC or blood and identified 882
differentially expressed genes (DEG): 639 increased in tumor cDC2 and 243 in blood cDC2
(Fig 4A, Table 7 for donors characteristics and Table 8 for DEG). Due to the minimal number
of cells required for this experiment, inflamed tumors highly infiltrated by DC were
necessarily selected (Fig S4A). In parallel, we compared transcriptomics data of cDC2
activated with pRNA, a TLR7/8 ligand expected to induce “secretory” DC or GM-CSF a

54



“helper” DC2 inducer (Fig 4B) from GSE89442 (14). Using both comparisons of the stimuli
together and towards unstimulated blood cDC2, we defined the “secretory” and “helper”
signatures including 1473 and 1277 genes respectively (Fig 4C, Table 9). Among the 639
genes upregulated during tumor-induced maturation, 135 (21%) were shared with the
“secretory” signature and only 64 (10%) with the “helper” signature, the 440 (69%) remaining
genes being tumor-specific (Fig 4D). Using supervised lists of genes coding for checkpoints
and maturation markers (Fig 4E left, Table 10), cytokines and chemokines (Fig 4E center,
Tables 11 & 12), and of the NFkB pathway (Fig 4E right, Table 13), we confirmed that tumor
cDC2 shared the majority of the genes with the pRNA “secretory” condition (Fig 4F). cDC2
overexpressed CD274/PDL1, and several other “secretory” specific markers identified
previously at the protein level, such as PDCD1LG2/PDL2, PVR, IL1B, IL12B, IL23A, TNF,
and CCL19, and also other negative checkpoints such as /IDO1, IDO2, and HAVCR2/TIM3,
and the migration marker CCRY.

Since the concept of immature versus mature DC, and their respective roles in immune
regulation, attempts have been made to identify classes of mature DC, such as “fully

[T LI T LT} ”

mature”, “immunogenic”, “inflammatory”, “semi-mature”, “tolerogenic” (3). These suffer from
several limitations: 1) they lack a clear and consensual definition, 2) they lack universality
and specificity, i.e many DC do not fall into any of these categories or may fall into multiple.
In this study, we report on a novel classification of human activated DC that mature either as
“secretory” DC or as “helper DC”, recognizable by their opposed PDL1 and ICOSL
expression. Each phenotype is induced by some specific stimuli, but not restricted to a single
receptor pathway (Table 3). Tumor infiltrating cDC2 in inflamed HNSCC have the phenotypic
signature of “secretory” DC. In blood and in non-inflamed HNSCC, DC have an immature
phenotype (Fig 5). These observations have several applications for immunotherapies
modulating DC in cancer and inflammatory diseases, such as DC stimuli used directly, or for
DC-based vaccines, or even for standard cancer treatment that will increase danger signals
in the tumor microenvironment. For example in cancer, the stimuli inducing “secretory DC”
should be used in combination with anti-PD(L)1 antibodies, when it is not planned in some
upcoming trials (NCT02320305, NCT03742804, NCT02180698), and the stimuli inducing
“helper DC” could be used to increase the T cell response via polyfunctional Th cytokine

profiles.
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METHODS

Human samples and patient characteristics

Fresh samples of HNSCC tumor tissues and blood of untreated patients with head and neck
cancers were obtained from the pathology department of the Institut Curie hospital in
accordance with the ethical guidelines, with the principles of Good Clinical Practice and the
Declaration of Helsinki, and with patients consent. Patient characteristics for the flow
cytometry cohort (Fig.1) and RNAseq cohort (Fig.3) are summarized in Supplementary
Tables 2 and 7, respectively. Fourteen of 22 the patients of the FACS cohort were included
in the clinical trial SCANDARE NCT03017573.

Single-cell suspensions

Tumor tissues were mechanically and enzymatically digested in CO2-independent medium
(Gibco) containing 5% FBS (HyClone). Enzymatic digestion consisted of three rounds of 15
min of incubation with agitation at 37 °C, separated by pipetting, with 2 mg/ml collagenase |
(C0130, Sigma), 2 mg/ml hyaluronidase (H3506, Sigma) and 25 pg/ml DNAse (Roche). The
samples were filtered on a 40-uym cell strainer (Fischer Scientific) and were diluted in PBS 1X
(Gibco) supplemented with EDTA 2 mM (Gibco) and 1% de-complemented human serum
(BioWest). After centrifugation, cells were suspended in the same medium and were counted
by trypan blue before being assessed by flow cytometry or sorted. PBMC were isolated from

blood samples using FICOLL (GE Healthcare) gradient centrifugation.

Antibodies, flow cytometry and cell sorting

Single-cell suspensions from digested tumor and from blood were stained with antibodies
(Table 14) for 15 min at 4°C. After washing step, cells were analyzed or sorted directly,
immediately after having added DAPI (Miltenyi Biotec) for dead cells exclusion. Flow
cytometry phenotyping was performed on BD LSRFortessa Analyzer. Cell sorting for the
RNA-seq experiment were performed on BD FACSAria Il using the purity and low-pressure
mode, and a 100-uym nozzle. DC subsets and MMAC were sorted in Eppendorf tubes
containing TCL buffer (Qiagen) supplemented with 1% B—mercaptoethanol (SIGMA) before
RNA extraction, as decribed in Michea P, Noél F et al. (15).

In vitro analysis

Material and methods are described in detail in the resource paper from Grandclaudon et al.
(13). As compared to the resource paper containing 118 data points for primary blood
CD11c+HLA-DR+ cells (referred to as bDC), we generated supplementary experiments and

analysis to specifically address our question. We added 36 data points for the analysis of
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surface markers (leading to a total of 154 data points) among which 12 for the analysis of DC
secreted cytokines and chemokines and of the T helper cytokines (leading to a total of 130
data points). Extra data points included: Curdlan 10ug/ml (n=1), Flu (1X) (n=3),
Flu(1X)+TSLP(50ng/ml) (n=3), HKSA (MOI10) (n=3), GM-CSF 50ng/ml (n=4), LPS (n=3),
Medium (n=9), Poly I:C 50ug/ml (n=4), R848 1ug/ml (n=3), TSLP 50ng/ml (n=3), for a total of
29 blood donors. The antibodies used for the checkpoints and maturation markers analyzed
by flow cytometry are listed in Table 4. For the DC secreted cytokines and chemokines, we
measured 24 supplementary cytokines and chemokines. IL1a, IL1b, IL6, IL10, TNF-a and
IL12p70 were measured by cytometry bead assay flex set (CBA) and we added the measure
of IFNa. IL23 and IL28a were measured by Luminex and we added the measure of APRIL,
BCA1, CCL19, CXCL11, CXCL16, CXCL9, Eotaxin2, 1309, IFNb, IL12p40, IL16, IL1RA, IL27,
IL29, IP10, MCP1, MCP2, MCP4, MIP1a, RANTES, TARC, TRAIL, YKL40 (Table S5). The
17 T helper cytokines were analyzed by CBA or Luminex (Millipore) (Table 6), similarly to the

resource paper.

RNA extraction, sequencing and data pre-processing

Material and methods are described in detail in the resource paper (15). Briefly, single Cell
RNA Purification Kit (Norgen Bioteck) was used for RNA extraction, including on-column
DNase digestion (Qiagen), as described by the manufacturer's protocol. RNA integrity was
controlled with a RNA 6000 Pico Kit (Agilent Technologies) in BioAnalyzer. cDNA was
generated with SMARTer Ultra Low input RNA for lllumina Sequencing-HV (Clontech),
following manufacturer’'s protocol with 14 cycles for amplification. Quality controls were
performed with Qubit dsDNA high sensitivity (Thermofisher) and an Agilent Bioanalyzer using
nanochip (Agilent Technologies). Multiplexed pair-end libraries 50nt in length were obtained
using Nextera XT kit (Clontech). Sequencing was performed in a single batch with lllumina
HiSeq 2500 using an average depth of 15 million reads. Library, sequencing and quality
controls were performed by the NGS facility at the Institut Curie. Reads were mapped to the
human genome reference (hg19/GRCh37) using Tophat2 version 2.0.14. Gene expression
values were quantified as read counts using HTSeqg-count version 0.6.1. Genes with less
than one read count in at least one sample were filtered out and. The remaining raw data
were normalized and analyzed using DESeqg2 R package. Differentially expressed genes
were obtained with an adjusted p-value of 0,10. The supervised list of genes used in Fig 4D
were established by including all markers analyzed at the protein level in the in vitro analysis
and by adding other known checkpoints and maturation markers, cytokines and chemokines
from literature search. The NFkB pathway genes list was established by literature search.
Data availability. RNA-seq data that support the findings of this study will been deposited in
the NCBI Sequence Read Archive (SRA).
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Analysis of Flow cytometry data

We measured a total of 434 parameters including 52 cell/cell ratios. We established a sub-list
of 81 non-redundant parameters, meaning that each population was expressed in
percentage of its parental population. The list of 81 parameters was used in Fig 1D, and the
list of 434 parameters enriched wit 14 clinical parameters was used for the elastic net model
in Fig S1D. The elastic net model was performed using R software, a Lambda at 1SE, and

an alpha of 0,5.

Statistical analysis

Statistical analyses of flow cytometry data (Fig1) and in vitro analysis (Fig2, Fig3) were
performed using ANOVA or Kruskal-Wallis tests for parametric and non-parametric data
respectively, with Qlucore and GraphPad Prism 8 (GraphPad Software Inc.) softwares. Data
were considered significant for adjusted p-values after Tukey or Dunn’s tests superior to

0.05. t-SNE was performed using Qlucore software and a perplexity of 15.
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Fig1. T cell infiltration is associated to DC infiltration and PDL1 & ICOSL expression

on CD11c+HLA-DR+ cell. Phenotypic characterization of 22 human HNSCC primary tumor-
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infiltrating cells. A. Multicolor flow cytometry analysis scheme. B. Myeloid cell panel gating
strategy for the CD45+CD3-CD56-CD19- compartment. C. Percentage of CD3 positive cells
among live cells. D. Anova test between CD3 high, int and low, showing only the 16
significant variables among the 81 analyzed. E. Representative staining of PDL1 (right) and
ICOSL (left) in CD11c+DR+ cells in a representative CD3 high tumor (top), CD3 low (middle)
and blood from a healthy donor (bottom). F. Quantification of cell populations in percentages

of their parental population in the 3 groups of CD3 infiltration.
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Figure 2
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Fig 2. PDL1 and ICOSL expression on CD11c+DC were exclusive and PDL1 high DC
overexpress PVR, Nectin2, CD54, CD40 and PDL2. A. Methods for the in vitro analysis of
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primary blood DC. B. Expression of PDL1(x) vs ICOSL(y) on DC at H24. Individual tests
were annotated according to their expression of PDL1 as high/low and ICOSL high/low with
the thresholds of specific MFI at 3500 and 1000 respectively. C. T-SNE of the 29 surface
markers colored by stimuli (left), PDL1 specific MFI (center) and ICOSL specific MFI (right)
using Qlucore software. D. Heatmap representing the expression of the 29 surface markers
in the 4 groups defined by PDL1 and ICOSL in “B”, and in Medium condition. Multigroup
comparison by Kruskal-Wallis test and Tukey post-hoc test. Only the variables significant at a
p-value < 0,05 are represented and ordered by increasing g-value (max g-value = 0,046),
among 130 individual experiments. E. Correlation of PDL1 (x) with PVR, Nectin2, CD54,

PDL2 and CD40 (y). « r » values are Spearman correlation coefficients.
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Figure 3
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Fig 3. PDL1 and ICOSL expression pattern characterize “Secretory” and “Helper” DC.
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A. Heatmaps representing the cytokines and chemokines secreted by the DC measured in
H24 supernatants (top), and the CD4 T helper cell cytokines measured after co-culture
(bottom) in the 4 groups defined by PDL1 and ICOSL expression and Medium condition.
Only the variables significant at a p-value < 0,05 after Kruskal-Wallis multigroup comparison
and Tukey post-hoc test are represented and ordered by increasing g-value (max g-value =
0,035 (top) and 0,055 (bottom)), among 130 individual experiments. Cells in grey are missing
values. B. Quantification of cytokines and chemokines secreted by the DC (top row) and of
the CD4 T helper cell cytokines (2 bottom rows) in the Medium, PDL1 high ICOSL low and
PDL1 low ICOSL high conditions.
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Figure 4
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Figd. RNAseq of tumor vs blood cDC2 confirms that T cell inflamed HNSCC are
infiltrated by “secretory” DC. A. Analysis of differentially expressed genes (DEG) by
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DESeq2 between HNSCC tumor (n=6) and blood cDC2 (n=3). B. Analysis of DEG from
dataset GS87442 by DESeq2 between unstimulated cell and pRNA, a TLR7/8 ligand (left) or
GM-CSF (center) and pRNA vs GM-CSF (right). C. Venn diagram of upregulated genes
identified in “B”. The blue and the yellow-colored area contain the genes of the “secretory”
and “helper” signatures respectively. D. Venn diagram of the 639 tumor ¢cDC2 upregulated
genes with the “secretory” and “helper” signatures defined in “C”. E. Supervised analysis of
the 135 genes shared between tumor & pRNA “secretory” signature (light blue), 440 tumor
specific genes (black) and the 64 genes shared between tumor & GM-CSF (yellow), using 3
gene lists: checkpoint and maturation markers (left, 148 genes), cytokines and chemokines
(center, 169 genes), NFKB pathway (right, 100 genes). F. Expression of selected genes in
cDC2 from tumors and blood of HNSCC patients.
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Figure 5
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Fig.5 Schematic representation of DC activation into “helper” and “secretory”

phenotypes
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FigS1B. Left: Flow cytometry staining for BDCA3 expression in 4 cell populations in a
HNSCC primary tumor. This tumor was selected for its high level of cDC1 infiltration. Right:
Percentages of cDC1, gated as BDCAS3 high, in the cDC1e gate (n = 6 tumors).
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Fig S1C. Flow cytometry staining showing CD15 expression in Lin-HLADR- population. Most
Lin-HLADR-CD11c+ cells are CD15+, therefore having a neutrophil phenotype.
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Fig S1D. Heatmap representing the expression of PDL1 and ICOSL in the 4 subsets of
CD11c+HLA-DR+ cells in the 22 HNSCC samples, ordered by the level of CD3 infiltration
from the lowest (left) to the highest (right).
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Fig S1E. Elastic net model of the 434 parameters measured by flow cytometry and 14
clinical parameters in the 22 HNSCC, showing the parameters the most representative of
CD3 Low, CD3 Int and CD3 High tumors. The “Live” gate was established by selecting the
live cells among a parental gate of all the cells in the FSC-A versus SCC-A graph, excluding
only the debris and red blood cells. The “Live Lymphocyte” gate was established by selecting

the live cells among a parental gate of cells having the FSC and SCC levels corresponding to

lymphocytes only.
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Fig S3A. Quantification of cytokines and chemokines secreted by the DC, in the Medium,
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Fig S3C. T cell expansion at day 6 of DC-T co-culture in the Medium, PDL1 high ICOSL low
and PDL1 low ICOSL high conditions.
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FigS4A. Flow cytometry sorting strategy for RNA sequencing of blood and tumor infiltrating
cDC2, selected as CD45+, CD3-, CD19-, CD56-, CD11c+, HLA-DR+, CD14-, BDCA1+. Plots

from a representative donor.
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Table 1

Cell populations

T cells Panel

CD3

CD3 TCRgd

CD4+

CD4 mem

CD4 naive

CD4 eff

T Reg

CD4conv
CD25NegCD127Neg
CD27NegCD57Pos
MAIT CD4

NKT CD4
CDACD161PosTCRVa24Neg
CD8+

CD8 mem

CD8 naive

CDS8 eff

MAIT CD8

NKT CD8
CD8CD161PosTCRVa24Neg
DN

MAIT

NKT

Myeloid cells Panel
CD45Pos

LinNeg
CD11cPosHLADRPos
BDCA1Pos

BDCA1NegHLADRLo_BDCA1Neg

BDCA1Neg

BDCA1Pos HLADRLo_BDCA1Pos

CD14PosDC

CD14PosDC HLADRLo_CD14Pos

MMAC

MMAC HLADRLo_MMAC
pDC_LinNeg
LinNegHLADRNeg
CD11cPosHLADRNeg
CD11cNegHLADRNeg

Markers

CD3+

CD3+TCRgd

CD3+TCRgd-CD4+CD8-
CD3+TCRgd-CD4+CD8-CD27+CD45RA-
CD3+TCRgd-CD4+CD8-CD27+CD45RA+
CD3+TCRgd-CD4+CD8-CD27-CD45RA+
CD3+TCRgd-CD4+CD8-CD25+CD127int/-
CD3+TCRgd-CD4+CD8-CD25-CD127+
CD3+TCRgd-CD4+CD8-CD25-CD127-
CD3+TCRgd-CD4+CD8-CD27-CD57+
CD3+TCRgd-CD4+CD8-CD161+TCRVa72+
CD3+TCRgd-CD4+CD8-CD161+TCRVa24-
CD3+TCRgd-CD4+CD8-CD161+TCRVa24-
CD3+TCRgd-CD8+CD4-
CD3+TCRgd-CD8+CD4-CD27+CD45RA-
CD3+TCRgd-CD8+CD4-CD27+CD45RA+
CD3+TCRgd-CD8+CD4-CD27-CD45RA+
CD3+TCRgd-CD8+CD4-CD161+TCRVa72+
CD3+TCRgd-CD8+CD4-CD161+TCRVa24-
CD3+TCRgd-CD8+CD4-CD161+TCRVa24-
CD3+TCRgd-CD4-CD8-
CD3+TCRgd-CD4-CD8-CD161+TCRVa72+
CD3+TCRgd-CD4-CD8-CD161+TCRVa24-

CD45+

CDA45+Lin-
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+

CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c+HLADR+
CD45+Lin-CD11c-HLADR+CD123+
CDA45+Lin-HLADR+
CD45+Lin-HLADR+CD11c+

Cell populations analyzed by flow cytometry (Fig 1)

Checkpoint / Maturation marker

PD1, ICOS
PD1, ICOS
PD1, ICOS

PD1, ICOS

B7H3, PDL1

B7H3, PDL1, ICOSL, CD86, CD83
B7H3, PDL1, ICOSL, CD86, CD83
B7H3, PDL1, ICOSL, CD86, CD83
B7H3, PDL1, ICOSL, CD86, CD83
B7H3, PDL1, ICOSL, CD86, CD83

B7H3, PDL1, ICOSL, CD86, CD83

* redundant, percent of cell not used in FiglA B7H3, PDL1, ICOSL, CD86, CD83

Short name

CD3T

GdT

CDA+T
CD4+ mem T
CD4+ naive T
CD4+ eff T
Treg

CD4+CD25-CD127+T
CD4+CD25-CD127-T
CD4+CD27-CD57+ T

CD4+ MAIT
CD4+ NKT
CD4+ CD161+T
CD8+T

CD8+ memT
CD8+ naive T
CD8+ eff T
CD8+ MAIT
CD8+ NKT
CD8+ CD161+T
DNT

DN MAIT

DN NKT

CD45+

Lin-
CD11c+DR+
cDhC2

cDC2 DRlow
cDC1*

cDC1°® DRlow
CD14+DC
CD14+DC DRlow
MMAC
MMAC DRlow
pDC

Lin-DR-
Neutrophils®
CD11c-DR-
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Table 2 - Characteristics of the 22 patients whom tumors were analyzed by flow

cytometry
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Table 3

category per perturbator (Fig2)

In vitro analysis: Percentages of datapoints in each PDL1/ICOSL

Perturbators Receptor IS:Ler of PDL1 Hi/ PDLT LO./ PDL1 Lo /PDL1 Hi./
data points ICOSL Lo ICOSL Hi ICOSL Lo ICOSL Hi
PAM3 (1ug/ml) TLR1 :TLR2 2 0% 100% 0% 0%
GMCSF (50ng/ml) GMCSFR 10 0% 80% 10% 10%
TSLP (50ng/ml) TSLPR 15 0% 87% 13% 0%
TLR7, Cytosolic 16

Flu (1X) sSensors 0% 75% 6% 19%
Med 29 0% 24% 76% 0%
HKCA (MOI1) Dectin-1 4 0% 0% 100% 0%
HKLM (MOI1) TLR2 8 13% 38% 50% 0%
Curdlan (10ug/ml) Dectin-1 8 25% 25% 25% 25%
PAM3 (10ug/ml) TLR1: TLR2 8 38% 13% 50% 0%
LPS (100ng/ml) TLR4 11 45% 27% 18% 9%
PolylC (50ug/ml) TLR3 8 50% 38% 0% 13%
Flu (1X) + TSLP See Flu and TSLP 3 67% 0% 0% 33%
Zymosan (10ug/ml) TLR2, Dectin-1 8 75% 0% 25% 0%
HKSA (MOI10) TLR2 4 75% 0% 0% 25%
HKSA (MOI1) TLR2 6 83% 0% 17% 0%
R848 (1ug/ml) TLR7/8 13 92% 0% 8% 0%
HKLM (MOI100) TLR2 1 100% 0% 0% 0%
Total number 154 44 54 46 10
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Table 4

and antibodies list (Fig2)

In vitro analysis: List of measured checkpoints and maturation markers

Marker Dye Brand Clone Ref
4-1BBL APC R&D Systems 282220 FAB2295A
B7H3 FITC R&D Systems 185504 FAB1027F
CD100 FITC BioLegend A8 328406
CD11a PerCP R&D Systems  CR38 FAB35951C
CD18 PE BioLegend TS1/18 302107
CD229/
SLAMF3 APC R&D Systems 249936 FAB1898A
CD29 AF700 BioLegend TS2/16 303020
CD30L PE R&D Systems  LQIO3 FAB1028P
CD40 PE-Cy7 BioLegend 5C3 334321
CD54 BV711 BD HA58 564078
CD70 FITC BD Ki-24 555834
CD80 BV786 BD L307.4 564159
CD83 PerCP/Cy5.5 BioLegend HB15e 305320
CD86 BV650 BioLegend 1T2.2 305428
Polyclonal Goat
Galectin 3 AF488 R&D Systems  1gG IC1154G
HLA-DR BV711 BioLegend L243 307644
ICAM-2 FITC BioLegend CBR-IC2/2 328507
ICAM-3 APC BioLegend CBR-IC3/1 330011
ICOSL APC R&D Systems 136726 FAB165A
Jagged 2 APC BioLegend MHJ2-523 346906
LFA3 / CD58 PE-Cy5 BioLegend TS2/9 330909
LIGHT PE R&D Systems 115520 FAB664P
Nectin-2 PE BioLegend TX31 337410
OX40L R-PE Ancell ANC10G1 400-050
PerCP-eFluor
PDLA e710 eBioscience MIH18 46-5983-42
PDL2 BV786 BD MIH18 563843
PVR PE BioLegend SKll.4 337619
Polyclonal Goat
SLAMF5 FITC R&D Systems  1gG FAB1855F
VISTA AF700 R&D Systems 730804 FAB71261N
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Table 5

Analytes

APRIL
BCAl
CCL19
CXCL11
CXCL16
CXCL9
Eotaxin2
1309

IFNa

IFNb
IL10
IL12p40
IL12p70
IL16
IL1a
IL1b
ILIRA
IL23
IL27
IL28a
IL29
IL6
IP10
MCP1
MCP2
MCP4
MIP1a
RANTES
TARC
TNFa
TRAIL
YKL40

In vitro analysis: List of measured DC Cytokines and Chemokines, and
corresponding genes (Fig3)

Technology for
measurements
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex

CBA

Luminex
CBA

Luminex
CBA

Luminex
CBA

CBA

Luminex
Luminex
Luminex
Luminex
Luminex
CBA

Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
Luminex
CBA

Luminex
Luminex

Corresponding gene(s)

TNFSF13

CXCL13

CCL19

CXCL11

CXCL16

CXCLS

CCL24

CCL1

IFNA1L, IFNA10, IFNA13, IFNA14, IFNA1S6,
IFNA17, IFNA2, IFNA21, IFNA22P, IFNA4,
IFNAS, IFNAG, IFNA7, IFNA8
IFNB1

IL10

IL12B

IL12A, 1L12B

IL16

IL1A

IL1B

ILIRN

IL23

IL27

IL28A, IL28B, IFNL2, IFNL3
IL29, IFNL1

IL6, IFNL1

CXCL10

CCL24

CCL8

CCL13

CCL3

CCL5

CCL17

TNF

TNFSF10

CHI3L1
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Table 6

Analytes
GMCSF
IFNg
IL10
IL13
IL17A
IL17F
IL2
IL21
1L22
IL3
IL31
IL4

ILS

IL6

IL9
TNFa
TNFb

In vitro analysis: List of measured T helper cytokines (Fig3)

Technology for measurements
CBA
CBA
CBA
CBA
CBA
CBA
CBA
Luminex
Luminex
CBA
Luminex
CBA
CBA
CBA
CBA
CBA
Luminex
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Table 7
(Fig 4)

Characteristics of the 6 patients, whom tumor was analyzed by RNAseq

IAII donors are HNSCC bearing patients

Number of donors: 7 donors Tumor only n=4
Blood only n=1
Tumor and Blood n=2
Patients
Characteristics ~ Age (Mean +/- SD) 63.6 +/-13.0
SexRatio (%Male) 0.57
T Stage T3 14%
T4 86%
NO 14%
N+ 86%
Localisation Oral Cavity 71%
Oropharynx 29%
HPV+ 50%
nc 50%
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Table 8

DESeq2 results defining DEG between Blood and Tumor ¢DC2 at FDR
0.1 (Fig 4A). Only the top 182 up-regulated genes in tumor cDC2 are shown, ordered by
Log2 fold change.

