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SUMMARY

Mesenchymal stem cells (MSCs) display pleiotropic functions, which include secretion of
soluble factors with immunosuppressive activity implicated in cancer progression. We compared
the immunomodulatory effects of paired intra-tumor (T-) and adjacent non-tumor tissue (N-)-
derived MSCs from patients with squamous cell lung carcinoma (SCC) on circulating natural
killer (NK) cells from healthy donors. We observed that T-MSCs were more strongly
immunosuppressive than N-MSCs and affected both NK function and phenotype, as defined by
CD56 expression. T-MSCs shifted NK cells toward the CD56%™ phenotype and differentially
modulated CD56”""™ sybset functions. Whereas MSCs affected both degranulation and
expression of activating receptors in the CD56"™ subset, they primarily inhibited interferon-y
production in the CD56""9" subset. Pharmacological inhibition of prostaglandin E2 (PGE2)
synthesis, and in some MSCs, IL-6 activity, restored NK function, whereas NK cell stimulation
by PGE2 alone mimicked T-MSC-mediated immunosuppression. Our observations provide

insight into how stromal responses to cancer dampen NK cell activity in human lung SCC.



RESUME

Les cellules mésenchymateuses souches (CMS) sont des cellules du stroma (tissu de soutien),
avec des fonctions multiples, dont des propriétés immunosuppressives impliquées dans la
progression tumorale et nécessitant la sécrétion de facteurs solubles. Dans ce travail, nous avons
compare les effets immunomodulatoires de CMS humaines isolées de pieces de résection de
cancer pulmonaire épidermoide (T-CMS), avec ceux de CMS issues du tissu pulmonaire non
tumoral adjacent (N-CMS), prélevé chez les mémes patients. Nous nous sommes intéressés a
I’effet des CMS sur I’immunité innée, en particulier sur les cellules tueuses naturelles (NK).
Nous avons observé gque les T-CMS sont plus immunosuppressives que les N-CMS et affectent
aussi bien la fonction que le phénotype des NK, y compris leur expression du CD56. Les T-CMS
induisent préférentiellement des NK CD56%™, et ont des effets différents sur les fonctions des
sous-populations CD56%™ et CD56™™. Les CMS affectent a la fois la degranulation et
I’expression des récepteurs activateurs des CD56%™, alors qu’elles inhibent principalement la
sécrétion d’IFN-y dans la sous-population CD56"™. L’inhibition pharmacologique de la
synthése de la prostaglandine E2 (PGE2), et pour certaines CMS, de I’activité de I’'lL-6, est
capable de restaurer la fonction des NK, alors que la stimulation par la PGE2 seule reproduit
I’effet suppresseur des T-CMS. Nos observations permettent une meilleure compréhension de la

réponse stromale et de son caractére immunosuppresseur sur les NK dans le cancer pulmonaire

chez I’homme.



ABBREVIATIONS

ADAP: Adhesion and degranulation-promoting adapter protein
ADCC: Antibody-dependent cell-mediated cytotoxicity
Ang: Angiopoietin

APC: Antigen-Presenting Cells

a-SMA: alpha-smooth muscle actin

BAG: Bcl2-associated athanogene

BM: Bone-marrow

CAF: Cancer-Associated Fibroblasts

CBM: CBM signalosome (which consists of the adaptors Carmal, Bcl-10 and MALT1)
CD105/ENG: Endoglin

CD107a: Lysosomal-associated membrane protein-1
CD112/Nectin-2/PVRL2: Poliovirus receptor-related 2
CD11b/ITGAM: Integrin alpha M

CD155/PVR: Poliovirus receptor

CD16: Fc Fragment of 1gG Receptor

CD25/IL-2Ra: Interleukin-2 receptor alpha chain
CD45/LCA: Leukocyte common antigen
CD56/NCAM: Neural cell adhesion molecule
CD73/5'-NT: 5'-nucleotidase

CD90/Thy-1: Thy-1 cell surface antigen

COX-2: Cyclo-oxygenase-2

CTLs: Cytotoxic T Lymphocytes

DC: Dendritic Cells

DNAM-1/ CD226: DNAX Accessory Molecule-1
ECM: Extracellular matrix

EGF: Epidermal growth factor

EMT: Epithelial-Mesenchymal Transition

EV: Extracellular vesicles

FasL: Fas ligand

FGF: Fibroblast growth factor



FoxP3: Forkhead box P3

GM-CSF: Granulocyte-macrophage colony-stimulating factor
GvL: Graft-versus-Leukemia

HGF: Hepatocyte Growth Factor

HLA: Human Leukocyte Antigen

HLA-DR: Human Leukocyte Antigen - antigen D Related
HLA-G: Human leukocyte antigen G

HO-1/HMOX1: Heme oxygenase

HSC: Hematopoietic stem cells

HSCT: Hematopoietic Stem Cell Transplantation
ICAM-1: Intercellular Adhesion Molecule 1

IDO: Indoleamine 2,3-dioxygenase

IFN-y: Interferon-gamma

IGF-1: Insulin-like growth factor-1

IHC: Immunohistochemical

IL-10: Interleukin 10

IL-1p: Interleukin-1b

IL-6: Interleukin 6

ISCT: International Society for Cellular Therapy

ITAM: Immunoreceptor Tyrosine-based Activation Motif
ITIM: Immunoreceptor Tyrosine-based Inhibition Motif
K562: Human immortalised myelogenous leukemia line
KGF: Keratinocyte growth factor

KIR: Killer- cell Immunoglubulin-like Receptors

LIF: Leukemia inhibitory factor

MFI: Mean fluorescence intensity

MHC: Major Histocompatibility Complex

MICA/B: MHC class I chain-related proteins A and B
MIP: Macrophage Inflammatory Proteins

MSC: Mesenchymal Stem Cells

NCR: Natural Cytotoxicity Receptors

NK: Natural Killer Cells



NKG2A/ KLRC1.: Killer cell lectin like receptor C1

NKG2D/ KLRK1: NKG2-D-Activating NK Receptor/Killer Cell Lectin Like Receptor K1
NKp30/NCR3: Natural Cytotoxicity Triggering Receptor 3

NKp44/NCR2: Natural Cytotoxicity Triggering Receptor 2

NKp46/NCR1: Natural Cytotoxicity Triggering Receptor 1

NKp80/ KLRF1: Killer Cell Lectin Like Receptor F1

NS-398: COX-2 inhibitor

NSCLC: Non Small-Cell Lung Carcinoma

NSG mouse: NOD scid gamma mouse

PBMC: Peripheral blood mononuclear cells

PCC: Primary cancer cells

PDGF: Platelet-derived growth factor

PD-1/CD279: Programmed cell death protein 1/cluster of differentiation 279
PD-L1/CD274/ B7-H1: Programmed death-ligand 1/cluster of differentiation 274/B7 homolog 1
PGEZ2: Prostaglandin E2

SCC: Squamous Cell Carcinoma

SDF-1: Stromal cell-derived factor 1 (CXCL12)

TAF: Tumor-associated Fibroblasts

TGFp: Transforming growth factor beta

Th1: T helper 1 cells

TLR: Toll-like receptor

TME: Tumor microenvironment

TNFa: Tumor necrosis factor alpha

TRAIL: Tumor-necrosis-factor related apoptosis inducing ligand

Treg: Regulatory T cells

TSG-6/TNFAIP6: TNF-stimulated gene 6 protein / Tumor necrosis factor-inducible gene 6
protein

TW: Transwell

ULBP: UL16-binding protein

VCAM-1: Vascular cell adhesion protein 1
VEGF: Vascular endothelial growth factor
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1. INTRODUCTION

1.1 General introduction

Cancer progression requires interactions between tumor cells and the host microenvironment,
which includes, among others, a variety of stromal and immune cells. The immune system’s
natural capacity to detect and destroy abnormal cells may prevent the development of many
cancers. However, cancer cells are sometimes able to avoid detection and destruction by the
immune system. These dual effects of the immune system on developing tumors are referred to
as “cancer immunoediting”, a process comprised of three phases that are collectively denoted as
the three “Es” of cancer immunoediting: Elimination (1), Equilibrium (2), and Escape (3). (1)
Native immune effector cells, such as natural killer (NK) cells, can eliminate nascent
transformed cells in an initial innate immune response. (2) During tumor growth, tumor cell
variants weakly immunogenic and resistant to immune attack are generated. These cells proceed
to the equilibrium phase even though the elimination phase continues through immune selection
pressure. (3) Tumor progression leads to the release of tumor-derived soluble factors that

underlie several mechanisms of immune evasion in the escape phase (Kim et al., 2007).

The tumor microenvironment is composed of a network of diverse cellular and structural
constituents whose functions are interdependent and recapitulate a wound healing response:
inflammatory and immune cells, vascular cells, and a variety of stromal cells, among which are
MSCs and numerous components of the extracellular matrix (ECM) along with their biologically
active degradation products. The relative abundance of the different constituents may vary
widely among different tumor types and among specimens of the same tumor type in different
individuals. Such variation may be important in determining the anti-tumor immune response.

However, the resemblance between tumor-associated tissue remodeling and physiologic tissue
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repair suggests that the wound healing response that they generate may be a shared feature
among divergent solid tumors. Despite variable intensity among individual tumors, it may
provide an array of common therapeutic targets. MSCs may provide a particularly relevant
therapeutic target within the tumor stroma based on their pleiotropic effects on tumor growth and
the immune response. MSCs may both promote and constrain tumor growth, although their net
effect appears to be predominantly protumorigenic (Berger et al., 2016; Djouad et al., 2007;
Karnoub et al., 2007; Khakoo et al., 2006; Lazennec and Jorgensen, 2008). In addition, they have
opposite effects on immune cell modulation, promoting inflammation on the one hand and
exhibiting an immunosuppressive profile, which favors tumor progression, on the other. Thus,
harnessing MSC plasticity toward the expression of anti-tumorigenic, anti-inflammatory and pro-
immunogenic properties may be an attractive therapeutic option. However, it requires in-depth
understanding of the functional relationship between tumor cells, MSCs and immune cells and

particularly how tumor cells subvert MSCs to function in their favor.

1.2 Lung cancers

Lung cancer is the second most common malignancy and the leading cancer in terms of lethality
worldwide (Siegel et al., 2015). The two major forms of lung cancer are non-small-cell lung
cancer (NSCLC) and small-cell lung cancer. More than 85% of cases fall into the NSCLC class,
which is associated with a predicted 5-year survival of 17.8% (Chen et al., 2014). Non-small-cell
lung cancer can be divided into three major histological subtypes: squamous-cell carcinoma
(SCC, ~40%), adenocarcinoma (50%), and large-cell lung cancer. Smoking causes all types of
lung cancer but is most strongly linked with small-cell lung cancer and squamous-cell
carcinoma, whereas adenocarcinoma is the most common type in patients who have never

smoked (Herbst et al., 2008). Despite advances in early detection, NSCLC is often diagnosed at
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an advanced stage and has a poor prognosis. Treatment depends on the stage of the tumor and
includes surgery, radiation therapy, chemotherapy, a variety of targeted therapies (e.g. receptor
tyrosine kinase enzyme inhibitors) and immunotherapy — alone or in combination (Peters et al.,
2017). However, the 5-year survival for advanced non-surgical stages is poor (about 5-10%).
NSCLC that has spread to other parts of the body is often refractory to any currently available
form of treatment. Metastatic, or stage IV NSCLC, has a 5-year survival of about 1%. Whereas
other cancers such as breast cancer and melanoma have benefited from advances in targeted
therapies, such as checkpoint inhibitors, most types of lung cancer have not shown similarly
promising results. Nevertheless, other forms of immunotherapy need to be explored as an adjunct
to standard therapy, in an effort to reverse immunologic tolerance in the tumor

microenvironment (Bremnes et al., 2011).

The tumor microenvironment provides a wide range of resources that support NSCLC
progression (Chen et al., 2014; Wood et al., 2014) among which are diverse stromal cells,

including activated MSCs (Bussard et al., 2016; Raffaghello and Dazzi, 2015; Shi et al., 2017).

In this work, we used MSCs isolated from human lung squamous cell carcinoma samples and

from non-tumor adjacent lung tissue to explore and compare their immunomodulatory potential.

1.3 Mesenchymal Stem Cells

Although they were initially described in the bone marrow (BM), MSCs display a broad tissue
distribution and are found in adipose, synovial and lung tissue as well as in umbilical cord and
peripheral blood (Williams and Hare, 2011). They are a heterogeneous stromal cell population
and characterization of their sub-populations has been hampered by the lack of specific markers.

Their defining properties include: the capacity to differentiate into mesodermal- and non-
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mesodermal-derived tissues (multilineage differentiation into osteocytes, adipocytes and
chondrocytes) (Dominici et al., 2006), but also into endodermal and neuroectodermal lineages
(Williams and Hare, 2011); recurrent surface marker expression patterns, expressing CD105,
CD73 and CD90 and lacking CD45, CD34, CD14, CD11b, CD79a, CD19 and HLA-DR (Ma et
al., 2014a); low expression levels of MHC class | molecules, and minimal or no MHC class 11
molecules nor co-stimulatory molecules, such as CD40, CD80, CD86, precluding antigen
presenting activity (Fibbe and Noort, 2003); and the capacity to adhere to cell culture plates
(Dominici et al., 2006). MSCs can take the morphological appearance of fibroblasts and they are

in fact considered to be fibroblast progenitors.

MSCs are believed to play a critical role in tissue repair. Mediators of inflammation and immune
cells, together with endothelial cells and fibroblasts, orchestrate changes in the
microenvironment that result in the mobilization and differentiation of MSCs into diverse
stromal components that replace damaged tissue cells. These MSCs can be tissue-resident or
recruited from the bone marrow. However, the mechanisms by which MSCs are mobilized and
recruited to damaged sites are not fully understood. In addition, how they survive and
differentiate into distinct cell types in vivo is still not clear (Shi et al., 2012a). Once MSCs have
entered the microenvironment of injured tissues, many factors, including cytokines such as tumor
necrosis factor-o (TNF-a), interleukin-1 (IL-1), interferon-y (IFN-y), toxins of infectious agents
and hypoxia can stimulate the release of an array of growth factors by MSCs, including
epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factor
(PDGF), transforming growth factor 3 (TGFp), vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), insulin-like growth factor-1 (IGF-1), angiopoietin-1 (Ang-1),

keratinocyte growth factor (KGF) and stromal cell-derived factor-1 (SDF-1). These growth
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factors, in turn, promote the activation of fibroblasts, endothelial cells and tissue progenitor cells,

which ensure tissue regeneration and repair (Lee et al., 2011; Ma et al., 2014b; Shi et al., 2012a).

In addition to tissue regeneration, MSCs have been reported to exhibit various functions, such as
enhancement of angiogenesis, prevention of apoptosis and fibrosis through the secretion of

paracrine mediators, and many others summarized in Figure 1.
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Figure 1: Summary of MSC functions (Bergfeld and DeClerck, 2010; Maumus et al., 2011; Pittenger et al., 1999;

Shi et al., 2012b).

Among this plethora of effector functions, MSCs have been reported to exert different
immunomodulatory activities after priming by cytokines from a pro-inflammatory

microenvironment (inflammation, cancer or infection, e.g.), particularly IFN-y, TNFa and IL-1p
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or through toll-like receptor (TLR) stimulation (Bernardo and Fibbe, 2013; Dumitru et al., 2014;

Krampera, 2011).

MSCs express TLR1-6 at mMRNA levels, and 2-4 and 7 and 9 also at the protein level. MSC
activation through TLR3 and 4 leads to the secretion of IL-1, IL-6, IL-8, TRAIL and CCL5
(Romieu-Mourez et al., 2009). Experimentally, the duration of TLR stimulation on MSCs seems
to play a role in the subsequent activation profile developed by MSCs. Short term stimulation
with ligands for TLR can induce MSC polarization to MSC1 or MSC2 types. TLR4 stimulation
promotes IL-6, IL-8 and TGFB1 secretion, whereas TLR3 stimulation increases IL-4, IL-1RA,
indoleamine 2,3-dioxygenase 1 (IDO), and prostaglandin E2 (PGE2) (Giuliani et al., 2014,
Krampera, 2011; Waterman et al., 2010). Thus, TLR4-primed MSCs are polarized into pro-
inflammatory MSC1 phenotype (tumor-growth inhibition), whereas TLR3-primed MSCs are
polarized into the classical immunosuppressive MSC2 phenotype (Waterman et al., 2010, 2012).
The level of inflammation is also critical in the polarization of MSCs. MSCs become
immunosuppressive only when exposed to sufficiently high levels of pro-inflammatory cytokines
(TNFa, IFN-y) (Li et al., 2012; Ren et al., 2010) and this immune-suppressive phenotype of
MSCs (MSC2) is influenced by TLR3 stimulation and late stages of inflammation (Li et al.,
2012). In the presence of low levels of TNFa and IFN-y (early phase of inflammation), MSCs
may adopt a pro-inflammatory phenotype (MSC1) and enhance immune responses, in part
through TLR4 expressed on their surface (Waterman et al., 2010). IFN-y, TNFa and/or TLR3 are
able to increase MSC production of PGE2 and IDO. Some studies showed that both TLR3 and 4
enhance immunosuppression through IDO (Opitz et al., 2009); and others showed increase of

proinflammatory cytokines in both (Romieu-Mourez et al., 2009).
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Thus, MSC licensing to become activated cells depends on activation by proinflammatory
cytokines, on priming stimuli such as TLR, and on timing of MSC engagement in the activation

process of immune effector cells (Krampera, 2011).

The immunosuppressive effects of MSCs require proximity to their target cells, which include T
and B lymphocytes as well as NK cells, and are mediated by secretion of soluble factors and cell-
to-cell contact (Figure 2). Activated/primed MSCs upregulate MHC class | molecules, ICAM-1
and VCAM-1 adhesion molecules, and the immunosuppressive molecule PD-L1. These latter
three molecules recognize ligands on immune cells, promote cell-to-cell adhesion and then

expose immune cells to secreted immunosuppressive molecules (Ren et al., 2010).
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Figure 2: Possible interaction mechanisms between MSCs and cells of the innate and adaptive immune systems
(Uccelli et al., 2008).

Following activation, the spectrum of MSC immunosuppressive activity in humans includes
secretion of human leukocyte antigen (HLA-G), TGFB, PGE2, tumor necrosis factor-inducible
protein 6 (TSG-6), heme oxygenase 1 (HO-1), IL-10, IL-6, IDO1, HGF and leukemia inhibitory

factor (LIF) as well as programmed death ligand (PD-L1/2) and Fas Ligand (FasL) signaling
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(Kansy et al., 2014; Krampera et al., 2013; Ma et al., 2014; Poggi and Giuliani, 2016; Poggi et
al., 2014; Spaggiari and Moretta, 2013; Stagg and Galipeau, 2013; Turley et al., 2015; Uccelli et

al., 2006; Wang et al., 2014; Le Blanc and Davies, 2015).

Moreover, thanks to their immunomodulatory properties and their role in tissue repair, MSCs
have held promise, from animal models to clinical trials, in the treatment of numerous connective
tissue and immune disorders (Figure 3). Indeed, from a therapeutic perspective, and facilitated by
the ease of preparation and immunologic privilege (HLA-I and Il negative), MSCs are emerging

as a promising therapeutic agent for tissue regeneration (Williams and Hare, 2011).

B Myocardial infarction (22.9%) W Graft versu host disease (16.0%)

W Diabetes (10.3% M Liver cirrhosis (10.3%)

W Spinal cord injury (9.2%) W Osteoarthritis (8.0%)

M Crobn’'s disease (3.8%) B Multiple scllerosis (3.4%)

M Aplastic anemia (1.5%) B Systemic lupus (1.1%)

B Rheumatoid arthritis (1.1%) Parkinson'’s disease (0.8%)
Brain injury (0.4%) Others (11.0%)

Figure 3: Percentages of the common diseases now treated with mesenchymal stem cells (Wei et al., 2013).

1.4 Mesenchymal Stem Cells and Cancer

Accumulating evidence suggests that MSCs have the ability to migrate and engraft into tumor
sites (Kidd et al., 2009) and MSC mobilization has been observed with almost all tested types of

solid cancer, including lung cancer (Loebinger et al., 2009).

MSC modulation of tumor growth and immune cells: In the tumor, MSCs can exert stimulatory
(Beckermann et al., 2008) or inhibitory (Nomoto-Kojima et al., 2011) effects on cancer cell
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growth, invasion, and metastasis through direct or indirect interactions with tumor cells
(Karnoub et al., 2007; Liu et al., 2011). Thus, although MSCs can have opposing effects on
tumor growth, their net effect seems to be protumorigenic and reflects the imbalance between
pro- and antitumorigenic activities that can vary depending on tumor type (and regionally within
the tumors), the ecology of the host milieu and the stage in the evolution of a particular tumor.
Moreover, MSCs could contribute to tumor development through the modulation of immune

surveillance.

MSCs deposit ECM, which constitutes a physical barrier to immune cell infiltration but also
provides an essential substratum to immune cell migration (Puré and Lo, 2016). MSCs also
secrete IL-1B and IL-6 that regulate the desmoplastic response in tumors, which may limit
infiltration and regulate the function of infiltrating leukocytes, and affect T cell proliferation
(Hong et al., 2014). Recently, Ridge et al. proposed a comprehensive review of the role of MSCs
in tumor progression (Ridge et al., 2017). As mentioned above, MSCs modulate the immune
response through secreted immunomodulatory molecules but also by cell-to-cell contact.
Moreover, several studies highlight the role of exosomes and other extracellular vesicles (EVSs)
on immune modulation induced by MSCs as they could be potential carriers of PGE2, TGFp,
and IDO (Burrello et al., 2016; Di Trapani et al., 2016). Exosomes are EVs of 30-100 nm of
diameter secreted by different types of living cells, among which MSCs and tumor cells. These
EVs can carry a plethora of molecules, including a variety of receptors, adhesion molecules,
cytokines, chemokines, as well as cell-specific antigens. Moreover, they are also enriched in a
range of nucleic acids (Robbins and Morelli, 2014; Yanez-M¢6 et al., 2015). The
immunomodulatory effects of MSCs can therefore be speculated to be achieved either through

the release of the above mentioned factors and proteins directly into the extracellular milieu as
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soluble molecules, or they may be packaged into EVs together with nucleic acids and other post-
transcriptional modulators which could influence the inflammatory response when released

(Robbins and Morelli, 2014).

Despite these pro-tumorigenic effects, MSCs have also been proposed as an attractive candidate
for delivery of anti-tumor agents, based on their ability to home to tumor sites and to secrete

cytokines (Seo et al., 2011).

Effect of the tumor microenvironment on MSC phenotype: The tumor microenvironment
exhibits the molecular characteristics of a “wound that never heals” that continuously releases
various cytokines and other mediators, which establish a persistent stalemate between
inflammation and repair in the tissue (Dvorak, 1986). Tumor-derived signals have the capacity to
modulate the phenotype of tissue resident and tumor-attracted MSCs (T-MSCs) that become
constituents of the tumor niche and harbor distinct features from those of healthy tissue MSCs
(N-MSCs) or bone marrow MSCs (BM-MSCs) (Sun et al., 2014) (Figure 4). Differences
between non-tumor associated MSCs and T-MSCs are probably mainly caused by the cytokines
present in the inflammatory tumor microenvironment. For example, MSCs treated with IFN-y
and TNFa have been shown to upregulate TGFB and VEGF expression (Jing et al., 2012; Liu et
al., 2011). TGFp could then promote epithelial-mesenchymal transition (EMT) and metastasis
(Jing et al., 2012). In addition, IFN-y or TNFa can also enhance the immunosuppressive effects

of MSCs (Ren et al., 2012).
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Figure 4: Different effects of non-tumor associated MSCs (N-MSCs) and Tumor-derived MSCs (T-MSCs) on
tumors. N-MSCs are “educated” by the tumor inflammatory microenvironment after homing to tumor tissues, and
their transformation to T-MSCs exerts different effects on tumor development. —# Promote === = Inhibit = - =

Controversial. Taken from Sun et al., 2014.

Another component of the tumor microenvironment that could participate in the modulation of
MSC phenotype are exosomes. Exosomes derived from breast and ovarian cancer cells can cause
adipose-derived MSCs to adopt Tumor-associated Fibroblasts (TAF) phenotypes, with
upregulated a-SMA expression. Additionally, they can promote MSC expression of the tumor-

associated factors SDF-1, VEGF, CCL5, and TGFp (Cho et al., 2012; Dostert et al., 2017)

The characteristics of T-MSCs: MSCs in tumor tissues are significantly affected by both tumor
cells and the chronically inflammatory tumor microenvironment. MSCs are non-neoplastic and
chromosomally normal in solid tumors (Brune et al., 2011; McLean et al., 2011). Moreover,
MSCs are more prevalent in tumor tissues than in adjacent normal tissues (Hernanda et al., 2013)
and exhibit a significantly greater proliferative capacity (Ding et al., 2012; Gottschling et al.,
2013; Johann et al., 2010; McLean et al., 2011; Xu et al., 2011). In addition, T-MSCs exhibit

stronger migratory capabilities than non-tumor MSCs (Xu et al., 2011) and exhibit strong drug
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resistance. Gottschling et al. performed a comparative molecular and functional analysis of
MSCs derived from non-small cell lung cancer and corresponding normal lung tissue
(Gottschling et al., 2013). NSCLC-MSCs showed accelerated growth kinetics and reduced
sensitivity to cisplatin, as well as an altered gene expression profile (Gottschling et al., 2013). T-
MSCs also exhibit stronger immnosuppressive activity compared to BM-MSCs (Johann et al.,
2010; Razmkhah et al., 2011; Ren et al., 2012). Finally, T-MSCs have been shown to promote
tumor cell proliferation (McLean et al., 2011) and have the ability to increase the proportion of

cancer stem cells (Luo et al., 2014; McLean et al., 2011) (Figure 4).

In this work, we focused on the immunomodulatory functions of lung tumor-associated MSCs in
comparison with paired non-tumor associated MSCs from the same patients, by studying their
modulation of NK cell function. In particular, we focused on the role of PGE2 and IL-6 secreted

by lung MSCs in MSC-NK interactions.

1.5 Natural Killer Cells

NK cells are involved in both the adaptive and innate immune responses. They have the intrinsic
ability to Kill their cellular targets without prior sensitization and without MHC (Major
histocompatibility complex) restriction, and to recognize virus-infected cells. They are effector
lymphocytes of the innate immune system that control several types of tumors and microbial
infections by limiting their spread and subsequent tissue damage. They were first described in
mice in the beginning of the 1970s as a new lymphocyte population: large granular lymphocytes
of innate immunity. Recent evidence highlights a role for NK cells in “memory” adaptive
immunity (Sun and Lanier, 2009). NK cells represent 5 to 20% of circulating lymphocytes and

are widely present in tissues, particularly in secondary lymphoid tissues (lymph node, spleen,
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tonsils) and in inflamed tissues (Grégoire et al., 2007). Natural killer cells are characterized by
the expression of CD56 and the absence of CD3. According to the level of CD56 expression,
they are subdivided into two functional subpopulations: CD56”"" and CD56%™. CD56°"9" and
CD56%™ expressions are associated with elevated cytokine production and high degranulation
potential, respectively (Caligiuri, 2008; Cooper et al., 2001b, 2001a; Lanier et al., 1986). The
CD56""" population produces immunomodulatory cytokines, including IFN-y (Cooper et al.,
2001b). They are considered to be a less mature CD56%™ precursor. CD56%™ is the terminally
differentiated NK subset and is primarily responsible for exerting cytolytic functions (Chan et
al., 2007). However, CD56"™ NK cells can also produce cytokines, specifically IFN-y, after
triggering via NKp46 and NKp30 activating receptors or after stimulation with combinations of
IL-2, IL-12 and IL-15 (De Maria and Moretta, 2011). CD56 is also expressed by a T cell subtype
and some cancers cells (Lanier et al., 1989). Its role on NK cell function is still unknown. NK
cells, in particular the CD56%™ subset, also express the low-affinity receptor for the Fc portion of

IgG CD16 (FcyRIITA), whose expression is not restricted to these cells, and which is involved in

antibody dependent cell cytotoxicity (ADCC).

Distribution of CD56%™ and CD56""™ subsets is different according to the organ. In the blood,
the CD56"™ subpopulation is dominant and represents 90% of NK cells. NK cells do not
undergo sustained proliferation in vitro, with differences between CD56 subtypes. CD569™
cells express the high affinity IL-2 receptor (IL2Rafy) and expand 10-fold more than CD56%™
subset upon low-doses of IL-2. CD56%™ cells express the intermediate affinity IL-2 receptor
(IL2RBy) and do not respond to IL-2 stimulation by increasing their proliferation but rather

display enhanced cytotoxicity (Caligiuri et al., 1993; Henney et al., 1981).
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NK cells are able to lyse target cells through two main cell-to-cell contact dependent
mechanisms: ADCC and the Natural Cytotoxicity. NK cells can also indirectly participate in

target cell death by secreting pro-inflammatory cytokines (IFN-y and TNFa).

NK cells are an important source of cytokines and chemokines, with immunomodulatory
functions in the immune response and involvement in the control of adaptive immune responses.
Secretion of cytokines and chemokines is highly regulated in NK cells and is dependent on the

origin of the stimulation: monokine-dependent (IL-12, IL-15 and IL-18 e.g.) or target-dependent.

IFN-p: IFN-y is the most abundant cytokine produced by NK cells. It plays multiple roles in
innate and adaptive immune responses against viruses and intracellular bacteria and in tumor
control (stimulation of immune response toward cancer cells and enhancement of tumor cell
immunogenicity). In this latter process NK cells provide early and important sources of IFN-y
production as they might be the first to recognize developing tumors. IFN-y secreted at the tumor
site augments MHC expression on tumor cells increasing their immunogenicity which in turn can
induce tumor cell elimination. NK cells not only operate in early stages of tumor development
but also act as helpers in the priming of CD8" and T helper (Th1) cells by producing IFN-y
(Alshaker and Matalka, 2011; Schoenborn and Wilson, 2007). On the other hand, the pro-tumor
functions of IFN-y involve proliferative and anti-apoptotic signals, as well as escape of the tumor
cells from recognition and cytolysis by Cytotoxic T lymphocytes (CTLs) and NK cells. Which
face is ultimately displayed may depend on the contexts of tumor specificity, micro
environmental factors, and signaling (Zaidi and Merlino, 2011). Other molecules secreted by NK
cells include TNFa, TNFB, GM-CSF, IL-5, IL-8, IL-10, MIP-1a, MIP-1p, and 1L-13 (Cooper et

al., 2001a).
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Trotta et al. have shown that production of IFN-y is regulated in vitro and in vivo by the SHIP1
phosphatase whose expression is higher in CD56°"9" (Trotta et al., 2005). This subset usually
requires two signals to produce IFN-y, and one of them is almost always IL-12. The second
signal consists of IL-1, IL-2, IL-15 or IL-18, or engagement of NK activating receptors (CD16 or
NKG2D e.g.) (Bryceson et al., 2006). Chemokine production by CD56°"" cells is highly
dependent on the precise monokine combination used for stimulation. For IFN-y, optimal stimuli
are IL-12 and IL-18 together. Thus, the monokine environment determines the NK response
profile. NK cells are also able to secrete cytokines following target cell recognition. Surprisingly,
CD56%™ NK subtype was reported to be the main producer of IFN-y following stimulation by

K562 cells (Fauriat et al., 2010).

In the present work, we used IL-2 stimulated NK cells and it has been shown that after IL-2 in
vitro stimulation, CD56""™ cells show a higher proliferative potential and cytotoxic activity

compared to CD56%™ cells (Nagler et al., 1989).

NK cell activation: NK transition from a quiescent state to activation requires the integration of
different signals from activating and inhibitory NK receptors which determine whether or not the
NK cell will become cytotoxic. Thus the balance between positive and negative signals derived
from membrane receptors determines NK activation (Figure 5). The lack of inhibition is not
sufficient to induce NK activation and a positive signal is always required. Cytotoxicity is
primarily based on granule exocytosis upon formation of an immunological synapse. Granules
contain preformed perforin and granzymes. The granule membrane fuses with the plasma
membrane, externalizes, and releases the cytotoxic contents. Perforin penetrates the target cell
membrane and granzymes (a family of serine proteases) trigger cell apoptosis (Lieberman,

2003). Lining the membrane of the lytic granules is the lysosomal-associated-membrane protein-
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1 (LAMP-1, or CD107a). Up-regulation of this molecule on the NK cell membrane is a marker
of NK cell degranulation and strongly correlates with both cytokine secretion and NK cell-

mediated lysis of target cells (Alter et al., 2004).
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Figure 5: Natural-killer-cell recognition of target cells (Fauci et al., 2005).

Immunological synapse: The immunological synapse was originally defined in the late 1990s
(Grakoui et al., 1999; Monks et al., 1998) as the crucial junction between a T cell and an antigen-
presenting cell (APC) at which T-cell receptors interact with MHC molecules. Subsequent
studies extended these observations and identified relevant immunological synapses between
different types of immune cells, as well as between immune cells and non-immune cells. Thus,
an immunological synapse can be defined as the intentional arrangement of molecules in an
immune cell at the interface with another cell (Orange, 2008). The NK-cell lytic synapse (Figure
6) is formed in a series of stages that are required for cytolytic function. These include

recognition/initiation, effector and termination stages that together enable the precise delivery of
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Iytic-granule contents onto a susceptible target cell (Orange, 2008). Numerous additional
functions have been proposed for the immunological synapse: ligand recognition, signal
amplification and integration, costimulation, precise targeting of cytotoxicity (McCann et al.,
2003), directed secretion (arrangement of molecules at the synapse can create a conduit through
which cellular components can be secreted) (Davis et al., 1999; Vyas et al., 2001), protein

transfer, inhibition/prevention of activation and signal termination.

K562 cell plasma
membrane

. Immunological
< g
: synapse

NK cell plasma
membrane
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Figure 6: NK cell lytic granules. NK cells contain various related organelles with distinct morphology, including
mature lytic granules, lytic granule precursors, multivesicular bodies and late endosomes (see figure — red
arrowheads denote lytic granules and their precursory forms). These can polarize to the immunological synapse

where their contents can be secreted into a cleft formed between NK and target cell (Orange, 2008).

NK cell activating receptors: Activating receptors induce NK cell activation through
combinatorial synergy (Long et al., 2013). Only when the resulting signal from activation of
multiple engaged receptors surpasses the activation threshold, do NK cells trigger cytokine
secretion or direct cellular cytotoxicity. Activating receptors include NKG2D and the Natural
Cytotoxicity Receptors (NCR) NKp30, NKp44 and NKp46 (Figure 7, in green). The latter is

sometimes considered as a co-stimulatory receptor (Figure 7, in yellow). Other molecules,
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formerly considered as co-receptors (Figure 7, in yellow), participate in the activation of NK cell
cytotoxicity: the DNAX accessory molecule (DNAM-1, CD226), signaling lymphocytic
activation molecule (SLAM) family, molecule 2B4 (CD244) and NKp80. CD16 is also an
activating receptor and exerts a direct cytotoxic function through the binding of appropriate

ligands on target cells (Mandelboim et al., 1999).

Activatory Receptors Inhibitory Receptors

CD16
KIR 2DS1/2 (FcR) KIR 2DL1
(HLA-C, group 2/1) (HLA-C, group 2)
KIR 2DS3/5, KIR3DS1 KIR 2DL2/3
{unknown) (HLA-C, group 1)
KIR 2DLS
KIR 2DS4
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(some HLA-A-, C alleles)
KIR 3DL1

(HLA-Bw4)

KIR 3DL2
(HLA-A3, A11)
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Figure 7: NK cell surface receptors and their ligands. The known ligands are reported in brackets. Other families of
receptors are not shown, including cytokine receptors, chemotactic, adhesion receptors, and inhibitory co-receptors

(Handgretinger et al., 2016).

NKG2D is one of the best characterized activating NK cell receptors that works both as
activating and co-stimulatory receptor. Ligands of the human NKG2D receptor are the MHC I-
related molecules MICA/MICB, and the UL16-binding proteins (ULBP-1 to ULBP-6). These

ligands are rarely expressed (except for MICA) in healthy tissues but induced by various cellular

stresses, such as tumor cell transformation. Although primary tumors frequently express NKG2D
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ligands, they also develop mechanisms for NK cell evasion, for example systemic release of
NKG2D ligands by tumors, which causes downregulation of NK cell-expressed NKG2D (Groh
et al., 2002). Constitutive expression of ligands can also induce the downregulation of NKG2D
receptor leading to reduced immune surveillance (Oppenheim et al., 2005). NKG2D expression
can be positively or negatively regulated by cytokines: it can be induced by IL-2, IL-12, IL-15,

IL-18, TNFa, and IFNa, and diminished by TGFf (Castriconi et al., 2003).