Blood vs Tumor cDC2

Gene baseMean

LTA 192.185977
VTN 157.4367516
MMP1 148.2692325
KRT13 92.36307357
GRM7 88.99226171
SCN7A 79.29408787
NGFR 57.03270815
NFIB 47.74269465
FAM111B 42.04221585
PTP4A3 35.01163662
PIEZO2 45.0227955
FABP3 30.70721352
TNIP3 30.34632966
CD3D 2427874241
LY6D 19.48715406
SERPINE3 19.16122911
SEMA3A 18.40399438
SLCSC1 16.36489847
TNFRSF11B 666.8823832
ccL17 584.8680463
ANXA3 495.0522675
UBD 450.2044853
MMP12 4838.818207
AOC1 825.0120148
TMEM150C 382.1773824
IL22RA2 291.8690401
PLEK2 546.2385488
IL2RA 268.4780967
IL7R 2012.116529
CCL19 749.2118611
CLDN1 1747231126
ADTRP 170.2071186
SDK2 160.2827761
TRPC6 150.2813353
GPR153 140.2214461
1L23A 251.4894106
SUCNR1 119.9957245
1L32 408.2500218
Cl10orf10 389.3010817
LAD1 116.8465844
TREML1 393.7230785
FAM145A 114.047924
TBC1D4 3884.204825
HPGDS 338.3984408
WTAPP1 102.0245111
IL12B 97.78531816
ACVR1C 92.91320961
HMSD 92.07220342
MMP3 87.95702458
GNAO1 87.2769927
TMEM163 164.4157334
SLC16AS 81.51766195
RND1 80.73223032
GLYATL2 79.67936618
ITGB8 286.3715753
SLCO2B1 72.38085789
LAMP3 4814.781569
CNN3 56.75311726

Negative value in "log2FoldChange" column corresponds to genes increased in tumor DC (n=639)
Positive value in "log2FoldChange" column corresponds to genes increased in blood DC (n=243)

log2FoldChange

-24.18002994
-23.90123077
-23.80307792
-23.15439318
-23.10380436
-22.94452977

-22.3682963
-22.24543238
-22.05826966
-21.78194156
-21.75342772

-21.6243888

-21.6080201
-21.29828492
-20.99020894
-20.96744551
-20.91138647
-20.74932348
-12.69956904

-12.5103139
-12.26970909
-12.13265219
-12.06705356
-12.04461395
-11.89624741
-11.50747012
-11.44962357
-11.38718088
-11.23822604
-11.11864844
-10.76780012
-10.72913966
-10.64242087
-10.54993952
-10.44933479

-10.3303737
-10.22521487
-10.21412128
-10.21275875
-10.18727439

-10.1676251
-10.15159317
-10.14167464
-10.05041691
-9.990875469
-9.929962523
-9.855863452
-9.842746288
-9.776638641

-9.76531096
-9.716839133
-9.667044205
-9.653010653
-9.633899678
-9.541554022
-9.497449667
-9.202378071
-9.143965378

IfcSE
2.775534122
2.835400472
2.681210637
3.076947192
3.231986306
3.041796641
3.097158779
2.843268016

3.00943924
3.435145126
3.110588587
3.435272023

3.43528394
3.435544803
3.435866694

3.43589406

3.4359624
3.436176549
1.449184281
1.312812734
1.955187377
1.640831891
1.258279571
1.604941284
1.566796225

1.84738187
1.798722289
2.213533639
0.963932189
1.522226185
2.119766081
1.670996495
1.756045828
2.038446371
2.130637775
2.392492585

2.1305108
1.403972907
1.730671002
1.572033641
1.518261714
2.067713187
1.129903892
2.683145251
2.517690919
2.690457356
2.581978948
2.760428917
2.630340504
1.840366283
2.246124862
2.266046594
2.622297647
2.517226914
1.625295517
1.832177004
1.265668863
1.961326446

stat

-8.711847478
-8.429578468
-8.877735149
-7.525118807

-7.14848461
-7.543084722
-7.222198764
-7.823895691
-7.329694306
-6.340908685
-6.993347757
-6.294811199
-6.290024487
-6.199390823
-6.109145322
-6.102471479
-6.086034723
-6.038491675
-8.763253373

-9.52939713
-6.275464558
-7.394207938
-9.590121181
-7.504706914
-7.592721512
-6.229069533

-6.36542041
-5.144345079
-11.65873095
-7.304202587
-5.079711489
-6.420803214
-6.060445973
-5.175480534
-4.904322505
-4.317828932
-4.799419404
-7.275155543
-5.901039967
-6.480315769
-6.696885658
-4.909575096
-8.975696706
-3.745759535
-3.968269256
-3.690808368

-3.81717421
-3.565658304
-3.716871875
-5.306177933
-4.326045847
-4.266039468
-3.681126994
-3.827187618
-5.870657934

-5.18369658
-7.270762785
-4.662133322

pvalue
2.99E-18
3.47e-17
6.82E-19
5.27E-14
8.77E-13
4.59E-14
5.12E-13
5.12E-15
2.31E-13
2.28E-10
2.68E-12
3.08E-10
3.17E-10
5.67E-10
1.00E-09
1.04E-09
1.16E-09
1.56E-09
1.90E-18
1.58E-21
3.49E-10
1.42E-13
8.80E-22
6.16E-14
3.13e-14
4.69E-10
1.95E-10
2.68E-07
2.07E-31
2.79E-13
3.78E-07
1.36E-10
1.36E-09
2.27e-07
9.38E-07
1.58E-05
1.59E-06
3.46E-13
3.61E-09
9.15E-11
2.13E-11
9.13E-07
2.82E-19
0.000179849
7.24E-05
0.000223543
0.000134989
0.000362944
0.000201705
1.12E-07
1.52E-05
1.99E-05
0.000232205
0.000129616
4.34E-09
2.18E-07
3.57E-13
3.13E-06

padj

2.91E-15
3.11E-14
8.84E-16
2.79E-11
2.99E-10
2.55E-11
1.86E-10
3.51E-12
9.97E-11
5.44E-08
8.70E-10
7.04E-08
7.12E-08
1.12E-07
1.88E-07
1.93E-07
2.11E-07
2.75E-07
2.01E-15
3.08E-18
7.53E-08
6.64E-11
2.05E-18
3.12E-11
1.83E-11
9.44E-08
4.73E-08
2.61E-05
2.42E-27
1.16E-10
3.50E-05
3.50E-08
2.44E-07
2.27E-05
7.98E-05
0.000879385
0.000122497
1.39E-10
5.62E-07
2.54E-08
6.54E-09
7.83E-05
4.11E-16
0.006320007
0.003081872
0.00751412
0.005173699
0.010995789
0.006879191
1.23E-05
0.000855415
0.001069506
0.007672642
0.005039459
6.58E-07
2.19E-05
1.39E-10
0.000226722
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ARNT2
NCCRP1
GPR85
CCL22
ITIHL
BCL2L14
CD80
RAPGEF4
C6orf223
RAMP1
PC
TMEMS54
HSPA1B
TNF
SLCO5A1
GPR31
TNFSF4
CXCLe
LOC730101
RRAD
CCL20
NPR1
STRIP2
FAM167A
MMP9
GPC5
$100B
KRT16
TPX2
SHISA2
NOS1
LINCO0885
RGS16
CADM1
GEM
LOC399715
PTPRG
ANKRDS55
GCM1
PPP2R2B
CRLF2
HOPX
FSCN1
SYNPO2
CD3E
TSPAN15
KRT17
ECE1
FAM159A
PLAT
CDKN1C
PMEPAL
IL1A
TFAP2C
TARP
ENPP2
RASAL1
ANKRD33B
HSPAIA
ST8SIAL
ANKRD18DP
GJB2

54.73593018
681.5778918
52.57089166
92217.33683
100.3943392
466.0609484
1884.726549
4452568637
43.85935432
43.16600416
42.44246703
41.30376819
3799.561986
663.0192006
201.6645256
39.36227976
245.8925554
651.2153886

36.9464799
36.60301275
317.5104773
35.96910941
1270.578021
35.52128972
445.5868786
31.93804236
4573.808131
31.26524752
104.5590123
30.18158196

58.2551483
28.37418557
487.4830568
27.73110901
636.3052233
51.17487878
26.22300974
123.4946849
85.69366161
25.45239679
548.6083156
48.76257194
91.96031304
400.5965745
43.51526332
85.49210412
43.19988255
228.2751526
21.15116069
20.58141633
346.08244397
82.25358425
232.9981079
32.86919172
20.21169927
827.0433476
123.6817692
123.7248934
4386.140153
74.60956141
18.57020702
18.54756601

-9.092697804
-9.055523814
-9.034062243
-9.030304285
-9.005011583
-8.900222027
-8.820421118
-8.795850261
-8.771619379
-8.750019873
-8.726010354
-8.686895995
-8.681835496
-8.679321417
-8.671707979
-8.617213458
-8.604623814

-8.56523063
-8.524817389
-8.512836857
-8.497775513
-8.487691689
-8.476997545
-8.469915908
-8.361259046
-8.315481034
-8.288414759
-8.284795913
-8.274770634

-8.23414921
-8.218598385
-8.144814365
-8.144136536
-8.112324091
-8.084833306
-8.031039368
-8.030700545
-7.993877418
-7.993277004
-7.989501995
-7.977855723
-7.962190806
-7.947922703
-7.875155353
-7.798687941
-7.792127084
-7.787356941
-7.722182005
-7.721800689

-7.68221546
-7.681186294
-7.680743084
-7.679454734
-7.656334711
-7.655985868
-7.648470558
-7.605587966
-7.569548292
-7.564723045
-7.545006195
-7.533970346
-7.531862044

2.720788378
1.180270358
2.631786141

0.80379546
2.347908446
1.230847695
1.140543315
2.512855566

2.02867839
2.185240432
2.490054141
2.650353194
0.877193077
1.315139585
1.458218087
2.906425472

2.30337352
1.760239643
2.131503374
2.288717529
1.569130776
1.899443243
1.469711564

2.54175392
1.434702011
2.489448445
1.622768769
2.888944264

2.19811145
3.063040986
2.095616574
2.931074723
1.674008214
2.560606705
1.256884295
2.768657519
2.923872696
1.913817813
2.544073352
2.459282726
1.901170492

2.26042078
1.351052996
1.610860691
2.601816035
1.960302758
2.263197505
1.461903596
2.790040865

2.44712289
1.228836464

2.10101446
1.1738858397
2.808804796
2.809529395
1.357238543
2.146642941
1.501816541
0.898583891
2.050908251
2.627290919
2.362743851

-3.341934962
-7.672414843
-3.432673386
-11.23457985
-3.835333358
-7.230969407
-7.733525772

-3.50034056
-4.323809738
-4.004145149
-3.504345633
-3.277637115
-9.897291396
-6.599543894
-5.788014476
-2.964883683
-3.735661516
-4.865945762
-3.999438844

-3.71947303
-5.415594189
-4.468515562
-5.767796724
-3.332311535
-5.827871561
-3.340290518
-5.107575962
-2.867758999
-3.764490937
-2.688226912
-3.921804441
-2.778780868
-4.865051717

-3.16812577
-6.432440388
-2.900698014
-2.746597195
-4.176927064
-3.141920808
-3.248712282
-4.196286319

-3.52243745
-5.882761612
-4.888787339
-2.997401752
-3.974961037
-3.440864937
-5.282278548
-2.767629961
-3.139284705
-6.250779919

-3.65573071
-6.541909019
-2.725833679
-2.725006502

-5.63531783

-3.54301492
-5.040261635
-8.418493947

-3.67886091
-2.867581314
-3.187760722

0.000831966
1.69E-14
0.000597662
2.76E-29
0.0001253%4
4.80E-13
1.05e-14
0.000464664
1.53E-05
6.22E-05
0.000457731
0.001046799
4.28E-23
4.12E-11
7.12E-09
0.003027974
0.000187222
1.14E-06
6.35E-05
0.000199634
6.11E-08
7.88E-06
8.03E-09
0.000861278
5.61E-09
0.000836908
3.26E-07
0.0041333903
0.000166889
0.007183257
8.79E-05
0.005456332
1.14E-06
0.001534251
1.26€E-10
0.003723325
0.006021704
2.95E-05
0.001678434
0.001159287
2.71E-05
0.000427598
4.03E-09
1.01E-06
0.002722916
7.04E-05
0.000579858
1.28e-07
0.005646553
0.001693608
4.08E-10
0.00025645
6.07E-11
0.006413931
0.006430022
1.75E-08
0.00039558
4.65€E-07
3.81E-17
0.000234278
0.004136225
0.001433791

0.020386651
1.04E-11
0.015771776
1.61E-25
0.004914633
1.80E-10
6.78E-12
0.013123105
0.000859982
0.002787957
0.013085717
0.024322432
1.25E-19
1.20E-08
1.03E-06
0.053643304
0.006518692
9.20E-05
0.002815896
0.006848625
7.20E-06
0.000499125
1.12E-06
0.020713288
8.29E-07
0.020464767
3.07E-05
0.066284993
0.006026595
0.096305177
0.003648147
0.080356889
9.20E-05
0.032419397
3.41E-08
0.062219003
0.085239267
0.001466556
0.034834977
0.026368763
0.001358266
0.012468756
6.19E-07
8.51E-05
0.050074814
0.003040882
0.01554819
1.37E-05
0.081511623
0.034963266
8.51E-08
0.008263089
1.73e-08
0.089488146
0.083605469
2.29E-06
0.011740582
4.14E-05
3.18E-14
0.007694449
0.066284993
0.030912647

85



ADORA2A
LOC400043
FBX027
a
CLEC5A
CSF2
AQPS
ANGPTL4
C150rf48
SEMAGB
CD274
DLL4
DBNDD2
MACC1
PDGFA
SELM
CETP
MREG
SYNPO
CCR7
SH2D3A
SLC7A11
ADORA2A-AT
EBF4
LINC00515
CMTM1
PDGFB
CXCL11
CXCL3
TULP2
GPR68
CDC42EP2
PDCD1LG2
TNFAIP6
PLEKHG1
MAP1LC3C
TNFRSF25
BIRC3
ANKRD37
HCAR3
PLAU
DNAJA4
NCS1

F3

TROAP
POUGF1
NRP2
GTF2IRD1
LOC152225
DNAJB1
TLR3
FXYD2
HCAR2
CXCL8
CXCL2
GNLY
G0S2
SPP1
TRAF1
IGSF3
TRIP10
ADRA2B

713.946437
124.7826698
34.54315948
85.58584106
1369.060237
80.75084878
184.2271479
80.23320586
4214.349789
32.53190273
517.1624031
16.49660837
32.22117198

531.852583
304.8015543

102.43782
52.74080552
261.4504202
15.52884859
87788.24956
14.89679259
220.4595814
91.48138723
14.19395884
147.2417839
14.03877572
132.6951542
109.2413342
300.3409998
393.2651457
49.76794474
99.89582287
313.7504875
70.62026379
128.2723548

23.8920864
57.84927376
43715.80359
126.0851928
299.1339563
300.1560595
5119.311504
55.04356553
38.66257273
22.29408687
38.71266112
126.7781678
21.46114084
10.94926164
17434.25882
151.5125527
10.64596509
312.5650563
7928.032548
392.4737585
34.07149772
2871.489719

3494.39642
1396.533229
92.55769332
133.0904501
9.678713063

-7.52498231

-7.47613121
-7.463845945
-7.459286822
-7.422840042

-7.42021104

-7.39555054
-7.388352276
-7.383069156
-7.379462909

-7.37513428
-7.365142278
-7.362624566
-7.337289995
-7.329553023
-7.319657065
-7.291207748
-7.279919783
-7.278624859
-7.261281267

-7.21716428
-7.162078659
-7.152112064
-7.149711216
-7.130146025
-7.127267707
-7.115200041
-7.098256449
-7.087864881
-7.042784235
-7.016240952
-6.976761979
-6.971263181
-6.954943539
-6.933299937
-6.932523816
-6.921327416
-6.917765844
-6.907026157
-6.894687771
-6.865076764
-6.855206011
-6.834663135
-6.832874111
-6.830680999
-6.830171233
-6.798875772
-6.778225483
-6.775349619
-6.7715683979
-6.744033109
-6.731022491
-6.729815469

-6.72569284
-6.661435167
-6.652763895
-6.637810201
-6.629616293
-6.619645138
-6.607969943
-6.604302645

-6.60234495

1.448483833
1.935545636
2.426668225
1.828403017
1.2649065901
2.163868251
2.301045662
2.287492835
0.723020279
2.076179219
1.527187429

2.17814534
1.640339894
1.263770258

1.38254869
1.863077398
2.514992898
1.134273968
1.890652929
0.876246936

1.83608155
1.002355411

1.79392245
1.775674914

1.23784142
2.543376682
1.644076636

1.81684887
1.322725847
0.959015997
1.602434656
2.002817389
1.577505208
1.974092929
2.079431547
2.073427632
2.445619379
0.781514211
1.497832848
1.367186359
1.413558017
1.243429129
2112711237
2.034812047

2.37790288
1.950717982
1.176608888
1.895480524
2.387146519
0.902975844
1.864160838
2.353316262
1.135082141
1.306022737
1.791410814
2.215625813
1.151604176
1.447706647
0.799308547
1.981181304
1.112368315
2.258764105

-5.195075111
-3.862544531
-3.075758717
-4.079673219
-5.868289624
-3.429141787
-3.213995559
-3.229890893
-10.21142749
-3.554347737
-4.829226681
-3.381382382
-4.488474975
-5.805873299
-5.301479128

-3.92879924
-2.899096754
-6.418131764
-3.849794295
-8.286797899

-3.93074277
-7.145248658
-3.986856882

-4.02647532
-5.760144969
-2.802285543
-4.327778817
-3.906905282
-5.358529055
-7.343760955
-4.378488025

-3.48347384
-4.419169677

-3.52310848
-3.334228504
-3.343508937
-2.830091826
-8.851746704

-4.61134643
-5.042975837
-4.856593561
-5.513145745
-3.235020014

-3.35798784
-2.872565173
-3.501362727
-5.778365132
-3.575993211
-2.838262991
-7.499169581
-3.617731352
-2.860228606
-5.928923757
-5.149751723

-3.71854134
-3.002656791
-5.763968504
-4.579392037
-8.281714438
-3.335368615
-5.937154591
-2.922990026

2.05E-07
0.000112212
0.002099677
4.51E-05
4.40E-09
0.000605493
0.001309017
0.001238375
1.76E-24
0.000378918
1.37E-06
0.000721221
7.17E-06
6.40E-09
1.15e-07
8.54E-05
0.0037423%4
1.38E-10
0.000118217
1.16E-16
8.47€E-05
8.98E-13
6.70E-05
5.66E-05
8.40E-09
0.005074194
1.51E-05
9.35E-05
8.39E-08
2.08E-13
1.20E-05
0.000494951
9.91E-06
0.000426517
0.000855364
0.00082726
0.004653465
8.62E-19
4.00E-06
4.58E-07
1.19E-06
3.52E-08
0.001216342
0.000785121
0.004071541
0.000462885
7.54E-09
0.000348301
0.004535979
6.42E-14
0.000297197
0.004233357
3.05E-09
2.61E-07
0.000200377
0.002676341
8.22E-09
4.66E-06
1.21E-16
0.000851864
2.90E-09
0.003466876

2.08E-05
0.004467037
0.041160723
0.002095758
6.58E-07
0.015942374
0.028646105
0.027565653
6.85E-21
0.011332558
0.000107297
0.018367515
0.000462274
9.34E-07
1.25E-05
0.003569062
0.062448186
3.50E-08
0.004674183
8.85E-14
0.003553066
2.99E-10
0.002914015
0.002579711
1.14E-06
0.076466924
0.000852834
0.0038395
9.68E-06
9.32E-11
0.00070757
0.013811278
0.00060642
0.012468399
0.020647035
0.02031403
0.072082352
1.00E-15
0.000281109
4.11E-05
9.47E-05
4.24E-06
0.02735139
0.019736309
0.065948277
0.013123105
1.07E-06
0.010681307
0.070826856
3.12E-11
0.009276854
0.067456118
5.01E-07
2.56E-05
0.006853934
0.049694858
1.13E-06
0.000318086
8.85E-14
0.020647035
4.83E-07
0.059084318

86



Table 9

are shown

List of genes associated with the Venn diagramm comparing DEG
betwenn pRNA and GMCSFat FDR 0.1 (Fig 4C). Only 62 up-regulated genes per cluster

Gene list name A B C D E F G H 1

Number of genes 501 231 364 298 353 554 181 2163 268
DHX15 MAPRE3 FAM102B GRAMD1B GMIP CRYM ABCB1 A2M ABHD12
ciaL2 EXOsSC4 CBX8 CLGN CcDYL2 Cldorfl ABCC3 A4GALT ABTB2
ABCF2 ANKH ACER3 ADAM11 ADA ABCC2 ADRA1B AACS ACE
FOXD4L3 PPBPL2 IERSL LOC1005074 IL15 FAMG5C AGPAT9 AAK1 ACHE
ANKRD13C C21lorf67 ALOX15 APOBEC3B APOL6 AKAP8 ALDH1A2  AANAT ADAMDEC1
ESPNL P2RX1 GLCE Jjup HPS1 EHF AQP3 AARS ADORA2A
ARIDSA CDH2 ATP7A C10orfa7 BTG1 ASCC3 ARAP3 AATK AGAP3
ATP6V1B1 CKLF C10orf125 C200rf112 C12orf56 ATP6VOA2 ARHGAP23 ABCA10 AGRN
CEP85 HS2ST1 CLSTN3 FAM26F DNAI2 CCDC157 ARHGAP31 ABCA6 AICDA
FURIN PPFIBP1 IKBIP LOC285696 IL1SRA FAM71F2  ASAP1 ABCB6 AK8
Cl4orf142 DMPK C3orf33 CD38 CCDC80 C10orf18 ASB1 ABCF3 AKR1C1
CXorf23 LOC652276 ERCC8 GPA33 FUT1 coQ1o8 ASPHD1 ABCG2 AKR1C2
CHST15 IGFBP6 CMTM7 FARP2 EDF1 ccpca7 ATP1B2 ABHD16B  ANKLE2
ALDOB Cl7orf57 ADORA1 ANXA4 APOBEC3F ADPRHL1  AXIN2 ABHD4 ANKRD1
HYOU1 SIGLECP3 LOC1001295 NIPAL3 LOC1001328.GJA3 C13orfl5 ABHD6 APOO
CPLX1 KCNK13 DLX4 GBP1P1 FAM72D CDK4 C15o0rf26 ABL2 AQP9
EHD4 MPZL3 FU90757 HPS3 HES4 DHX37 C190rf59 ABLIM1 ARAP2
BTG2 CYTH4 Clorf96 CACHD1 C7orf41 BRD1 C200rf123 ACADVL ARHGAP20
Cl6orf70  EMR3 CALM2 CFD ccL8 Cllorf84  CSorf43 ACAT2 ASXL1
FLG PPA2 HISTIH2AL LOC1001343 IGF2BP3 FAM1758  C7orf57 ACO1 ATF71P2
GMFB PRRX2 ITGA4 LYSMD2 IRF7 FGF11 CCDC147 ACOT13 ATOX1
ELOVL1 NCLN GAS1 IL7 HLA-C DNMBP CCDC165 ACOX3 ATP10B
Céorf211  FAM43A CD1E CXCL9 CHRNB2 c2cp3 ccL7 ACP2 ATP6&VOD2
CCDC57 FMNL2 CDR2L DTX4 CXcL1o0 C7orf60 CD276 ACPS B4GALTS
C12orf5 DIRC2 C3orf21 CD300E CBR1 C10orf111 CD9 ACSL1 BAALC
FBXL18 PLXDC2 GPR65 LDLRAD3 IFIT1 ESF1 CECR6 ACSL3 BCL2A1
DNAJB14 MED22 FAM95B1  GVINP1 GPRS5 CSTF3 CHST1 ACTN2 BHLHE22
CuLs LOC1001342 EPS8 GMDS FRK CNTNAP2  CISH ACTR1A BMP10
BTBD10 CXCR1 C170rf87 Cé6orf192 C7orfa0 BEST4 CLECSA ACTR3 BTBD7
ALG12 C19orf35  AKAP12 ANXA8L2  APOBEC3G AFAP1-AS1 CLN8 ACVR1 BUB3
E2F6 MMRN1 FGD4 HLA-DOA HAPLN3 DDX31 CNRIP1 ACVR1C C100rf92
GRPEL2 Qsox1 KDELC2 MGC16275 KCNJ2 FOXL2 COL22A1 ACVR2A Cl4orf34
F2RL3 PDE1B GMFG KIAA1407 1DO2 ELOVL3 CST6 ADAM12 C150rf48
FBXO6 PNPLA7 GPSM3 LILRA3 IFIT3 ETV7 CTGF ADAM17 C170rf96
GNL1 PSIMCT-1  IVNS1ABP MAP3K8 ISG15 FIX1 CTNNALL ADAM19  C1QTNF1
ACRC ARHGAP18 ACOX2 ADAP2 ADCY9 ACBD7 CTSH ADAM32  (C2lorf71
ELAVLA MYO1E FXYD5 IGFBP7 HLA-A DLD CUX2 ADAMSY C22o0rf45
BAP1 CMTM2 Cllorf3l  C4dorfd6 C200rf203 ATXN7L3B CXCLS ADAMTS14 C3orf64
ACSLS BCAN ACPP AGBL2 AGK ACOT9 CYBSD1 ADAMTS7  CSorf62
CTRC LAYN EFNB1 GIMAP2 FU31662  CLIC2 CYYR1 ADAT3 C8orf56
DOCK10 MGAT4A FANK1 HCG26 GTPBP1 DCUN1D1 DAB2 ADIPOR2 CAMK1G
CD209 GALNTE CEBPE EEPD1 CxcL3 C8orf39 DIRAS2 ADM ccL2
FIGLA POM121L9P HHEX LOC1001333 IFITM3 FAM102A DLC1 ADM2 CcCL20
GLRX2 PROS1 1QSEC2 LY75 IRF1 FBXL3 DMWD ADO ccL7
Cllorf9 DHRS9 C20rf89 CD2AP CBLN3 BRSK1 DNAH17 ADPRH CCND1
cD8B GPR133 ciB1 EPHB4 DDX60 C9orf95 DOK6 ADRM1 CCR7
ANXA2P2  CA2 APOBR APOL3 ARHGAP24 ANKRD22 DUSP6 AFF2 CDCA4
C21orf2 FAIM2 CccbC19 CPVL CEMP1 Cl4orfS5  ECEL1 AFF4 CELSR1
FGD6 POLE4 HDDC2 LOC1001327 IFITM1 FABP6 ENO2 AGPAT4 CGN
ARG2 CD1A ARHGEF40 B3GNT4 BATF2 ARSB EPAS1 AHCYL1 CHAC2
ARHGEF35 CD36 ARSG BAZ2A BCLIL ASB16 ETNK2 AHRR CHMPS
EDC4 MOBKL2A  FGL2 HLA-DPA1 HCPS DERL1 FABP4 AHSA1 CHST7
CDAN1 GPRS6 CIDEB ERGIC1 DENNDSB CAMSAP1 FAM135B  AIFM2 CiLP2
Cc1sz LIPA EMR4P GLT25D2 FU45340 CMKLR1 FAMA40B AK1 CKB
ARHGEF12 CD1B ARHGEF6 B3GNT7 BCL2L14 ASAP1-IT1  FBXO2 AK4 CLCN6
DDIT3 LYPD3 ESYT2 GPR141 GATSL3 CRTAM FLRT2 AKR1C3 COL17A1
C3orf39 FAM173B CCND3 CTSS CHD2 C18orf8 FLT1 AKR1C4 COLSA3
CLDN11 ILIRL2 coTul FFAR2 ENPP4 CCNL2 FRMD4A AKR1CL1 CREG1
CTTN LOC1001288 EPHB6 GLTSCR2  FNBP1 CNGB1 GALNT4 AKT1S1 CRISPLD1
CTSE LDLRAP1 EHBP1L1 GIMAP8 FU39051 CLICe GAS2L3 AKT3 CTHRC1
HECTD1 RAIL KIAA1797 MYCBP2 KIF19 FSTL3 GGN ALAS1 CXcL1
EIF2C3 MYO1D FOXJ2 IFITM2 HIVEP2 DIRC3 GGTS ALCAM CXCLe
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Table 10

maturation markers expressed at the RNA level by dendritic cells (Fig 4D)