NKp30 and NKp46 are constitutively expressed on NK cells, whereas NKp44 is only expressed
on activated NK cells. NKp46 (NCR1) is involved in tumor eradication but also in the process of
tumor immunoediting (Elboim et al., 2010). Potential ligands of NKp46 on tumor cells are yet
unknown, except for the hemagglutinin antigens (HA) expressed on virus-infected cells. NKp44
(NCR2) binds to viral hemagglutinins for the recognition of infected cells and to tumor cells in a
heparan sulfate proteoglycan (HSPG)-dependent manner (Hershkovitz et al., 2007). In addition,
NKp44 receptor recognizes Proliferating Cell Nuclear Antigen (PCNA), which is overexpressed
in cancer cells. Their interaction paradoxically inhibits NK cell function and PCNA can promote
cancer survival by immune evasion through inhibition of NKp44-mediated NK cell attack
(Rosental et al., 2011). NKp30 (NCR3) is involved in NK-mediated recognition and lysis of
multiple tumor cell lines and primary tumor cells. NKp30 ligands are poorly defined, except for
B7-H6 restricted to malignant tissues (Brandt et al., 2009). Others ligands are BAT3 (BAG6) and
pp65. The B7-H6 cell surface molecule can be upregulated upon TLR stimulation of myeloid
cells in inflammatory conditions (Pesce et al., 2015). This molecule can be secreted as a soluble
form and binds to the NKp30 receptor. Some tumor cells, like K562 or ovarian carcinoma cells,
express high levels of surface B7-H6 (Brandt et al., 2009; Pesce et al., 2015). Patients expressing

low levels of NKp30 display impaired NK-mediated antitumor cytolytic activity and low IFN-y
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production in response to B7-H6" target cells. Interestingly, the soluble and exosomal form of
the NKp30 ligand BAG6 has been described in leukemias. Thus, the chronic receptor-ligand
interactions that in the tumor environment induce loss of NKp30 may be due to continuous

perturbation by soluble or surface-bound B7-H6 molecules.

DNAM-1 (CD226) is a leukocyte adhesion molecule involved in the induction phase of NK cell
activation. Its expression is dependent on the surface expression of lymphocyte function
associated-antigen (LFA-1) (Shibuya et al., 1999). The aLp2 integrin, LFA-1 (CD11a/CD18), is
expressed on most leukocytes and mediates cell-cell adhesion upon binding to its ligands, the
intercellular adhesion molecules ICAM-1 (CD54), ICAM-2 (CD102), or ICAM-3 (CD50)
(Fawcett et al., 1992; Staunton et al., 1989). Upon target cell recognition, the conformational
state of LFA-1 changes in educated NK cells and rapid colocalization of active LFA-1 and
DNAM-1 occurs at the immunological synapse (Enqvist et al., 2015). CD112 (Nectin-2) and
CD155 (PVR: poliovirus receptor), two nectin family proteins regulated by cellular stress, have
been identified as the ligands for DNAM-1. They are strongly expressed by tumor cell lines
(Bottino et al., 2003). In association with NCR or NKG2D receptors, DNAM-1 is involved in the
recognition and lysis of different types of cancer cells. Its role in anti-tumor immunity is more
important when ligands for other activating receptors are poorly expressed (Gilfillan et al.,
2008). Decreased DNAM-1 expression on NK cells was described in lung carcinoma patients
(Platonova et al., 2011a). DNAM-1 is part of an important family of adhesion molecules that
bind nectins and nectin-like family proteins (Martinet and Smyth, 2015). These molecules
include DNAM-1, T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT),
CD96, and cytotoxic and regulatory T cell molecule (CRTAM). DNAM-1 has been studied as an

adhesion molecule that controls NK cell-mediated cytotoxicity. Interestingly, the two other
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molecules that contain inhibitory motifs — CD96 and TIGIT — also bind to DNAM-1 ligands
and were recently found to counterbalance the DNAM-1-mediated activation of NK cells

(Bottino et al., 2003; Chan et al., 2014; Stanietsky et al., 2009).

NK cell inhibitory receptors: As NK cell activation is regulated by classical MHC class |
molecules, KIRs (Killer Cell Immunoglobulin-Like Receptors) are the main receptors involved
in the recognition of specific HLA-I alleles. KIRs bind to the self-MHC class I ligands (HLA-A,
-B, -C) and upon ligation transmit signals that abrogate the effects of activating receptors
(Vilches and Parham, 2002) (Figure 5). The KIR superfamily comprises activating (Figure 7, in
green) and inhibitory receptors (Figure 7, in red). Inhibitory KIRs are characterized by a long
cytoplasmic tail carrying two ITIMs (Immunoreceptor Tyrosine-based Inhibitory Motifs),
whereas activating receptors lack ITIMs and have short cytoplasmic tails associated with adaptor
molecules containing ITAMs (Immunoreceptor Tyrosine-based Activation Motifs). Each
individual has his own repartition of KIR genes, which are highly polymorph. Most NK cells
express one or two KIRs with at least one inhibitory receptor specific for self-HLA class |

molecule.

Another inhibitory receptor is NKG2A (Figure 7, in red). NKG2A contains two ITIM motifs and
forms a heterodimer with CD94 molecule. A natural ligand of CD94/NKG2A heterodimer is
HLA-E, a non-classical HLA class | molecule expressed on the cell surface of most leukocytes
and on transformed cells. Ligation of CD94/NKG2A by HLA-E transmits inhibitory signaling
that suppresses NK cell effector functions, resulting in decreased cytotoxicity and cytokine
secretion. In patients with non-small cell lung cancer, intratumoral NK cells display higher gene
expression levels of NKG2A relative to non-tumor NK cells (Gillard-Bocquet et al., 2013). Non-

classical HLA-E and HLA-G molecules are often overexpressed by tumor cells, participating in
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tumor escape through interaction with inhibitory receptors and subsequent inhibition of NK and
CTLs. Soluble HLA (sHLA) production has been described as another mechanism of tumor

escape.

Interestingly, cytokine secretion and cytotoxicity can be uncoupled when NK cells contact their
target cells. Eric Vivier’s laboratory has studied NK cell activation and response and the
transformation of quantitative differences (strength of stimulation) into qualitative differences
(cytotoxicity only versus cytotoxicity and cytokine production) (Vivier et al., 2013). His group
identified distinct signaling pathways, triggering either cytotoxicity or cytokine and chemokine
production. Cytotoxicity triggered by the engagement of cell-surface receptors involves the
sequential activation of PI(3)K, Racl, PAK, MEK1 and MEK?2 and finally MAPKs Erkl and
Erk2. The coupling of NKG2D and CD137, or the coupling of several KIR to an intracellular
cascade (ADAP and the CARD11-BCL10-MALT1 (CBM) signalosome), exclusively triggers
cytokine and chemokine production by NK cells but not cytotoxicity. There are also ADAP-
CBM-independent mechanisms that lead to cytokine secretion but not cytotoxicity (as the
stimulation mediated by IL-12 and IL-18). The fraction of NK cells that become cytolytic after
contact with target cells (cell degranulation) is higher than the fraction of NK cells that produce
IFN-y in the same conditions. ADAP might be activated only above a certain threshold of NK
cell activation, whereas triggering of the cytotoxic module might occur at lower strength of

stimulation (Vivier et al., 2013).

Activation of NK cells therefore requires integration of signals from their target cells that may be
subject to modulation by diverse cell types, including MSCs (Moretta et al., 2001; Spaggiari et

al., 2008; Vivier et al., 2008).
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In this thesis, we looked at the phenotype (receptors expressed) and the function (IFN-y
production and degranulation) of freshly isolated NK cells from healthy donors subjected to IL-2

activation and MSC modulation in vitro.

1.6 Natural Killer Cells and Cancer

Generally, tumor cells downregulate MHC class | molecule expression and upregulate ligands
for NK cell activating receptors, and thereby overcome the threshold for NK cell activation and

become potential targets for NK cell lysis (Figure 8).
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Figure 8: Recognition of tumor cells by NK cells (Vivier et al., 2012).
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The major receptors involved in NK-tumor cells recognition are recapitulated in Figure 9. Thus,

as a first line of defense against tumors and pathogens, NK cells patrol tissues and can exert

antitumor immunosurveillance by secreting cytokines, including IFN-y, TNFa, and IL-10, and

releasing cytotoxic granules whose contents kill tumor cells. However, tumor cells use direct and

indirect mechanisms to escape NK surveillance. Direct mechanisms consist of shedding soluble

ligands for NK cell-activating receptors (shed ligands can block tumor cell recognition by NK

cells by preventing receptor-ligand interaction (Groh et al., 2002)), upregulation of HLA

molecules, and release of inhibitory cytokines. Indirect mechanisms are activation of Treg, DC

killing, and phagocyte-derived inhibitory cytokines.
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Figure 9: NK receptors and their cellular ligands expressed by tumor cells (Chester et al., 2015).
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An 11-year follow-up epidemiologic survey has shown that a low NK cell activity is associated

with increased cancer risk in adults (Imai et al., 2000). In lung cancer patients, a low NK

cytotoxicity in peripheral blood is associated with a poor prognosis (Cremer et al., 2012;

34



Platonova et al., 2011a). In selected human malignancies such as acute myeloid leukemia,
allogeneic hematopoietic cell transplantations (HSCT) have shown that the development of
donor NK cells in recipient tumor patients lacking donor KIR ligands (HLA) can lead to
improved engraftment and post-transplant survival (Ruggeri et al., 2006). NK cells are the first
lymphocyte population to recover after HSCT and participate in graft-versus-leukemia (GvL)
effect (donor NK cells mismatched to the host leukemia HLA trigger cytotoxicity due to a lack

of the self-inhibitory signal) (Ruggeri et al., 2006; Velardi, 2008; Velardi et al., 2009).

Other evidence for the role of NK cells in tumor control relies on the observation that NK cells
infiltrate diverse solid tumors, amongst others clear-cell renal cell carcinoma, melanoma, non-
small cell lung cancer, gastrointestinal stromal tumors (GIST) and colorectal carcinoma (CRC)
(Carrega et al., 2008; Delahaye et al., 2011; Kornstein et al., 1987; Platonova et al., 2011a;

Schleypen et al., 2003; Villegas et al., 2002; Wittnebel et al., 2007).

NK cells in lung cancer: NK cells are found in the stroma of human lung tumors, especially in
squamous cell carcinoma (Jin et al., 2014a) where they primarily display a CD56%™ phenotype,
low expression of multiple activating receptors (Platonova et al., 2011b; Vitale et al., 2014), and
reduced function (Cremer et al., 2012; Gillard-Bocquet et al., 2013; Hodge et al., 2014; Pross
and Lotzova, 1993). Platonova et al. showed that intratumoral NK cells displayed a profound
alteration of their phenotype, with a drastic reduction of receptor expression level (NKp30,
NKp80, CD16, NKG2D, and DNAM-1, among others) (Platonova et al., 2011b). Another group
(Esendagli et al., 2008) observed a low expression of CD56, NKG2D, and NKp46 in lung
cancer. Low NK cell activity in cancer-diagnosed patients is associated with poor prognosis, and

those with advanced stage cancer often possess minimally cytotoxic NK cells (Pross and

Lotzova, 1993). In early NSCLC Vitale et al. observed (2014) that the majority of NK cells are
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CD56%™ with a decrease of NKp30, NKp80, CD16, DNAM-1 and of cytokine production and
degranulation (Vitale et al., 2014). Several groups also observed an increase of the NK inhibitory

receptors (Jin et al., 2014b).

In lung cancer, the number of NK cell has been shown to be associated with the histology (more
NK cell infiltration in SCC than in ADC), the size of primary tumor, the smoking status and, in
some cases, with the prognosis (Jin et al., 2014b). Intratumor NK cells are mainly localized at the
invasive margin. In NSCLC, NK cells represent 1.7-34.4% of tumor-infiltrating lymphocytes
(TIL) and are mainly CD56%™ and NKp46®, with a decrease in NKp30, NKp80, CD16, DNAM-
1, and an increase in CD69 and NKp44. In SCC, 7-10% of TIL are NK cells and 98% are dim.
Peripheral blood NK cells are associated with prognosis but not intratumor NK cells, and clinical
outcome is more associated with NK phenotype and function than with NK density (Cremer et
al., 2012; Platonova et al., 2011b). Others studies have shown an increase in CD56"¢"CD16"
NKp44'CD69" NK subset (CD69 is a marker of residency) (Carrega et al., 2014; Marquardt et
al., 2017a), with decrease in cytotoxicity against cancer cells in vitro, whereas they release
abundant cytokines (Carrega et al., 2008). IFN-y, TNFa, IL-4 or IL-10 secreted by NK cells can
contribute to tumor rejection by modulating tumor stroma and inhibiting tumor-induced
angiogenesis (Blankenstein, 2005). Thus, a lower cytolytic activity in NSCLC-NK cells does not
necessarily mean an ineffective anticancer activity. NK cells found in the immune infiltrate of
NSCLC seem to be different from those associated with the non-tumor lungs. The percentage of
bright NK cells in lung tumors remains less than half the total NK population. Generally, the
HLA class | allele specific KIR receptors are expressed on subsets of CD56%™CD16" cytolytic
NK cells, whereas the immunomodulatory CD56""CD16 NK subset uniformly expresses

CD94/NKG2A and lacks KIRs. Indeed and surprisingly, in NSCLC NK, an evident expression
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of KIR was detectable in CD56°""CD16™ tumor NK cells, possibly as a consequence of tumor

microenvironment-derived signals.
1.7 Natural Killer Cells and Mesenchymal Stem Cells

Recent studies have indicated that activated NK cells, but not freshly isolated resting NK cells,
were capable of effectively lysing MSCs via their activating receptors (NKp30, NKG2D, and
DNAM-1) (Casado et al., 2013; Sotiropoulou et al., 2006a; Spaggiari et al., 2006a, 2008) (Figure
10). Indeed, human BM-MSCs express several ligands for NK cell receptors, such as MICA/B,
ULBPs, CD112, CD155 (Poggi et al., 2005; Spaggiari et al., 2006b, 2008), and ICAM-1 (CD54).
Lysis of target cells by NK cells requires a number of steps: target cell binding, calcium entry,
and release of cytolytic enzymes. Stromal cells are killed by IL-2-activated NK cells upon
LFA1-ICAM-1 interactions, and NKG2D-MICA/B and ULBP3 are involved in the delivery of
the lethal hit. Among the surface structures involved in effector-target cell interaction, LFA1
plays a key role in cell-to-cell adhesion as well as in delivering an activating signal (Poggi et al.,
2005). NK-mediated lysis of MSCs could be inhibited when MSCs are exposed to IFN-y as a
consequence of the up-regulation of HLA class | molecules at the surface of MSC target cells
(Spaggiari et al., 2006a). Licensed MSCs exposed to IFN-y are protected from NK lysis also
through the downregulation of ULBP3 ligands and the increase of PGE2 and IDOL1 secretion.
IFN-y also increases ICAM-1 expression, which increases physical contacts between NK and

their target cells (Chang et al., 2002).
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Figure 10: Interplay of NK cells and MSCs in NK cell-mediated lysis and immunomodulatory role on NK cell

activity (Casado et al., 2013).

Interaction between MSCs and NK cells are complex and evolve over time. NK cytotoxicity
rises when the degree of NK cell activation increases and is inversely correlated with activation
of MSCs (Figure 10). Soluble mediators secreted by the two cell types explain, a least in part,
this bidirectional exchange. The IFN-y secreted by activated NK cells may induce the release of
immunomodulatory factors from MSCs (e.g. IL-10, TGFB, PGE2 or HGF) which in turn, inhibit

NK cell-mediated cytotoxicity against MSCs (Casado et al., 2013; Tseng et al., 2014).
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BM-MSCs can inhibit NK cell proliferation, cytotoxicity and cytokine production by secreting
IDO1, TGFB, HLA-G and PGE2 (Casado et al., 2013; Krampera et al., 2006; Rasmusson et al.,

2003; Spaggiari et al., 2008).

Freshly versus previously activated NK cells: BM-MSCs alter the phenotype of circulating NK
cells and suppress proliferation and cytokine secretion of resting and activated NK cells
(Aggarwal and Pittenger, 2005; Sotiropoulou et al., 2006a; Spaggiari et al., 2006a, 2008). BM-
MSCs suppress IL-2 and IL-15 induced proliferation and IFN-y production, but not the
cytotoxicity of freshly isolated NK cells (Spaggiari et al., 2008). In contrast, when confronted
with previously activated NK cells, MSCs can interfere with NK mediated cytotoxicity, cytokine
production, the expression of activating receptors (NKp30, NKp44, NKG2D) and granzyme B
release. Their inhibitory effects are primarily mediated by cell-cell contact and secretion of 1DO,
PGE2, TGFB1, HLA-G5 and Activin (Chatterjee et al., 2014; Le Blanc and Mougiakakos, 2012;
Spaggiari et al., 2008). MSCs cannot be lysed by freshly isolated NK cells, but only by pre

activated NK cells (MSCs allo and autogenic to NK cells) (Rasmusson et al., 2003).

Proliferation: Inhibition of NK-cell proliferation is mostly mediated by soluble factors
(Sotiropoulou et al., 2006a; Spaggiari and Moretta, 2013) such as IDO and PGE2. Krampera et
al. have shown that the suppressive activity of MSCs required the presence of IFN-y produced by
activated T cells and NK cells, and was related to the ability of IFN-y to stimulate the production
of IDO by MSCs, which in turn inhibited the proliferation of activated T or NK cells (Krampera
et al., 2006). In their model, they used BM-MSCs and did not observe any effect of TGFf1.
Similarly, Spaggiari et al. studied the interaction between BM-MSCs and IL-2/IL-15 stimulated

NK cells. While they did not observe any effect of TGFB1 or PGE2 alone, they identified a
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synergistic effect of PGE2 and IDO and showed that IDO alone was sufficient for inhibiting NK
cell proliferation (Spaggiari et al., 2008). In contrast, using BM-MSCs and IL-15 stimulated NK
cells, Sotiropoulou et al. observed an inhibition of NK proliferation in direct and indirect co-
cultures mediated by PGE2 and TGFB1, with an additive effect of both soluble factors
(Sotiropoulou et al., 2006a). Pradier et al. supported the hypothesis of a combination of

inhibitory molecules involved in MSC-mediated immunosuppression (Pradier et al., 2011).

Cytokines: MSCs are able to inhibit NK cell cytokine (IFN-y and IL-10) production (Pradier et
al., 2011; Sotiropoulou et al., 2006a; Spaggiari et al., 2008), particularly in the CD56°"" NK cell
subset, but the mechanisms are not fully understood. PGE2 and IDO might be involved but with
divergent results in vitro (Sotiropoulou et al., 2006b; Spaggiari et al., 2008). Finally, Chatterjee
has shown the role of Activin-A, a member of the TGFB family, in cytokine inhibition

(Chatterjee et al., 2014).

NK receptors and cytotoxicity: It has been shown that BM-MSCs could induce a down-
regulation of NKp30, NKp44, NKG2D receptors without any changes in CD56, KIR, NKp46,
CD69, CD16 and NKG2A expression, mediated by PGE2 and IDO in a contact-dependent
manner and associated with decreased NK cytotoxicity (Pradier et al., 2011; Spaggiari et al.,
2008). In addition, Sotiropoulou et al. observed a downregulation of 2B4, CD132 and DNAM-1
expression (Sotiropoulou et al., 2006b). Although inhibition of cytotoxicity by MSCs appears to
rely mostly on cell-to-cell contact (Spaggiari and Moretta, 2013) (through receptors), it also
involves secreted mediators. NK cells cultured shortly with IL-2 in the presence of MSCs
showed reduced cytotoxic potential against tumor cells (Krampera et al., 2006), which was more
pronounced against HLA class I-positive than HLA class I-negative cells (Sotiropoulou et al.,

2006b). The role of PGE2 and IDO is frequently observed in different studies, whereas TGF is
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more rarely involved (Sotiropoulou et al., 2006a; Spaggiari et al., 2008). To exclude that the
reduced cytotoxicity of co-cultured NK cells was due to their exhaustion after killing of MSCs,

freshly isolated NK cells were used in the majority of the studies.

CD56 subsets: The interaction between MSCs and CD56 NK subtypes has been previously
studied by Sotiropoulou et al. who identified a selective inhibition of the CD56"" subtype
rather than a selective expansion of the dim subtype (Sotiropoulou et al., 2006b). CD56

expression was also reduced after co-culture with the tumor stroma (Johann et al., 2010).

TLRs: As mentioned previously, MSCs from different tissues express several TLR that promote
their viability, proliferation, and cytokine secretion. TLR ligand stimulation modulates NKG2D
ligands expressed on MSCs. After TLR priming, the surface expression of MICA protects them
from NK cells (decrease at the surface and increase of shedding). In addition, others ligands
expressed by MSCs participate in MSC protection. Inhibition by specific mAbs against DNAM-
1 and ULPB3 significantly modifies NK-induced MSC lysis. Moreover, CD112 and ULPB3 (but
not CD155) are slightly increased by TLR3 treatment. TLR3-primed adult BM and embryonic
MSCs are more resistant than unprimed MSCs to IL-2-activated NK-induced killing. After TLR
priming, Giuliani et al. observed an increased production by MSCs of proinflammatory and
angiogenic factors, and PGE2. MICA, with DNAM-1 and ULBP3 ligands, is part of a network,
which contributes to insure immunoprotection of MSCs against NK cytolytic activity in a

context of proinflammatory microenvironment mediated by TLR ligands (Giuliani et al., 2014).

It has been shown that MSCs derived from lung cancer tissues have higher expressions of TLR4

mRNA compared to normal bone marrow-derived MSCs. TLR4" MSCs have a stronger
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inhibitory effect on NK cell proliferation and cytotoxicity (Lu et al., 2015a). NKG2D receptor

expression on NK cells is also inhibited by sorted TLR4"MSCs (Lu et al., 2015b).

Most of our understanding of the functional MSC-NK cell relationship stems from experiments
using normal BM-MSCs, peripheral blood NK cells and tumor cell lines. In tumors, however,
MSCs may become constituents of the tumor niche and display distinct features from those of
MSCs derived from healthy tissues or the BM (DelaRosa et al., 2012; Di Trapani et al., 2013;
Gottschling et al., 2013; Johann et al., 2010; Liu et al., 2014). These features remain to be fully

elucidated.

In this work, we provided insights into the effects of lung tumor-associated MSCs on freshly
isolated NK cell activity after IL-2 treatment. Indeed, we compared the immunosuppressive
effects of T-MSCs with those of N-MSCs isolated from the same patient, and with those of BM-
MSCs isolated from healthy donors. We observed marked differences between those three MSC

samples, concerning their phenotype and immunosuppressive function.
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SUMMARY

Mesenchymal stem cells (MSCs) display pleiotropic
functions, which include secretion of soluble factors
with immunosuppressive activity implicated in can-
cer progression. We compared the immunomodula-
tory effects on natural killer (NK) cells of paired intra-
tumor (T)- and adjacent non-tumor tissue (N)-derived
MSCs from patients with squamous cell lung carci-
noma (SCC). We observed that T-MSCs were more
strongly immunosuppressive than N-MSCs and
affected both NK function and phenotype, as defined
by CD56 expression. T-MSCs shifted NK cells toward
the CD56%™ phenotype and differentially modulated
CD5gP1ehdim  gybset functions. Whereas MSCs
affected both degranulation and activating receptor
expression in the CD56%™ subset, they primarily in-
hibited interferon-y production in the CD56°"9" sub-
set. Pharmacological inhibition of prostaglandin E2
(PGE2) synthesis and, in some MSCs, interleukin-6
(IL-6) activity restored NK function, whereas NK cell
stimulation by PGE2 alone mimicked T-MSC-medi-
ated immunosuppression. Our observations provide
insight into how stromal responses to cancer
dampen NK cell activity in human lung SCC.

INTRODUCTION

Lung cancer is the second most common malignancy and the
leading cancer in terms of lethality worldwide. More than 85%
of cases fall into the non-small-cell lung cancer (NSCLC) class,
which is associated with a predicted 5-year survival of 17.8%
and whose predominant histological subtypes are adenocarci-
noma (~50%) and squamous cell carcinoma (SCC) (~40%;
Chen et al.,, 2014). The tumor microenvironment provides
a wide range of resources that support NSCLC progression
(Wood et al., 2014), among which are diverse stromal cells,
including activated mesenchymal stem cells (MSCs) (Bussard
et al., 2016; Raffaghello and Dazzi, 2015).
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Although they were initially described in the bone marrow
(BM), MSCs display a broad tissue distribution and are found
in adipose, synovial, and lung tissue as well as in umbilical
cord and peripheral blood (Williams and Hare, 2011). MSCs
are a heterogeneous stromal cell population defined based on
three functional and phenotypic criteria: adherence to plastic;
expression of selected and lack of lineage-specific cell surface
markers; and the capacity to differentiate toward a variety of
mesenchymal lineages (Dominici et al., 2006). Among a plethora
of effector functions, MSCs have been reported to exert immu-
nosuppressive activity after priming by cytokines from a pro-in-
flammatory microenvironment, particularly interferon-y (IFN-vy),
tumor necrosis factor o (TNFa), and interleukin-18 (IL-1B) or
through toll-like receptor (TLR) stimulation (Bernardo and Fibbe,
2013; Dumitru et al., 2014; Krampera, 2011). Following activa-
tion, the spectrum of MSC immunosuppressive activity in hu-
mans includes secretion of human leukocyte antigen (HLA-G),
transforming growth factor B (TGFB), prostaglandin E2 (PGE2),
tumor necrosis factor alpha-inducible protein 6 (TNFAIP6/
TSG-6), heme oxygenase 1 (HO-1/HMOX1), IL-10, IL-6, indole-
amine 2,3-dioxygenase 1 (IDO1), hepatocyte growth factor
(HGF), and leukemia inhibitory factor (LIF) as well as pro-
grammed death ligand (PD-L1/2) and Fas ligand (FasL) signaling
(Poggi and Giuliani, 2016; Poggi et al., 2014; Spaggiari and Mor-
etta, 2013; Stagg and Galipeau, 2013; Turley et al., 2015; Uccelli
et al., 2006; Le Blanc and Davies, 2015). The immunosuppres-
sive effects of MSCs require proximity to their target cells, which
include T and B lymphocytes as well as natural killer (NK) cells
(Aggarwal and Pittenger, 2005; Uccelli et al., 2008).

As a first line of defense against tumors and pathogens, NK
cells patrol tissues and can exert antitumor immunosurveillance
by secreting cytokines, including IFN-y, TNFe, and IL-10, and
releasing cytotoxic granules whose contents kill tumor cells.
Not surprisingly, NK cell infiltration of tumor tissue correlates
with better prognosis in diverse cancer types, including lung car-
cinomas (Platonova et al., 2011; Villegas et al., 2002), and low NK
cell activity is associated with increased cancer risk in adults
(Imai et al., 2000). NK cell detection of and response to target
cells are regulated by cell surface activating and inhibitory recep-
tors. Activation of NK cells therefore requires integration of sig-
nals from their target cells that may be subject to modulation
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Figure 1. Clinical Data and MSC Characterization

(A) Clinical data related to the five patients. See also Table S1.

(B-D) Characterization of N- and T-MSCs from one representative patient. (B)
Expression of CD90, CD105, CD73, and lineage (Lin: anti-CD14, -CD20,
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by diverse cell types, including MSCs (Moretta et al.,
Spaggiari et al., 2008; Vivier et al., 2008).

NK cell function correlates with CD56 expression, where high
(CD56°9™) and low (CD56%™) expression are associated with
elevated cytokine production and high degranulation potential,
respectively (Caligiuri, 2008; Cooper et al., 2001; Lanier et al.,
1986). NK cells are found in the stroma of human lung tumors
(Jin et al., 2014), where they primarily display a CD569™ pheno-
type, low expression of multiple activating receptors (Platonova
et al., 2011; Vitale et al., 2014), and reduced function (Cremer
et al.,, 2012; Gillard-Bocquet et al., 2013; Hodge et al., 2014;
Pross and Lotzova, 1993).

Bone-marrow-derived MSCs (BM-MSCs) can inhibit NK cell
proliferation, cytotoxicity, and cytokine production by secreting
IDO1, TGFB, HLA-G, and PGE2 (Casado et al., 2013; Krampera
etal., 2006; Rasmusson et al., 2003; Spaggiari et al., 2008). How-
ever, they can also be lysed by activated NK cells, depending on
their expression of activating NK receptor ligands, including
MHC class | polypeptide-related sequence (MICA, B), UL16
binding proteins (ULBPs), CD112, and CD155 (Poggi et al.,
2005; Spaggiari et al., 2006, 2008). Most of our understanding
of the functional MSC-NK cell relationship stems from experi-
ments using normal BM-MSCs, peripheral blood NK cells, and
tumor cell lines. In tumors, however, MSCs may become constit-
uents of the tumor niche and display distinct features from those
of MSCs derived from healthy tissues or the BM (DelaRosa et al.,
2012; Di Trapani et al., 2013; Gottschling et al., 2013; Johann
et al., 2010; Liu et al., 2014).

Here, we provide insight into the effect of tumor-associated
MSCs on NK cell activity by comparing the immunomodulatory ac-
tivity toward freshly isolated NK cells from healthy donors of paired
samples of MSCs isolated from tumor tissue (T-MSCs) and normal
adjacent lung tissue (N-MSCs) of patients with squamous cell lung
carcinoma. We observed marked differences between T- and
N-MSCs, from their phenotype to their immunosuppressive
function. Despite the ability of MSCs to secrete a variety of medi-
ators with immunosuppressive effects, T-MSCs could mediate
inhibition of NK cell function primarily through PGE2. Our observa-
tions provide insight into how stromal responses to cancer growth
blunt NK cell activity in human lung SCC.

2001;

RESULTS

Characterization of MSCs Isolated from Patients with
Lung SCC

Stromal cells were isolated from dissociated primary lung SCC
(Figure 1A) as well as from adjacent non-tumor tissue from five
patients and verified for functional and phenotypic MSC features
as defined by the International Society for Cellular Therapy
(ISCT) (Dominici et al., 2006). Accordingly, both tumor and

-CD34, and -CD45 antibody cocktail) markers by flow cytometry is shown. Cell
passage (p) is shown in brackets. Cells stained with isotype-matched anti-
bodies provided the negative control. (C) Adipogenic (Oil red O), osteogenic
(Von Kossa), and chondrogenic (Alcian blue) MSC differentiation potentials are
shown. Cells cultured in standard medium provided the control condition. The
scale bar represents 100 um. (D) H&E, «-SMA, and vimentin IHC stainings are
shown. The scale bar represents 100 um.
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tumor-free lung-tissue-derived stromal cells, which we selected
for our study, were adherent to plastic under standard culture
conditions; expressed comparable levels of CD105, CD73, and
CD90 and lacked expression of lineage markers (Figure 1B);
and underwent differentiation to osteocytes, adipocytes, and
chondrocytes in vitro in response to appropriate stimulation (Fig-
ure 1C). Because of the uncertainty as to the distinction between
tumor-associated MSCs and myofibroblasts, often termed can-
cer-associated fibroblasts (CAFs) (Kalluri, 2016), we assessed
the expression of the intermediate filament vimentin, a marker
of mesenchymal cells, and a-smooth muscle actin (a-SMA), a
hallmark of myofibroblasts (Desmouliere et al., 2004) in our stro-
mal cells. Immunohistochemical (IHC) analysis using specific
anti-vimentin and anti-a-SMA antibodies revealed that, as
expected, the majority of MSCs expressed vimentin but dis-
played undetectable levels of a-SMA (Figure 1D).

Immunophenotype of Tumor-Infiltrating Cells and
Primary Cancer Cell Characterization
Untreated, surgically removed primary lung tumors from five
patients with a smoking history were subjected to histological
analysis and diagnosed as moderately to poorly differentiated,
invasive SCC (TNM pT2-pT3; Figure 1A; Table S1). Immune
cell tumor infiltrates were assessed by immunostaining of tissue
sections from four patients for CD3, CD4, CD8, CD20, CD68
KP1, Granzyme B, CD56, PD-L1, PD1, and FoxP3 (Table S1)
and by flow cytometry of cells from three of the tumors (patients
1, 2, and 5). NK cells constituted less than 1% of the total CD45*
cell infiltrate in all three tumors (0.2% of CD45" cells for patient 1,
0.59% for patient 2, and 0.55% for patient 5). The relative abun-
dance of T cells (CD4*, CD8", and FoxP3*CD25" T reg cells),
B cells, and myeloid cells was variable among the samples,
reflecting IHC staining (Figure S1; Table S1).

Primary cancer cells (PCC) from three of the patients (patients
2, 3, and 4) were obtained by culturing single cells from the tumor
bulk in ultra-low attachment flasks and in knockout (KO) medium

supplemented with growth factors. Cells were selected for their
ability to form spheres in culture and tested for tumorigenicity
following injection beneath the kidney capsule of NOD-SCID
common <y-chain knock out (NSG) mice. We then addressed
the potential of the PCC to become NK target cells by assessing
their expression of NK activating receptor ligands (Figures S2A
and S2B) and HLA class | molecules (Figure S2C) in comparison
to that of the K562 leukemia cell line, a classical NK target.

Primary cells from lung SCC displayed lower expression of
several NK cell ligands than the K562 cell line, including CD112
(NECTIN2), CD155 (PVR), and ULBP1. In contrast, expression
of the NKG2D ligands MICA and MICB was higher than that of
other ligands in PCC (Figure S2A) and comparable to their
expression in K562 cells (Figure S2B). MICA and MICB are
involved in NK cell activation by interacting with NKG2D (Jamie-
son et al., 2002), on the one hand, and in NK exhaustion upon
extended stimulation on the other (Groh et al., 2002; Chretien
et al., 2014; Oppenheim et al., 2005). HLA class | expression
tended to increase over time in PCC co-cultured with NK cells
(Figures S2Ci and S2Cii), which may provide a mechanism of
resistance to NK cell killing. Although PCC appeared to display
a phenotype that is less prone to induce NK activation than
that of K562 cells, they were nevertheless able to stimulate NK
cell degranulation at different effector:target ratios (Figure S2D).
Thus, primary lung SCC cells are sensitive to NK-mediated
immunosurveillance.

T-MSCs Suppress the NK Cell Response to K562 and
Primary SCC Cells More Strongly Than N-MSCs

The effect of T- and N-MSCs on NK cell function was investi-
gated in direct and indirect (Transwell) co-culture conditions
(Figure 2A). Freshly isolated NK cells were cultured with T- and
N-MSCs for 4 days, following which their activation by tumor
cells was assessed in a 4-hr assay. NK cells from different
donors displayed variable activation in response to K562 cells
and PCC (Figure S3A). Nevertheless, in direct co-culture,

Figure 2. T-MSCs Are More Immunosuppressive Than N-MSCs Toward the NK Response to K562 and PCC

(A) Schematic representation of direct and indirect co-culture experiments.

(B, C, D, and F) NK cell activation (percentages of CD107a and intracellular IFN-y-positive cells) by K562 or PCC cells following N-, T-, and BM-MSC co-culture,
as assessed by flow cytometry. Results were normalized to those of NK cells cultured without MSCs for the same duration and activated by target cells
(the control condition is represented by the horizontal dashed line). Results show the mean + SEM.

(B) Direct co-cultures. Graphs plot individual values of 8 independent experiments with K562 cells (eight different NK cell donors; MSC1 [n = 3 biological rep-
licates]; MSC2 [n = 2]; MSC3 [n = 6]; MSC4 [n = 2]; MSC5 [n = 1]) and 3 experiments with PCC (three NK cell donors; MSC1 [n = 1]; MSC2 [n = 1]; MSC3 [n = 2];
MSC4 [n = 1]).

(C) Indirect co-cultures. Two experiments were done with K562 cells (two NK cell donors; MSC1 [n = 2]; MSC2 [n = 1]; MSC3 [n = 2]; MSC4 [n = 1]) and one with
PCC (one NK cell donor; MSC1 [n = 1]; MSCS3 [n = 1]).

(D) Comparison of the effects of BM-MSCs to those of lung tissue MSCs. Graphs plot individual values of two experiments in direct MSC-NK co-culture with K562
(two different NK cell donors; MSC2 [n = 1]; MSC3 [n = 2]; MSC4 [n = 1]; BM-MSC [n = 2]) and 2 experiments with PCC (PCC2, 3, and 4; two NK cell donors; MSC2
[n =1]; MSC3 [n = 1]; MSC4 [n = 1]; BM-MSC [n = 3]).