ANXA1
ARG1
ARG2
BTLA
CCR7
CcD101
CD109
CD200
CD209
CD226
CD274
CD276
CD28
CD300A
CD300C
CD300E
CD300LB
CD300LD
CD300LF
CD300LG
CD33
CD40
CD44
CD47
CD48
CD5
CD53
CD58
CD59
CD5L

List of 148 genes used for supervised analysis of checkpoints and

CcDée

CcD63

CcDb7

CD70
CD80
CD81
CD82
CD83
CD84
CD86
CD8A
CcDsB

CD9

CD9%6
CTLA4
DLL1

DLL4
ENTPD1
EZH2
HAVCR2
HHLA2
HLA-DRA
HLA-DRB1
HLA-DRB2
HLA-DRB3
HLA-DRB4
HLA-DRB5
HLA-DRB6
HLA-DRB7
HLA-DRB8

HLA-DRB9
HMGB1
HMGB2
ICAM1
ICAM2
ICAM3
ICOS
ICOSLG
IDO1
IDO2
ITGA4
ITGAL
ITGB1
ITGB2
JAG1
JAG2

KIR
KIR2DL1
KIR2DL2
KIR2DL3
KIR2DL5A
KIR2DL5B
KIR2DS1
KIR3DL1
KIR3DL2
KIR3DS1
KIT

LAIR1
LAIR2
LGALS1

LGALS3
LGALS9
LILRB2
LILRB4

LY9
MARCO
MICA
MICB
NECTIN2
NECTIN3
NT5E
PDCD1
PDCD1LG2
PTGS1
PTGS2

PVR

PVRIG
SEMA4D
SIRPA
SLAMF1
SLAMF6
TAP1

TAP2
TIMD4
TMEM173
TNFRSF10A
TNFRSF10B
TNFRSF10C
TNFRSF10D
TNFRSF11A

TNFRSF11B
TNFRSF12A
TNFRSF13B
TNFRSF13C
TNFRSF14
TNFRSF17
TNFRSF18
TNFRSF1A
TNFRSF1B
TNFRSF21
TNFRSF25
TNFRSF4
TNFRSF6B
TNFRSF8
TNFRSF9
TNFSF10
TNFSF11
TNFSF12
TNFSF13
TNFSF13B
TNFSF14
TNFSF15
TNFSF18
TNFSF4
TNFSF8
TNFSF9
VSIR
VTCN1
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Table 11

the RNA level by dendritic cells (Fig 4D)

AMH
BMP10
BMP15
BMP2
BMP4
BMP6
BMP7
CD27
CD40LG
CD74
CLCF1
CNTF
CSF1
CSF2
CSF3
EBI3
EDA
EPO
FASLG
FLT3LG
GDF1
GDF10
GDF11
GDF2
GDF3
GDF5
GDF9
GH1
GHR
IFNA1

Table 12

at the RNA level by dendritic cells (Fig 4D)

CX3CL1
CCL1
CCL11
CCL13
CCL14
CCL15
CCL16
CCL17
CCL18
CCL1S
CCL2
CCL20
CCL21
CCL22
CCL23
CCL24
CCL25
CCL26
CCL27
CCL28

Table 13

List of 117 genes used for supervised analysis of cytokines expressed at

IFNA10
IFNA13
IFNA14
IFNAl6
IFNA17
IFNA2
IFNA21
IFNA22P
IFNA4
IFNAS
IFNA6
IFNA7
IFNA8
IFNB1
IFNG
IFNL1
IFNL2
IFNL3
IFNW1
IL10
IL11
IL12A
IL12B
IL13
IL15
IL16
IL17A
IL17B
IL17C
IL17D

IL17F
IL18
IL19
IL1A
IL1B
IL1F10
ILIRN
IL2
IL20
IL21
IL22
IL23A
IL24
IL25
IL26
IL27
IL28A
1L28B
IL29
IL3
IL30
IL31
IL31RA
1L32
IL33
IL34
IL36A
IL36B
IL36RN
IL37

IL4
ILS
IL6
IL7
IL8
IL9
INHBA
INHBB
LEP
LIF
LTA
LTB
MIF
MSTN
NODAL
OSM
PDGFA
PDGFB
PDGFC
PRL
TGFA
TGFB1
TGFB2
TGFB3
THPO
TNF
TSLP

List of 52 genes used for supervised analysis of chemokines expressed

CCL3
CCL3L1
CCL3L3
CCL4
CCL4Ll
CCL4L2
CCL5
CCL7
CcCL8
CHI3L1
CHI3L2
CXCL1
CXCL10
CXCL11
CXCL11
CXCL12
CXCL13
CXCL14
CXCL16
CXCL17

cxcL2
cxcLs
cxXcL4
CXCLS
CXCLe
cxcLy
cxcLs
cxXcLe
PF4
PPBP
XCLL
XcL2

List of 100 genes used for supervised analysis of the NFkB pathway (Fig
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4D)

ATM
BCL10
BCL2
BCL2A1
BCL2L1
BIRC2
BIRC3
BLNK
BTK
CARD10
CARD11
CARD14
CCL13
CCL19
CCL21
CCL4
CCLaL1
CCL4L2
CD14
CD40
CD40LG
CFLAR
CHUK
CSNK2A1
CSNK2A2

CSNK2A3
CSNK2B
CXCL12
CXCL2
CXCL8
CYLD
DDX58
EDA
EDA2R
EDAR
EDARADD
ERC1
GADDA45B
ICAM1
IGH
IKBKB
IKBKG
IL1B
IL1IR1
IRAK1
IRAK4
LAT

LBP

LCK

LTA

LTB
LTBR
LY96
LYN
MALT1
MAP3K14
MAP3K7
MYD88
NFKB1
NFKB2
NFKBIA
PARP1
PIAS4
PIDD1
PLAU
PLCG1
PLCG2
PRKCB
PRKCQ
PTGS2
RELA
RELB
RIPK1
SYK
TAB1

TAB2
TAB3
TICAM1
TICAM2
TIRAP
TLR4

TNF
TNFAIP3
TNFRSF11A
TNFRSF13C
TNFRSF1A
TNFSF11
TNFSF13B
TNFSF14
TRADD
TRAF1
TRAF2
TRAF3
TRAF5
TRAF6
TRIM25
UBE2I
VCAM1
XIAP
ZAP70
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Table 14

PANELS

T cells

Myeloid cells
BDCA3 panel
CD15 panel
RNAseq sorting

Antibody and Panels
phenotyping and sorting (Methods)

Figures
1B, 1C, 1D, 1E, S1A
18, 1€, 1D, 1E, 1F
S1B
s1C
4

Number of samples
22
22
6
3
9 (6 Tumor + 3 Blood)

list for Human HNSCC

Dye

FITC
PerCP eFluor 710
APC
Alexa-700
Alexa-700
Alexa-700
APC-Cy7
BV605
BV650

PE
PECF594
PC7
BUV395
BUV737
BV785
Qdot 605
BV711
Alexa 700
Alexa 700
Alexa 700
APCCy7
APC

PC5

PC7

PE

Fluo 650NC
FITC
BV570
FITC
APC-eFluor780
Alexa-700
Alexa-700
Alexa-700
PECy5
BV650

PE

APC

FITC
PerCP 5.5
APC
Alexa700
APC Vio770
BV510
BV605
BV650
BV711
BV785

PE

PETX

PC5

PC7

Marker Brand

CD14 BD

PDL1 Ebiosciences
ICOSL R&D

CcD3 BD

CD19 BD

CD56 BD

CD45 BD

CD83 BD

CD123 BD

B7H3 Biolegend
CD11c BD
CD1c/BDCA1 Biolegend
HLA-DR BD

CD86 BD

CD15 Biolegend
CD14 Life technology
HLA-DR Biolegend
CcD3 BD

CD19 BD

CD56 BD

CD45 BD

BDCA-3 Miltenyi
CD1a BD

CD11c Biolegend
BDCA-1 Biolegend
cD123 eBiosciences
Langerin Miltenyi
CD4s Biolegend
CcD14 Biolegend
HLA-DR Ebiosciences
CcD3 BD

CD19 BD

CD5S6 BD

CD11c BD

CD123 BD
CD1c/BDCA1 Biolegend
FceR1 Ebiosciences
TCRgd BD
TCRVa7.2  Biolegend
ICOs Ebiosciences
CcD3 Biolegend
CD57 Miltenyi
TCRVa24 Biolegend
CD27 Biolegend
CD127 Biolegend
PD1 Biolegend
CD161 Biolegend
CD25 BD

cD4 Invitrogen
CD8b Coulter
CD45RA Ebiosciences

Clone
M5E2
MIH1
136726
UCHT1
HIB19
B159
2D1
HB15e
7G3
MIH42
B-ly6
L161

G 46-6
2331 (FUN-1)
WweéD3
Tuk4
L243
UCHT1
HIB19
B159
2D1
AD5-14H12
HI149
Bul5s
L161
6H6
MB22-9F5
HI30
101

LN3
UCHT1
HIB19
B159
B-ly6
7G3
L161
AER-37
11F2
3C10
ISA-3
UCHT1
TB03
6B11
0323
A019D5
EH12.2H7
HP-3G10
M-A251
S35
2ST8.5H7
HI100

and Blood FACS

Ref
555397
46-5983-42
FAB165A
557943
557921
557919
557833
740420
563405
351004
562393
331516
564040
564428
323043
Q10013
307643
557943
557921
557919
557833
130-113-876
555808
337216
331506
95-1239-42
130-098-349
304033
555527
47-9956-42
557943
557921
557919
551077
563405
331506
17-5899-42
347903
351710
17-9948-42
300424
130-104-197
342918
302830
351326
329928
339930
555432
MHCD0417
6607109
25-0458-42

Panel

Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
Myeloid cells
CD15 panel
BDCAS3 panel
BDCA3 panel
BDCA3 panel
BDCA3 panel
BDCA3 panel
BDCAS3 panel
BDCAS3 panel
BDCA3 panel
BDCA3 panel
BDCA3 panel
BDCA3 panel
BDCAS3 panel
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
RNAseq sorting
Tcells

T cells

T cells

T cells

Tcells

Tcells

Tcells

T cells

T cells

T cells

T cells

Tcells

Tcells

T cells
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3.2 MMP2 AS AN INDEPENDENT PROGNOSTIC STRATIFIER IN ORAL
CAVITY CANCERS

Article available at https://doi.org/10.1101/723650

Abstract

Background: Around 25% of oral cavity squamous cell carcinoma (OCSCC) are not
controlled by standard of care. Identifying those patients could offer them possibilities for
intensified and personalized regimen. However, there is currently no validated biomarker for
OCSCC patient selection in a pre-treatment setting. Our objectives were to determine a
robust and independent predictive biomarker for disease related death in OCSCC treated
with standard of care.

Patients and methods: Tumor and juxtatumor secretome were analyzed in a prospective
discovery cohort of 37 OCSCC treated by primary surgery. Independent biomarker validation
was performed by RTqPCR in a retrospective cohort of 145 patients with similar clinical
features. An 18-gene signature (18G) predictive of the response to PD-1 blockade was
evaluated in the same cohort.

Results: Among 29 deregulated molecules in a secretome analysis, we identified soluble
MMP2 as a prognostic biomarker. In our validation cohort (n=145), high levels of MMP2 and
CD276, and low levels of CXCL10 and STAT1 mRNA were associated with poor prognosis in
univariate analysis (Kaplan-Meier). MMP2 (p = 0.001) and extra-nodal extension (ENE) (p =
0.006) were independent biomarkers of disease-specific survival (DSS) in multivariate
analysis and defined prognostic groups with 5-year DSS ranging from 36%
(MMP2highENE+) to 88% (MMP2IowENE-). The expression of 18G was similar in the
different prognostic groups, suggesting comparable responsiveness to anti-PD-1.
Conclusion: High levels of MMP2 was an independent and validated prognostic biomarker,
which may be used to select poor prognosis patients for intensified neoadjuvant or adjuvant

regimens.
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STATEMENT OF TRANSLATIONAL RELEVANCE

There is currently no validated biomarker for risk-based patient stratification in oral cavity
cancers, preventing the development of personalized approaches. This study started with a
detailed characterization of the soluble microenvironment in human primary tumors and non-
involved juxta-tumor samples. Translation to clinical biomarker was obtained by survival
analyzes on our discovery cohort, and independent validation in a large (n=145)
retrospective cohort. MMP2 was retained as an independent prognostic biomarker that may
be measured at the protein or the RNA level to identify high-risk oral cavity cancer patients.
High levels of MMP2 and the presence of extra-nodal extension defined prognostic groups
that may serve biomarker-driven clinical trials for intensified neoadjuvant or adjuvant
regimens. Expression of the 18G signature predictive of response to anti-PD-1 suggests

possible combination trials with immunotherapy.

INTRODUCTION

Oral cavity squamous cell carcinoma (OCSSC) patients treated by primary surgery undergo
post-operative surveillance, adjuvant radiotherapy, or chemo-radiotherapy, according to
clinical and histopathological parameters that include disease stage, nodal involvement,
extranodal extension (ENE), perineural invasion (PNI), vascular embols (VE) and resection
margin status (1). Despite those numerous clinical decision parameters, around 25% of
OCSCC will present an unpredictable early and/or severe recurrence (2), (3), (4). Even the
local failures that are eligible to the best treatment option, that is salvage surgery (5), (6), (7),
have a poor prognosis with a median overall survival ranging from 20 to 30 months (4), (8).
Accurately identifying those high-risk patients would allow proposing them an intensified and
risk-adjusted therapy, such as neoadjuvant chemotherapy or immunotherapy.

Neoadjuvant chemotherapy has failed to show benefit in head and neck squamous cell
carcinoma (HNSCC), possibly because trials were made in unselected Stage Ill/IV HNSCC
population (9), (10). Immunotherapy is a new treatment modality, and its interest as
neoadjuvant treatment is currently being evaluated (11), (12), (13). Numerous prognostic
markers have been proposed for OCSCC, but none of them has shown independent
validation, and translation to clinical practice (14). In this study, we used a biology-driven
exploratory strategy, in order to identify a robust predictive biomarker for early severe
recurrence and disease related death in primary OCSCC after treatment by standard of care.
We found MMP2 as fulfilling those criteria, and when combined to nodal involvement,

providing a simple and efficient patient stratification scheme.
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RESULTS

Human primary tumor secretome analysis identified 29 deregulated molecules

To identify candidate biomarkers, we chose an unbiased approach applied to human primary
tumors, in order to ensure physiopathological relevance. We used a tumor explant-culture
system to analyze the soluble microenvironment in a prospective discovery cohort of 37
OCSCC patients treated by primary surgery (Table S1). Fresh standardized tumor and
juxtatumor (non-involved) specimens were cultured for 24h at 37°C, and we measured a
panel of 49 soluble molecules relevant to multiple cancer pathways, such as immunity,
chemotaxis, tumor growth, angiogenesis, and tissue remodeling. We identified 25 molecules
increased, and 4 decreased, in the tumor tissue (Fig 1, Table S2). CXCL9, the
metalloproteinases (MMP) MMP1, MMP2 and MMP9, plasminogen activator inhibitor (PAI-1)
and resistin were among the molecules most increased in tumors, and MCP-1 (CCL2) in
juxtatumors. SCF, multiple cytokines (IL-1b, TNF-a, IL-15), growth factors (GM-CSF, VEGF)
and chemokines (MDC, TARC) were also increased in the tumor, as compared to juxta-
tumor samples (Fig 1). The cytokines IL-9, TNFb, TSLP, IL-21 were never detected (Fig 1).

This provided a global, unbiased protein level profiling of the OCSCC tumor secretome.

High levels of soluble MMP2 were associated with poor prognosis

Patients were classified as severe if they had a disease-specific survival (DSS) of less than
36 months and /or a disease-free survival (DFS) of less than 12 months and could not
achieve a second remission (unsuccessful salvage procedures and/or permanent palliative
treatment). Among the 29 deregulated secretome molecules, analyzed as candidate
biomarkers, MMP2 was the only molecule expressed at significant higher levels among
severe patients as compared to non-severe (p = 0.007) (Table S3). ROC curve defined 29.3
ng/ml as the optimal cut-off for soluble MMP2, with a sensitivity of 100% and a specificity of
71.4 % to identify severe cases (Fig2A). MMP2high tumors were associated with reduced
DSS (p = 0.001), overall survival (OS) (p = 0.012) and DFS (p = 0.003) (Fig 2B).

Soluble MMP2 levels were independent of T cell infiltration

MMP degrade the extra-cellular matrix and promote tumor cell invasion (15). Tissue damage
may lead to a local increase in danger signals and initiate an innate and then adaptive
immune response. Thus, we hypothesized that MMP2 levels might influence T cell infiltration.
Paired CD3 and CD8 T cell quantification by flow cytometry, and soluble MMP2
quantification, was available for 18 HNSCC patients. MMP2 was not significantly correlated
to CD3 (r = 0.01, Spearman correlation coefficient) (Fig 2C) nor to CD8 infiltration (r = -0.13,
data not shown). Conversely, CD3 and CD8 infiltration were highly correlated to CXCL9 (r =
0.78 and r = 0.79) and CXCL10 (both r = 0.66) (Fig 2C, data not shown for CD8). In the
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secretome analysis of the 37 OCSCC samples, MMP2 was not correlated to CXCL9 and
CXCL10 (r=0.19 and r=0.09), further supporting that MMP2 levels were not associated to T
cell infiltration (Fig 2D).

RNA levels of MMP2, CD276, CXCL10, and STAT1 predicted prognosis

To independently validate the prognostic value of MMP2, we measured a 30 genes panel
(Table S4) by RTqPCR in a large retrospective cohort of 145 OCSCC patients treated by
primary surgery. Gene panel included MMP-2, -1, -9, other immune-related genes, and a
published 18-gene signature predictive of the response to anti-PD-1 immunotherapy (16).
Patients’ characteristics are available in Table 1. Significant variables in univariate analysis
for DSS, OS and DFS are listed in Table 2. Among the clinical variables, tumor differentiation
index, stage, ENE, VE and PNI were significant for both DSS and OS, while only the latter
three were significant for DFS. Among the genes, high levels of MMP2 were associated to
reduced DSS, OS and DFS. High levels of CD276 (B7-H3) and low levels of CXCL10 and
STAT1 were also among the 5 and 11 genes associated to reduced DSS and OS,
respectively (Table 2). This validated the prognostic impact of MMP2, measured by two
different methods (protein and mRNA), in a large OCSCC cohort.

MMP2 RNA, ENE, PNI and stage were independent prognostic factors

To identify clinical and biological parameters significant in multivariate analysis, we
performed two Cox proportional hazards models. Model 1 included all the 145 patients and
all clinical and biological variables significant in univariate analysis, except PNl and VE,
because of missing values in 21 patients (14%), whereas Model 2 included all significant
variables, but was restricted to the 124 patients with complete data (Fig 3A, Table S5). In
both models MMP2high was an independent prognostic factor for DSS and DFS (Model 1
DSS: p = 0.001, DFS: p = 0.006, Model 2 DSS: p = 0.034, DFS: p = 0.016). For DSS, ENE
status (p = 0.006) and PNI (p = 0.020) were also significant in Model 1 and 2, respectively.
For DFS, ENE status was also significant in Model 1 (p = 0.006), but MMP2 was the only
significant parameter in Model 2. For OS, MMP2 (p = 0.015) and stage (p = 0.042) were
significant in Model 1, and PNI (p = 0.01) and stage (p = 0.019) were significant in Model 2
(Fig 3A, Table S5). We defined prognostic groups using the parameters identified in
multivariate analysis by the Model 1 to analyze the largest cohort of 145 patients.
MMP2highENE+ patients had the worse DSS and DFS, as compared to MMP2lowENE-
patients (p < 0.001), whereas MMP2highENE- and MMPZ2lowENE+ had an intermediate DSS
and DFS (Fig 3B) (2 by 2 comparisons available in Table S6). MMP2 status induced clinically
relevant variations in survival. MMPZ2high vs MMPZ2low tumor bearing patients had a 5-year
DSS of 61% versus 88% when ENE was absent, and of 36% versus 52% when ENE was
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present (Table 3). MMP2high tumors were associated to the presence of metastatic lymph
node (p = 0.031), low or intermediate mitotic index (p = 0.001) and the presence of PNI (p =
0.02) (Table S7).

MMP2 may be used as a biomarker to select patients for treatment intensification

MMP2 RNA status was an efficient prognostic biomarker as measured by ROC curves
according to severity criteria, in the whole 145 patient cohort (AUC = 0.66, p = 0.003), and
among the ENE negative patients (n = 106, AUC = 0.71, p = 0.003) (Fig S1). The optimal
thresholds were 1.81 and 1.82, which led to high negative predictive values (NPV) of 82%
and 88% respectively, but lower positive predictive values (PPV) of 41% and 36%. For 29
patients, both soluble MMP2 and MMPZ2 RNA data were available, which allowed us to
observe that both biomarkers were significantly correlated (Spearman r = 0.45, p = 0.016)

(Fig S2), suggesting that MMP2 protein or RNA levels can be used as biomarker.

The expression of an 18-gene signature predictive of response to PD-1 blockade was
similar between the different prognostic groups

The proportions of patients expected to respond to immunotherapy may vary between the
prognostic groups defined above, and have consequences on the type of treatment that
could be proposed in a risk-adjusted strategy. Therefore, we measured the expression of an
18-gene signature (18G) (16) that is a predictive biomarker of response to PD-1 blockade.
The 18G signature is composed of a core of 17 highly correlated genes (all Spearman
correlation coefficients of the 17genes > 0.455), and CD276 (Fig S3, Fig S4). 18G score was
moderately increased in MMP2high tumors (p = 0.019) (Fig S4, Fig S5), but was similar
whatever the ENE status (p=0,671) and disease stage (p = 0.513) (Fig S5). The 18G score
was similar between the prognostic groups defined by MMP2 RNA and ENE status
(p=0.119), MMP2 RNA status and Stage (p = 0.051), MMP2 RNA and PNI statuses (p =
0.089), and stage and PNI status (p = 0.661) (Fig 3C). This suggests that various prognostic
groups may show response to anti-PD-1 therapy, with implications for the design of
biomarker-driven trials in untreated resectable OCSCC patient with the goal of limiting early

and severe recurrences (Fig S6).

DISCUSSION

In this study, we identified MMP2 as an independent prognostic biomarker for severe
outcomes in OCSCC patients treated by primary surgery.

First, we prospectively produced and analyzed tumor and juxtatumor secretomes, which

revealed 29 deregulated soluble molecules, the majority of them being upregulated in the
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tumor tissue. Those molecules belonged to various biological classes such as MMPs,
chemokines, interleukins, adipokines and growth factors. One may consider that all these
deregulated proteins reflect mechanisms of tumor progression and could be candidate
biomarkers. However, only soluble MMP2 was associated to poor prognosis in our study.
Primary tumor-derived supernatant is not a widely applied method for biomarker identification
and data on OCSCC secretome are scarce (17) if we exclude cancer cell-line derived
supernatants. A database for healthy body fluids proteome was created in 2008, highlighting
the general interest for such approach (18). Here, we cannot exclude that tissue handling,
although limited to the minimum in our protocol, may have induced or enhanced the
production of some proteins, but this limitation was partially overcome by the comparison
with paired juxtatumor supernatant. By the mean of an ultrafiltration catheter, interstitial fluid
from a single HNSCC patient was analyzed and revealed 525 proteins by mass
spectrometry, but the method was not applicable to juxtatumor tissue, which limited the
potential to identify candidate biomarkers (19). Another difficulty is that tumor secretome
needs to be produced prospectively using fresh tumor samples, which limits the access to
large cohorts with sufficient follow-up in order to identify prognostic biomarkers. However, we
could overcome these difficulties, and our study illustrates the added value of this approach
in providing data with strong biological relevance.

For further validation, we designed a homogenous retrospective cohort of patients with the
same clinical setting of resectable OCSCC treated by primary surgery and extracted tumor
RNA from biobanked frozen samples to ensure the best quality of RNA (20). Univariate
analysis confirmed the prognostic value of MMP2 to predict DSS, OS and DFS. High levels
of CD276 and low levels of CXCL10 and STAT1 were also associated to reduced DSS and
OS, but only MMP2 remained significant in multivariate analysis. Several studies have
proposed MMP2 as a prognostic biomarker for OCSCC, but all had important limitations,
such as the absence of multivariate analysis (21), (22), (23), the inclusion of heterogeneous
head and neck cancer patients with different tumor locations and treatments (24), (25), or
retrospective cohorts with less than 60 patients (22), (23), (26), (27). Most of these studies
quantified MMP2 by immunohistochemistry (IHC) through semi-quantitative methods. Our
study provided unbiased and definite evidence for the independent prognostic role of MMP2,
in a large homogeneous OCSCC cohort, within a multivariate prognostic model.

The biological basis explaining why MMP2 is associated with poor prognosis is well known.
MMP2 degrades type IV collagen and promotes epithelial-mesenchymal transition and
metastasis (15), (28). MMP may also skew the anti-tumor immune response by their effect
on immune cells (29). MMP2 is secreted in an inactive form (pro-MMP2) and is activated by
MMP1 (30) and MMP14 (31). Many cell types may produce MMP2, but fibroblasts seem to

be the main source of this molecule in the tumor microenvironment (32), (33). From MMP
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biology, we understand that a high level of MMP is a risk factor for cancer-related events,
such as recurrence and disease-related death. This explains why in our study the accuracy
of MMP2 as prognostic biomarker was better for DSS than for OS, both in univariate and
multivariate analysis. It is well known that HNSCC patients have a reduced cancer-
independent life expectancy, which explains the differences observed between OS and DSS
(34). In this line, in the TCGA data, MMP2 was co-expressed with MMP1, MMP9 and
MMP14 in HNSCC, but the authors did not report the impact of any MMP on OS in HNSCC
(35). The absence of DSS evaluation may explain this discrepancy. Beyond prognosis, MMP
were also candidate therapeutic targets in cancer, but, so far, most molecules failed in their
development because of their toxicities (36). Selective inhibitors are still in development (37),
(NCT03486730), as well as other drugs that have an indirect effect on MMP (38).