(E) IFN-v secretion (pg/mL) by NK cells co-cultured with N- (blue bar) and T-MSCs (red bar) before and after activation by tumor cells (K562, left panel, and PCC,
right panel). IFN-y secretion by NK cells cultured alone is shown in green. Light color bars, basal NK cell secretion (without tumor cells); dark color bars, secretion
after activation. Mean values + SEM for 3 experiments with K562 as target cells (three NK cell donors; MSC1 [n = 2]; MSC2 [n = 1]; MSC3 [n = 3]; MSC4 [n = 1]) and
one experiment with PCC as target cells (one single NK cell donor; MSC1 [n = 1] and 3 [n = 1]) are shown.

(F) Percentages of IFN-y*/~CD107a*/~ NK cell subpopulations after 4 days of co-culture with MSCs in 5 independent experiments using NK cells from 5 donors
and MSCs from one patient (MSC3; n = 6).

(G) Representative flow density dot plots showing expression of IFN-y and CD107a by K562-activated NK cells in direct co-culture with and without MSCs (single
NK cell donor; MSC3).

Statistical significance was determined by Wilcoxon matched-pairs signed rank test (pairing on MSC patient; B, C, and F) or unpaired t test with Welch’s
correction (D; * indicates significance at p < 0.05; **p < 0.01; ns, not significant). See also Figure S3.
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T-MSCs were consistently and significantly more immunosup-
pressive than N-MSCs toward NK cells exposed to K562 cells,
as assessed by IFN-y production and CD107a (lysosomal-asso-
ciated membrane protein-1) expression, commonly used as a
marker of degranulation (Alter et al., 2004; Figures 2B and
S3Bi). Following activation by PCC, production of IFN-y as well
as degranulation were slightly, but not significantly, more
reduced in the presence of T-MSCs than in that of N-MSCs (Fig-
ures 2B and S3Bi). T-MSCs also exerted stronger suppression of
IFN-y production than of degranulation (Figure 2B).

In indirect co-culture, T-MSCs were less immunosuppres-
sive than in direct co-culture and their inhibition of NK cell
IFN-y production and degranulation was comparable to that
of N-MSCs (Figures 2C and S3Bii). In contrast to direct co-cul-
ture, NK cell production of IFN-vy in response to PCC was more
strongly inhibited by N- than by T-MSCs. Thus, the robust
immunosuppressive activity of T-MSCs toward NK cells ap-
peared to be contact dependent and effective in the presence
of both K562 cells and PCC. Because the immunosuppressive
potential of MSCs has thus far been studied mainly using
BM-MSCs, we included one sample isolated from an adult
healthy donor as a reference for MSC-mediated NK inhibition.
Bone marrow MSCs displayed strong inhibitory activity toward
both IFN-y production and degranulation by NK cells (Fig-
ure 2D) that was more closely reminiscent of T- than of
N-MSCs.

Inhibition by MSCs (T-MSC > N-MSC) of intracellular IFN-vy
production was reflected at the secretory level (Figure 2E, dark
bars). Moreover, the inhibition was observed even before NK
cell activation by K562 cells and PCC (Figure 2E, light bars).
Similar to IFN-v secretion, TNFa secretion by NK cells after acti-
vation by K562 cells was inhibited in the presence of MSCs and
more strongly so in that of T- than of N-MSCs. Although the inhi-
bition was less marked when K562 cells were substituted by
PCC, the tendency was similar (Figure S3C).

We next interrogated the response to T- and N-MSCs of the
different functional NK cell subpopulations, including IFN-
y*CD107a* double-positive, IFN-y*CD107a” single-positive,
and IFN-y~CD107a" single-positive cells (Figures 2F, 2G, and
S3D). The strongest and most selective inhibition by T-MSCs
was observed in the NK double-positive subpopulation. The
IFN-y*CD107a~ single-positive subpopulation was equally
inhibited by N- and T-MSCs, whereas the IFN-y~CD107a* sin-
gle-positive NK subpopulation was virtually unaffected (Fig-
ure 2F). Thus, the NK subpopulations that are the most strongly
inhibited by MSCs, particularly in direct co-culture, are those
capable of secreting IFN-vy (Figures 2F and 2G).

T-MSCs Downregulate NK-Cell-Activating Receptors
and Induce the CD56“™ NK Cell Phenotype

To understand how MSCs downregulate NK cell function, we
interrogated NK receptor modulation in the presence of T- and
N-MSCs. MSCs (T-MSC > N-MSC) inhibited cell surface expres-
sion of the NK receptors NKp44, NKp30, NKG2D, DNAM-I, and
NKG2A (Figure 3Ai). Differences between the inhibitory effects of
N- and T-MSCs were significant for NKG2D, DNAM-I, and
NKG2A receptors. Interestingly, their expression was affected
only in direct contact with MSCs (Figure 3Ai), with the exception

of NKp44, whose expression was partially inhibited in indirect
co-culture (Figure 3Aii).

Surprisingly, we observed marked changes in the
CD56P19nYdim ratios of NK subpopulations in response to
MSCs. In the absence of MSCs and after 4 days of exposure
to IL-2, NK cells were predominantly CD56°"9". However, an
inversion in the CD56°""9"YdIm NK cell ratio was observed in direct
co-culture with MSCs (Figures 3Bi and 3C) that was largely
contact dependent (Figures 3B and 3C).

CD56""9" and CD569™ NK Subpopulation Function Is
Differentially Modulated by MSCs

In functional assays where NK cells are activated by tumor cells,
the presence of MSCs, particularly T-MSCs, also tipped the
balance toward the CD56%™ NK phenotype in a contact-depen-
dent manner (Figure 4A). Functional comparison revealed that
BM-MSCs were more closely related to T-MSCs than to
N-MSCs, as demonstrated by their robust induction of the
CD569™ NK subset after activation by K562 cells (Figure 4Bi)
and PCC (Figure 4Bii).

Interestingly, inhibition of NK cell function exerted by MSCs
differed between the CD56%™®r9" suppopulations. In control
conditions (NK cells cultured with K562 cells alone), the
CD56°"9™ NK cell subset (Figure 4C, first line), associated with
elevated cytokine production, was dominant. Upon introduction
of MSCs (Figure 4C, lines 2 and 3), the bulk NK cell population
decreased its cytokine production and degranulation capacity.
However, because the presence of MSCs increased the CD56%™
subpopulation, which was associated with degranulation, the
change in function of the total NK cell population mostly reflected
functional inhibition of the CD56"™ subset. Thus, MSC-medi-
ated IFN-y inhibition occurred predominantly in the CD56° 9"
subpopulation, whereas NK degranulation was inhibited by
MSCs in the CD56%™ subtype. Inhibition of both functions,
particularly cytokine production, was largely contact dependent
(Figure 4C). The total NK cell population indirectly co-cultured
with MSCs was mainly composed of CD56°"9" cells, prone to
cytokine secretion and comparable to NK cells activated by
tumor cells without MSCs.

Modulation of NK receptors also differed between the
CD569™ and CD56P"9" NK subsets. Thus, downregulation of
NKp44, NKp30, NKG2D, and DNAM-I receptor expression
occurred in the CD56%™ subpopulation, appeared to be highly
contact dependent, and was more pronounced in the presence
of T-MSCs than in that of N-MSCs (Figure 4D). In indirect co-cul-
ture, only NKp44 receptor expression was mildly inhibited,
whereas NKG2D receptor expression was slightly increased. In
the CD56°"9™ subset, only NKG2D expression was slightly
decreased in direct co-culture with MSCs. With this exception,
receptor expression in CD56°"9" NK cells remained virtually
unaffected by direct or indirect co-cultures with MSCs.

Inhibition of NK cell activating receptors (NKp44, NKp30,
NKG2D, and DNAM-I) may provide the mechanism that under-
lies MSC-mediated dysfunction of CD56%™ NK cells. In contrast,
inhibition of cytokine production in the CD56°"9" subset was not
associated with major changes in receptor expression, except
for mild NKG2D downregulation in direct co-culture with MSCs
(Figure 4D). We therefore interrogated the mechanisms involved
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Figure 3. The NK Cell Phenotype Is Strongly Modulated by Direct
Co-culture with N- and T-MSCs

(A and B) NK phenotype as assessed by flow cytometry after direct () and
indirect (i) co-cultures with N- or T-MSCs, normalized to control conditions
(NK cells alone, horizontal dashed line). Mean values + SEM are shown.
(A) Expression of NK cell receptors is shown. (i) Data from 4 experiments are
shown (four NK cell donors; MSC1 [n = 2]; MSC2 [n = 2]; MSC3 [n = 2]; MSC4
[n = 1]; MSC5 [n = 1]). (ii) Results from 2 experiments are shown (two NK cell
donors; MSC1 [n = 2]; MSC2 [n = 1]; MSC3 [n = 2]; MSC4 [n = 1]). Data were
analyzed using Wilcoxon matched-pairs signed rank test. (B) Percentages of
CD56°9" and CD56%™ NK subpopulations in control conditions (NK cultured
alone, green bar) and in co-culture with N- and T-MSCs are shown. Light tones
depict the CD56%™ NK subset, dark tones the CD56°"9" subset. (i) Results
from 4 experiments are shown (four NK cell donors; MSC1 [n = 6]; MSC2
[n=2]; MSC3 [n = 8]; MSC4 [n = 2]). (i) Data from 2 experiments are shown (two
NK cell donors; MSCH1 [n = 6]; MSC2 [n = 3]; MSC3 [n = 6]; MSC4 [n = 3]).
(C) Representative flow smooth contour plots (with outliers) showing CD16 and
CD56 expression by NK cells in direct and indirect co-cultures with and
without MSCs (single NK cell donor; MSC3).

in MSQ-induced suppression of cytokine production in the
CD56”"9" NK subset.

Expression of Inmunosuppressive Mediators in T- and
N-MSCs

First, we addressed the expression of genes implicated in
immune regulation in T-, N-, and BM-MSCs, including /DO1,
IL10, TGFB1, TNFAIP6 (TSG6), HMOX1, HLAG, IL6, and
PTGS2 (COX-2; Figures 5A and S4A). Whereas IDO1, IL10, and
HLAG transcripts were almost undetectable at day 0 in culture
(data not shown), IL6 and PTGS2 were expressed at variable
levels in T- and N-MSCs from different patients (Figures 5A
and S4A). Expression of some of these genes differed between
BM-MSCs and lung tissue MSCs (Figure S4A). Thus, IL6 expres-
sion in BM-MSCs was lower than in most T-MSCs and TNFAIP6
was almost undetectable (Figure S4A). Conversely, TGFB1 and
PTGS2 were more highly expressed in BM-MSCs than in
T-MSCs, with the exception of T-MSC1 (Figure S4A). T-MSCs
from patients 2 and 5 expressed higher levels of IL6 than their
non-tumor-tissue-derived counterparts, whereas PTGS2
expression was comparable in the two MSC subsets (Figure 5A).
However, T- and N-MSCs displayed distinct secretion levels of
IL-6 and PGE2 after 4 days in culture (even though the statistical
values for the latter were not significant; Figure 5B), which could
explain, at least in part, the differential impairment by the MSC
subsets of NK cell function. Expression of IL6 and PTGS2 by
T-MSCs increased over time in culture and was strongly induced
by the presence of NK cells, whereas expression of TGFB1
remained constant (Figure 5C). In co-culture with tumor-acti-
vated NK cells, MSCs secreted high levels of IL-6, TGFB1, and
HGF, but of the three cytokines, IL-6 was the most differentially
secreted between T- and N-MSCs and more so in the presence
of PCC-activated NK cells (Figure S4B). Comparison between
BM- and lung tissue MSC secretion of IL-6 and PGE2 (Fig-
ure S4C) in direct co-culture with NK cells and following activa-
tion by tumor cells revealed lower secretion of IL-6 by BM-MSCs
than by T-MSCs but comparable secretion of PGE2 by the two
MSC populations. In addition, BM-MSCs bore similarities to
lung tissue MSCs for MICA and TLR3 expression but also a
distinct profile with higher TLR4 and lower CD274, NECTIN2,
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and PVR expression (Figure S4D). MSCs expressed low levels of
NK-activating receptor ligands, except for the DNAM-I ligand
PVR (CD155; Figures S4D and S4E).

IL-6 and PGE2 Are Implicated in T-MSC-Mediated
Inhibition of NK Cell Function

Neutralization of IL-6 with a specific antibody (MAB206) and
inhibition of COX-2 using a specific inhibitor (NS-398) were
each partially effective in restoring NK function that had been
suppressed by MSCs. However, the efficacy of the inhibitors
appeared to be highly individual patient MSC dependent.
COX-2 inhibition was the most effective in restoring NK cell func-
tion, whereas IL-6 had more heterogeneous effects. Analysis of
co-culture supernatants demonstrated the level of inhibition
reached using the inhibitors (Figure S5A). Interestingly, IL-6 inhi-
bition increased PGE2 secretion (Figure S5Aiii).

Three experiments highlighted the heterogeneity of immuno-
modulatory mechanisms used by primary cells. In experiments
using patient 2 MSCs, neutralization of IL-6 with antibody
partially restored NK cell function, as measured by IFN-y expres-
sion in response to K562 cells (Figure 6Ai). Similarly, inhibition of
PGE2 synthesis using the COX-2 inhibitor NS-398 resulted in
partial reversion of NK loss of IFN-y expression induced by
MSCs (Figure 6Ai). In contrast, neither inhibitor had a marked
effect on NK cell degranulation (Figure S5Bi). Interestingly,
rescue of NK cell cytokine expression resulting from inhibiting
IL-6 and COX-2 function correlated with restoration of the
CD56M NK cell phenotype (Figures 6Aii and BAiii).

Surprisingly, in experiments with patient 5 MSCs (n = 2), addi-
tion of anti-IL-6 antibody did not restore NK cell function,
whereas COX-2 inhibition partially reversed MSC-mediated
blockade of IFN-y expression and degranulation (Figures 6Bi
and S5Ci). Nevertheless, COX-2 and IL-6 inhibition appeared
to have a synergistic effect. Partial restoration of both NK cell
cytokine production and degranulation by inhibition of MSC-der-
ived immunosuppressive molecules was significantly correlated
with an increase in the CD56"9" NK cell phenotype (Figures
6Bii, 6Biii, and S5Cii).

We next investigated the mechanisms involved in the restora-
tion of NK function and CD56 expression and assessed NK
receptor expression. Addition of IL-6 inhibitor partially restored
NKG2D expression in NK cells cultured with T-MSCs from
patient 2 (Figure 6Ci). However, anti-IL-6 enhanced the inhibition
of NKp30 and DNAM-I expression induced by T-MSCs. COX-2

inhibition increased NKp30 and NKp44 expression slightly and
NKG2D expression more strongly. Neutralization of IL-6 from
patient 5 MSCs had the same effect on NKG2D and NKp30 as
its neutralization in patient 2 MSCs, increasing and decreasing
their expression, respectively (Figure 6Cii). COX-2 inhibition
partially restored NKp44, NKG2D, and NKp30 expression that
had been downregulated by T-MSCs (Figure 6Cii). Combination
of anti-IL-6 and the COX-2 inhibitor was comparable to the effect
of the COX-2 inhibitor alone. Hence, COX-2 inhibitor administra-
tion to MSCs from both patients was effective in at least partially
restoring IFN-y production and NK receptor (NKG2D, NKp30,
and NKp44) expression, whereas anti-IL-6 effects were patient
MSC dependent.

We also assessed NK cell expression of CD25 (IL-2Ra) in
co-cultures with MSCs, which was expressed by a small per-
centage of NK cells. In the presence of T-MSCs, CD25 was
strongly downregulated, and its expression was partially and
completely restored by anti-IL-6 antibody and COX-2 inhibitor,
respectively (Figure 6D).

NK Stimulation with PGE2 Mimics T-MSC-Mediated IFN-
v Immunosuppression

To confirm the importance of MSC-mediated PGE2 secretion in
NK cell inhibition, we stimulated NK cells with PGE2 in the
absence of MSCs (donor 14 NK cells) at doses comparable to
those secreted by T-MSCs in the presence of NK cells. PGE2
inhibited cytokine production by NK cells stimulated by K562
cells to a level comparable to that observed in T-MSC co-cul-
tures (Figure 7A). In contrast, IL-6 stimulation did not affect NK
function nor did it display synergy with PGE2 (Figure 7A). NK
degranulation was unchanged after stimulation by PGE2, IL-6,
or both, suggesting a role for PGE2 predominantly in the inhibi-
tion of cytokine production. Moreover, addition of PGE2 to NK
cells increased the CD56™ subpopulation, as did the presence
of T-MSCs (Figure 7B). Finally, stimulation with PGE2 alone was
sufficient to reproduce the downregulation of NK receptors
induced by T-MSCs (Figure 7C).

DISCUSSION

Using paired samples of primary MSCs isolated from lung SCC
and adjacent tumor-free tissue, we showed that tumor-associ-
ated MSCs are more strongly immunosuppressive toward NK
cells than their tumor-free tissue-derived counterparts, exerting

Figure 4. MSC Exert Different Effects on CD56“™ and CD56°"¢" NK Subsets

(A and B) Percentages of CD56“™ and CD56°"9" NK cell subpopulations co-cultured with MSCs after 4 hr activation by tumor cells, assessed by flow cytometry.
Light tones, CD569™ NK subset; dark tones, CD56°"9" subset. Tumor-activated NK cells cultured in the absence of MSCs provided a control (green bars).
Results show the mean + SEM. Statistical significance was determined by 2-way ANOVA followed by Tukey’s multiple comparisons test. (A) Direct and indirect
co-cultures with N- and T-MSCs after 4 hr activation by K562 cells are shown. Data are representative of a single experiment with pooled MSCs from 4 patients
(MSC1-4) and a single NK cell donor. (B) Direct co-cultures with N-MSCs, T-MSCs, and BM-MSCs after 4 hr activation by K562 (i) or PCC cells (ji) are shown. Data
representative of two experiments with pooled MSCs from 3 patients (MSC2-4), one donor of BM-MSCs, and two NK cell donors are shown. (i) Results from two
experiments are shown (two NK cell donors; MSC2 [n = 1]; MSCS3 [n = 2]; MSC4 [n = 1]; BM-MSC [n = 2]). (ii) Data from two experiments with PCC2, 3, and 4 are
shown (two NK cell donors; MSC2 [n = 1]; MSC3 [n = 1]; MSC4 [n = 1]; BM-MSC [n = 2)).