Clinical and histopathological parameters fail to identify around 25% of high-risk patients.
Here, we propose that combining MMP2 status to those parameters would improve patients’
risk stratification. MMP2-high tumor bearing patients could be proposed for an intensified
therapeutic plan, as compared to standard of care. MMP2 status may be defined pre-
operatively on the initial biopsy, or post-operatively if analyzed on the resection specimen
(Fig S6). Pre-operative stratification would guide neoadjuvant treatment such as
immunotherapy or chemotherapy, when post-operative stratification would guide adjuvant
treatment. The latter setting is particularly important for ENE negative patients who may, in
some cases, not be offered any adjuvant treatment. To address the question of the best
(neo)adjuvant treatment option in high risk patients, we measured the expression of an 18-
gene signature predictive of response to PD-1 blockade. This signature was established on a
large cohort of patients treated by pembrolizumab for head and neck cancers (n=107),
melanoma (n=89) and other cancers (n=119) (16). The fact that this signature was
established by merging the data from 22 different types of cancers and limited to advanced
and recurrent cancers might not reflect the clinical setting of the present study. However,
PDL1 and interferon gamma response genes (STAT1, CXCL9, IDO1, HLADR, HLADQ) were
part of this 18-gene signature and were identified as predictive of response to neoadjuvant
pembrolizumab in a window-of-opportunity trial including untreated head and neck cancer
patients (13). Therefore, this 18G signature may be used to estimate expected response
rates to PD-1 blockade of untreated OCSCC. There was no difference in expression of the
18G score among the different prognostic groups defined by our multivariate analysis for
DSS, DFS and OS. In this line, using soluble CXCL9 and CXCL10 as surrogates for tumor T
cell infiltration, or direct measures of frequencies of tumor-infiltrating T cells by flow
cytometry, we observed that soluble MMP2 levels were not associated to T cell infiltration.
Similar results were previously described for MMP2 measured by IHC in endometrial cancer

(39). From these results, we may estimate that the proportion of patients expected to
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respond to PD-1 blockade should be similar in the different prognostic groups, leaving
immunotherapy as a valid treatment option. Patient stratification in future OCSCC trials and
clinical practice would definitely benefit from robust biomarkers used in combination with
clinical variables, such as our MMP2 / ENE scoring, and with predictive biomarkers for final

treatment decision-making.

MATERIALS AND METHODS

Patients and cohorts

Tumor and juxtatumor samples were obtained from operative specimens from previously
untreated head and neck cancer patients. Patients with previous head and neck radiotherapy
or chemotherapy were excluded. Juxta-tumor samples were taken on the specimens’
margins, at least 1cm away from the tumor. Three cohorts of patients treated in our anti-
cancer center were included in this study. All analysis on secretome presented in Fig.1 were
done on a 37 patient cohort including OCSCC patients only, with the exception of the 3
graphs of Fig1D that show the correlation of CD3 infiltration with soluble MMP2, CXCL9 and
CXL10, that was done in a 18 patients HNSCC cohort. This 18 patient cohort had paired
secretome and flow cytometry data available and included the following tumor locations: 8
oral cavity, 6 oropharynx, 3 larynx, 1 hypopharynx. The third cohort included 145 OCSCC
patients and was used to analyze gene expression by RTqPCR and prognosis. Twenty-nine
patients were in common between the n=37 and n=145 cohorts and served for the RNA
versus soluble protein correlation. Patients were treated between March 2010 and October
2016, for the 37 patients cohort, between January and July 2017 for the 18 patients cohort,
and between February 1991 and November 2016 for the 145 patients cohort. The clinical
parameters analyzed were all binarized as follows: gender (male/female), HPV status
(positive by PCR/negative), Differentiation (well differentiated or verrucous or basaloid /
moderate or poor), Mitotic index (high if 210mitoses/field at X400, otherwise low), Perineural
invasion (absent/present), Vascular embols (absent/present), Alcohol (positive if 230g/day),
Tobacco (smoker active or former 22PY/non-smoker or former smoker < 2PY), Stage (Il or Il /
Il or more) using the pTNM 8" edition AJCC (40), Extranodal extension (absent/present),
Margins (negative or close / positive), Age (more or less than 70). For outcomes analysis, we
used 3 survivals: disease free survival, in which the censoring event was the first occurrence
of recurrence, disease specific survival, in which the censoring event was the occurrence of
death caused by the evolution of the cancer (to the exclusion of treatment related toxicities

and post-operative complications), and overall survival. We also used a binary criteria of
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severity defined as present in cases of DSS < 36 months and /or a DFS < 12 months without
subsequent remission (unsuccessful salvage procedures and/or permanent palliative
treatment); we considered that these criteria define the population with the most urgent need
for prognosis biomarkers (41). This study was done in compliance with the principles of Good
Clinical Practice and the Declaration of Helsinki. All patients signed a consent form
mentioning that their operative specimens might be used for scientific purposes, and 12 of

the 18 patients cohort were also included in the clinical trial NCT03017573.

Tumor and juxta-tumor secretome analysis

Fresh tumor and juxta-tumor were cut into fragments of 17.5 +/-2.5mg. Each fragment was
placed in a 48-well flat bottom plate in 250yl of RPMI 1640 Medium Glutamax (Life
Technologies) enriched with 10% Fetal Calf Serum (Hyclone), 100 U/ml
Penicillin/Streptomycin (Gibco), 1% MEM Non-Essential Amino Acids (Gibco), and 1%
pyruvate (Gibco), and incubated at 37°C with 5%C02. After 24 hours, supernatants were
filtered through a 0,22um Millex-GP filter (SLGP0O33RS, Merck), diluted %2 in the same
enriched RPMI Medium and stored at -80°C until the secretome analysis. The 49 analytes
measured are listed in Table S2. Analytes concentrations were obtained using Milliplex Map
kits used as recommended: Human MMP magnetic Bead panel 2, Human
cytokine/chemokine Magnetic Bead panels |, Il, Ill, and Human Adipocyte Magnetic Bead
Panel (Millipore), a Bio-Plex 200 plate reader and the Bio-Plex Manager 6.1 software (Bio-
Rad Laboratories). All analytes were measured as stored, but MMP1 and MMP9 were also

measured after 1/25th dilution for the 18 HNSCC patients with paired flow cytometry data.

Analysis of CD3 and CD8 infiltration by Flow Cytometry

Details are available at (42). Briefly, single-cell suspensions were obtained from
enzymatically digested tumor samples, then filtered, washed, counted and stained for 15
minutes with DAPI (Miltenyi Biotec) to exclude dead cells, CD3 (Alexa700, clone UCHT1,
from BD, #557943) and CD8b (PC5, clone 2ST8.5H7, from Beckman Coulter, #6607109)
antibodies, among other antibodies (data not used in the present paper), before phenotyping

by flow cytometry (BD LSRFortessa Analyzer).

Gene expression analysis by Real-Time RT-PCR

Samples and RNA Extraction

Tumor and juxtatumor samples were snap-frozen in liquid nitrogen upon surgical removal
after pathologist's review and were stored in the corresponding our biological resources

center. Samples were sectioned using Tissue-Tek optimal cutting temperature (O.C.T)
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compound to estimate the percentage of tumor cells and to remove non-malignant tissue by
macrodissection if necessary. Median percentage of tumor cells was 80% (range 40-95).
RNA extraction was performed on the same sample, using the miRNeasy miniKit (Qiagen)
according to the manufacturer's protocol. RNA was quantified using Nanodrop
spectrophotometer ND-1000 and the integrity and purity were assessed by the Agilent 2100
Bioanalyzer and RNA 6000 Nano Labchip Kit (Agilent Biotechnologies, Palo Alto, CA, USA).
Total RNA was extracted from 145 OCSSC and 31 juxtatumor frozen samples from HNSCC
bearing patients by using the acid-phenol guanidium method. RNA samples quality was
assessed by electrophoresis through agarose gels and staining with ethidium bromide, and
the 18S and 28S RNA bands were visualized under UV light.

cDNA Synthesis

RNA was reverse transcribed in a final volume of 20 ul containing 1X RT buffer, 0.01M DTT,
0.5mM each dNTP, 0.15ug/yL random primers, 100U SuperScript™ Il Reverse
Transcriptase (Life Technologies, Carlsbad, Californie), 20U RNasin® Ribonuclease Inhibitor
(Promega, Madison, Wisconsin) and 1 pg of total RNA. The samples were incubated during
10min at 25°C 30min at 42°C, and reverse transcriptase was inactivated by heating 5min at
99°C and cooling 5min at 5°C.

PCR Amplification and quantification

All of the PCR reactions were performed using an ABI Prism 7900HT Sequence Detection
system (Thermo Fisher Scientific, Waltham, Massachusetts). PCR was performed using the
Power SYBR™ Green PCR Master Mix (Life Technologies, Carlsbad, Californie). The
thermal cycling conditions comprised an initial denaturation step of 10min at 95°C followed
by 50 cycles at 95°C for 15 s and 65°C for 1 min. Cycle Threshold (Ct value) was defined by
the cycle number at which the increase in the fluorescence signal associated with
exponential growth of PCR products started to be detected, using Applied Biosystems
analysis software according to the manufacturer's manuals. For quality controls, we
quantified the housekeeping gene TBP (Genbank accession NM_003194). Primers for TBP
and the 30 target genes were designed with the assistance of Oligo 6.0 computer program
(National Biosciences, Plymouth, MN). dbEST and nr databases were used to confirm the
total gene specificity of the nucleotide sequences chosen as primers and the absence of
single nucleotide polymorphisms. The primer pairs selected were unique relative to the
sequences of closely related family member genes and the corresponding
retropseudogenes. One of the two primers was placed at the junction between two exons or
on two different exons to avoid genomic DNA contaminating. Specificity of PCR amplicons
was verified by agarose gel electrophoresis. The oligonucleotide primers sequences used

are shown in Table S8.
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Data processing

TBP was used for each sample normalization. ACt value was equal to mean Ct value of the
target gene minus mean Ct value of TBP. The N-fold differences per sample in target gene
expression relative to TBP was equal to 2°“". For each gene, 2°® values of the 31 juxtatumor
samples were multiplied by a factor named “k” so that their median was equal to 1. The final
values for tumor samples were equal to k2°“". The 30 genes of this study are listed in Table
S5. To obtain a score for the 18 genes signature, we standardized each gene separately,
and used those values in the formula: 18G score = (CCR7+ HLADRB + CCL5 + CD27 -
CD276 + CMKLR1 + CXCL9 + CXCR6 + HLA-DQA1 + HLA-E + IDO1 + LAG3 + NKG7 +
PDCD1LG2 + PSMB10 + STAT1 + TIGIT)/18.

Statistical Analysis

Descriptive and statistical analyses were performed using GraphPad Prism V8, Xlstat
(Addinsoft), and Qlucore softwares. Paired tumor and juxtatumor secretome comparison was
done by Wilcoxon test. Univariate unpaired non-parametric comparisons used Mann-Whitney
tests and Kruskal-Wallis test for multigroup comparisons. All correlations used Spearman
method. Optimal threshold for ROC curves was defined as the value maximizing the sum of
sensitivity and specificity. Univariate survival analysis was performed on clinical parameters
and biological parameters (soluble molecules or 30 genes measured by RT-PCR)
categorized as high or low by cut-off at median, or at optimal threshold when specified. Log-
rank tests were used for univariate analysis. For the 145 patient validation cohort, significant
variables at the threshold of p < 0.05 were selected for the Cox proportional hazard models
for multivariate analysis. Model 1 included 145 patients and all clinical and biological
parameters significant in univariate analysis, but PNl and VE, because of missing values,
whereas Model 2 included all significant parameters, but was restricted to the 124 patients
with complete data. The heatmap representing the 18-gene signature in Fig3A was

performed with Qlucore software.
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Fig 1. Tumor secretome analysis identified 29 deregulated molecules

Quantification of 49 molecules from the soluble microenvironment of 37 OCSCC and paired
juxtatumor tissue. P-values obtained by Wilcoxon tests are represented by range: * < 0.05, **
<0.01, ** < 0.001, **** < 0.0001.
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Fig 2. Soluble MMP2 is a prognostic biomarker of OCSCC, independent of T cell

infiltration

A. ROC curve of soluble MMP2 for severity criteria (DSS < 36 months and /or a DFS < 12

months followed by permanent palliative treatment). The optimal threshold was 29.3 ng/ml.

B. DDS, DFS and OS survival curves according to soluble MMP2 level, define as high or low

relatively to the threshold defined in “B”.

C. Correlation between CD3 in live cells and soluble MMP2 (left), CXCL9 (center) and
CXCLA10 (right), in tumors of 18 HNSCC patients. r values are Spearman correlation

coefficients.

D. Correlation between soluble MMP2 and CXCL9 (left) and CXCL10 (right), in 37 OCSCC

samples. r values are Spearman correlation coefficients.

Abbreviations. OCSCC: oral cavity squamous cell carcinoma, ROC: receiver operating
characteristic, DSS: disease specific survival, DFS: disease free survival, OS: overall

survival, HNSCC: head and neck squamous cell carcinoma
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Figure 3
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Fig 3. MMP2, ENE and stage define prognostic groups with equivalent expression of

an 18-gene signature predictive of response to PD-1 blockade
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A. Cox proportional hazards Model 1, including n = 145 patients, and all clinical and
biological data significant at p < 0.05 in univariate analysis, excepted perineural invasion and

vascular embols.

B. Survivals according to the prognostic groups defined by the Cox Model 1: DSS (top left)
and DFS (top right) in the 4 groups defined by MMP2 RNA and ENE status. OS (bottom) in
the 4 groups defined by MMP2 status and Stage. P-value obtained by Log-rank tests are
represented by range: * < 0.05, ** < 0.01, *** < 0.001, *** < 0.0001, and relatively to the best
prognosis groups that are MMP2 low/ENE- for DSS and DFS, and MMP2 low/Stage | or Il for
OS.

C. Distribution of the 18-gene signature score among the prognostic groups defined by the
Cox Model 1 and 2 for DFS, DSS and OS.

Abbreviations. DSS: disease specific survival, DFS: disease free survival, ENE: extranodal

extension, OS: overall survival.
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SUPPLEMENTARY FIGURES

Figure S1
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Fig S1. ROC curve of MMP2 RNA for severity criteria in the cohort of 145 patients (left) and
among the 106 patients without ENE (right).
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Fig S2. Correlation between soluble MMP2 and MMP2 RNA (Spearman correlation
coefficient).
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Figure S3
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Fig S3. Heatmap representing the expression of the 18 genes of the signature ordered by the

Z-score
|
o

18-gene signature score from low values (left) to high values (right). Each column represents
one patient sample (n=145).
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Figure S4
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(left), absence or presence of ENE (center) and disease stage (right).
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Figure S6

RESECTABLE OCSCC

MMP2 post-op MMP2 pre-op

Primary surgery

‘ MMP2 low MMP2 high

ENE and MMP2 status A

Neo-adjuvant
Immunotherapy if PDL1+

_| ENE- Standard of care or Chemotherapy if PDL1-
MMP2 low De-escalate*
ENE- Adjuvant ¥ v
— : Immunotherapy if PDL1+
MMP2 high S
'Y Chemotherapy if PDL1- urgery

ENE+ Standard of - .
| MMP2 low andard of care Standard of Adjuvant
care Immunotherapy if PDL1+
Chemotherapy if PDL1-

Adjuvant
Bl |\E/|'|\\l/|EP+2 high Immunotherapy if PDL1+
9 Chemotherapy if PDL1-

* Depending on other parameters, such as PNI,
VE, N status, consider de-escalating adjuvant
chemoradiotherapy to radiotherapy, or
radiotherapy to surveillance

Fig S6. Flow-chart representing proposals of MMP2-driven clinical trials

117



TABLES

Table 1 - Patients characteristics of the RT-qPCR retrospective validation cohort (n=145)

Parameter Percentage (n)
Gender female 39% (57)
male 61% (88)
Age 63.8 +/- 13.99 (mean +/- SD)
Alcohol abuse (n=121) absent 60% (73)
present 40% (48)
Tobacco (n=137) non smoker 43% (59)
smoker 57% (78)
T stage T1 12% (18)
T2 23% (34)
T3 40% (58)
T4 24% (35)
N stage NO 51% (74)
N1 11% (16)
N2 16% (23)
N3 22% (32)
Stage I 11% (16)
I 17% (24)
1]} 20% (29)
IVA 30% (43)
IVB 23% (33)
Differentiation verrucous 3% (5)
well 70% (102)
moderate 20% (29)
poorly 6% (8)
basaloid 1% (1)
Mitotic Index (n=119) high 40% (48)
low 33% (39)
mid 27% (32)
Perineural invasion (n=125) absent 48% (60)
present 52% (65)
Vascular embols (n=126) absent 61% (77)
present 39% (49)
ENE absent 73% (106)
present 27% (39)
Margins negative or close 83% (120)
positive 17% (25)
HPV negative 94% (136)
positive 6% (9)
Adjuvant treatment none 41% (59)
RT 40% (58)
RT + CT or Cetuximab  19% (27)
curietherapy 1% (1)
Recurrence absent 61% (88)
local 23% (33)
regional 19% (27)
metastatic 13% (19)
Severity non-severe 74% (107)
severe 26% (38)

Numbers in brackets beside clinical parameters indicate the number of patients for which the

information was available
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Table 2 — Prognosis value of the clinical parameters and genes measured by RTqPCR in the
validation cohort (univariate analysis, Log-Rank test)

Parameter Mean +/- SD Poor prognosis if p-values per survival (Log-rank)
DSS oS DFS

Gender ns 0.8420 0.4387 0.801

Age (</> 70) ns 0.9460 0.9785 0.434
Alcohol ns 0.8710 0.1860 0.848
Tobacco ns 0.7839 0.1191 0.670

Stage 1l or more 0.0120 0.0036 0.053
Differentiation moderate or poor 0.0350 0.0434 0.117
Mitotic index ns 0.1957 0.7066 0.928
Perineural invasion present <0.0001 < 0.0001 0.0046
Vascular embols present 0.0004 0.0002 0.0130
ENE present <0.0001 0.0004 0.003
Margins ns 0.1020 0.1484 0.193
HPV ns 0.4950 0.4536 0.823
MMP2 1.84+/-1.75 high 0.0009 0.0140 0.0440
CD276 2.44/-1.18 high 0.0056 0.0340 0.0870
CXCL10 18.67+/-27.62 low 0.0083 0.0008 0.0820
STAT1 3.72+/-2.35 low 0.0160 0.0007 0.1300
MMP9 8.55+/-12.93 high 0.0190 0.0880 0.0610
LAMP3 7.43+/-5.59 low 0.1500 0.0008 0.4300
CXCR6 1.22+/-0.92 low 0.6200 0.0037 0.6600
HLA-E 1.12+/-0.51 low 0.1100 0.0056 0.0810
CD274 3.34/-3.25 low 0.2100 0.0070 0.4100
IDO1 13.98+/-20.3 low 0.0650 0.0095 0.1800
PSMB10 1.68+/-0.99 low 0.2000 0.0270 0.2800
CCR7 8.41+/-10.73 low 0.4700 0.0300 0.5900
TIGIT 3.28+/-2.8 ns 0.8800 0.0560 0.7700
CCL5 2.34/-2.41 ns 0.7700 0.0600 0.8800
LAG3 3.04+/-3.28 ns 0.4700 0.0640 0.7900
PDCD1 2.19+/-2.17 ns 0.8500 0.0670 0.5400
CXCL9 19.04+/-30.47 ns 0.7000 0.0680 0.9800
HLA-DQA1 1.5+/-1.2 ns 0.5600 0.0850 0.7200
IL3RA 0.9+/-0.69 ns 0.6300 0.0990 0.3700
CcD27 1.88+/-2.06 ns 0.7700 0.0990 0.7000
NKG7 1.83+/-2.12 ns 0.7900 0.1300 0.4700
CD3E 2+/-1.9 ns 0.8100 0.1400 0.7700
pan_HLA-DRB 1.35+/-1.04 ns 0.7000 0.1500 0.6300
PDCD1LG2 2.64+/-2.24 ns 0.3100 0.2000 0.2200
CD8A 1.74+/-21 ns 0.6200 0.2800 0.4000
ICOSLG 0.68+/-0.35 ns 0.9400 0.4200 0.4600
CMKLR1 1.13+/-0.8 ns 0.4200 0.4300 0.4800
MMP1 774.76+/-1051.42 ns 0.3000 0.6300 0.3500
FUT4 1.06+/-0.53 ns 0.1600 0.8600 0.4000
cbh1C 0.36+/-0.42 ns 0.2300 0.9400 0.4500

Cells highlighted in grey contain significant values at p < 0.05
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Table 3 - Survival durations by prognostic groups defined by the Cox Model 1

Survival Prognostic groups n (%) MST 2-yS 3-yS 5.y S
(months)

DSS MMP2 high / ENE- 50 (34%) 116.07 69.19% 66.72% 60.63%
MMP2 high / ENE+ 22 (15%) 20.04 49.23% 43.76% 36.47%
MMP2 low / ENE- 56 (39%) not reached 88.44% 88.44% 88.44%
MMP2 low / ENE+ 17 (12%) not reached 67.31% 60.58% 51.92%

DFS MMP2 high / ENE- 50 (34%) 103.89 64.45% 61.87% 54.86%
MMP2 high / ENE+ 22 (15%) 22.57 45.85% 45.85% 38.21%
MMP2 low / ENE- 56 (39%) 172.39 79.25% 77.27% 73.20%
MMP2 low / ENE+ 17 (12%) not reached 56.31% 56.31% 56.31%

os MMP2 high /1 orll 17 (12%) 116.07 75.00% 68.75% 56.25%
MMP2 high / lll or more 55 (38%) 23.98 49.06% 47.09% 32.96%
MMP2 low /1l or 23 (16%) 135.43 86.96% 82.61% 82.61%
MMP2 low / lll or more 50 (34%) 91.83 71.49% 65.16% 54.47%
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SUPPLEMENTARY TABLES

Table S1 - Patients characteristics of the secretome prospective discovery cohort (n = 37)

Parameter Percentage (n)
Gender female 32% (12)
male 68% (25)
Age 68.31 +/- 12.81 (mean +/- SD)
Alcohol abuse (n=27) absent 67% (18)
present 33% (9)
Tobacco (n=34) non smoker 50% (17)
smoker 50% (17)
T stage T 14% (5)
T2 22% (8)
T3 32% (12)
T4 32% (12)
N stage NO 59% (22)
N1 8% (3)
N2 14% (5)
N3 19% (7)
Stage I 14% (5)
I 11% (4)
]} 19% (7)
IVA 38% (14)
IvB 19% (7)
Differentiation well 78% (29)
moderate 22% (8)
poorly 0% (0)
Mitotic Index (n=36) high 53% (19)
low 25% (9)
mid 31% (11)
Perineural invasion (n=36) absent 47% (17)
present 53% (19)
Vascular embols absent 59% (22)
present 41% (15)
ENE absent 76% (28)
present 24% (9)
Margins negative or close 86% (32)
positive 14% (5)
HPV (n=21) negative 90% (19)
positive 10% (2)
Adjuvant treatment none 30% (11)
RT 54% (20)
RT + CT or Cetuximab 16% (6)
Recurrence absent 73% (27)
present 27% (10)
Severity non-severe 76% (28)
severe 24% (9)

Numbers in brackets beside clinical parameters indicate the number of patients for which the

information was available
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Table S2 - Comparison of the analytes of the soluble microenvironment of 37 paired OCSCC

and juxtatumor samples (Wilcoxon)

Tumor

Juxtatumor

Analyte Median (min-max) Median (min-max) Higher in p-value
CXCL9 35380 (61-52000) 2934 (31-52000) Tumor <0.0001
GM-CSF 1093 (0-10800) 105 (0-3386) Tumor <0.0001
IL-15 5(0-17) 1 (0-8) Tumor <0.0001
MMP-2 28457 (4155-51500) 5414 (0-51500) Tumor <0.0001
MMP-9 10500 (783-10500) 2522 (159-10500) Tumor <0.0001
PAI-1 19392 (1513-34000) 4579 (61-34000) Tumor <0.0001
Resistin 10460 (109-24500) 1263 (27-24500) Tumor <0.0001
SCF 22 (0-242) 9 (0-42) Tumor <0.0001
TNF-a 83 (1-2402) 37 (0-330) Tumor <0.0001
MCP-1 1103 (163-19500) 10669 (0-19500) Juxtatumor <0.0001
IL-1b 843 (1-5996) 163 (0-3221) Tumor 0.0001
IL-12(p40) 0 (0-24) 0 (0-8) Tumor 0.0002
IL-16 143 (18-2085) 35 (0-632) Tumor 0.0003
TARC 4 (0-87) 0 (0-15) Tumor 0.0003
TRAIL 17 (0-238) 6 (0-136) Tumor 0.0003
VEGF 72 (0-2399) 39 (0-228) Tumor 0.0006
MMP-1 21000 (7281-21000) 21000 (28-21000) Tumor 0.0024
IL-12(p70) 1(0-14) 0 (0-2) Tumor 0.0029
MCP-3 0 (0-52) 0 (0-519) Juxtatumor 0.0078
MDC 198 (0-2264) 45 (0-1226) Tumor 0.0083
TGFa 14 (0-209) 9 (0-76) Tumor 0.0104
IL-1RA 1529 (17-10200) 311 (0-10200) Tumor 0.0110
Leptin 12 (0-328) 22 (0-426) Juxtatumor 0.0162
MCSF 2897 (634-27235) 2124 (24-13266) Tumor 0.0173
MIP-1b 85 (4-517) 45 (0-262) Tumor 0.0181
CXCL10 527 (0-11000) 106 (0-11000) Tumor 0.0200
FGF-2 192 (29-1553) 120 (0-501) Tumor 0.0233
MCP-2 7 (0-151) 13 (0-1037) Juxtatumor 0.0376
CCL20 113 (0-8227) 73 (0-547) Tumor 0.0496
HGF 2218 (115-8862) 1195 (24-7529) ns 0.0621
RANTES 197 (4-5222) 112 (0-3188) ns 0.0884
TSLP 0 (0-0) 0(0-13) ns 0.1250
IL-8 11000 (3545-11000) 11000 (2-11000) ns 0.1324
LIF 38 (0-731) 75 (0-479) ns 0.1579
IL-33 5 (0-135) 15 (0-136) ns 0.2367
1-309 0 (0-7) 0 (0-3) ns 0.2789
IL-23 0 (0-24) 0 (0-24) ns 0.3750
GRO 12000 (236-12000) 12000 (6-12000) ns 0.4634
TPO 0 (0-14) 0 (0-22) ns 0.5000
TNFb 0 (0-2) 0 (0-1) ns 0.6250
G-CSF 10500 (353-10500) 10500 (0-10500) ns 0.6578
MIP-1a 207 (7-2100) 193 (0-2100) ns 0.7152
ENA-78 2212 (26-23000) 2137 (0-23000) ns 0.8231
CXCL6 65 (0-523) 69 (0-2600) ns 0.8463
CXCL7 1813 (144-7802) 1447 (93-8201) ns 0.8815
EGF 4 (0-13) 4 (0-27) ns 0.9809
SDF-1 0 (0-77) 0 (0-40) ns 1.0000
IL-21 0 (0-0) 0 (0-0) ns all values at 0
IL-9 0 (0-0) 0 (0-0) ns all values at 0

Cells highlighted in grey contain significant values at p < 0.05
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Table S3 - Prognosis value of the 49 analytes measured in the tumor soluble microenvironment

(Mann-Whitney)

Non-severe

Severe

Analyte Median (min-max) Median (min-max) p-value
MMP2 17432 (4155-51500) 34839 (29414-51500) 0.0074
IL12(p70) 1(0-14) 0 (0-2) 0.0738
EGF 0 (0-13) 7 (0-12) 0.1422
CCL20 82 (0-1160) 303 (26-8227) 0.1729
MCP2 8 (0-151) 0 (0-21) 0.1934
ENA78 2712 (26-23000) 1468 (65-11471) 0.2264
CXCL9 52000 (61-52000) 7350 (2415-52000) 0.2286
IL23 0 (0-24) 0 (0-11) 0.2501
MCP3 0 (0-52) 0 (0-0) 0.2505
IL1RA 1137 (17-10200) 2126 (421-10200) 0.2958
PAI1 19392 (1513-34000) 22582 (12431-34000) 0.3297
CXCL6 85 (0-523) 40 (5-394) 0.3365
IL1b 748 (1-3519) 1072 (88-5996) 0.4122
CXCL7 1348 (144-6613) 2251 (535-7802) 0.4325
1309 0 (0-7) 1(0-2) 0.4392
TRAIL 17 (0-238) 20 (7-167) 0.4679
IL12(p40) 0 (0-14) 4 (0-24) 0.5056
TARC 3 (0-87) 7 (0-32) 0.5351
CXCL10 584 (0-11000) 314 (168-1863) 0.5588
GRO 10378 (236-12000) 12000 (2966-12000) 0.5810
Resistin 11045 (109-24500) 8741 (413-24500) 0.5851
MMP9 10500 (783-10500) 10500 (2806-10500) 0.6027
MMP1 21000 (7281-21000) 21000 (21000-21000) 0.6143
TPO 0 (0-14) 0 (0-0) 0.6143
RANTES 200 (4-5222) 189 (98-1565) 0.6385
Leptin 13 (0-226) 6 (0-328) 0.6957
FGF2 159 (29-1553) 250 (43-993) 0.7149
IL16 158 (18-2085) 131 (35-1464) 0.7411
IL8 11000 (3545-11000) 11000 (7858-11000) 0.7421
GCSF 10500 (353-10500) 10500 (1095-10500) 0.7496
TNFb 0 (0-2) 0 (0-1) 0.7648
IL15 5 (0-15) 6 (2-17) 0.7904
IL33 3 (0-60) 5 (0-135) 0.8068
LIF 38 (0-731) 67 (0-231) 0.8593
MIP1b 87 (4-517) 82 (31-177) 0.8595
MCP1 1103 (163-19500) 1162 (269-12495) 0.8734
VEGF 101 (0-2399) 49 (26-1072) 0.9154
SDF1 0 (0-40) 0 (0-77) 0.9215
MIP1a 214 (7-2100) 169 (60-889) 0.9295
MCSF 2918 (634-12946) 2639 (814-27235) 0.9308
SCF 25 (0-93) 21 (5-242) 0.9435
TNF-a 94 (1-2402) 75 (29-1035) 0.9584
MDC 184 (0-2264) 219 (33-1050) 0.9859
TGFa 16 (0-147) 12 (5-209) 0.9861
HGF 2218 (115-7258) 2223 (363-8862) 0.9861
GMCSF 1236 (0-10800) 946 (753-10800) 1.0000
IL21 0 (0-0) 0 (0-0) 1.0000
IL9 0 (0-0) 0 (0-0) 1.0000
TSLP 0 (0-0) 0 (0-0) 1.0000

Cells highlighted in grey contain significant values at p < 0.05
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Table S4 - List of the 30 genes measured by RTqPCR

Gene Alias(es) Included in the 18
gene signature
MMP1 no
MMP2 no
MMP9 no
CXCL10 no
CD3E CD3 no
FUT4 CD15 no
ICOSLG ICOS-L no
CcDh1C no
LAMP3 no
IL3RA no
CD8A CDs8 no
PDCD1 CD279, PD1 no
CD274 B7H1, PDL1, PDCD1L1 yes
CCR7 yes
HLADRB yes
CCL5 RANTES yes
CD27 TNFRSF7 yes
CD276 B7H3 yes
CMKLR1 yes
CXCL9 yes
CXCR6 yes
HLA-DQA1 yes
HLA-E yes
IDO1 IDO yes
LAG3 CD223 yes
NKG7 yes
PDCD1LG2 B7DC, PDL2 yes
PSMB10 LMP10 yes
STAT1 yes
TIGIT yes
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Table S5 - Multivariate Cox proportional hazards Model 2, including n = 124 patients, and all

clinical and biological data significant at p < 0.05 in univariate analysis

Survival Parameters P value HR (95% CI)

DSS MMP2 0.034 1.168 (1.012-1.349)
PNI 0.020 2.599 (1.161-5.818)

os PNI 0.010 2.198 (1.204-4.01)
Stage 0.019 2.646 (1.175-5.957)

DFS MMP2 0.016 1.162 (1.028-1.312)

125



Table S6 - Comparison of survivals in the prognostic groups defined by the Cox Model1

Prognostic groups Log-rank HR (Mantel-Haenszel)
P value HR  nfclos% SobC!
DSS MMP2 high / ENE- vs. MMP2 high /| ENE+ 0.0093 0.3417 0.1522  0.7671
MMP2 high / ENE- vs. MMP2 low / ENE- 0.0022 3.228 1.524 6.834
MMP2 high / ENE- vs. MMP2 low / ENE+ 0.6203 0.7928 0.3165 1.986
MMP2 high / ENE+ vs. MMP2 low / ENE- <0.0001 21.49 7.226 63.94
MMP2 high / ENE+ vs. MMP2 low / ENE+ 0.1851 1.795 0.7556 4.264
MMP2 low / ENE- vs. MMP2 low /| ENE+ 0.0016 0.1079 0.02715  0.4286
DFS MMP2 high / ENE- vs. MMP2 high /| ENE+ 0.0317 0.4281 0.1973  0.9285
MMP2 high / ENE- vs. MMP2 low / ENE- 0.0893 1.771 0.916 3.426
MMP2 high / ENE- vs. MMP2 low / ENE+ 0.6349 0.8029 0.3243 1.987
MMP2 high / ENE+ vs. MMP2 low / ENE- 0.0002 5.539 2.236 13.72
MMP2 high / ENE+ vs. MMP2 low / ENE+ 0.3634 1.497 0.6273 3.57
MMP2 low / ENE- vs. MMP2 low /| ENE+ 0.0705 0.3582 0.1177 1.09
oS MMP2 high/l or Il vs. MMP2 high/Illl or more 0.0402 0.5285 0.2873 0.972
MMP2 high/l or Il vs. MMP2 low/l or II 0.2129 1.886 0.6948 5.122
MMP2 high/l or Il vs. MMP2 low/lll or more 0.653 6e-310 2e-322 infinite
MMP2 high/lll or more vs. MMP2 low/l or Il 0.0004 2.8878 1.597 5.186
MMP2 high/lll or more vs. MMP2 low/lll or more 0.0398 6e-310 2e-322 infinite
MMP2 low/l or Il vs. MMP2 low/Ill or more 0.0646 6e-310 2e-322 infinite

Inf: inferior. Cl: confidence interval. Sup: infinite. Cells highlighted in grey contain significant
values at p < 0.05
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Table S7 - Clinical parameters according to MMP2 RNA status

Parameter Percentage (n) MMP2 Low MMP2 high p value Odd Ratio
(n=73) (n=72) (Fisher) [95%CI]
Gender female 40% (29) 39% (28) 1.0000
male 60% (44) 61% (44) 0.9506
Age mean +/- SD 63,21 +/- 63,35+/-14,39
13,68
Alcohol abuse absent 59% (37) 62% (36) 0.7148
(n=63, n=58)
present 41% (26) 38% (22)
Tobacco (n=70, non smoker 43% (30) 43% (29) 1.0000
n=67)
smoker 57% (40) 57% (38)
T stage T1orT2 40% (29) 32% (23) 0.3876
T3orT4 60% (44) 68% (49)
N stage NO 60% (44) 42% (30) 0.0310 2.11 [1.04; 4.35]
N+ 40% (29) 58% (42)
Stage lorll 32% (23) 24% (17) 0.3536
lll or more 68% (50) 76% (55)
Differentiation verrucous, well, 75% (55) 74% (53) 0.8506
basaloid
moderate, poorly 25% (18) 26% (19)
Mitotic Index (n=63, high 54% (34) 25% (14) 0.0015 3.48 [1.51; 8.35]
n=56)
low / mid 46% (29) 75% (42)
Perineural invasion  absent 59% (37) 37% (23) 0.0200 2.40[1.12; 5.28]
(n=63, n=62)
present 41% (26) 63% (39)
Vascular embols absent 63% (41) 59% (36) 0.7157
(n=65, n=61)
present 37% (24) 41% (25)
ENE absent 77% (56) 69% (50) 0.3536
present 23% (17) 31% (22)
Margins negative or close 82% (60) 83% (60) 1.0000
positive 18% (13) 17% (12)
HPV negative 93% (68) 94% (68) 1.0000
positive 7% (5) 6% (4)
Adjuvant treatment  none 41% (30) 40% (29) 0.9636
RT 41% (30) 39% (28)
RT + CT or Cetuximab 18% (13) 19% (14)
curietherapy 0% (0) 1% (1)
Severity low 82% (60) 65% (47) 0.0241 2.44[1.07; 5.80]
high 18% (13) 35% (25)
Recurrence absent 70% (51) 51% (37) 0.0398
local 30% (22) 29% (21)
regional 14% (10) 24% (17)
metastatic 7% (5) 19% (14)

Numbers in brackets beside clinical parameters indicate the number of patients for which the

information was available. Cells highlighted in grey contain significant values at p < 0.05.

Table S8 - Primer sequences

Primer Name

Primer Sequence 5' to 3'
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D-ALB-U
D-ALB-L
TBP-U

TBP-L
MMP1-U2
MMP1-L2
MMP2-U1
MMP2-L1
MMP9-U1
MMP9-L1
CXCL10-U1
CXCL10-L1
CD3E-U2-Hs
CD3E-L2-Hs
FUT4-U3-Hs
FUT4-L3-Hs
CD274-U1-Hs
CD274-L1-Hs
ICOSLG_U1_Hs
ICOSLG_L1_Hs
CD1C-U1
CD1C-L1
CCR7-U2
CCR7-L2
LAMP3-U2
LAMP3-L2
IL3RA-U1
IL3RA-L1

HLA-class2-DRB-U2-Hs
HLA-class2-DRB-L2-Hs

CCL5-U2
CCL5-L2
CD27-U1-Hs
CD27-L1-Hs
CD276-U1-Hs
CD276-L1-Hs
CMKLR1-U2
CMKLR1-L2
CXCL9-U2
CXCL9-L2
CXCR6-U1
CXCR6-L1
HLA-DQA1-U3
HLA-DQA1-L3
HLA-E-U3
HLA-E-L3
IDO1-U1
IDO1-L1
LAG3-U2-Hs

GCTGTCATCTCTTGTGGGCTGT
ACTCATGGGAGCTGCTGGTTC
TGCACAGGAGCCAAGAGTGAA
CACATCACAGCTCCCCACCA
GGCTTGAAGCTGCTTACGAATTT
ACAGCCCAGTACTTATTCCCTTTGA
ACTGCGGTTTTCTCGAATCCA
GGTATCCATCGCCATGCTCC
CGGCTTGCCCTGGTGCAGT
CGTCCCGGGTGTAGAGTCTCTCG
CTGACTCTAAGTGGCATTCAAGGAG
GGTTGATTACTAATGCTGATGCAGG
AAGATGGTAATGAAGAAATGGGTGGT
TGAGGGCATGTCAATATTACTGTGGT
CTGCCATGGACCGTCTGTGT
CCCCAGCAAGCGTAGGTGA
GCTGAATTGGTCATCCCAGAACTAC
AAACGGAAGATGAATGTCAGTGCTAC
CTTCTGCAGCAGAACCTGACTGT
CGGTACTGACTGGATTCTCTGTGAT
GACAATGCAGACGCATCCCA
CAACTCGTCCAGCCATCCTGA
GGGGAAACCAATGAAAAGCGT
ATCTTGACACAGGCATACCTGGAA
ACCCGAAAATCCAACCTTCTGT
GTCAAATAGGCTCCCACTTCACTG
ATCGCAAATTTCGCTATGAGCTT
GGAGGTTCTGTCTCTGACCTGTTCT
TGCCAAGTGGAGCACCCAA
CAGATTCAGACCGTGCTCTCCAT
GCCCACATCAAGGAGTATTTCTACA
TTCGGGTGACAAAGACGACTG
GTGCACCGAGTGTGATCCTCTT
GGCCTCCAGCATCTCACTGAC
AGGAGAATGCAGGAGCTGAGGA
TCAGAGGCTGCAGGGCTGTC
TCAACCTGGCAGTGGCAGAT
CCCGAAAACCCAGTGGTAGTC
ATCCACCTACAATCCTTGAAAGAC
TCCATTCTTCAGTGTAGCAATGATTT
GGTTCAGCAGTTTCAATGACAGCA
CAGACCACAGACAAACACCACCAG
CTACCGCTGCTACCAATGAGGTTC
TGGGCTGACCCAGTGTCACG
GCTACTCTAAGGCTGAGTGGAGCGA
TTTACAAGCTGTGAGACTCAGACCCCT
TGTTTCACCAAATCCACGATCAT
CCTTCATACACCAGACCGTCTGAT
CCTTTCTCTGCTCCTTTTGGTGACT




LAG3-L2-Hs
NKG7-U1
NKG7-L1
PDCD1LG2-U1-Hs
PDCD1LG2-L1-Hs
PSMB10-U1
PSMB10-L1
STAT1-U1
STAT1-L1
TIGIT_Hs_U3
TIGIT_Hs_L3
CD8A-U3-Hs
CDS8A-L3-Hs
PDCD1-U1-Hs
PDCD1-L1-Hs

AATCGTCTTGGTCGCCACTGTCT
CCCCAGATCCAGACCTTCTTCTC
CCAGGCTCAGGGCACCTGTA
TCCTGCTAATGTTGAGCCTGGAA
GTCACATTGCTGCCATGCTCTATTAT
CGCCCCCAAAATCTACTGCTG
TGGACGCCACCATCCGTGT
AGCATGAAATCAAGAGCCTGGA
ACCATTGGTCTCGTGTTCTCTGTT
CTCCCCTCGCCTCAGGAATGAT
CCGTGGTGGAGGAGAGGTGACA
CCGGTCTTCCTGCCAGCGAAG
GGCGCCGGTGTTGGTGGTC
TCGTCTGGGCGGTGCTACAAC
AGGGCCTGTCTGGGGAGTCTAAG
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4. DISCUSSION AND PROSPECTS

4.1 Discussion

4.1.1 DC maturation states: towards a novel classification?

In our study, we are proposing a novel classification of cDC maturation states, based on
systematic in vitro analysis of DC-T cell features. We used 16 stimuli activating 6 different
TLR, 1 CLR, cytosolic sensors and 2 cytokine receptors, covering a broad spectrum of
signaling pathways, reviewed in the introduction. PRR signaling pathways have some
specificities but are also very redundant as shown by the transcription factors shared by the
different pathways. The exact mechanisms by which a cell will present with different outputs
after stimulation by 2 different ligands binding the same receptor or a unique ligand present
at different concentration or for different duration remains to be fully elucidated. Here, we
could further classify our observations in 3 categories: (i) different ligands for different
receptors that all induce the same phenotype (e.g. “secretory” for Zymosan/TLR2-Dectin1
and R848/TLR7/8, and “helper”’ for GM-CSF/GM-CSFR and Flu/TLR7-Cytosolic sensors); (ii)
2 different ligands for the same receptor that induce “secretory DC” or “helper DC” (e.g.
TLR2 and the ligands HKSA and Pam3); (iii) ligand-receptor pairs that have their own
specificity, such as Poly I:C/TLR3 that was one of the few stimuli with an intermediate
phenotype between “secretory” and “helper”, and was also unique at inducing high levels of
IFN-a and IL-28. Most observations were in the first category, so that we may now ask the

question of the universality of this classification.

Would any other DC stimuli induce necessarily “secretory” or “helper DC”? Are there stimuli,
combinations or doses able to induce simultaneous high expression of PDL1 and ICOSL, or
are these molecules exclusive at high expression levels on cDC? and what would be the
associated DC and T cell outputs? Other types of stimuli and combination would need to be
tested to address this question, for instance using pure cytosolic sensor activators such as
cGAMP (117).

Another aspect of universality would be the impact of the DC subset, as we have seen in the
introduction that the same stimuli on different DC subsets, even when both express the
corresponding receptor, could have a different impact. Two years ago, in our team, we had
identified functional pDC subsets after CpG or Flu stimulation, labelled “P1”, “P2” and “P3”,
according to their final state of maturation with the same stimuli. The markers best
discriminating these subsets were PDL1 and CD80. “P1” were PDL1high and CD80low and

associated to an increased secretion of IFN-a, whereas “P3” PDL1lowCD80high were the
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most potent activators of T cell (294), and “P2” had an intermediate phenotype. This suggest
that our classification may apply to pDC, but that PDL1 and ICOSL were not the best
functional subset markers in this case. However, ICOSL was also overexpressed in “P3” as
compared to “P1”.

As the extensive literature on DC maturation states was obtained with Mo-DC, it would also
be interesting to determine if our cDC classification applies to this in vifro-generated subset.
Finally, our dataset contained data from primary blood CD11c+ DC, composed of a majority
of cDC2 and a minority of cDC1. We therefore cannot be sure if this classification would
apply to cDC1 stimulated alone, especially since cDC1 do not express the same PRR than
cDC2. A potential influence of cDC1 on ¢cDC2 was also possible in our model. For instance,
cDC1 express high levels of TLR3, the receptor for Poly I:C, which might explain the

specificity of this stimuli described above.

Another question is the mechanisms responsible for the DC phenotypes and the T cell
outputs. PDL1 and ICOSL are efficient markers to identify each functional DC state, but this
does not necessarily mean that they are responsible for the effect observed on T cells. PDL1
was co-expressed with other negative checkpoints and with the integrin CD54 and the
costimulatory CD40 on “secretory” DC. We did not identify any other surface marker
systematically associated to ICOSL on “helper” DC. The predominance of negative signals
for “secretory” DC is in line with a limited stimulation of T cells, although it remains to be
demonstrated by blocking experiments. “Secretory” DC secreted high levels of IL-10 that
may be responsible for the absence of stimulation of T cell cytokine production, and may also
be the signal responsible for PDL1 upregulation in an autocrine manner (169). In our system,
IL-10 signaling towards T cell seems to have a dominant immunosuppressive effect on IL-12
that was also produced by “secretory” DC. Additionally, although “secretory-DC”- activated
naive CD4 T cells were not able to produce more cytokines than T cell co-cultured with
medium DC, they acquired higher proliferation capacity.

CD4 T helper cells promote CD8 cytotoxic activation by the secretion of cytokines but also by
membrane-bound molecules that were not measured in our model, such as CD40L (245),
and cDC2 may cross-present. We have not performed subsequent DC/CD8+Tcells or
CD4+Tcell/CD8+Tcell functional assays and cannot further conclude on the level of CD8+T
cell immunosuppression or anergy associated with “secretory DC”. Finally, it is possible that
some molecules not measured in our model may also play a role on the observed
phenotypes, such as TGF-B (254).

Transcriptomic analysis of tumor infiltrating DC and of a public dataset of DC activated with
one “secretory” and one “helper” stimuli allowed us to observe that the NFkB pathway was

strongly upregulated in “secretory” DC. The transcription factors IRF-1, -7, -8, -9 and the
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STAT-1, -4, -ba were also associated to the “secretory” signature, whereas IRF4, CREB3
and CREB3L2 were associated to the “helper signature”, and IRF2, JUN(gene for AP1) and
CREB3L1 were part of the common maturation trunk (Section 3.1, Fig4E and Table 9).
Additional transcriptomic analysis of DC stimulated with some of the other stimuli of our
model would help us to confirm the differential expression of the transcription factors

associated with each phenotype.

Ex vivo phenotypic and transcriptomic analyses of human tumor infiltrating cDC2 showed
that the cells from inflamed tumors had important similarities with our in vitro “secretory” DC.
These results are very encouraging for the relevance of our in vitro model to human
physiopathology. Our classification also conciliates the observations of simultaneous
immunosuppressive and immunogenic features observed in various context in human and
presented in the introduction (71), (236).

Former observations that lead to the existing classification of immunogenic and tolerogenic
matured DC are not necessarily conflicting with the classification presented here. Two main
aspects related to the experimental settings of former studies may explain how: (i) the lack of
molecules analyzed, (ii) the relativity of the comparator. The added value of our model is the
unbiased and systematic measurement of multiple DC and T cell outputs. Most studies
presented in the introduction studied the expression of few DC membrane markers and
cytokines to define immunogenic and tolerogenic DC and might have lacked a more global
view. As per the relativity of the comparator, in our model, each stimuli could be compared to
the classical negative control that is medium, but more importantly to multiple different
positives controls that were the other stimuli, and we tended to observe the “true” highest
level of expression the molecules studied. For example, a dual comparison of TSLP-DC with
Medium-DC will conclude that TSLP induces an upregulation of PDL1 on DC and define the
PDL1high DC. The same experiment with a supplementary condition such as R848 will
conclude that PDL1 is only mildly upregulated by TSLP as compared to R848, and the TSLP-
DC will become PDL1low/intermediate, whereas R848 will appear as PDL1high. This
relativity shows how much the choice of one or the other positive control is impactful for the

interpretation of experimental results.
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4.1.2 Translation of DC “Secretory” and “Helper” patterns into a theoretical
basis for the use of DC modulators in cancer and other diseases

In the introduction section 1.2.3.5, we have seen that some of the stimuli used in our in vitro
model are also pharmaceutical compounds approved or under evaluation. They may be used
to modulate DC maturation state before DC therapy, or as peptide-based vaccine adjuvants
(273).

Stimuli inducing “secretory” DC, such as R848 (TLR7/8 ligand), may be proposed as
candidate drugs to induce immune cell recruitment in cold tumors and DC maturation in the
TME. However, our results suggest that they should not be used in cancer patients without
combining them with PD(L)1 blockade, otherwise, T cell activation in the peripheral lymph
node or within the tumor might be further limited. R848 is frequently used as a vaccine
adjuvant, but we have not been able to identify a trial in combination with PD(L)1 blockade
(NCT02126579). TLR4 activator GSK1795091 injected in tumors is under evaluation and is,
to date to or knowledge, the sole Phase I/l in this category to have planned one cohort with
concomitant PD1 blockade (NCT03447314). Combination with IL-10 blocking would in theory
also be needed (56). Zymosan has shown some pre-clinical efficacy in a mice model of
melanoma, but no clinical trial is ongoing with this compound (295). The analysis of the effect
of those compounds in the human TME is required to translate our in vitro observations and

anticipate the factors of resistance and needs for treatment combinations.

We have not observed “Helper’ ¢cDC in the HNSCC TME, but we have defined the stimuli
that may induce them in vitro, which include GM-CSF, TSLP, Flu and low dose of Pam3.
ICOSL high myeloid cells have been described to infiltrate tissues in inflammatory diseases,
auto-immune disorders and in allergy (296). As stated above, we have not yet shown that
ICOSL was the key molecule for T cell activation in our model, and it may well be the
absence/low levels of IL-10 and inhibitory checkpoints that simply allow a final
immunostimulatory signal to transit from the DC to the T cell. That said, ICOSL has
previously been shown to promote T cell activation, and is unambiguously classified as a
positive checkpoint (297).

Whether DC targeting in a sense that would favor “Helper” DC polarization would be
beneficial or deleterious in the context of cancer remains to be shown. This question faces
the dual role of ICOS/ICOSL targeting with potential anti-tumor and pro-tumor effect in the
TME, which explains why both agonists and antagonists are being tested in clinical trials in
the context of cancer (298). A better understanding of the factors regulating ICOSL
expression in our in vitro model and in the HNSCC TME would help for clinical translation.
ICOS is highly expressed on Treg (296), (299), (300), but ICOS+CD8 T cells are also
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present in cancer tissues, although with lower percentages of expression (28), (study 3.1,
data not shown). Several studies report that these ICOS+CD8 T cells are the cytotoxic T cell
responsible for the spontaneous anti-tumor immune response (30), (31), and that they are
the cells that increase under PD1 blockade in cases with treatment efficacy (32). In this line,

ICOS was used to enhance the efficacy of CAR-T cell-based therapies (33).

In parallel, other types of stimuli, such as cytosolic sensors activating cGAMP/STING
pathway are entering the clinics [NCT03010176, NCT03172936]. cGAMP is able to activate
myeloid cells and upregulate MHC molecules (301), but whether it drives a “secretory”, a
“helper” or even an undescribed third type of activation needs to be determined in order to
have a rational for the need of optimized combinations. The combination of cGAMP-
nanoparticles and anti-PDL1 did not significantly enhance the anti-tumor response over
cGAMP-nanoparticles alone (301), which supports the importance of increasing our

knowledge in the field.

4.1.3 What favors a hot versus cold immune microenvironment?

The major T cell attracting chemokines are CXCL9 and CXCL10 (302), (303), which is
consistent with our results (Results 3.2 Fig 3.C). In the introduction, we reported that cDC1
were the main source of those 2 chemokines in a mice model of melanoma, but that there
was a possible discrepancy between the low number of cDC1 and the high levels of
chemokines (241). CXCL9 and CXCL10 were also produced by human tumor infiltrating
c¢DC2 in our study (Results 3.1 Fig 4E). This difference may be due to differences in mice
and human DC biology, and/or between tumor models and spontaneous human tumors.

Interestingly, there was no correlation between tumor mutational burden (TMB) and tumor
inflammation, so that is not likely that the level of neoantigens is responsible for DC/T cell
recruitment into tumors (304). From the biology presented in the introduction and in the 2
studies of this thesis, DC attracting chemokines seem to vary with the PRR and cytokine
signaling occurring in the TME. Fig 1 from Results 3.2 shows that many DC attracting
chemokines are increased in the tumor tissue, except the MCP-1, -2, -3 that are significantly
decreased. A better understanding of the relationship between those the MCP, the other
upregulated CCL and the main T cells attracting chemokines CXCL9 and CXCL10 would be

one way to decipher the hot and cold tumors.
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4.1.4 MMP2: towards a clinical-use biomarker for OCSCC?