(C) Representative dot plots showing the percentages of IFN-y* and CD107a* cells in the total NK cell population and in the CD56°"9" and CD5
direct and indirect co-cultures with MSCs from patient 2 and activation by K562 cells.

(D) Modulation of NK receptor expression in CD56"9" and CD56%™ subsets in direct and indirect co-cultures with MSCs compared to control conditions
(NK cultured alone). Results show the mean + SEM for a single experiment (single NK cell donor; MSC1 [n = 1] and 3 [n = 1]). Statistical significance was
determined by 2-way ANOVA followed by Dunnett’s multiple comparisons test with NK cells alone set as the control.
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Figure 5. Differential Expression of Immune-Modulating Mediators
by T- and N-MSCs

(A) Relative gene expression of IL6 and PTGS2 by N- and T-MSCs in the basal
state (day 0 of co-culture) as assessed by qPCR and shown as a fold change in
expression (N-MSC2 expression set as the control condition). Data are
representative of four experiments (four NK cell donors; MSC2, 3, and 5), and
results show the mean + SEM.

(B) IL-6 and PGE2 secretion (pg/mL) by MSCs after 4 days in culture alone.
Results show the mean + SEM: MSC1, 2, 3, and 5 for IL-6 and MSC2 and 5 for
PGE2. Statistical significance was determined by Wilcoxon matched-pairs
signed rank test (* indicates significance at p < 0.05; **p < 0.01).

(C) Relative gene expression of IL6, PTGS2, and TGFB1 by T-MSCs collected
at the indicated time points with and without direct co-culture with NK cells
(four NK cell donors; MSC2, 3, and 5). Results show fold change in gene
expression compared to T-MSCs at day 0. Statistical significance was
determined by 2-way ANOVA with Tukey’s multiple comparisons test.

See also Figure S4.

stronger inhibition of NK cell IFN-y secretion and degranulation
in response to K562 and primary cancer cells. Functionally,
T-MSCs were more closely related to BM-MSCs than
N-MSCs. As two key functions of BM-MSCs are to participate
in building a hematopoietic stem cell (HSC) niche and to protect
HSCs from injury by mediators of inflammation and inflammatory
effector cells, they must display potent immunosuppressive
properties (Sotiropoulou et al., 2006; Spaggiari and Moretta,

2013; Spaggiari et al., 2008). In quiescent tissues, in the absence
of inflammatory stimuli, MSCs may decrease or even temporarily
lose their immunosuppressive features. However, in a tumor
microenvironment, which mimics tissue repair and contains a
vast array of cytokines derived from inflammatory, tumor, and
activated stromal cells, MSCs may regain their full immunosup-
pressive potential and resemble their BM counterparts. The
immunosuppressive mechanisms, as illustrated by the type
and quantity of immunosuppressive cytokines produced and
the level of NK cell receptor ligands expressed, may differ be-
tween BM- and T-MSCs, possibly as a function of the type of
stimulatory microenvironment to which the cells are exposed.

MSCs, particularly T-MSCs, displayed markedly different
degrees of inhibition of functional NK cell subpopulations, pre-
dominantly inhibiting NK cell subsets that produce IFN-vy.
Because IFN-y plays a prominent role in tumor rejection by
preventing tumor stroma formation and tumor-induced angio-
genesis (Zaidi and Merlino, 2011), as well as by activating the
immune system, inhibition of its production by T-MSCs may
be highly relevant toward facilitating tumor progression. Consis-
tent with this notion, recent observations suggest that the
predominant activity of NK cell subsets recruited to lung cancer
is IFN-y production rather than direct cancer cell killing (Carrega
and Ferlazzo, 2017).

In addition to their production of IFN-v, the activating receptor
expression profile of NK cells was significantly affected by
MSCs, with downregulation of NKp44, NKp30, NKG2D,
DNAM-I, and NKG2A. MSCs also induced an inversion in the
CD56Pr9hYdim NK cell ratio in favor of the CD569™ phenotype.
These effects were more pronounced in response to T-MSCs
than to N-MSCs and, just like inhibition of IFN-y production,
were contact dependent. Consistent with these observations, in-
tratumoral NK cells in human lung cancer display low expression
of NKp30, CD56, NKG2D, and DNAM-I (Platonova et al., 2011;
Esendagli et al., 2008; Levi et al., 2015).

The observed shift toward the CD56%™ NK cell phenotype
after exposure to MSCs is consistent with low expression of
CD56 by NK cells in vivo (Esendagli et al., 2008; Platonova
et al., 2011; Levi et al.,, 2015) and selective inhibition of the
CD56°9M" subtype rather than expansion of the CD56%™ sub-
population (Sotiropoulou et al., 2006). Following IL-2 stimulation,
NK cells acquire a CD56°"9" phenotype, which correlates with
an activated state of the cells in vitro. The CD56%™ phenotype
observed in the presence of MSCs therefore seems to reflect a
decrease in NK cell activation, as suggested by our functional
assays and by the reduced NK cell expression of IL-2Ra
following T-MSC co-culture.

CD569™ and CD56°"9" NK cell functions were differentially
modulated by MSCs. With the exception of NKG2D, T-MSCs
downregulated activating receptor expression exclusively in
the CD569™ NK cell subset, where they also inhibited degranu-
lation. In contrast, T-MSCs inhibited IFN-y production in
CD56°"9" NK cells where no obvious receptor expression
changes occurred (except for the mild downregulation of
NKG2D). Distinct mechanisms may therefore underlie T-MSC-
mediated inhibition of cytokine production by CD56°"™ and
degranulation of CD56%™ NK cells, with the possible implication
of NKG2D in both functions of the two NK subsets.
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Figure 6. Targeting T-MSC-Derived Immunosuppressive Mediators Rescues NK Cell Activity
Data were analyzed by flow cytometry, and results show mean values + SEM.
(A) Results are from one rescue experiment with a single NK cell donor and MSCs from patient 2.

(legend continued on next page)
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Marked differences in expression and secretion of IL-6 and
PGE2 by N- and T-MSCs suggested that both mediators may
be implicated in T-MSC-mediated immunosuppression. Inter-
leukin-6 and COX-2 inhibitors revealed that T-MSCs rely on
PGE2 to mediate much of their immunosuppressive effect.
Accordingly, addition of COX-2 inhibitor to MSC-NK cell
co-cultures partially restored NK cell IFN-y expression, the
proportion of CD56°"9" cells, and NKp30, NKp44, NKG2D,
and IL-2Ra expression. COX-2 inhibition in different experi-
ments and using MSCs from different patients consistently
restored NK function, suggesting that PGE2 secretion provides
an immunosuppressive mechanism common to MSCs, irre-
spective of their origin.

PGE2 Is a Key Mediator of T-MSC-Dependent
Immunosuppression

Bone marrow MSCs have been shown to exert a profound inhib-
itory effect on NK-cell function, outside of the tumor context,
mediated by PGE2, IDO1, and/or TGFp (Sotiropoulou et al.,
2006; Spaggiari and Moretta, 2013; Spaggiari et al., 2008). Our
observations suggest that T-MSCs suppress NK cell function
primarily by PGE2, as neither TGF nor IDO1 were upregulated
in T-MSCs. Interestingly, plasma PGE2 levels in NSCLC patients
have been found to be elevated compared to healthy subjects
(Hidalgo et al., 2002), and high expression of COX-2 in tumor
sections of NSCLC has been associated with poor prognosis
(Bhooshan et al., 2016; Brown and DuBois, 2004; Khuri et al.,
2001). Stimulation of NK cells with PGE2 alone reproduced all
of the principal effects of T-MSCs, including inhibition of IFN-y
production, the shift toward the CD56%™ phenotype, and down-
regulation of NK-cell-activating receptors.

Prostaglandin E2 secretion can occur through an IL-6-depen-
dent mechanism, which has been suggested to provide an anti-
inflammatory mediator in arthritis (Bouffi et al., 2010). Abrogation
of IL-6 increased PGE2 secretion by MSCs, which may consti-
tute a candidate mechanism to explain why the combined inhibi-
tion of both was able to better rescue NK cell function. However,
the implication of IL-6 in MSC-mediated NK cell immunomodu-
lation was variable. Whereas in one patient, IL-6 inhibition
partially restored NK cell function, the same did not hold true
for MSC-inhibited NK cells of another patient. Thus, whereas
PGE2 secretion appeared to be a common mediator of immuno-
suppression by MSCs from different patients, IL-6 seemed to
provide a more patient-specific immunosuppressive function.
Nevertheless, we identified a novel (possibly context-depen-
dent) role for IL-6 in permitting tumor-subverted MSCs to help

establish an immunosuppressive microenvironment that impairs
NK cell function.

Taken together, our observations show that, despite the vari-
ability of MSCs (including the patient origin of the cells, the stage
of the tumor from which they were extracted, and the variable
expression of ligands for NK cells) and of donor NK cells (from
14 donors, with variations in the panel of receptors expressed
and response to tumor cells), which may influence NK cell acti-
vation and the degree of inhibition mediated by MSCs,
T-MSCs consistently exert stronger immunosuppression of NK
cells than N-MSCs. They also provide a mechanistic explanation
for differences between the immunomodulatory potential of
T- and N-MSCs and highlight the notion that T-MSCs may largely
rely on PGE2 and to a lesser extent on IL-6 to exert their immu-
nosuppressive effects. Selection of immunosuppressive media-
tors by T-MSCs may be determined by signals derived from the
tumor cells or from the microenvironment they condition, which
may vary from patient to patient. Efforts to discover drugs that
could affect MSC behavior by blocking their inhibitory effects
may provide promising options to improve anti-tumor NK cell
function.

EXPERIMENTAL PROCEDURES

Primary MSC and Tumor Cell Isolation

MSCs

Fresh primary human tumor samples and adjacent macroscopically normal
lung tissue were obtained at surgery from 5 SCC patients at the Centre Hospi-
talier Universitaire Vaudois (CHUV) (Lausanne) with the approval and accord-
ing to the guidelines of the Ethics Committee of the Canton de Vaud (project
authorization no. 131/12). Patients 1-5 were aged 79, 64, 70, 83, and 74,
respectively, at the time of surgery. Patients 1 and 2 were female, and patients
3—5 were male. Pathologic tumor staging varied among patients from T2a to
T3 and was performed at the CHUV. T-MSCs and N-MSCs were isolated after
tissue disruption (see Supplemental Experimental Procedures) and cultured in
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% fetal
calf serum (FCS) (PAN-Biotech), 1% penicillin/streptomycin (PS) (Gibco), 1%
non-essential amino acids (NEAA) (Gibco), and 10 ng/mL platelet-derived
growth factor (PDGF) (Prospec; MSC medium). Cells were used at early pas-
sages for all experiments (below p 7). MSCs were assessed for differentiation
potential (to osteocytic, chondrocytic, and adipocytic lineages) and membrane
expression of selected markers (see Supplemental Experimental Procedures).
Fresh human BM-MSCs were obtained from a healthy donor (male donor; 78
years old; project authorization no. 131/12) and harvested as described above.
Tumor Cells

From 3 out of 5 patient samples, PCCs were isolated and cultured as spheres
in low-attachment conditions in IMDM supplemented with 20% knockout
serum (Gibco), 1% PS, and 20 ng/mL epidermal growth factor (EGF), fibroblast
growth factor (FGF), and LIF (Prospec). PCCs were assessed by flow

(B) Summary of two rescue experiments with MSCs from patient 5 (two NK cell donors).

(A and B) (i) Percentage of IFN-y* NK cells after activation by K562 cells in the presence of T-MSCs with or without anti-IL-6-neutralizing antibody and/or NS-398.
Results are normalized to NK cell activation by K562 cells in the absence of MSCs, considered to be 100% (horizontal dashed line). (i) Percentages of K562-
activated CD56°"9" and CD56%™ NK subsets cultured alone or with T-MSCs in the presence or absence of inhibitors are shown. Statistical significance was
determined by 2-way ANOVA followed by Dunnett’s multiple comparisons test, with K562-activated NK cells co-cultured with T-MSCs set as the control (red). (jii)
Correlation between the percentage of CD56°"9" NK cells and intracellular IFN-y production in different culture conditions is shown. The statistical test used was
the Spearman correlation coefficient r, p values are reported, and linear regression line with R square for goodness of fit.

(C) Percentage of NK receptor expression after 4 days in culture alone (gray bar) or with T-MSCs in the absence (dark red bar) or presence of the indicated
inhibitors (light red bar). (i) MSC2 is shown; one NK cell donor. (i) MSC5 is shown; two NK cell donors.

(D) Percentage of IL-2Ra. (CD25) expression on NK cells cultured alone (gray bar) or in the presence of T-MSCs (red bars) with or without the indicated inhibitors.
Data are representative of a single experiment with a single NK cell donor and MSC5.

See also Figure S5.
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Figure 7. NK Stimulation with PGE2 Mimics MSC-Mediated IFN-y
Immunosuppression

Data were assessed by flow cytometry on NK cells from a single donor.
T-MSCs used for co-culture were from patient 5.

(A) Percentages of IFN-y* (black bar) and CD107a* NK cells (gray bar) after
activation by K562 cells in different culture conditions: with IL-6, PGE2, a
combination of both, or co-cultured with T-MSCs for 4 days (set as the control
condition, red). Results are normalized to 100% as the level of IFN-y
production and CD107a expression by NK cells activated by K562 cells
(horizontal dashed line).

(B) (i) Percentages of CD56°"9" and CD56%™ NK subsets after activation by
K562 cells under conditions described in (A). (i) Correlation between the
percentages of CD56"9™ and IFN-y* NK cells is shown. The statistical test
used was the Spearman correlation coefficient r, significance determined at
p < 0.05, and linear regression line and significance determined with R square
value.

(C) Percentage of indicated receptor expression on NK cells alone, stimulated
with IL-6, PGE2, or both or co-cultured with T-MSCs.
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cytometry for HLA-ABC expression (see Supplemental Experimental Proced-
ures). The K562 human leukemia cell line (ATCC no. CCL-243) was cultured in
RPMI1640 supplemented with 10% FCS and 1% PS.

Tumor-Infiltrating Immune Cell Characterization

Immune cell infiltration in the tumor bulk was assessed by IHC on whole-tissue
sections from SCCs of four patients and by flow cytometry of tumor bulk from
three patients after dissociation (see Supplemental Experimental Procedures).

Microscopy

Images were taken with a Nikon Eclipse E800, digital camera DXM1200, at
20x or 40x magnification and at a resolution of 1,280 x 1,024, and analyzed
with the ACT-1 (v.2) software.

NK Cell Isolation and Culture

NK cells were isolated from peripheral blood mononuclear cells derived from
buffy coats obtained from 14 healthy volunteer donors with donor consent
and approval from the Ethics Committee of the Canton de Vaud (project autho-
rization no. P-108). NK cells were cultured in RPMI1640 (Gibco) supplemented
with 10% heat-inactivated human serum (Sigma and Life Technologies),
1% PS, and IL-2 (10 ng/mL; R&D Systems; NK medium; see Supplemental
Experimental Procedures).

Co-culture Experiments

T-MSCs and N-MSCs were plated in 96-well plates 24 hr before co-culture
(0.5 x 10° cells/well). MSCs were treated with mitomycin C 50 pg/mL (Sigma),
and freshly isolated NK cells (10° cells) were added at 1:2 MSC:NK ratio. Media
were supplemented with IL-2 10 ng/mL (R&D). After 4 days of NK-MSC co-cul-
ture in NK medium, 10° K562 target cells or PCC were added and maintained in
co-culture for 4 hr.

Flow Cytometry

See Supplemental Experimental Procedures for more detailed information.
MSC Characterization

Cells were stained with the « human MSC phenotyping kit » (no. 130-095-198;
Miltenyi Biotec) according to the manufacturer’s protocol.

NK Phenotype

Before and after 4 days of co-culture with MSCs, the NK cell phenotype was
assessed using anti-NKp30 (phycoerythrin [PE]; no. 558407; BD Biosciences;
1:50), -NKG2D (antigen-presenting cell [APC]; no. 562064; BD Biosciences;
1:10), -NKG2A (fluorescein isothiocyanate [FITC]; no. 130-098-817; Miltenyi;
1:20), -NKp44 (PE; no. 558563, BD Biosciences; 1:15), -DNAM-I (PE; no.
130-100-461; Miltenyi; 1:20), and -CD25 (APC; no. 555434; BD Biosciences;
1:10) antibodies among CD45*CD3 CD56*CD16"~ cells (anti-CD45 Alexa
Fluor 700, no. 560566, BD Biosciences, 1:20; anti-CD3 PC7, no. 41116015,
Beckman Coulter, 1:20; anti-CD56 ECD, no. 41116015, Beckman Coulter,
1:40; anti-CD16 PerCP-Cy5.5, no. 560717, BD Biosciences, 1:20).

CD107a Degranulation and Intracellular IFN-vy

After 4 hr activation by target cells, NK cells were stained with anti-CD107a
(FITC; no. 555800; BD Biosciences; 1:10), -CD3, -CD45, -CD56, and -CD16
antibodies. Intracellular IFN-y expression was assessed with APC-conjugated
anti-IFN-y antibody (no. 130-097-944; Miltenyi; 1:25) after cell fixation (PFA)
and permeabilization (PBS + BSA 0.2% + saponine 0.1% buffer, for 30 min
at room temperature). NK degranulation and IFN-y expression were quantified
within the CD45*CD3~CD56*CD16"~ cell population. NK cells without target
tumor cells were used as a control.

Inhibitors/Stimulatory Molecules

Inhibitors

Human anti-IL-6 antibody (MAB206; clone no. 6708; R&D) was added at the
final concentration of 2 pg/mL at the start of co-culture. Inhibition of PGE2
was achieved using NS-398 (no. 70590; Cayman Chemical) at the final con-
centration of 5 uM. Medium + DMSO or + PBS were used as negative controls
for NS-398 and IL-6 treatment, respectively.

NK Stimulation

Human recombinant IL-6 (SRP3096; Sigma) was used at a final concentration
of 25 ng/mL. PGE2 was obtained from Sigma (P0409) and used at 1 uM



(850 ng/mL). Medium + EtOH was used as a negative control. NK cells were
treated for 4 days.

ELISA

IFN-y ELISA (Human IFN-y DuoSet ELISA; no. DY285-05; R&D) was
performed on MSC/NK/K562 and MSC/NK/PCC co-culture supernatants,
according to the manufacturer’s instructions. Controls for baseline IFN-y
secretion were supernatants from NK cells alone and NK cells cultured with
K562 cells. Samples were diluted 2-fold and analyzed in duplicates.

Quantification of IL-6 secretion by MSCs was performed by ELISA (Human
IL-6 DuoSet ELISA; no. DY206-05; R&D) in culture supernatants, according to
the manufacturer’s instructions. Samples were diluted 4- to 8-fold.

PGE2 was quantified using the Prostaglandin E2 Parameter Assay Kit
(no. KGE004B; R&D) according to the manufacturer’s protocol. Samples
were diluted 3- to 7-fold.

IFN-v, TNFa, HGF, IL-6, and TGFB1 were assessed in the co-culture super-
natants by Luminex assay (Bio-Plex Pro Human Cytokine/TGFp; Bio-Rad).

RNA Extraction, cDNA Synthesis, and qRT-PCR

Total RNA was extracted from MSCs using the RNeasy mini Kit (QIAGEN),
following standard procedures. cDNA was synthesized by reverse transcrip-
tion using M-MLV Reverse Transcriptase (Promega) according to the manu-
facturer’s instructions. gRT-PCR ampilification was performed using TagMan
Universal PCR mastermix or SYBR Green mix (Applied Biosystems). Samples
were analyzed in triplicates (37.5 ng of cDNA/reaction). Data were analyzed by
the 2722Ct method, normalizing threshold cycles first to housekeeping gene
expression (PPIA [protein phosphatase 1; TagMan probe; Hs99999904_m1],
GAPDH [SYBR Green), or TBP [SYBR Green]) and then to controls. Primers
were purchased from Microsynth AG (see Supplemental Experimental
Procedures).

Statistics

Wilcoxon matched-pairs signed rank test was used for nonparametric data
and for comparing two matched groups (N- and T-MSCs). Multiple group anal-
ysis was performed by 2-way ANOVA test followed by Tukey’s multiple
comparisons test or Dunnett’s multiple comparisons test for nonparametric
data. Statistical significance (adjusted p value) of the comparison between
BM-MSCs and lung tissue MSCs was determined by an unpaired t test with
Welch’s correction. For gRT-PCR data, multiple t tests corrected for multiple
comparisons using the Holm-Sidak method were used to compare mean
expression levels between N- and T-MSCs for each patient. For correlation
analysis, the Spearman test was used with the correlation coefficient r. Figures
also showed linear regression line with R for the goodness of fit. Calculations
were performed in Prism 7 (GraphPad Software). p values < 0.05 were consid-
ered statistically significant and are denoted by asterisks: *p < 0.05; **p < 0.01;
***p < 0.001; ns, not significant. Error bars represent the SEM, unless stated
otherwise.
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Table S1
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cells

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Abundant stroma, necrosis and i H:zgsm(;’::z tl:rsntti)cr;sr;?:r:-?:c Tumor with scant stroma
: desmoplasia; Smaller intratumoral | Tumor with very scant stroma; o P ° . . ]
Histology . . Large lymphocytic infiltrate, (similar to patient 1); Less (comparable to patient 2); not available
immune infiltrate compared to ymphocy d . . L
others tumors organized in clusters immune infitrate compared to all | Abundant lymphocytic infiltrate
others tumors
Partially bullous emphysema in Diffuse emphysema in lung
Others ;
non tumoral lung tissue parenchyma
CD3 > CD20 CD3+++ (tumor and stroma CD20> CD3 CD3 > CD20
totally infiltrated) >CD20 . N CD4 >CD8, diffu: B cell
CD4 > CD8 (5:1) CD8 > CD4 CD4 > CD8 (intratumor+periphery) » difuse (B cells more
D20 i the perioh CD20 in follicules (GC-like), CD4 organized)
CD20 in the periphery also ot of T cells, diffuse,
IHC very few CD56, GrzB Lymphoid follicules very few CD56 (everywhere) septa+invasive margin —
no CDS6, GrzB+++(CD8) FoxP3: ++, in the stromaand in | lot of B cells, more organized not avatiable
FoxP3: small amount, in the the tumor very few CD56, not in contact with
periphery tumor cells
lot of FoxP3 at the interface tumor-|
stroma
PDL1 status tumor PDL1- tumor PDL1+++ tumor PDL1+ and PDL1- (two tumor PDL1+
areas)
92.9% of CD45+ cells 95.7% of CD45+ cells 80.2% of CD45+ cells
in total living cells in total living cells in total living cells
CD11b+HLA-DR- 77.49% CD11b+HLA-DR- 3.38% CD11b+HLA-DR- 24.61%
FACS 4.42% CD3+ within CD45+ cells | 44.74% CD3+ within CD45+ cells t availabl  availabl 17.26% CD3+ within CD45+ cells
not available not available 9 ithi
42.11% CD8* within CD3+ cells | 62.05% CD8+ within CD3+ cells S o o
49.08% CD4+ within CD3+ cells | 32.29% CD4+ within CD3+ cells 25 50% of Treg within CD3+ sell
23.11% of Treg within CD3+ cells | 2.96% Treg within CD3+ cells .54% of Treg within cells
0.2% of NK cells within CD45+ | 0.59% of NK cells within CD45+

0.55% of NK cells within CD45+
cells

+, ++, +++: relative abundance of immune infiltrate; GC-like: germinal center-like



Supplemental Table Legends

Table S1. Related to Figure 1. Tumor histology. Description of tumor histology for patients 1 to 4. Immune cell
infiltrate in the tumor bulk was assessed by immunohistochemistry for patients 1, 2, 3 and 4 and by flow cytometry
for patients 1, 2 and 5. PDL1 expression in tumor cells is also indicated.
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Supplemental Figure Legends

Figure S1. Related to Figure 1. Tumor-infiltrating immune cells. Characterization of tumor-infiltrating immune
cells from patients 1, 2 and 5 by flow cytometry. Percentages of different immune cell populations were calculated
in the tumor bulk within CD45" cells: CD4" T cells, CD8" T cells, FoxP3"CD25" Treg, CD19" B cells, CD3'CD56"
NK cells, CD14" cells, CD11b"HLA-DR myeloid cells.
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Figure S2. Primary cancer cell profile. (A) (B) Relative gene expression of NECTIN2, PVR, ULBP1, MICA and
MICB NK receptor ligands by PCC from patients 2, 3, and 4 and K562 as assessed by qPCR and analyzed as a fold
change in expression. Results show the mean * SD of triplicates, normalized to GAPDH expression. (A) For each
tumor cell type, NECTIN2 expression was set as the control condition. (B) For each NK cell receptor ligand, PCC2
expression set as the control condition. (C) HLA class | expression by PCC2, 3 and 4 and K562 cells in the basal
condition and after 4 hours of co-culture with NK cells, analyzed by flow cytometry (i) Representative histograms
(count of cells); (ii) HLA class I expression level expressed as mean fluorescence intensity (MFI). (D) Percentage of
NK cell degranulation (CD107a expression) after 4 hours of activation by PCC from patients 2, 3 and 4 at different
effector:target (E:T) ratios (2:1; 1:1; 1:2) (NK from one donor). Results were assessed by flow cytometry and
analyzed with FlowJo software.
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Figure S3. Related to Figure 2. Heterogeneity of different donor NK cells. Comparison of NK cell activation
levels between the different donors. (A) Percentages of IFN-y* and CD107a* NK cells assessed by flow cytometry.
NK cells were stimulated for 4 days with IL-2 (black bars) and activated by K562 cells (left panels) or PCC (right
panels) for 4 hours (gray bars). (B) and (C): Percentages of IFN-y" and CD107a* NK cells co-cultured with N-MSCs
(blue) or T-MSCs (red) and activated by K562 cells (left panels) or PCC (right panels). Data were obtained by flow
cytometry and normalized to those of NK cells cultured alone for the same duration and activated by K562 cells or
PCC considered as 100 percent (horizontal dashed lines). (B) Graphs show the mean + SEM of (i) eight experiments
in direct MSC-NK co-culture with K562 (eight different NK cell donors, MSC1 (n=3 biological replicates); MSC2
(n=2); MSC3 (n=6); MSC4 (n=2); MSC5 (n=1)); and 3 experiments with PCC (three NK cell donors, MSC1 (n=1);
MSC2 (n=1); MSC3 (n=2); MSC4) (ii) two experiments in indirect MSC-NK co-culture with K562 (two NK cell
donors, MSC1 (n=2); MSC2 (n=1); MSC3 (n=2); MSC4 (n=1); one experiment with PCC (one NK cell donor,
MSC1 (n=1); MSC3 (n=1)). (C) IFN-y and TNFa secretion (pg/ml) by IL-2 stimulated NK cells cultured alone
(green bars) or co-cultured with N- (blue bars) or T-MSCs (red bars), after activation by K562 or PCC target cells
(one NK cell donor, MSC3 and MSC4). (D) Percentages of functional NK subpopulations from each donor: IFN-
y"'CD107a", IFN-y"CD107a’, IFN-y’'CD107a" and IFN-y'CD107a” NK cells, stimulated for 4 days with IL-2 and
activated by K562 cells. Data were assessed by flow cytometry.
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Figure S4. Related to Figure 5. MSC profile. (A), (D) and (E) Relative gene expression by N- (blue bars), T-
MSCs (red bars) and BM-MSCs (purple bars) assessed by gPCR and analyzed as a fold change in expression.
Graphs show the mean of triplicates + SD. TBP (A and D) or GAPDH (E) were used as housekeeping genes.
Statistical significance was determined by a multiple T-test, corrected for multiple comparisons using the Holm-
Sidak method and the p-value for significance (* indicates significance at P < 0.05; **, P < 0.01; ns, not significant).
Paired N- and T-MSCs were compared for each patient. (A) Relative expression of IL6, PTGS2, TGFB1, TNFAIP6
and HMOX1 in MSCs from patients 1 to 5 and from the bone-marrow of one donor. N-MSC1 expression was set as
the control condition. (B) Graph shows the concentration of IL-6, TGFp1, and HGF secreted by MSCs (1, 3, and 4)
in direct co-culture with one NK cell donor for 4 days and activated for 4 hours by K562 cells or PCC. (C) IL-6 and
PGE2 secretion (pg/ml) by MSCs (N-MSCs (blue bar), T-MSCs (red bar) and BM-MSCs (purple bar)) co-cultured
with NK cells at a 1:2 MSC:NK ratio (IL-6) and 1:4 ratio (PGE2), after activation by K562 cells. Secretion by NK
cells cultured alone and activated by tumor cells is shown in green. Data are displayed as the mean + SEM of 2
experiments (two NK cell donors, MSC1 (n=2); MSC2 (n=1); MSC3 (n=1) and BM-MSCs (n=2)) (D) Relative gene
expression of NK receptor ligands, ULBP1, MICA, MICB, NECTIN2, PVR, CD274, TLR3 and TLR4 by MSCs from
patients 1 to 5, and BM-MSCs. N-MSC1 expression was set as the control condition. (E) Relative gene expression
of the same genes as in (D) by MSCs from patient 3. TLR3 expression level was set as the control condition.
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Figure S5. Related to Figure 6. Targeting T-MSC immunosuppressive activity. (A) Graphs show the
concentrations of IL-6 and PGE2 (pg/ml) secreted by T-MSCs alone or T-MSCs with the indicated inhibitors (anti-
IL-6 neutralizing antibody and NS-398) in the supernatant of a 4 days MSC-NK co-culture and after NK activation
by K562 target cells. (i) Level of IL-6 secretion inhibition obtained with the indicated inhibitors and MSC2 in one
experiment (one NK donor, in duplicate), and MSC5 in two experiments (two NK donors). (ii) Level of PGE2
secretion obtained with NS-398 and (iii) anti-IL-6 antibody. Results are representative of one experiment with
MSC5 and one with MSC2. (B) and (C) (i) Percentage of CD107a" NK cells co-cultured with T-MSCs alone or T-
MSCs with the indicated inhibitors and activated by K562 cells. Data were analyzed by flow cytometry and
normalized to the control condition (NK cells alone activated by K562 cells, horizontal dashed line). (ii) Correlation
between the percentage of CD56""9" NK cells and of CD107a" NK cells in different culture conditions. The
statistical test used was the Spearman correlation coefficient r; significance determined at P < 0.05 *; P < 0.01 **;
ns, not significant, p-values are reported; linear regression line with R square for goodness of fit. (B) Results are
shown for one rescue experiment (single NK cell donor, MSC2). (C) Results obtained from two experiments (two
NK cell donors, MSC5 (n=2)).



Supplemental Experimental Procedures

Primary MSC isolation

T-MSCs and N-MSCs were isolated after mechanical and enzymatic disruption of the fresh primary human tumor
samples and adjacent macroscopically normal lung tissue (project authorization n°131/12), in IMDM (GIBCO)
supplemented with collagenase 11 and 1V (0.5 mg/ml, GIBCO) and DNAse | (0.1 mg/ml, Roche) for 2h at 37°C.

Multilineage differentiation potential of MSCs

MSC differentiation potential along osteocytic, chondrocytic and adipocytic lineages was assessed in culture using
three different conditioned media. For induction of osteocytic and adipocytic differentiation, MSCs were seeded at
0.1 M cells/well in 12-well plates, in 1 ml medium/well. When MSCs reached 80% confluence, cells for osteocytic
induction were treated with DMEM (GIBCO), supplemented with PS 1%, FCS 10%, NEAA 1%, APP (Ascorbic
Acid P; 50 pg/ml, Sigma), Dexamethasone (10" M, Sigma) and BGP (betaGlycerophospate; 5 mM, Sigma). For
adipocytic differentiation, MSCs were treated with IMDM, supplemented with 1% PS, 10% FCS and 1% NEAA,
ITSS (Insulin Transferin Sodium Selenite; 10 ug/ml, Roche), Dexamethasone (10 M), Indometacine (100 pM,
Fluka) and IBMX (3 Isobutyl 1 Methylxanthine, 100 uM, Sigma). Control conditions for both inductions are MSCs
cultured in MSC medium. For chondrocytic induction, MSCs were cultured as a pellet at 0.5 M cells/pellet, in 1ml
medium. Induction medium was composed of DMEM (high glucose), 1% PS, ITSS (10 pg/ml) and linoleic acid (1
mg/ml, Sigma), with AAP (50 ug/ml), Dexamethasone (107 M), and TGFp (10 ng/ml, Miltenyi Biotec). Control
medium consisted of DMEM, 1% PS, ITSS (10 pg/ml) and linoleic acid (1 mg/ml). Following the treatments, cells
were fixed and stained with oil red O (adipocytes), silver nitrate for von Kossa staining (osteocytes), and Alcian blue
(chondrocytes).

Immunohistochemistry (IHC)

T- and N-MSCs grown in 24-well plates (40,000 cells/well) for 24 hours were washed twice in PBS, then were fixed
at room temperature in 4% PFA, and were stained with anti-vimentin (#M0725, Dako) and anti-a-SMA (#ab5694,
Abcam) antibodies.

Characterization of tumor-infiltrating immune cells by IHC

Whole-tissue sections from the SCC were formalin-fixed and paraffin-embedded (FFPE) and stained with antibodies
to assess immune cell infiltration. Haematoxylin/eosin staining (J.T. Baker; Merk) and staining with anti-CD3
(2GV6, #790-4341, Roche), -CD20 (#CD20-L26-L-CE, Novocastra), -CD68 KP1 (#GA60961-2, DAKO), -PD-L1
(#SP263, Roche Ventana), -Granzyme B (GrB-7, #MON7029-1, MONOSAN), -CD56 (#NCL-L-CD56-1B6,
Novocastra), -CD8 (C8/144B, #MA5-13473, DAKO), -PD1 (#AF1086, R&D), -CD4 (SP35, #790-4423, Ventana), -
FoxP3 (236A/E7, #ab20034, Abcam) antibodies were performed.

Flow Cytometry

For all experiments, cells were first incubated 15 minutes with FcR Blocking Reagent (Miltenyi), and then stained
for 30 min with conjugated antibodies at 4°C. Before acquisition, cells were washed in PBS and fixed in 1% PFA.
All samples were acquired with a Gallios Cytometer (Beckman Coulter) and data analyzed using FlowJo version10
software. The initial gating strategy included cell size selection, cell doublet and dead cell exclusion (with fixable
viability dye (LIVE/DEAD®, #L.-34963, Life Technology) or DAPI). Beads were used to set compensation for
multicolor flow cytometry experiments (VersaComp Antibody Capture Bead kit, #22804, Beckman Coulter).
Figures and graphs were made with GraphPad Prism7 software.

Characterization of tumor-infiltrating immune cells. Immune infiltrates in the tumor bulk of Patient 1, 2 and 5 were
assessed using anti-CD45 (Alexa700, #560566, BD, 1:20), -CD4 (PE, #555347, BD, 1:40), -CD8 (Pacific Blue,
#558207, BD, 1:20), -CD3 (PC7, #41116015, BC, 1:20), -CD19 (FITC, #11-0199-41, eBioscience, 1:40), -CD56
(ECD, #41116015, BC, 1:40), -HLA-DR (APC, #559866, BD, 1:20), -CD14 (PE, #557154, BD, 1:10), -CD16
(PerCP-Cy5.5, #560717, BD, 1:20), -CD11b (APC-eFluor780, #47-0118-41, eBioscience, 1:20) antibodies.
Regulatory T cells (Tregs) were stained with anti-human FoxP3 Staining Set FITC from eBioscience (#71-5776-40),
according to the manufacturer’s protocol. CD4" T cells were defined as CD45°CD3°CD4", CD8" T cells as
CD45'CD3"CD8", regulatory T cells as CD45"CD3*CD4*CD25"FoxP3", B cells as CD45"CD3'CD19"CD14°CD16
CD56', NK cells as CD45'CD3 HLA-DR CD56'CD16"", myeloid cells as CD45*CD3 CD11b"HLA-DR™", and
CD14" cells as CD45'CD3 CD16" CD56' HLA-DR*CD14 cells.



Characterization of tumor cells. K562 cells and primary lung carcinoma cells (PCC) were thawed, blocked with FcR
Blocking Reagent and stained with anti-HLA-ABC (VioGreen, #130-101-449, Miltenyi) antibodies. DAPI was used
to mark living cells. Signal-to-noise ratio was calculated as the MFI (mean fluorescence intensity) of the positive
cells divided by the MFI of the negative cells.