In the second study (3.2) we propose to use pre-operative MMP2 status or post-operative
MMP2 and extranodal extension status for biomarker-driven clinical trial. The gold standard
way to implement biomarkers into clinical practice is to run a prospective randomized trial
comparing the biomarker-driven approach (the experimental arms were described in 3.2 Fig.
S6) with the control arms treated by standard of care. The objective would be to show a
benefit in survival. The preparation of randomized clinical trials includes an important
statistical work aimed at defining the number of patients to include in each experimental arm.
To do so, existing data is used to estimate the expected outcomes in the control arms and
the expected benefit of the approach tested (305). The present study delivers valuable data
to prepare such trial, and we even indirectly estimated the expected rates of responders to
PD1-blockade, since it would be one of the proposed options for treatment intensification.
Randomized clinical trials deliver the highest level of evidence and are the best way to obtain
authorities approval and the adherence of the clinicians (306).

Another way for a biomarker to enter the clinical practice is to gather an important number of
evidences from studies with lower levels of evidence. For example, clinical parameters
usually enter the TNM classification by such cumulated evidences, as it was the case
recently for depth of invasion in OCSCC (307). Another example is the urokinase-type
plasminogen activator (UPA) and its inhibitor (PAI-1) signature for prognostic stratification of
breast cancer, associated with the indication of adjuvant chemotherapy (308). This biomarker
was validated after a meta-analysis merging 8377 patients from 18 datasets (309). Many
studies supported the prognostic role of MMP2 in OCSSC but only 1 was performed with
OCSCC patients treated by primary surgery and showed a significant result in an appropriate
multivariate analysis, and included only 60 patients (310). This low number of patients is of
course insufficient to reach a robust level of evidence, but on the other hand shows that
MMP2 is a sufficiently powerful biomarker that it may be significant even with so few patients
and events, as in our 37 patient prospective discovery cohort. Another larger study in Taiwan
included 256 patients in the same clinical setting, but did not present any multivariate
analysis, (311). Therefore, | am not convinced that the studies available to date would be
enough for a well conducted meta-analysis.

An important prerequisite is the standardization of the biomarker testing across the different
centers participating to the trial in the first case, or in the medical health system in the second
case. Optimal biomarkers are defined as independent in multivariate analysis, robust with a
narrow confidence interval of their hazard ratio, simple to implement in routine, reproducible
within the different assessors from different laboratories and cost-efficient (312). In the
present case MMP2 fulfils the first two criteria, but the technology to be used in clinical

practice remains to be determined. Soluble MMP2 is an elegant way to measure directly the
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protein and obtain a continuous measure, as most biological analysis in medicine, but the
need for standardized fresh samples to produce tumor-derived secretome is not compatible
with the simplicity criteria. RTqQPCR or semi-quantitative IHC would be standard alternatives,
and have shown their applicability in former studies in OCSCC (310), (311).

4.2 PROSPECTS

4.2.1 Redefining tumor infiltrating DC functional subsets: the contribution of
unsupervised single cell sequencing

Single cell RNA sequencing, possibly combined to antibody-barcoding, has been a
technological revolution that took place during my PhD. In section 1.2.1.4, we described 2
single-cell studies on blood DC, which highlight the added value of unsupervised analysis of
data obtained from single cell transcriptomic sequencing, as compared to the historical
supervised analysis of multicolor flow cytometry data. Single cell RNA sequencing allows to
redefine the different subsets and/or states of the different cell types by grouping them
according to their level of transcriptomic similarities. The signature of each subset may then
be analyzed to (i) identify predicted surface markers that may serve to further study each
subset, and need to be confirmed by flow cytometry, (ii) decipher overexpressed genes and
infer cell state and function, (iii) identify potential therapeutic targets (64). Only one study
analyzing in detail the innate compartment by single-cell transcriptomics of a human tumor is
available to date (237). The only single-cell study available in head and neck cancer from
Puram et al. included so few DC that this dataset cannot be further exploited for this cell
subset (25).

In the team, and in collaboration with the Team of Pierre Saintigny in the Centre Léon
Bérard, Lyon and the INRA, Lyon, we have implemented a protocol for single cell sequencing
of tumor-infiltrating immune cells. The specificity of our protocol is to make an asymmetric
enrichment of the various immune subsets, in order to obtain data on all cell types, but with
an equivalent resolution for frequent (T cells) and rare (DC) cells types. To date, we have
analyzed one OCSCC patient. Our preliminary result show that the genes that are specific to
the cDC2 in the bulk transcriptomic data presented in Fig 4 of Results section 3.1 are in fact
secreted by a subset of matured cDC2. Next, we will complete the analysis of our first patient
sample, confirm our results in 2 other tumors and identify and confirm the surface markers of
newly identified subsets, before implementing functional studies. Our objective is to obtain a
comprehensive resource on the innate immune infiltrate of OCSCC patients, to be used for

clinical translation.
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4.2.2 The challenges of translational medicine and the contribution of window-
of-opportunity trials

All experiments presented in this thesis were performed with human samples, either from
cancer patients of from healthy blood donors. We believe that it is the shortest path to clinical
translation. However, human sample biology has several limitations: (i) ethical issues and
requirements of informed consents, (ii), synchronization of the players of the sample circuit,
(iii), experimental limitations, such as the use of gene-KO models, (iv) limited access to
samples and need for invasive procedures. Therefore, if working on human samples is very
efficient for the identification of prognosis biomarkers, it is way more complicated for the
study of the associated biological mechanisms or the identification of predictive biomarkers.

Pre- and post- treatment comparison is a basic of research on mechanism and predictive
biomarkers. While mouse biologists are developing humanized mouse models (313), (314),
clinicians and biologists working on human samples have developed a new way to perform
such pre and post-treatment comparisons in patients: pre-operative window-of-opportunity
trials. It is an optimal setting for predictive biomarker identification in human (315), (316).
Such ftrials, as the one presented in Annex 3.2, require an excellent synchronization of the
multiple teams involved, to be able to perform in a limited timeframe the neoadjuvant
treatments, the surgical planning, the surveillance of adverse events, repeated imaging and
other efficacy endpoints evaluation, and importantly the translational research on blood and
tumor samples. Window-of-opportunity trials is a nice example of how we may overcome the

limitations of human sample-based research.

4.2.3 The role of the tumor draining lymph node in the anti-tumor immune
response

| introduced this thesis with the question of how a head and neck surgeon comes to
immunology. | will end up this manuscript explaining what happens when a junior
immunologist goes back to the operating theater. As a head and neck surgeon, | often
perform therapeutic or even elective (prophylactic) neck dissection. With my new
immunology perspective, | am quite puzzled to remove the lymph nodes that are supposed to
contain patients’ immune memory against cancer. Several studies support the role of the
tumor draining lymph node for the anti-tumor immune response (235), (317), and other have

shown that response to PD-1 blockade occurs in the lymph node and not in the tumor (318).
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In the ongoing Keynote-689, pembrolizumab is given at DO and D15 and surgical removal of
the tumor and the draining lymph nodes is performed around day 30. Even in the cases
classified as NO by pre-operative MRI and TEP-CT, the lymph nodes are removed, as it is
the standard of care. The objective is to remove the occult micro-metastasis that are
eventually found in 30% of the NO patients (319), (320).

The study of human tumor draining lymph node could give us some answers. Flow cytometry
and even single cell technologies are hard to apply to lymph nodes in humans, because the
markers allowing to distinguish lymph node resident DC, inflammatory migratory DC coming
from the tumor tissue, inflammatory migratory DC coming from another benign inflammatory
local area such as dental infection, or homeostatic migratory DC is not trivial. Deciphering
tumor related and unrelated events is more robust when studying T cells, because tumor
antigens can be matched with the clonal T cell with the corresponding TCR.

For the future, we may imaging that advances in micro-imaging and tagging technologies
could allow us to determine precisely which lymph node needs to be removed and which one
doesn’t and/or which lymph node contains the pool of anti-tumor T cells clones, and could be

preserved or collected and stored for T cell adoptive therapy.
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5. ANNEX

5.1 Table of correspondences between mice and human DC subsets

Blood Pre-cDC
Lymphoid and non-lymphoid tissues
MOUSE Xcr1* cDC
Other names or CD8u-type cDC
markers CD103'-type cDC
HUMAN CD141(BDCA3)* cDC
Other XCR1*
markers CLECOA'

FLT3'
Proposed TLR3-induced
conserved IFN-III production
:up';cc?f‘;:BOn High efficiency for

CD8' T cell activation?

Cross-presentation of
cell-associated antigens

Adapted from Dalod et al. (106)

CD11b' cDC

CD172a'Ly-6C~
CD64 MerTK

CD11¢(BDCA1)* cDC

CD172a’
CD11b’
FLT3*

Presentation of
exogenous antigens
to CD4' T cells

Th2 or Th17 induction?

4
SiglecH'Bst2*

CD303(BDCA2)
CD8s5g(ILT7)"
FLT3'

TLR7/9-induced
IFN-I/IIl production

Innate defenses
against viruses?

Classical

CD14"
CD20s'
FLTS"™

Innate defenses against
Infections through

TNF, ROI, NOI production?

Humoral immunity to
extracellular pathogens?
Th17 induction?
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5.2 Synopsis of ICING, a Phase Il trial of M7824 (MSB0011359C), a bifunctional
fusion protein targeting TGF-g and PDLA1, in a pre-operative setting for
resectable and untreated head and neck squamous cell carcinoma.

I will be with Christophe Le Tourneau the principal investigator of this trial that has just been
funded by Merck and GSK and will lead the translational research.
Realized with the help of the Methods in Clinical Cancer Research Workshop and all the

faculties.
Version 1.1 Date 13.06.201
8
Title Phase Il trial of M7824 (MSB0011359C), a bifunctional fusion protein targeting

TGF-B and PDLA1, in a pre-operative setting for resectable and untreated head
and neck squamous cell carcinoma

Abbreviated title

ICING

Sponsor

Unicancer

Coordinating
investigators

Prof Christophe Le Tourneau, MD, PhD

Head, Department of Drug Development and Innovation
Institut Curie, 26 rue d’Ulm, 75005 Paris, France
Christophe.letourneau@curie.fr

Dr Caroline Hoffmann, MD, PhD student

Department of Head and Neck Surgery

Institut Curie, 26 rue d’Ulm, 75005 Paris, France
Caroline.hoffmann@curie.fr

Biostatistics

Jocelyn Gal, MSc, PhD student

Epidemiology and Biostatistics unit — research center

Centre Antoine-Lacassagne, 33 av de Valombrose, 06189 Nice cedex 2
Jocelyn.gal@nice.unicancer.fr

Pharmacy Dr Laurence Escalup
Department of Pharmacy
Institut Curie, 26 rue d’Uim, 75005 Paris, France
Laurence.escalup@curie.fr
Number of 7 France Yes International No
centers
Indication Histologically or cytologically confirmed squamous cell carcinoma of the oral
cavity, oropharynx, larynx or hypopharynx, previously untreated, with indication
of primary surgery. Patients with a diagnosis of SCCHN from unknown primary
will not be enrolled.
Primary To evaluate the efficacy of M7824 (MSB0011359C), a bifunctional fusion
objective protein targeting transforming growth factor (TGF-B) and PDL1, as measured
by pathological response (PathR), given in a pre-operative setting, in
resectable and previously untreated head and neck squamous cell carcinoma
(HNSCCOC).
Secondary 1/ To evaluate the efficacy of M7824 using alternative readouts, namely:
objectives

a) . The pathological response using alternative threshold of tumor cell
death as compared to the one used for primary objective

a) . The clinical response, as measured by to RECIST v1.1.

b) . The response rate, using primary endpoint criteria, by PDL1 status
assessed by combined positive score (CPS) as <1 (absent), 2 1CPS <
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20 (low), and = 20 (high).

c) Note: cTNM and pTNM will be recorded to evaluate the post-treatment
down-staging, but it will not be a secondary endpoint in the absence of
control cohort, knowing that, from literature and study coordinators
expertise, cTNM might be different from pTNM in the absence of any
treatment in a significant number of patient.

2/ To evaluate the safety and tolerability profile of M7824

3/ To evaluate the usefulness of having inked the tumor margins during
baseline endoscopy in avoiding surgical plan changes putatively induced by
tumor shrinking under therapy.

Exploratory
objectives

To evaluate the pharmacodynamics value of potential biomarkers comparing
pre and post-treatment blood and tumor samples

Methodology

This study is a prospective open label, multicenter, phase Il, window-of-
opportunity preoperative, single-agent trial.

BASELINE

EVALUATION
PE
Blood tests
Neck MRl a/o CT
TEP-CT a/o TAP-CT

STANDARD
OF CARE

IMMUNOTHERAPY

TUMOR

BLOOD

IMAGING

TRIAL RELATED PROCEDURES

INKING

BASELINE D21 (-2/+8)

ENDOSCOPY STANDARD
Biopsies for SURGERY OF
diagnosis CARE
HPV status

R M7824 M7824
E D1 D15 (+/-3)
| 1200mg  1200mg
G
N i
| Biopsies for C Pathological response § -
S biomarker analysis Biopsies for biomarker =} g
L <3
T U 2@
R Blood sample Blood sample = n
3 [=
A |
T o D20 (-1/+3)
1 Neck MRl a/o CT
N
(0]
N Tumor margin’s Evaluation of tumor
inking margins inking

Inclusion criteria

indication of upfront surg

Untreated resectable HNSCC, with an HPV negative, or Oropharyngeal SCC that are HPV positive and smoker > 10PY

N1 or more, or T3/ T4 any N. or smoker < 10 PY

Cohort A, n = 43: Non-oropharyngeal HNSCC, or Oropharyngeal SCC that are

ery. T2 with Cohort B, n = 16: Oropharyngeal SCC that are HPV positive and non-smoker,
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Registration
criteria

1) Age = 18 years

2) Histologically or cytologically confirmed, or highly suspected®
squamous cell carcinoma of the oral cavity, oropharynx, larynx or
hypopharynx, previously untreated, with indication of primary
surgery. Patients with a diagnosis of SCCHN of unknown primary are
excluded.

(*: In order to avoid repeated biopsies procedures under general
anesthesia, patients with clinically highly suspected squamous cell
carcinoma could be registered before the histological or cytological
proof. In these cases, the diagnosis will be confirmed intra-
operatively, during the initial panendoscopy, by frozen sections.)

3) ECOG performance status < 1

4) Patients must be willing and able to comply with scheduled visits,
treatment plan, laboratory tests and other study procedures

5) Patients must be affiliated to a Social Security System

6) Patient information and written informed consent form signed

Inclusion
criteria

L

Histologically or cytologically confirmed squamous cell carcinoma of
the oral cavity, oropharynx, larynx or hypopharynx, previously
untreated, with indication of primary surgery. Patients with a
diagnosis of SCCHN of unknown primary are excluded.

Absence of distant metastases determined by CT scan or Pet CT
TNM and primary tumor location-related inclusion criteria are similar
in the 2 cohorts of patients, and are, according to the 7th edition
AJCC: T2 with N1 or more; T3 or T4 and N. These inclusion criteria
are summarized in the following table. The 7th edition of AJCC is
used here in order to have a unique table for both HPV-negative and
oropharyngeal HPV-positive cancer patients.

NO N1 N2a N2b N2c N3

T1

Not eligible | Not eligible | Not eligible | Not eligible | Not eligible | Not eligible

T2

Not eligible ok ok ok ok ok

T3

ok ok ok ok ok ok

T4

ok ok ok ok ok ok

~
~

Table1: Eligibility criteria according to TNM status, AJCC 7th edition.

Baseline radiology studies evaluating tumor primary (MRI or CT
scan) must be performed within 28 days prior to registration.

ECOG performance status < 1

Adequate organ and marrow function as defined below:

. Hemoglobin = 9,0 g/dL

. Absolute neutrophil count (ANC) = 1,500/mm3

. Platelet count = 100,000/mm3

. AST and ALT = 2.5 x institutional upper limit of normal (ULN);

. Total bilirubin < 1.5 x ULN;

. Creatinine clearance > 30 mL/min as determined by the Cockcroft-
Gault equation (Cockcroft and Gault, 1976)

Negative serology for hepatitis B and C

Women of childbearing potential must have a negative serum B-HCG
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9)

pregnancy test within 7 days prior to the administration of the first
study treatment and/or urine pregnancy 48 hours prior to the
administration of the first study treatment. Both sexually active
women of childbearing potential and males (and their female
partners) patients must agree to use two methods of effective
contraception, one of them being a barrier method, or to abstain from
sexual activity during the study and for at least 6 months after last
dose of study drugs.

Absence of any psychological, familial, sociological or geographical
condition potentially hampering compliance with the study protocol
and follow-up schedule; those conditions should be discussed with
the patient before registration in the trial

Exclusion
criteria

Primary site of head and neck carcinoma in nasopharynx, sinuses, or
skin

Patients receiving other anti-cancer medication such as,
chemotherapy, immunotherapy, biologic therapy, targeted therapy,
monoclonal antibodies, hormonal therapy (other than leuprolide or
other GnRH agonists) or other investigational agent within 6 months
prior to the first dose of study drug and while on study treatment.
Patients receiving other anti-cancer non-drug therapies: radiation, or
tumor embolization within 6 months prior to the first dose of study
drug and while on study treatment.

Participation in another clinical study with an investigational product
during the last 30 days

Uncontrolled intercurrent illness including, but not limited to, ongoing
or active infection, active peptic ulcer disease or gastritis, active
bleeding diatheses.

Patient under guardianship or deprived of his liberty by a judicial or
administrative decision or any condition (e.g psychiatric
illness/social/familial/geographical  condition) that would limit
compliance with study requirement or compromise the ability of the
subject to give written informed consent

Current or prior use of immunosuppressive medication within 28
days before the first dose of M7824, with the exceptions of
intranasal, intraocular and inhaled corticosteroids or systemic
corticosteroids at physiological doses, which are not to exceed 10
mg/day of prednisone or an equivalent corticosteroid.

Receipt of live attenuated vaccination within 30 days prior of
inclusion

Active or prior documented autoimmune disease within the past 2
years. NOTE: Subjects with vitiligo, Grave’s disease, or psoriasis not
requiring systemic treatment (within the past 2 years) can be enrolled

10) Active or prior documented inflammatory bowel disease (eg, Crohn’s

disease, ulcerative colitis)

11) History of primary immunodeficiency
12) History of allogenic organ transplant that requires the use of
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immunosuppressive drugs

13) Pregnant or breast-feeding women
14) Any previous treatment with an anti-PD-1/PDL1 agent
15) Any condition that, in the opinion of the investigator, would interfere

with evaluation of study treatment or interpretation of patient safety
or study results

16) Known positive HIV status

Treatment

M7824
2 infusions of M7824 will be administered on D1 and D15
Dose: 1200mg intravenously over 60 minutes

Primary prophylactic administration of anti-histaminic must be
administered systematically after before each infusion.

Criteria of
evaluation

Primary endpoint: Rate of pathological response defined as tumor
necrosis and/or giant cell/histolytic reaction to keratinous debris in =
10% of tumor area

Secondary endpoints:
1) Evaluation of the efficacy of M7824 using alternative
readouts:

a) The pathological response, using a threshold of 50% (PathR50),

b)

70% (PathR70) and 90% (PathR90): will be considered as
responders, the patients presenting 50% or more, 70% or more,
and 90% or more, respectively, of tumor necrosis and/or giant
cell/histolytic reaction to keratinous debris.

The pathological response according to PDL1 status using CPS.

c) The clinical response, as measured by to RECIST v1.1 clinical

response using RECIST on CT or MRI (same imaging than as
baseline).

2) The safety profile of M7824 described using the common toxicity
criteria from the NCI CTCAE v5.0

3) The evaluation of the usefulness of having inked the tumor
margins during baseline endoscopy in avoiding surgical plan
changes putatively induced by tumor shrinking under therapy will be
assessed by:

a. A question for the surgeon to be answered on the day of curative
surgery “Would your surgical plan have been different in the absence
of ink labelling?”

b. Optional, if feasible: measure of the distance between current
tumor front and the ink in 2 to 4 different points and take a picture.

Exploratory objectives / Translational research

Immuno-monitoring and genomic analysis will be performed on pre-
and post-treatment blood and tumor samples. This multi-parametric
evaluation, including dynamical changes along treatment, will allow
to identify differential parameters between responders and non-
responders (supervised analysis), that will be coupled to
unsupervised analysis.

The main axis of research will be:

. Targets: TGFb & PDL1 expression
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Immune microenvironment: immune subsets proportions,
characteristics (other checkpoints expression, spatial distribution,
antigen specific response...) and dynamical changes
. Cancer cell related parameters: TMB, molecular class, checkpoint
expression, RNA  expression
. Fibrosis: ECM remodeling, CAF
. ADCC, ADCP: Fc receptors balance and polymorphism

Sample size
determination

The primary endpoint is to evaluate the efficacy of M7824
(MSB0011359C) evaluated by the rate of pathological response
defined as tumor necrosis and/or giant cell/histolytic reaction to
keratinous debris in > 10% of tumor area. Given the differences in
prognosis between oropharyngeal HPV-positive non-smokers or
smoker < 10PY (1), on the potential differential drug efficacy in these
2 groups (2) (3) (4), the patients enrolled will be distributed in two
distinct cohorts for statistical considerations and analysis. HPV
status will be determined by p16 staining performed on the biopsies
obtained during baseline endoscopy for all patients, even for non-
oropharyngeal tumors. Since all trial-related interventions will be
strictly similar for the 2 cohorts, the result of p16 status will not be
required for the inclusion, until one of the 2 cohorts will be complete.
Once 1 of the 2 cohorts will be complete, p16 status will be required
for the inclusion, in no more than 7 days after the biopsy, to avoid
any surgical delays.

Cohort A: Non-oropharyngeal HNSCC, or Oropharyngeal SCC that
are HPV negative, or Oropharyngeal SCC that are HPV positive and
smoker =2 10PY

Cohort B: Oropharyngeal SCC that are HPV positive and non-
smoker or smoker < 10PY (former or active).

M7824

In the NCT02517398 trial evaluating M7824 in the recurrent and/or
metastatic setting, in the cohort enrolling SCCHN tumors unselected
for PDL1 and HPV status that were either metastatic or not
amenable to local therapy with curative intent, and that progressed
or recurred <6 months since the last platinum dose, an ORR of
27.9%, 13.6% and 50.0% in all, HPV-negative and HPV-positive
patients respectively were reported (5). No data on the efficacy of
M7824 in untreated HNSCC is available to date.

In the same trial, an ORR of 36.5% was obtained when merging data
of all HPV-associated solid cancers (6).

In the cohort enrolling second-line metastatic non-small cell lung
cancer (NSCLC) patients, an ORR of 27.5%, 40.7% and 71.4% in all,
PDL1 positive (>1%), and PDL1 high (> 80%) patients respectively
were reported (7).

In 2 pre-clinical models of melanoma and triple-negative breast
cancer (TNBC) bearing humanized mice, such a-PDL1-TGFBRII
antibody had a significantly increased anti-tumor activity as
compared to anti-PDL1 alone or even anti-PDL1 and anti-TGFBRII
given as a combination (8).

Efficacy of neoadjuvant PD-1/PDL1 targeting
M7824 is structurally close to Avelumab for anti-PDL1 targeting (9).
However, no data is available to date on the efficacy of Avelumab in
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the neoadjuvant setting. In a previous window-of—opportunity trial
with Pembrolizumab, an immunotherapy targeting PD-1, a 43% (95%
Cl: 21%-64%) pathological response rate was reported (70). In the
CheckMate 358 trial, 2 doses of neoadjuvant Nivolumab (targeting
PD-1) induced an investigator-assessed tumor size reduction
superior to 25% in 13% of the patients (717). However, the
extrapolation of these results is limited by the facts that
Pembrolizumab and Nivolumab target PD-1 whereas M7824 targets
PDL1. In addition, M7824 has antibody dependent cell cytotoxicity
(ADCC) and also targets TGFb.

Estimation of M7824 minimal and target response rates

The primary endpoint is the rate of pathological response, observed
in the post-treatment operative specimen, defined as tumor necrosis
and/or giant cell/histolytic reaction to keratinous debris in more than
10% of the tumor area.

The minimal pathological response rate with M7824 should not be
inferior to PD1/PDL1 targeting alone, measured at 43% (10). To take
into account the fact that this 43% rate has been determined in a
small number of patients, and is necessarily associated with a large
confidence interval (95% CIl (21%-64%)) and given the results
obtained with M7824 above-mentioned trials, we consider that a
pathological response rate of 30% or less as unacceptable.

In untreated resectable HNSCC, we estimate that 1/3 of patients with
HPV negative tumors present a tumor microenvironment poor in both
T cells and dendritic cells, and are very unlikely to respond to
immunotherapy. Thus, we estimate that the maximal pathological
response rate to an optimal immunotherapy would be 67% in this
setting. Our objective would be to induce a pathological response in
half of the candidate responders to M7824 that are not responding to
anti-PD1/PDL1 alone (calculation: (67%-33%)/2= +17%). Therefore,
the fixed target improvement will be of 17% corresponding to a target
ORR for M7824 of 33+17 = 50,0%.

Sample size determination

For Cohort A, the objective is efficacy determination with sufficient
power, to compare to the historical control of neoadjuvant
pembrolizumab mentioned above.

We will use the two-stage Minimax design described by Simon et al.
(12) with an unacceptable rate of pathological response of 30% or
less and a hypothesized actual pathological response rate of 50% or
more.

The sample size was determined by testing the null hypothesis HO: p
< 30% versus the alternative H1: p = 50% at a one-sided significance
level of 0.1 and a power of 0.9. In the first stage, 28 patients will be
accrued and the study will conclude to inefficacy and should be
stopped if the observed number of patients with a pathological
response is 7 or less. If 8 or more patients present pathological
response, then an additional 11 subjects will be accrued (second
stage), bringing the total number of patients to n=39. The null
hypothesis of p < 30% will be rejected and M7824 will be considered
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effective if the total number of patients with a pathological response
is 16 or more.

To account for non-assessable patients (10%), we will include 4
additional patients.

Required sample size is 43 for cohort A.

For Cohort B, the objective is to estimate the rate of response with a
limited width of confidence interval (Cl).

The sample size estimation for cohort B was completed by using the
95% CIl method. We propose a sample size of 14. The half width of
the 95% CI will be less than 25% if the response rate is at least 65%.

To account for non-assessable patients (10%), we will include 2
additional patients.

Required sample size is 16 for cohort B.

Number of
patients

43 patients in cohort A and 16 in cohort B: 59 patients

Duration of the
trial

1/ Enrollment period: 24 months

2/ Treatment: 2 weeks

3/ Follow-up: 6 months

4/ Duration of the study: 31 months

The HPV status, which might need different duration to be obtained
in the various centers, will not have to be determined at the time of
the inclusion, since it does not influence the treatment protocol, in
order to avoid surgical delays. Patient will be enrolled in the study as
they come, independently of the HPV status. The accrual will be
monitored continuously in order to respect the number of patients
planned per cohort. More precisely, 2 situations might be
encountered:

Case 1: accrual of cohort B (n = 16) is completed before cohort A.
From then, only patients with non-oropharyngeal SCC or with
oropharyngeal SCC and smokers > 10PY will be enrolled.
Knowledge of p16 status will still not be necessary for any new
inclusion.

Case 2: accrual of cohort A (n = 43) is completed before cohort B.
From then, only patients with oropharyngeal SCC and non-smoker or
smoker < 10PY will be registered. The HPV status, determined as
per p16 staining by immunohistochemistry, will have to be obtained
within 6 days after the baseline endoscopy, in order to be able to
include the patient and start the treatment no longer than 7 days
after the baseline endoscopy. This is due to guaranty the absence of
surgical delay related to the need of the HPV status determination
and to respect the recommended maximum duration between
baseline endoscopy and the day of surgery (<45days). Centers that
cannot not offer to obtain p16 results within this timeframe should
stop enrolling patients.

Rationale for
this study per
objective

Anti-tumor activity
M7824 is an innovative first-in-class bifunctional fusion protein
composed of a human IgG1 mAb against PDL1 fused with 2
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extracellular domains of TGF-B receptor Il (a TGF-B“trap”) and has
shown promising antitumor activity and manageable safety in phase
1 trials, including as 2L treatment for NSCLC and HPV+ HNSCC (1),
(7), (13).

Anti-PD1/PDL1 agents have shown antitumor activity in recurrent
and/or metastatic HNSCC (14), (15), and in primary tumors in the
preoperative setting (10), (11). However, the majority of patients do
not respond to PD-1 /PDL1 antagonists used as single agents.
Research aimed at identifying biomarker of response have
highlighted the role of tumor mutational load, the intensity of intra-
tumoral CD8+ T cell infiltrates, interferon gamma (IFNg) signature,
and tumor and immune cell PDL1 expression (4) (16) (17) (18).
Additionally, another signature of resistance, corresponding to the
transforming growth factor B (TGF-B) pathway, associated with
cancer associated fibroblasts (CAF), has been identified in 2 different
pre-clinical models (urothelial and microsatellite-stable colorectal
cancer) and in patients with metastatic urothelial cancer who were
resistant to an anti-PDL1 agent (atezolizumab) (19). The role of
TGF-B in treatment resistance has also been observed in HNSCC in
vitro (20). Therefore, there is a strong rationale to inhibit both the PD-
1/PDL1 axis and the TGF- signaling in cancer patients, namely in
tumor types showing both evidence of anti-tumor activity of PD-
1/PDL1 inhibitors and high levels of primary resistance, such as
HNSCC.

M7824 is aimed at neutralizing the TGFb, a pleiotropic cytokine that
is overexpressed in HNSCC (21). TGFb is implicated in the
epithelial-to-mesenchymal transition, invasion, and metastases of
tumor cells, in fibroblast activation and deposition of collagenous
extra-cellular matrix, and favors immunosuppression (22), (23), (24).
Indeed, TGFb suppresses IFNg expression by T cells, inhibits CD8
effectors cells cytotoxicity, inhibits the differentiation of central
memory cells (25), (26), and skews the differentiation of CD4 T cells
away from Th1 polarization towards regulatory T cells (Treg) (27).
Additionally, M7824 is an IgG1 antibody has structural similarities to
Avelumab and as shown to be able to induce ADCC (9), an
additional mechanism of anti-tumor activity (28).

Therefore, the rationale for this fusion protein is the couple: (i)
negative checkpoint blockade by targeting PDL1 on tumor cells and
immune cells, (ii) TGFb targeting, in order to inhibit its
immunosuppressive effects and and pro-tumoral effect on stroma
and extra-cellular matrix (29), (iii) NK-mediated anti-tumor effect via
ADCC. In a pre-clinical model, this fusion protein has shown to be
more efficient than anti-PDL1 antibodies alone (Figure1) (8).
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Evaluation of alternative outputs of anti-tumor activity

Given the limited number of windows-of-opportunity trials in the pre-
operative setting, the appropriate criteria of evaluation of anti-tumor
activity remains unknown, in particular for immunotherapy: although
tumor shrinkage occurred in almost half of patients, few patients
experienced an objective response in the Pembrolizumab and
Nivolumab pre-operative trials. In the present study, the threshold of
10% tumor necrosis has been defined as primary endpoint, similarly
to the study with neoadjuvant Pembrolizumab. This low threshold is
adapted to these very short durations of treatment. However, some
patient showed 50% of even 90% pathological response rates even
after a single injection (30). Therefore, analysis of the pathological
response with the 50% and 90% tumor necrosis thresholds, and of
the tumor size reduction per RECIST v1.1 will complete our
evaluation of anti-tumor response.

Safety

Limited data on the safety of M7824 are available to date. In the
NCT02517398 and NCT02517398 trials, 3/16 (19%) and 20/80
(25%) of the patients experienced grade 3 or 4 adverse events
respectively (6), (7). No treatment-related death as been reported to
date.

Usefulness of having inked the tumor margins during baseline
endoscopy in avoiding surgical plan changes

Any neoadjuvant treatment, even given for a short period such as in
window-of-opportunity pre-operative ftrials, lead to the risk of
downgrading surgical plans in case of significant tumor size
decrease. However, to date, primary surgery for head and neck
cancers needs to be performed according to baseline tumor size,
disregarding the effect of any neoadjuvant therapy, because the
safety of considering the new margins as not been assessed.
Therefore, we believe that inking the tumor margins during baseline
endoscopy will help to prevent this risk of surgical under-treatment.
This procedure will be evaluated in the present trial.

Identification of biomarkers

Identification of predictive and PD biomarker of response to M7824 is
key to appropriately select the patients that will benefit from the
treatment in future phase lll trials and beyond.

For anti-PD1/PDL1 targeting, baseline levels of PDL1, intra-tumor
CD8 T cells infiltrate, IFNg signature and tumor mutation burden are
proposed predictive biomarkers, but their sensitivity and specificity
remain limited (31).

For M7824, no predictive biomarker has been identified to date, and
the addition of this TGFb “trap” significantly influences the
mechanisms of action as compared to anti-PD1/PDL1 targeting
alone, therefore requiring further efforts to identify the appropriate
biomarkers.

Several studies have shown that whereas pre-treatment biopsies
were unable to identify responders, the biopsies done after 1 or 2
treatment doses were much more informative (32), (33), (34), (35),
(36). These early post-treatment biopsies match exactly with the
design of the present pre-operative trial.
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Translational
research

Translational research

Immuno-monitoring and genomic analysis will be performed on pre-
and post-treatment blood and tumor samples. Pre-treatment tumor
samples will come from additional biopsies done during baseline
endoscopy, and post-treatment tumor samples will come from
additional biopsies done immediately before the removal of the
surgical specimen.

Rationale and axes of research

The aim of the proposed biological analysis is to address specific
scientific questions related to potential predictive biomarkers of
efficacy and the mechanism of action of the anti-tumor immune
response in the context of the treatment by M7824:
. Which biomarkers are specifically associated with a/o predictive of
tumor response to treatment versus resistance to treatment?
. Are these biomarkers present at baseline?, or only measurable
after one cycle of treatment?, or only relevant when measured as an
intra-patient variation between baseline and after one cycle of
treatment?
This multiparametric evaluation, including dynamical changes along
treatment, will allow identifying differential parameters between
responders and non-responders (supervised analysis), which will be
coupled to unsupervised analysis.
The main axis of research will be:
. Targets: TGF-B & PDL1 expression

Immune microenvironment: immune subsets proportions,
characteristics (other checkpoint expression, spatial distribution...)
and dynamical changes
. Cancer cell related parameters: TMB, molecular class, checkpoint
expression, RNA expression
. Fibrosis: ECM remodeling, CAF
. ADCC, ADCP: Fc receptors balance and polymorphism
. Specific immune response towards tumor antigens

Biological sample collection

Tumor tissue and blood sample collection will be performed at
baseline and on the day of surgery.

Blood

30ml of blood will be collected from each patient in EDTA tubes and
processed to obtain samples of peripheral blood monolayer cells
(PBMC), plasma, and for genomic analysis. Additionally, each time a
sufficient amount of tissue will be available to perform FACS on fresh
tumor (see below), a fraction of fresh PBMC will be also analyzed by
FACS.

The procedures for blood sampling and processing will be described
in greater detail in a separate Laboratory Manual. Processed
samples will be stored on site at -80°C until such a time as the
Sponsor request transfer to the central storage center.

Tumor
At least two core biopsies are to be collected at each time point.
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One sample will be fixed in formalin and embedded in paraffin
(FFPE). This sample will be transferred to the central laboratory for
IHC analysis of biomarker expression levels.

One sample will be frozen in nitrogen or fixed using the optimum
cutter temperature (OCT) compound method, and stored at -80°C.
This sample will be used for whole genome and/or RNA sequencing
analyses.

If the tumor lesion volume is not sufficient to obtain two biopsy cores,
priority will be given to the FFPE biopsy.

If the tumor lesion volume is sufficient for one or two additional
biopsies, they will be transferred in CO2 independent medium, at
4°C, within 24h, to the laboratory of the center of immunotherapy in
Institut Curie, Paris, in order to perform immune-monitoring by flow-
cytometry.

The procedures for tumor tissue processing will be described in
greater detail in a separate Laboratory Manual. FFPE and frozen
samples will be stored on site at -80°C until such a time as the
Sponsor request transfer to the central storage center. Only fresh
tumor tissue, when available, will be shipped immediately as
mentioned above.

Analysis planned

1)

2)

3)

Blood (all delayed analysis)

biobanking of plasma, in order to perform soluble biomarkers
analysis at a later date, such as measurement of serum levels of
TGF-p, soluble PDLA1, cytokines, etc...

biobanking of frozen PBMC, in order to study the TCR clonality, the
sub-populations of the innate immune system of the lymphocyte sub-
populations with analysis of their activation and expression of
positive and negative immune checkpoints

whole blood will be processed to obtain DNA and RNA for delayed
genomic analysis

Tumor

Real-time analysis

Fresh tumor samples, when available, will be analyzed by flow-
cytometry and/or single cell sequencing according to the budget and
the availability of pre- and post-treatment samples.
Immuno-monitoring with flow cytometry on digested fresh tumor
samples at baseline (pre-treatment) and at surgery (post-treatment)
(for information purposes, (a) 15 to 20 color panel(s) may include the
following markers: CD45; CD3; CD8; CD4; CD56; CD25; CD127;
CD27; CD39; CD69; CD103; CD29; FAP; CD15; EPCAM; PD1,
PDL1; ICOSL; CD14; CD16; BDCA1; CD11c; HLADR; Live dead)
Gene expression analysis by single cell sequencing on fresh
samples on sorted CD45+ cells. Ideally, we would perform a &’
sequencing together with TCR sequencing in order to obtain both
information on targets and pathways of immune cells at the single
cell level and information on the specific immune response towards
tumor antigens (identification of the recurrent TCR that amplify under
treatment, differentially between responders and non-responders).
Taking into account the cost of such analysis and the supplemental
amount of samples required, it should be limited to a small number of
patients with pre and post-treatment comparisons.
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Delayed analysis

6) Immunohistochemistry (1 FFPE sample): single or multicolor panels,
that may include, but are not limited to:
HPV status for non-oropharyngeal tumors (p16)
Panel 1 (Pre-ttt and post-ttt*): TGFb, PDL1, CK, CD4, CD8 (Targets
+ hot/excluded/cold tumor identification); (*Post-ttt panel may be
adapted with regard to the potential negativity of TGFb and PDL1
staining after treatment).
Panel 2 (Pre and post-ttt): TGFb pathway baseline activation status
and effect of the M7824: (i) receptor: TBRII, (ii) canonical pathway:
p-SMAD2, p-SMADS, (iii) non canonical pathway: TAK1, p-p65, (iv)
negative feedback: SMAD7
Panel 3 (Pre and post-ttt): Collagen remodeling;
Panel 4 (Pre and post-ttt): Fc Receptors CD32a, CD32b
7) Gene expression analysis, that will be performed, according to the
budget and technology development, by:
. Targeted sequencing, OR
. RNAseq (1 frozen sample): we will perform unsupervised analyzes
to determine predictive signatures of treatment response, and test
published signatures, a/o
. RNAseq of microdissected stroma and epithelium (1FFPE sample;
eg. DSP Nanostring® or Spatial transcriptomics®).
Supervised analysis will be performed and explore tumor cell,
checkpoints, EMT signature, immune subsets signatures & cell
proportions and signaling pathways.
Unsupervised analysis will be performed in order to identify a novel
and M7824 specific response signature.
8) Tumor mutation burden evaluation (same frozen sample than
RNAseq)
We will prioritize these analyzes to adapt to the quantity of material
available and to the budget.
Timeline
Milestones First Proposed Plan
CSA - Concept Sheet (Proposal) Approval Jan-2019
FPA - Final Protocol Approved May-2019

Research Ethics Committee Review

Jun/Jul-2019

FSFV - First Subject Signed ICF Sep-2019
30 pc - 30 percent of subjects consented Jun-2020
60 pc — 60 percent of subjects consented / Interim Jan-2021

Analysis
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LSFV - Last Subject Signed ICF Sep-2021
LSLV - Last Subject Last Visit Oct/Nov-2021
Key Stats - Key Stats Available Dec-2021
CTR - Clinical Trial Report Approved Apr-2022
Long term follow-up

LTFU - Last Subject Last Visit Apr-2022
DB Lock - Database Lock Apr-2022
LTFU - Full Stats Available Jun-2022
LTFU - Clinical Trial Report-Addendum Approved Apr-2023

List of centers

Comprehensive cancer centers
1/ Institut Curie, 26 rue Ulm, 75005 PARIS
Pl: Christophe LE TOURNEAU (Med.O) & Caroline HOFFMANN (Surg.O)

2/ Centre Antoine Lacassagne, 227 av de la Lanterne, 06000 NICE
Pl: Joel Guigay (Med.O) & Alexandre BOZEC (Surg.O)

3/ Institut Gustave Roussy, 114 Rue Edouard Vaillant, 94800 VILLEJUIF
Pl: Caroline Even (Med.O) & Philippe GORPHE (Surg.O)

4/ Institut de cancérologie de Lorraine, 6 Avenue de Bourgogne, 54519
VANDCEUVRE-LES-NANCY
Pl: Gilles DOLIVET (Surg.O)

5/ Institut de Cancérologie de I'Ouest, 15 Rue André Boquel, 49100
ANGERS
PI: frederic.rolland@ico.unicancer.fr

6/ Institut Claudius Regaud, 1 Av. Iréne Joliot-Curie, 31100 TOULOUSE
Pl: Jean-Pierre Delord (Med.O) & Dupret-Bories.Agnes@iuct-oncopole.fr;

7/ Centre Léon Bérard:
Pl : Jerbme FAYETTE (Med.O) & Pierre-Eric ROUX (Surg.O)

8/ ICM Montpellier:
Pl: Didier CUPISSOL (Med.O) & Renaud GARREL (Surg.O)

9/ Centre Becquerel, rue d’Amiens, 76038 Rouen cedex
Pl : Florian Clatot (Med. O) florian.clatot@chb.unicancer.fr & Rais Obongo
(Surg. O)

Academic Hospital
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10/ BORDEAUX
Pl: Amaury DASTE (Med.O) & Erwan DE-MONES-DEL-PUJOL (Surg.O)

11/ CHU Marseille:
Pl : Sebastien SALAS (Med.O) (sebastien.salas@ap-hm.fr) & Nicolas
FAKHRY (Surg.O) (nicolas.fakhry@ap-hm.fr)
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5.3 Plasmacytoid pre-dendritic cells (pDC) from molecular pathways to
function and disease association.

Personal implementation: | have authored the chapter on pDC function in cancer.
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Abstract: Plasmacytoid pre-dendritic cells (pDC) are a specialized DC population with a great
potential to produce large amounts of type | interferon (IFN). pDC are involved in the
initiation of antiviral immune responses through their interaction with innate and adaptive
immune cell populations. In a context-dependent manner, pDC activation can induce their
differentiation into mature DC able to induce both T cell activation or tolerance. In this
review, we described pDC functions during immune responses and their implication in the
clearance or pathogenicity of human diseases during infection, autoimmunity, allergy and
cancer. We discuss recent advances in the field of pDC biology and their implication for
future studies.

pDC: a history of mysteries

Plasmacytoid pre-dendritic cells (pDC) were first described in 1958 by pathologists Lennert K,
and Remmele W, as a plasmacytoid cell (i.e harboring morphological/cytological features
similar to plasma cells) located in the T cell areas of secondary lymphoid tissue[1]. The long
road from that seminal discovery to our current understanding of pDC biology was paved
with mysteries. Many of them have been solved in the past 20 years[2]: why would plasma-
like cells be present in the T cell area of lymph nodes? Why would these plasmacytoid cells
express the CD4 T cell-associated marker and not B cell markers? Why would pDC express
high levels of MHC class Il and differentiate into bona fide dendritic cells (DC)? What is their
antigen presenting capacity? Are pDC just DC precursors or do they have an important
function as plasmacytoid cells? Which proteins are being produced in large amounts by pDC,
as suggested by their plasmacytoid morphology and very well developed rough endoplasmic
reticulum? Some of them still remain, at least partially, unsolved: What is the respective
contribution of innate versus adaptive functions of pDC in physiology and pathology? Which
are the factors evoking immune activating versus immunoregulatory functions of pDC? Are
PDC protective or pathogenic in some diseases, and is there a therapeutic potential in
targeting pDC?

Some important landmarks in solving those mysteries were i) the ability to purify human
pDC from secondary lymphoid tissue and peripheral blood, which allowed for molecular and
functional studies[3-5], ii) the serendipitous discovery of type | interferon (IFN) production
as the main function of primary pDC[6,7], iii) the discovery of mouse pDC[8], which allowed
in vivo analysis of pDC function, iv) the association of pDC with a number of infectious and
inflammatory diseases, which sometimes provided a proof of concept for their pathogenicity
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[9], but most of the time raised numerous additional questions regarding their role in the
context of complex and dynamic inflammatory environments.

In this review, we will describe established features that are considered today as
characteristic of pDC biology, and also discuss more recent and sometimes controversial
work on pDC function and contribution to various types of disease. The pDC field has been
very confusing at times, as illustrated by the number of names that pDC have been given (T-
associated plasma cells, plasmacytoid T cells, plasmacytoid monocytes, pre-DC2, IPC:
Interferon-Producing Cells, plasmacytoid pre-dendritic cells, plasmacytoid dendritic cells).
This, together with the morphological, phenotypical, and functional plasticity of pDC,
extended the confusion to even their very nature, in particular their link to DC [10]. This
prompted us to insist on definitions, and clarity when referring to pDC in a resting/primary
(plasmacytoid) versus activated state.

As the field has significantly moved towards the study of pDC in human diseases, raising a
number of important questions, we will devote approximately half of this review to
pathological settings, such as infection, autoimmunity, allergy, and cancer. We will also
discuss the value of systems biology approaches for the study of human pDC, which will
complement other reviews in this issue.

Focusing a review on human pDC is an additional reason to discuss more in depth the link
with human pathology, which may differ in many aspects from mouse disease models. Also,
there are a number of phenotypic and functional differences between human and mouse
pDC, which may significantly impact their contribution to immune regulation in health and
disease: i) mouse pDC express the B-cell marker B220, and the DC marker CD11c, both
lacking from human pDC; ii) mouse pDC produce IL-12 in response to microbial stimulation,
which is not the case for human pDC ([11] and see below). In most of the chapters below, we
will essentially discuss studies specifically performed in the human system. We refer the
readers to other reviews on pDC biology for more thorough information on mouse pDC
(References [12,13)).

What are the defining features of human pDC

Since their discovery, pDC have been defined by a combination of characteristics, none of
them being sufficient individually to discriminate them from other immune cells. PDC-
defining features should clearly differentiate those that are absolutely required, and are
linked to pDC “identity”, and those that represent characteristics of variable specificity,
depending on activation state, and/or anatomical location. The first defining feature for pDC
is there plasmacytoid morphology that is very easily recognized by any cyto-pathologist:
round shape, excentered nucleus, strongly basophilic peripheral cytoplasm, and a pale Golgi
zone named the acroplasm[10]. This very peculiar morphological feature was the basis for
the initial description of pDC in secondary lymphoid tissue[1], and should be seen as a
required defining criterion, as illustrated by its presence in naming pDC (“plasmacytoid”).
However, it is far from being 100% specific (and hence sufficient), since normal and
malignant B cells can adopt a plasma cell like morphology[14], and so are some other rare
urothelial malignancies[15]. The second defining feature is the ability of pDC to produce very
large amounts of type | IFN[16]. This should really be seen as a “potential”, since the actual
triggering of IFN production is highly dependent on the nature of the activating signals
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received by pDC ([16] and see below). However, immune cells not having the potential to
produce type | IFN in large amounts under the appropriate stimulatory conditions are not
pDC. The third type of defining criteria are surface markers, as well as some other functional
molecules that characterize pDC in certain anatomical locations. MHC class || molecules are
always constitutively expressed by pDC, and are upregulated following activation[16], this
being shared by all antigen-presenting cells (APC). Granzyme B was shown to be one of the
most pDC-specific markers in normal peripheral blood[17], although this marker is not
specific in other contexts, in particular during inflammation, when other cells may express it.
BDCA2 was identified as a pDC-specific marker in healthy donors peripheral blood[4], but
was very recently shown to be also expressed by another rare DC subset, as revealed by
single cell RNAseq [17,18]. BDCA4 (Neuropilin-1) is expressed by resting blood pDC[4], but
can also be expressed by activated T cells and dendritic cells [19,20]. Last, there are a
number of “negative” pDC markers that help differentiate them from other related cells, for
example CD11lc (negative on pDC, and positive on other human DC and
monocyte/macrophages), and the more recently described AXL (negative on pDC and
positive on AS-DC/DCS) [17]. In summary, the plasmacytoid morphology, and potential to
produce large amounts of type | IFN in response to viral stimulation, are the two most robust
and conserved defining features of human pDC. These should be assessed before concluding
on the nature of any cell type suspected to correspond to pDC. Surface markers have been
very useful to purify and quantify pDC in different settings, but should be used very
cautiously because of their promiscuity (the same marker may be expressed by different cell
types), and their variable expression levels during inflammation. We believe that the
combined evaluation of several parameters is required to undoubtedly define a cell as pDC,
and the selection of pDC-defining surface markers should be done very carefully, and
integrate the latest single cell level studies in the field[17,18].

A specialized sensing machinery links innate stimuli to function

To understand pDC functions during immune responses, it is essential to characterize their
sensing abilities. We will distinguish two main categories of receptors: i) pathogen sensors,
located in intracellular compartments and; ii) endogenous (host-derived) factor receptors
located on the cell surface.

Intracellular receptors for pathogen sensing

Among the pathogen-sensing receptors, high baseline expression of the endosomal Toll-Like
Receptor (TLR)7 and 9 is one of the main features of human pDC [21,22]. Through TLR7, pDC
recognize single-stranded viral RNA, synthetic imidazoquinolines (imiquimod, resiquimod, i.e
R848) [23,24] and endogenous (self) RNA [25]; TLR9 allows the sensing of single stranded
(ss)DNA viruses rich in CpG motives, such as herpes simplex virus 1 (HSV-1), HSV-2, as well as
synthetic oligodeoxinucleotides (ODN) rich in unmethylated CpG motives [26]. The ability to
sense ssDNA viruses through TLR9 distinguishes human pDC from other DC subsets [22]. In
contrast, human pDC lack expression of TLR3, a feature of blood BDCA-3 DC, impeding
recognition of double stranded RNA viruses through the endosomal pathway. Triggering of
TLR7 and 9 from early endosomes activates the MyD88-IRF7 pathway, leading to the
production of large amounts of type | IFN [26]. Constitutive high expression of the
transcription factor IRF7 [27] is one of the mechanisms that endow pDC with their strong
type | IFN production potential [16,17]. Alternatively, TLR-ligand recognition from late
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endosomes, induces the activation of the MyD88-NFkB pathway, stimulating the production
of pro-inflammatory cytokines and chemokines, as well as upregulation of costimulatory
immune checkpoints [26]. In addition to the TLR-dependent sensing of nucleic acids, pDC can
sense cytosolic DNA through the helicases DHX36 and DHX9 [28], members of the RIG-I-like
receptors superfamily. This response is MyD88-dependent and can trigger both IFN and pro-
inflammatory cytokines production [28]. It has been suggested as well that upon activation
through TLR ligands, pDC can upregulate the expression of the cytosolic dsRNA sensor RIG-I
and respond to 5'-triphosphate dsRNA [29]. Another study showed that pDC can sense
cytoplasmic RNA from replicating viruses in yellow fever live vaccine YF-17D infection
through RIG-I leading to IRF3 activation and IFN production [30]. In addition, it has been
proposed for mouse [31] and human pDC [32] the presence of a functional cGAS-STING
pathway sensing cytosolic DNA and inducing type | IFN production. Both TLRs and cytosolic
sensors have the potential to initiate a strong type | IFN response by pDCs, and require prior
internalization of the microbial nucleic acids by mechanisms such as endocytosis [12],
autophagy [33], or LC3-associated phagocytosis (LAP) [34]. The use of intra-cellular microbial
sensing receptors in human pDC has several implications: i) it restrains the IFN production to
specific intracellular pathogens, mostly viruses, which are themselves a target of IFN anti-
viral effects; ii) it creates a specialization of pDC among other innate immune cells; iii) it
prevents pDC activation by extra-cellular nucleic acids, which can be produced
physiologically in certain forms of inflammatory cell death, especially from neutrophils [35].
Access of autologous nucleic acids to endosomal pDC compartments contributes to breaking
tolerance to self-antigens, and development of auto-immunity [26] (See below)

Environmental sensing by surface receptors

PDC surface receptors can induce pDC activation and differentiation into mature DC capable
of T cell priming, or can modulate pDC responses to TLR ligands. PDC express the IL-3R,
whose specific a-chain CD123 has been largely used as a very sensitive (albeit non-specific)
pDC marker [16]. PDC activation through IL-3 induces the upregulation of costimulatory
checkpoint molecules such as CD80 and CD86 and their differentiation into mature DC
capable of stimulating CD4+ T cell proliferation [3]. PDC also express the GM-CSFR, which
shares the common B chain with the IL-3R, and respond to GM-CSF activation in a similar
manner [36]. Both IL-3 and GM-CSF promote pDC survival and activation, without inducing
IFN secretion. At a different level, autocrine/paracrine TNF-a can increase pDC maturation
into DC when it is present in combination with a pDC survival factor [37]. PDC also express
other cytokine receptors that can modulate their responses but do not function as a primary
activating stimulus. PDC-derived IFN-a/B act through the IFN receptor (IFNAR) in an
autocrine manner, establishing a positive feedback for IFN production [38]. On the other
hand, IL-10 and TGF-B have been shown to diminish pDC-IFN secretion in response to TLR
ligands [39,40]). Other cytokines that modulate pDC functions are IL-2, increasing TNF-a
secretion on CD40L-activated pDC [41), and IL-18 promoting pDC chemotaxis [42].

Since IFNs are pleiotropic cytokines that can potentially induce exacerbated inflammation,
their production should be tightly regulated. PDC express several inhibitory surface
receptors that regulate type | IFN production by interfering with TLR7 and 9 signaling.
Human pDC express the ITAM-associated receptors ILT7 [43,44], BDCA-2 [45], FceRla[46]
and, upon activation with IL-3, NKp44[47]. The ITAM receptors need association with an
adapter molecule for signal transduction, and human pDC express the adapters DAP12 and

163



the y chain of Fc receptor £ (FceRly). Another group of inhibitory receptors contain the
intracellular ITIM domain, and human pDC express CD300 [48] and DCIR [49].

Although pDC activation in response to pathogens depends on intracellular sensing, its
function can be regulated by numerous surface receptors. This allows controlling pDC
responses by secreted host-derived factors, in order to support an orchestrated and
properly regulated immune response.

PDC modulate immune responses through type | IFN

PDC have been named “Professional type | IFN producing cells” [16). Within 6 hours of viral
activation, 60% of human pDC transcriptome corresponds to type | IFN genes. They can
produce up to 1000 times more IFN than any other blood cell [6,7]. Along with their robust
production of type | IFNs, including IFN-a, IFN-B and IFN-@, pDC can also express type |lI
IFNS IL-28a (IFN-A2), IL-28b (IFN-A3) and IL-29 (IFN-A1) in response to TLR7 or 9 ligands [50].
During viral infections, pDC-derived IFNs can directly act on infected cells, as well as
surrounding neighbors through the ubiquitously expressed IFNAR. Downstream signaling
from IFNAR induce the expression of IFN-stimulated genes (ISGs) participating in the control
of viral replication and spread [51]. Furthermore, pDC-derived type | IFN has a critical role in
modulating the innate and adaptive immune responses by inducing activation and
maturation of several immune cell populations. IFN type | stimulates myeloid DC (mDC)
maturation, as well as monocyte-derived DC differentiation promoting a Th1 type of immune
response [52,53]. IFN enhances NK cell maturation and cytolytic activity, as well as IFN-y
secretion [54] and, together with pDC-secreted IL-6, promotes B cell differentiation into
plasma cells [55]. In addition, pDC-derived type | IFN stimulates mDC and pDC antigen cross-
presentation to CD8+T cells [56,57], and promotes CD4+ T cell polarization into Thl cells
[37,58] (Figure 1)

PDC differentiation into mature DC

Before the association between pDCs and “the natural type | IFN-producing cells” [16], pDC
were shown to differentiate into mature DC in response to IL-3, or IL-3+CD40L [3]. Since
then, this pDC functionality has been largely studied, and led to the understanding that pDC
role as APC is absolutely dependent on the type of stimulation, and surrounding
microenvironment. Steady state pDC express intermediate levels of MHC Il molecules that
are highly upregulated upon activation, together with costimulatory molecules, and allow
antigen presentation to CD4+T cells [58]. In the presence of IL-3, pDC-derived DC upregulate
the costimulatory molecules CD40, CD80, CD86, CD83, and OX40L, among others, and
preferentially drive regulatory Th2 responses from naive CD4+ T cells [59]. GM-CSF-
activated pDC induced a similar pattern of T cell-derived cytokines although producing more
IFN-y and less IL-10 [36]. In contrast, viral or CpG ODN-mediated pDC activation promotes a
strong naive CD4+T cell polarization towards Thl cells [37,58,59]. This Thl priming was
shown to be promoted by type | IFN, in an IL-12-independent manner [16]. Furthermore,
TLR-activated pDC can induce the generation of T regulatory (Treg) cells, a process favored
by the expression of ICOSL [60,61). This tolerogenic response has emerged as a way to
prevent excessive inflammation that could be detrimental to the host during infection, but
may also be involved during thymus Treg development [62] (Figure 1).
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PDC express MHC | and MHC Il and are capable of presenting both endogenous and virus-
derived antigens to CD4+ and CD8+ T cells [63]. However, their low antigen internalization
ability mediated by micropinocytosis and phagocytosis, together with their lower MHC I
expression, make them less efficient than mDC with regard to presentation of exogenous
antigens [63]. Several studies on human pDC indicated that they are effective in cross-
presenting antigens to CD8+ T cells [64,65], to a similar extent as BDCA1+ and BDCA3+ DC
subsets [66].

Hence, pDC harbor key functions in both innate and adaptive immunity, controlled by
complex, and highly context- and stimulus-dependent mechanisms. This has led to some
controversies on whether adaptive pDC functions are being evoked in vivo in different
physiopathological contexts, as opposed to IFN production being the main function of pDC
[67,68]. We believe this is mainly due to the various contexts, stimuli, and disease models
studied, rather than a cell-intrinsic exclusive involvement of pDC in innate versus adaptive
immunity.

The multiple roles of pDC in infection

PDC are involved in different types of infections (such as virus, bacteria and fungi), their
response being tightly linked to the underlying sensing mechanisms and downstream
functional impact (See above).

PDC function against viruses is extremely important in the acute phase of the infection, to
inhibit viral replication and prevent viral spreading, as for example in herpes simplex virus
infection [69]. As the infection progresses, other host cell types, such as DC, monocytes, and
macrophages, take part in IFN production [70]. Remarkably, individuals carrying mutations
in the IRF7 gene, resulting in impaired pDC responses, are more susceptible to influenza
virus infection [71]. However, type | IFN production by pDC may not be always beneficial
during influenza infection, as shown by a mouse model wherein pDC over-activation induced
massive and deleterious inflammation [72]. Whether this may contribute to pathology in
severe forms of human influenza virus infections is not known.

In chronic viral infections, the role of pDC is more debated. During HIV infection, pDC may
contribute to disease progression by recruiting T cells through chemokines, such as CCL3 and
CCL4 (73], and producing Type | IFN [74]. Notably, in vitro HIV-stimulated pDCs induce T cell
apoptosis trough TRAIL expression, and promote Treg development through the IDO
pathway [75). However, recent studies also highlight the beneficial role of pDC-derived IFN
in the early stages of HIV infection in the simian model, and their recruitment in the gut of
elite controllers during HIV infection, suggesting a contribution to protective anti-viral
immunity [76,77]. PDC were also studied in the context of other chronic viral infections. A
common feature is the absence or low IFN levels induced by hepatitis B (HBV) [78,79] and C
(HCV) viruses [80,81], as well as human papilloma virus[82]. The amount of type | IFN
induced by a given virus may be critical to promote viral control versus chronic infection
(Figure 2A), in addition to virus-related features.

The role of pDC has been less characterized in bacterial infection. PDC are recruited to the
lymph node T-cell zone in Mycobacterium tuberculosis patients where they are producing
granzyme B [83]. The pathological role of Type | IFN observed in mycobacterial infections
[84] point to a possible detrimental role of pDCs. However, the link between pDC, type | IFN,
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and mycobacterial infection was not specifically addressed. Various reports indicate that
pDC are present in human tonsils where they are in contact with bacteria [85]. Moreover,
pDCs are able to sense and respond to Gram-positive and negative bacteria, with an
upregulation of co-stimulatory molecules, and IFN production [85]. They can interact directly
with B cells to induce IL-10 production in response to Staphylococus aureus. [86]. Hence,
pDC influence both innate and adaptive immunity in bacterial infection, but their impact on
the outcome of the infection remains unclear.

Intriguingly, latest studies highlight a role for pDCs in fungal infections. In the presence of
Aspergillus fumigatus hyphae, pDCs play a protective role indirectly by producing IFN and
TNF-a[87], and directly by killing fungi through the secretion of calprotectin and lactoferrin,
capable of chelating divalent cations necessary for fungal growth[88). Furthermore, in the
presence of A. fumigatus, pDC secreted “pDC extracellular traps” (pETs) formed by DNA and
citrullinated histone H3, with a structure similar to neutrophil extracellular traps (NETs)[89].
These traps are generally assembled with antimicrobial peptides leading to the killing of
microbes that cannot be phagocytosed.

In parasitic infection, the role of pDCs was mostly studied in malaria, where pDCs were not
activated in the context of Plasmodium falciparum blood-stage[90]. However, TLR7-
dependent induction of IFN showed a protective role in early infection stages in the
mouse[91]). More studies are needed to clarify the role of pDC and IFN in malaria and other
parasitic infections.

In conclusion, the complexity of pDC functions in innate and adaptive immunity is reflected
in their intricated beneficial or detrimental roles in infection. Factors such as pDC activation
state, microbial and tissue context, and timing (early/acute versus late/chronic stages) all
influence the ultimate impact on the outcome of the infection.

PDC are major players in autoimmune and allergic diseases.

Through their ability to secrete high amounts of type | IFN, pDC have been identified early on
as a potential player in SLE, and other inflammatory and auto-immune diseases[92,93].
Important studies shed light on the signals that may induce pDC activation in such non-
microbial/sterile inflammation. In SLE, circulating immune complexes (IC), formed by auto-
antibodies (Ab) and autologous DNA/RNA, are internalized into pDC endosomes through
FcyRIl (CD32) and sensed by TLR7 and TLR9[94). In psoriasis, antimicrobial peptides such as
LL-37 trigger IFN production after binding extracellular DNA to form molecular complexes
that are shuttled to, and retained within, early endocytic compartments in pDCs to trigger
TLR-9(95]. Through these mechanisms, pDC may break tolerance to self-antigens in SLE and
psoriasis (Figure 2B).

PDC can be actively recruited to inflamed tissues[96,97). In early psoriasis plaque,
fibroblasts, mast cells, and endothelial cells express chemerin and promote pDC recruitment
through chem23R[98]. PDC interact with other immune cells to promote and exacerbate
inflammation. Circulating neutrophils from SLE patients may release NETs and induce pDC
activation[35] (Figure 2B). NK cells may promote pDC activation via MIP-1B secretion and
LFA-mediated cell-cell contact[99]. In SLE, pDC-derived IFN-a and CD40 expression increase
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plasmablast differentiation, auto-antibody production, and fail to induce regulatory B
cells[100].

PDC pathogenicity may also be influenced by genetic predisposition to deregulation in the
type | IFN pathway. Susceptibility loci to SLE and autoimmune diseases have been identified
by genome-wide association studies[101]. Some of them could promote pDC activation and
type | IFN production by alteration of immune complex clearance (FCGR2A, FCGR3A, ITGAM,
CRP, C4A, C4B, C2, C1Q) and increased TLR7-9/IFN pathway (IRAK1, IRFS, IRF7, SPP1, STAT4,
TREX1, ATGS). Studies have shown that some of these polymorphisms, in particular in the
IRF-5, IRF-7, and ILT3 genes, may have a direct functional impact on type | IFN secretion by
pDC[102-104).

Besides SLE, an “interferon signature” is associated to other active autoimmune diseases:
Sjogren’s syndrome, dermatomyositis and systemic sclerosis[105]. PDC have been involved
in dermatomyositis lesional skin[106]. Circulating IC with auto-Ab to topoisomerase |, Jo-1,
and Ro 52/60 may act as endogenous type | IFN inducers production in pDC[107,108]. In pDC
from patients with systemic sclerosis, an upregulation of miR-618 influence pDC
development and increase the expression of mRNA encoding IFN-responsive gene[109].
Future studies may reveal additional pDC-activating mechanisms underlying a dysregulation
of innate immunity. Interestingly, pDC adaptive functions have been less studied in the
context of autoimmunity, and it remains unclear whether they may also contribute to
disease pathogenesis through excessive T cell activation.

Because of their clear disease association and pathogenic role, pDC are an important
therapeutic target in autoimmunity. Hydroxychloroquine, an antimalarial agent, which
inhibits type | IFN production by pDC, is the cornerstone of SLE management [110,111].
Development of drugs targeting the IFN pathway, such as the monoclonal antibody
anifrolumab (anti type | IFN receptor Ab), or Janus kinase (JAK) and signal transducer and
activator of transcription (STAT) pathway inhibitors, are promising compounds in SLE and
autoimmune diseases associated with IFN signature and pDC dyregulation[112,113].

Besides auto-immunity, pDC are implicated in allergic diseases such as asthma, atopic
dermatitis and allergic rhinitis, all being associated with chronic and dysregulated
inflammation. They are characterized by an increased Th2 polarization, allergen-induced
production of IgE by plasma cells and hypersensitivity mediated by basophils and FceRI/Il.
PDC are being recruited in nasal mucosa and sputum from allergic patients, and involved in
allergic inflammation[114,115]. In children with atopy, relative deficiency of circulating pDC
appears to be a risk factor for future development of asthma([116] (Figure 2B). In asthma,
pDC express higher CD40, CD62L, CD64 and FceRla, but TLR7-mediated IFN-a secretion is
significantly reduced[117,118]. Interestingly, in healthy individuals, pDC-derived IFN-a
selectively constrain Th2 cytokine synthesis following rhinovirus exposure[119]. This
negative regulatory mechanism between IFN-a and Th2 polarization may be defective in
allergy, explaining the possibility of a viral infection triggering or aggravating asthma
exacerbations[120] (Figure 2B). Overall, evidence from human studies mostly points at a
pathogenic role of pDC in allergy through Th2 priming. Mouse models in that context have
brought controversial results, supporting either a protective effect through Treg
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induction[121], or a pro-allergic effect through Th2 (V. Andreakos et al, unpublished). It will
be important to specifically study pDC in a diversity of clinico-pathological forms of allergy,
based on age, anatomical site, co-infections, chronicity, which may dictate opposite pDC
functions through a different inflammatory micro-environment. This may have direct
implications on designing relevant pDC-targeting strategies in allergy.

PDC function in cancer: from physiopathology to immunotherapy

The clinical benefit of type | IFN therapy in hematologic malignancies and melanoma, and
the observation of pDC infiltrating multiple tumor types [122-126], have raised the question
of the role of pDC in cancer.

Considering the innate-sensing receptors expressed by pDC, an important question was their
possible ligands in the context of the tumor microenvironment (TME). Necrotic tumor cells
release damage associated molecular patterns (DAMPs), such as high-mobility group box-1
protein (HMGB1) and mitochondrial DNA, which stimulate TLR9[127], and may activate pDC.
The presence of GM-CSF in the TME is well documented in multiple cancers, supporting an
activation of tumor-infiltratin (Ti) pDC through constitutively expressed GM-CSF
receptor[128]. However, the expression of maturation markers such as CD40 and CD80 on
TipDC obtained from human tumor biopsies seems to vary among tumor types, either
absent in lung cancer [129] or upregulated as compared to blood pDC in melanoma [126],
breast[130], or ovarian cancer[124], making it unclear whether endogenous tumor-derived
signals are effectively activating pDC.

Interestingly, the same studies all showed that TipDC have a decreased capacity to produce
IFN under TLR stimulation in vitro as compared to blood or healthy tonsil pDC, regardless of
the expression of maturation markers before stimulation. This impairment in IFN production
suggested a tolerogenic phenotype of TipDC, further supported by an ability to expand Treg
cells and induce a Th2 differentiation, through the ICOSL and OX40L pathways, respectively
[126,128]. In melanoma, the expression of Indoleamine 2,3-dioxygenase (IDO), another well-
known immunosuppressive molecule, has been predominantly detected in pDC among the
different DC subsets[131]. The importance of this mechanism was confirmed by the
enhancement of Ag presentation and Ag-specific cytotoxic T lymphocyte induction, following
IDO inhibition by Toho-1 in a human leukemic pDC line[132].

Studies have shown that IFN production under TLR stimulation of pDC was significantly
decreased by the addition of head and neck[122] or breast tumor-derived
supernatants[130]. Since then, an ever-growing list of molecules, such as TGF-B, TNF-a[133],
IL-10[134], Prostanglandin E2 (PGE2)[135] or IL-3[125], were shown to contribute to this
tolerogenic phenotype of TipDC. The role of TGF-B and IL-10 suggests a potential paracrine
loop between pDC and regulatory T cells (Figure 2B). Another mechanism that could reduce
TipDC activation is the tumor-induced down-regulation of TLR9[122] . The induction of a Th2
differentiation of tumor infiltrating T cells by TipDC may be induced by GM-CSF, as shown in
breast cancer[128] or TARC/CCL17, MDC/CCL22 and MMP-2, as suggested in
melanoma([126].
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Beside their tolerogenic effect, in vitro cytotoxicity assays with blood pDC acting on tumor
cell lines suggested that TipDC may also have a direct cytotoxic effect on tumor cells in a
TRAIL-dependent manner, but also via Granzyme B secretion, and Fas-Fas ligand
interaction[136]. However, in these studies, blood pDC were artificially stimulated with TLR
ligands and outnumber by 20 to 100 fold their targets, two conditions that do not reproduce
the TME context and limit the extrapolation of these data. Hence, although pDC expression
of Granzyme B and TRAIL was shown by many studies[137], and confirmed on “pure pDC”,
defined as HLA-DR+CD123+AXL-CD2- DC[17], the role of these molecules in the tumor
context remains controversial.

Despite pDC functional plasticity, and their expression of death molecules, most studies
suggest that pDC may function predominantly as promoting tumor development through
Treg induction [138]. These mechanistic observations are in line with the clinical correlation
of high levels of TipDC with bad prognosis in several cancer types, such as breast
cancer[123], ovarian cancer[124], multiple myeloma[125], and melanoma[126]. Thus, TipDC
may be considered as a potential target for anti-cancer therapy. A first approach would be to
deplete pDC. SL-401 targets IL-3 receptor (IL-3R) and efficiently depletes pDC in a mouse
model of multiple myeloma[125].

A second approach would be to reprogram pDC phenotype from tolerogenic to anti-tumoral
pDC through TipDC stimulation. It is one of the modes of action of the TLR7 agonist
Imiquimod, which is routinely used to treat basal-cell carcinoma and HPV-associated
cutaneous tumors, and under investigation in melanoma[139] (Figure 2B). However,
apoptosis induction of tumor cells in a Bcl-2[140] or p53-dependent manner[141], has been
described.

A last approach is to exploit the T cell priming capacity of pDC. A vaccine, consisting of
intranodal injections of pDCs previously activated and loaded with tumor antigens[142] has
been tested in melanoma patients and was able to induce specific CD4 and CD8 responses.
However, clinical response rates were limited to a small proportion of patients. To overcome
this limited efficacy, the most recent approach is to combine DC-based vaccines, which
include both pDC and myeloid DC, with targeted therapies[(143], or to directly deliver
intravenously RNA lipoplexes, which are internalized by pDC but also CD11c+ conventional
DC and macrophages[144] (Figure 2B).

In summary, pDC are actively explored as targets for cancer immunotherapy, despite a
complex function, and remaining controversies on their contribution to tumor development
versus control. As for allergy, we propose that specific studies of pDC in various tumor types
and stages, may uncover clinical settings and patient groups which would predominantly
benefit from pDC targeting.

Systems biology approaches redefine human pDC biology

Systems biology often involves the generation and the analysis of high dimensional data,
offering a unique opportunity to explore biological processes at high resolution, and to get
insight into the organization/structure of the data, which would reflect important biological
features[145]). This interdisciplinary field provided crucial insights into the complexity and
identity of human pDC.
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High dimensional methods including single-cell RNA-seq and quantitative mass-spectrometry
have contributed to the unbiased characterization of human blood pDC. Recent work using
single-cell mRNA sequencing and cytometry by time of flight (CyTOF) described a novel
population of pre-DC, which shares markers previously thought to be pDC-specific, such as
BDCA-2[18]. Another single-cell RNAseq study delineated human blood DC heterogeneity,
and identified a new DC subset named AS DC/DC5 (AXL+ BDCA2+) sharing a transcriptional
signature with pDC (AXL-, BDCA2+) including for example IL3RA, IGJ, NRP1, MZB1, but more
potently activating T cells[17]. These recently deciphered DC populations invite us to
reconsider earlier findings such as pDC expression of costimulatory molecules[64,146], pDC
ability to exhibit Ag presentation, and their potency in mediating Thl immunity via IL-12 and
IFN production[58,146]. It was already shown that some of these molecular and functional
features may be due to contamination of pDC with myeloid DC populations, for example for
IL-12 production [11]. The recent single cell RNAseq studies bring additional and objective
knowledge in order to precisely assign functional features to well defined DC subsets.
Systems approaches can also be useful to unravel the complexity of multiple signal
integration by immune cells. We have developed a high-resolution analysis framework to
analyze the integration of endogenous and microbial signals by human pDC based on large-
scale transcriptomics data[147]. This established the concept of multimodality in signal
integration, meaning that the two same signals can be integrated according to multiple
modes for different cellular outputs. Our study also revealed that a microbial stimulus
(influenza virus) may inhibit the response to an endogenous factor (IL-3).

Because of the complex physiopathology of autoimmune diseases, large scale data analysis
approaches have been broadly carried out[148]. The analysis of pDCs from lupus mice with
RNAseq technology led to conclude that pDC present an altered transcriptional signature in
early stages of the disease[149,150]. Using RNAseq technology, gene loci were associated
with IFN production in human pDC in systemic lupus erythematosus patients[102). Gene
expression profile of human primary pDC stimulated with CpGB showed overexpression of
MYC via TLR9 agonist, which is a novel target that modulates human pDC[151]. Large-scale
proteomics analysis was used to elucidate the role of pDC in priming the immune response
upon viral challenge. The shift of pDC response upon TLR stimulation from type | IFN to IL-1b
may avoid disproportionate inflammation response[152].

Numerous perspectives are offered by the broad range of possible applications of systems
biology approaches. Currently, mostly transcriptomics based approaches have been
exploited. Epigenetic modifications are critical to a diversity of autoimmune diseases[153],
and could be addressed in future studies. Innovative schemes and experimental designs will
be needed to integrate the complexity of PDC function, molecular regulation, heterogeneity,
and adaptation to various inflammatory microenvironments.

Conclusions and perspectives

Although major progress was made in our understanding of pDC biology, many aspects
remain unclear, and the complexity of pDC functions constitute a future challenge. A clear
pDC definition needs to be used, putting at the forefront cytological and functional features,
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surface markers being essential tools to identify and purify pDC but difficult to use as
defining criteria because of their variable sensitivity, specificity and stability in different
steady state and inflammatory microenvironments. In that area, important new knowledge
was recently generated by single cell RNAseq studies, which now needs to be integrated in
pDC purification and monitoring protocols.

A number of molecular mechanisms have been identified and characterized regulating pDC
function: how they work together is now the challenge. How multiple signals are being
integrated? Which of activating versus inhibitory receptors are dominant when co-triggered?
The implication of pDC in several human diseases is well established, but the detailed
understanding of their contribution to disease pathogenesis and physiopathology is lacking
in most cases. The complexity here rises from the several ways pDC may adapt to various
and dynamic inflammatory microenvironments. This is complicated by additional genetic
factors.

Addressing all these levels of complexity is expected to derive exciting new biology, and to
help deciphering inflammatory diseases, because of the numerous interactions between
pDC and other molecular and cellular inflammatory players. Ultimately, this will be the only
way to rationale pDC-targeting strategies, which may rarely be of general benefit in a given
disease entity, but should most of the time benefit only a subset of patients with specific
disease characteristics.

Figure legends

Figure 1. PDC activation and modulation of the immune response

PDC activation through endosomal TLR7/9 ssRNA or dsDNA viruses, or CpG ODNs leads to
high type | IFN secretion and pDC maturation into mature DC. PDC-derived IFN-I induce an
antiviral response on immune and non-immune cells through the upregulation of interferon
stimulated genes (ISGs) that prevent viral replication and spread. IFN-I induces NK cells
cytotoxic activity and IFN-y secretion; APC functions by stimulating mDC maturation and
crosspresentation and, monocyte differentiation into DC and; favors B cell differentiation
into plasma cells. pDC-derived DC and IFN-I can prime naive CD4+T cells differentiation into
regulatory Thl cells and crosspresent Ag to CD8+Tcells. Alternatively, TLR-independent pDC
activation through IL-3 or GM-CSF, induces their differentiation into mature DC capable of
priming Th2 responses without IFN secretion.

Figure 2. PDC involvement in human diseases

A. During acute viral infections, pDC-derived type | IFN plays a critical role in the viral
clearance by preventing replication and spread. IFN-I induces innate and adaptive immune
cells activation. Viral-induced pDC-derived DC prime naive CD4+T cells to differentiate into
Thl and T regs. During chronic viral infections, pDC may be reduced in the circulation or
producing low IFN-I, failing in controlling the viral spread. Bacteria can trigger pDC
activation. In Mycobacterial infections, pDC-derived IFN-I has a negative impact on the
disease severity. Both Gram+ and Gram- bacteria can induce pDC activation, IFN-I secretion
and upregulation of costimulatory immunecheckpoints. Fungal infections, as A. fumigatus,
can stimulate IFN-I and TNF-a secretion as well molecules acting in directly killing the fungi
as calprotectin, lactoferrin and pDC extracellular traps (pETs). It has been proposed that pDC
may produce IFN-l upon triggering by parasites as malaria. B. In autoimmune diseases, as
systemic lupus erythematosus (SLE), the presence of autoantibodies and neutrophils
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extracellular traps (NETs) complexes with self-nucleic acids induce pDC activation and type |
IFN secretion that contributes to increase inflammation and disease pathology. Treatments
include hydroxychloroquine, a drug inhibiting endosomal acidification and TLR activation;
and anti IFNAR antibodies. In psoriasis, pDCs are recruited to the skin plagues by chemerins,
where cationic antimicrobial peptides such as LL37 can complex with self-DNA and activate
pDC though TLR9 to induce IFN-I secretion. In cancer, the presence of Treg cytokines as IL-10
and TGF-B can stimulate a tolerogenic pDC state that contributes to the generation of Tregs
through the expression of ICOSL and IDO, constituting a pDC-Treg feedback. Treatments with
imiquimod aim to induce pDC activation through TLR7 to rescue their IFN-producing
capacity. The use of RNA-lipoplexes (RNA-LPX) can trigger pDC IFN secretion and DC
maturation and antigen presentation. In allergy, pDC role is debated, some studies showing
a pDC contribution to the allergic inflammation by the induction of Th2 cells and, others
suggesting a beneficial effect by the induction of Tregs contributing to the tolerance.
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