NK cell isolation and culture

Buffy coats (project authorization n° P-108) were diluted 1:4 in PBS and NK cells isolated from PBMC
(Lymphoprep, StemCell Technologies) using a negative sorting kit (NK Isolation Kit, #130-092-657, Miltenyi), with
95% purity.



Primers used in this work

Genes Primers Amplicon size (bp)

PTGS2 FW 5’ - CTG GCG CTC AGC CATACAG-3’ 94
RV 5’ — CGC ACT TAT ACT GGT CAAATCCC-3’

TGFB1 FW5 - CAG ATC CTG TCC AAGCTG -3’ 270
RV 5 - TCG GAG CTC TGA TGT GTT -3’

IL6 FW5 —CAG TTG CCT TCT CCCTGG G -3’ 111
RV 5 - TGA GTG GCT GTC TGT GTG GG -3’

IL2RA FW 5’ — CGC AGA ATA AAA AGC GGG TCA-3’ 116
RV5 —-ACTTGTTTC GTT GTG TTCCGA-3’

MICA FW 5’ — CTT CAG AGT CAT TGG CAG ACAT-3’ 172
RV 5 —-TGT GGT CACTCG TCCCAACT -3’

MICB FW5 —TCT TCG TTA CAACCT CATGGT G -3’ 168
RV 5 —-TCC CAGGTC TTAGCT CCCAG-3’

NECTIN2(CD112) | FW5’- GGA TGT GCG AGT TCA AGT GCT -3¢ 179
RV 5’ - TGG GAC CCA TCT TAG GGT GG -3’

PVR (CD155) FW 5’ - TGG AGG TGA CGC ATG TGTC-3’ 105
RV 5 —GTT TGG ACT CCG AAT AGC TGG -3’

ULBP1 FW 5’ - TAA GTC CAG ACC TGA ACCACA -3 174
RV 5 —-TCC ACCACG TCT CTT AGTGTT -3’

TLR3 FW5 - TTAAAGAGTTTT CTCCAGGGTGTTTT-3" | 125
RV 5 - AAT GCT TGT GTT TGC TAATTC CAA-3’

TLR4 FW 5’ - CCCCTT CTC AAC CAAGAACCT -3 123
RV 5 — ATT GTC TGG ATT TCA CAC CTG GAT -3’

CD274 (PDL1) FW 5’ - TGGCATTTGCTGAACGCATTT -3’ 120
RV 5’ - TGCAGCCAGGTCTAATTGTTTT -3’

HMOX1 FW 5’ — AAGACTGCGTTCCTGCTCAAC -3’ 247
RV 5’ - AAAGCCCTACAGCAACTGTCG -3’

TNFAIP6 FW 5’ - TCTGGCAAATACAAGCTCACC -3’ 143
RV 5’ - CTGCCCTTAGCCATCCATCC -3’

GAPDH FW 5’ — GGC TCT CCA GAA CAT CATCC-3’
RV 5 - CCT GCT TCACCACCTTCTTG -3’

PPIA FW5 - ACCGTG TTCTTC GACATTGC-3’
RV5 -TTATGC CGT GTG AAGTCACC-3’

TBP FW5 -CGGCTGTTT AACTTCGCTTC-3

RV 5 - CAC ACG CCA AGA AACAGT GA-3




3. PART Il: COMPLEMENTARY UNPUBLISHED DATA

3.1 Results

In view of the large amount of data collected during this thesis, some of them were not included
in the peer-reviewed manuscript but are presented here as complements to specific sections of
the article, or as preliminary data. We start by giving more detailed descriptions and discussions
of some figures of the paper in sections 3.1.1 to 3.1.3. Then, in sections 3.1.4 to 3.1.6, we present
supplemental data which directly complement the manuscript and reveal additional details of the
MSC-NK interaction. Finally, section 3.1.7 presents preliminary data on the role of the tumor

cells in T-MSC specific profile induction.

3.1.1 Tumor-Infiltrating Immune Cells. Related to Table S1 and Figure S1.

Surgically-removed primary tumors from the five studied patients were subjected to a
histological analysis and immunostaining was performed on tissue sections for CD3, CD4, CD8,
CD20, CD68 KP1, Granzyme B, CD56, PD-L1, PD1, and FoxP3 (Table S1). The immune cell
infiltrate of tumors from three patients (patients 1, 2 and 5) was assessed by flow cytometry for
the expression of lineage-specific markers, using specific gating strategies (Fig. S6 A-D).
Myeloid cells, defined as CD45'CD11b*"HLA-DR’, constituted the major (77.49%) infiltrating
sub-population in the tumor bulk of patient 1, with only 4.42% of cells corresponding to T
lymphocytes, defined as CD45'CD3" cells. In contrast, T lymphocytes were the dominant sub-
population in the infiltrate of the tumor bulk of patient 2 (44.74%), with only 3.38% of cells
displaying a myeloid phenotype. The infiltrate of the tumor bulk from patient 5 fell between
those of the other two patients, with 24.61% of myeloid cells and 17.26% of T lymphocytes.
Among the CD3" cells in the tumor infiltrate of patient 2, 62.05% were CD8" and 32.29% were
CD4". The CD45'CD3" infiltrate in the tumor from patient 1 was composed of 49.08% CD4"
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Figure S6
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Figure S6. Gating procedure for characterization of tumor-infiltrating immune cells.

Gating strategy used for flow cytometry data on tumor bulk sample from one representative

patient (patient 5) to determine the frequencies of (A) NK, T, B and CD14" cells; (B) Myeloid

cells; (C) CD8" T cells; (D) FoxP3'CD25" Treg starting from CD45" gated cells.
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and 42.11% CD8" cells. Patient 5 tumor infiltrating CD3" cells were composed of 73.46% CD4"
and 24.87% CD8" cells. Interestingly, regulatory (FoxP3") T cells represented a substantial
fraction of CD3" cells (23.11%), in patient 1 and 5 (25.54%) but only 2.96% in patient 2. NK
cells constituted less than 1% of the total CD45" tumor infiltrate in all three patients (0.2% of
CD45" cells for patient 1, 0.59% for patient 2 and 0.55% for patient 5). These data were

consistent with IHC staining (Fig. S1).

The percentage of T-MSCs in the tumor bulks was also assessed by flow cytometry and was
higher than the percentage of N-MSCs in normal tissues, but represented less than 1% of the
total bulk population for all patients (data not shown). An analysis from other human cancers
also showed that MSCs represented about 1% of total cells present in the tumor (Brennen et al.,

2012).

3.1.2 Ligands for NK receptors expressed by tumor cells. Related to figures S1, S2 and

Table S1

K562 cell line is known to be a NK preferential target due to the lack of HLA class | expression
and the expression of different ligands for NK activating receptors. We confirmed that the K562
cell line transcriptionally expressed high levels of CD112, CD155, ULBP1, MICA, and MICB. In
contrast, PCC from lung carcinoma did not express CD112 and showed only low levels of
CD155 and ULBP1, whereas they expressed the NKG2D ligands MICA and MICB (Fig. S2 A
and B). Expression also differed between patients. PCC isolated from patient 2 were the less
immunogenic according to their lower levels of expression of all tested ligands (Fig. S2 B). It is
interesting to note that, for this patient, expression of NK ligands by tumor cells and immune

infiltrate of the tumor bulk differed from others patients. Flow cytometry and IHC revealed a
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higher content of CD8" T cells in the tumor, compared to CD4" cells (Fig. S1 and Table S1).
CD8" T cells, in contrast to NK cells, required HLA-I expression to be activated and to Kill
tumor cells. PCC from all patients expressed HLA-I, and this surface expression was induced by
the presence of NK cells in co-culture (Fig. S2 C). Compared to other patients, Treg infiltration
was very low in patient 2 tumor bulk. Patient 2 tumor was also highly positive for PD-L1 and

more immune-infiltrated compared to all other tumors (Table S1).
3.1.3 Ligands for NK receptors expressed by MSCs. Related to figure S4

Lung MSCs expressed several ligands for NK activating receptors (Fig. S4 D) that have been
studied in NK-mediated MSC Kkilling (Spaggiari et al., 2006b). However, these ligands also
contribute to NK cell exhaustion and subsequent down-regulation of NK receptors, similarly to
prolonged contact with tumor cells inducing NK cell anergy. In this work, we showed that lung
MSCs highly expressed Nectin-2 and PVR even more, which are ligands for DNAM-1. Besides,

compared to DNAM-1 ligands, MICA/B (ligands for NKG2D) were expressed at a lower level.

MSCs can bear ligands for surface molecules involved either in the activation or inhibition of
lymphocyte functions (Poggi and Zocchi, 2015; Turley et al., 2015). Indeed, DNAM-1 can react
with MSC-expressing PVR and Nectin-2 (Bottino et al., 2003). This recognition generally leads
to the killing of the DNAM-1L-bearing cell. However, it is also possible that DNAM-1L can
bind TIGIT or CD96 inhibitory molecules on lymphocytes, leading to the impairment of an
immune response (Blake et al., 2016). Moreover, NKG2DL and DNAM-1L are widely expressed
in several carcinomas and leukemic disorders, suggesting that MSCs, rather than tumor cells, can

be a suitable alternative target in TME.

46



Other groups have shown that BM-MSCs can secrete Matrix Metalloproteinases (MMPs) and
other proteases able to shed ligands from their surface (Giuliani et al., 2014; Nausch and
Cerwenka, 2008) and to induce NK cell exhaustion. NKG2D ligand (NKG2DL) expressed on
MSCs can be shed in the extracellular milieu (SMICA e.g.), thus interfering with NKG2D-
mediated recognition of tumor target cells (Poggi et al., 2014). Indeed, ADAMs can function as
sheddases of NKG2DL (Zocchi et al., 2015), contributing to the immune cell escape of
neoplastic cells. Recently, a soluble form of PVR (sCD155) was detected in patients with various
tumors (Iguchi-Manaka et al., 2016). Soluble CD155 levels were significantly higher in the sera
of patients with lung, gastrointestinal, breast, and gynecologic cancers than in sera from healthy

donors (Iguchi-Manaka et al., 2016).

Future investigations of the mechanisms controlling the regulation of NKG2D and DNAM-1
ligands should offer a better understanding of the MSC-NK interaction and a better assessment
of NK ligands as potential targets for therapy. The idea would be to avoid overexposure of NK
cells to a continuous positive signal leading to their exhaustion and their inability to respond to
later stimulations by tumor cells. Interestingly, MSCs (T-MSCs more than N-MSCs) also
expressed PD-L1 (Fig. S4 D), that can directly inhibit NK cells and we would like to test this

interaction in future co-culture experiments.

3.1.4 MSC: NK ratios in co-culture. Related to the set-up of co-culture experiments

Before choosing the 1:2 ratio for subsequent functional co-culture experiments, different
MSC:NK ratios were tested (from 1:1 to 1:16) (Fig. S7). At 1:2 MSC:NK ratio, a recurrent
immunosuppressive effect of MSCs was observed, with large differences between N- and T-

MSCs (Fig. S7). Comparable results were observed with 1:4 MSC:NK ratio.

47



Figure S7
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Figure S7. NK:MSC ratios. NK cell activation (percentages of CD107a and intracellular [FN-y
positive cells) by K562 following N- and T-MSC co-culture at different NK: MSC ratio (1:1 to
1:16), as assessed by flow cytometry. Results were normalized to those of NK cells cultured
without MSCs for the same duration and activated by target cells (the control condition is
represented by the horizontal dashed line). Results show the mean = SEM. For 1:1 MSC:NK
ratio: two experiments with MSCI1 (n=1), 2 (n=1), 3 (n=1) and 4 (n=1)); 1:2 ratio (nine
experiments, MSC1 (n=4), 2 (n=3), 3 (n=8), 4 (n=2), 5 (n=2)); 1:4 ratio (five experiments,
MSCI1 (n=4), 2 (n=2), 3 (n=6), 4 (n=2)); 1:8 ratio (3 experiments, MSC1 (n=2), 2 (n=1), 3 (n=4),

4 (n=1)); 1:16 ratio (2 experiments, MSC1 (n=1), 2 (n=1), 3 (n=3)).



3.1.5 Inhibition of NK cell proliferation by MSCs. Related to MSC effect on NK function

BM-MSCs have been largely studied for their ability to decrease T and NK cell proliferation
(Krampera et al., 2006; Spaggiari et al., 2008), through PGE2 and IDO secreted factors. Lung
MSCs reduced NK proliferation when co-cultured at 1:4 MSC:NK ratio (Fig. S8 A).
Interestingly, at 1:2 MSC:NK ratio, at which a decreased NK function and a reduced expression
of NK activating receptors were observed, NK proliferation was less affected and even preserved
for some MSC patients (Fig. S8 A). Whereas the modulation of lung MSCs on NK cells was
dependent on MSC:NK ratios, BM-MSCs exerted their inhibition in all tested conditions.
Furthermore, MSC modulation of NK proliferation occurred similarly in both CD56 NK subsets
(Fig. S8 B), and did not explain the enrichment in the CD56%™ subset through a selective

inhibition of the CD56""9" population.

3.1.6 ICAM-1 expressed by T-MSCs modulates NK degranulation but not cytokine
secretion. Related to the investigation of molecules potentially involved in NK function

modulation.

MSCs express high levels of several molecules, namely IL-6, COX-2/PGE2 and ICAM-1. IL-6
and COX-2 have been deeply investigated in this work and presented in the article, but ICAM-1
also seemed to play a role in NK function modulation by MSCs. At the basal level, before co-
culture, T-MSCs from Patients 2 and 5 expressed higher levels of ICAM1 than their non-tumor
tissue-derived counterparts (Fig. S9 A), and ICAM1 was highly induced over time in co-culture
with NK cells (Fig. S9 A). The antibody blockade of ICAM-1 (MAB720) in MSCs from Patient
5 (Fig. S9 B) failed to restore IFN-y production by NK cells in response to K562. In contrast, NK

degranulation was restored at a similar level to the one reached by COX-2 inhibition. Thus,
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Figure S8
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Figure S8. NK proliferation. (A)

and (B): Histograms showing the distinct generations of

proliferating NK cells, stained with CFSE beforehand and cultured alone or in the presence of

MSCs (N-, T- or BM-MSCs) for 4 days. NK cells are defined as CD45'CD3°CD56'CD16™ cells

and histograms are normalized to

mode. (A) (i) one experiment with a single NK cell donor and

MSCs from patient 1 and BM-MSCs, at different MSC: NK ratios (1:1 to 1:8); (ii) one

experiment with a single NK cell donor and MSCs from patient 2 and BM-MSCs, at 1:2 and 1:4

MSC:NK ratios. (B) Histograms showing the proliferative peaks of the total NK cell population

and of the CD56™" and CD56%™ subsets, after co-culture with MSCs from patient 2, at 1:4

MSC:NK ratio.
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Figure S9: ICAM-1 is highly expressed by T-MSCs. (A) Relative gene expression of /CAM 1
by N- and T-MSCs as assessed by qPCR and shown as a fold change in expression (N-MSC2
expression set as the control condition). Data are representative of four experiments (four NK
cell donors, MSC2, 3, 5 (n=2)) and results show the mean + SEM. (i) in the basal state (day 0 of
co-culture); (ii) relative gene expression of /ICAMI by T-MSCs collected at the indicated time
points with and without direct co-culture with NK cells (four NK cell donors, MSC2, 3, 5(n=2)).
Results show fold change in gene expression compared to T-MSCs at day 0. Statistical
significance was determined by one-way ANOVA with Tukey’s multiple comparisons test (*
indicates significance at P < 0.05; ** P < 0.01; ns, not significant). (B) and (C) Data were
analyzed by flow cytometry and results show mean values = SEM. (B) Results are from two
rescue experiments with two NK cell donor and MSCs from patients 3 and 5. Percentage of IFN-
y" (i) and CD107a" (ii) NK cells after activation by K562 cells in the presence of T-MSCs with
or without anti-IL-6 neutralizing antibody and/or NS-398 and/or anti-ICAM-1 antibody. Results
are normalized to NK cell activation by K562 cells in the absence of MSCs, considered to be 100
percent (horizontal dashed line). (iii) Percentage of K562-activated CD56™¢" and CD56%™ NK
subsets cultured alone or with T-MSCs in the presence or absence of inhibitors. Statistical
significance was determined by 2-way ANOVA followed by Dunnett’s multiple comparisons
test, with K562-activated NK cells co-cultured with T-MSCs set as the control (red). (iv)
Correlation between the percentage of CD56™¢" NK cells and intracellular IFN-y
production/CD107a surface expression in different culture conditions. The statistical test used
was the Spearman correlation coefficient r; p-values are reported; linear regression line with R
square for goodness of fit. (C) Percentage of NK receptor expression after 4 days in culture alone
(gray bar) or with T-MSCs in the absence (dark red bar) or presence of anti-ICAM-1 neutralizing

antibody (light red bar). MSC5 (n=2), two NK cell donors.



ICAM-1 expressed by T-MSCs appeared to be more closely correlated with the regulation of NK
cytotoxicity than with the cytokine production. In addition, NK cell brightness was almost not
affected (Fig. S9 B (iii) and (iv)), in line with the inability of ICAM-1 blockade to restore NK
cytokine production. Surprisingly, ICAM-1 inhibition slightly exacerbated NK receptor

downregulation induced by Patient 5 T-MSCs, with the exception of DNAM-1 (Fig. S9 C).

Exploration of the role of ICAM-1 in MSC-mediated immunosuppression underscores the
complexity of MSC-NK crosstalk, also highlighted by others (Casado et al., 2013) and the
plasticity of MSCs in terms of their immunomodulatory functions. It is known that IFN-y
induces MSC expression of the enzymes IDO and COX-2 (Le Blanc and Davies, 2015), which
generate immunosuppressive mediators, and of the adhesion receptor ICAM-1 (Ren et al., 2010).
Ren et al. found that ICAM-1 and VCAM-1 were critical for MSC-mediated immunosuppression
(Ren et al., 2010). Furthermore, ICAM-1 and VCAM-1 were found to be inducible by the
concomitant presence of IFN-y and inflammatory cytokines (TNFo or IL-1). ICAM-1 and
VCAM-1 were required for lymphocyte-MSC adhesion and, when the function of the adhesion
molecules was inhibited by blocking Abs or gene knockout, MSC-mediated immunosuppression
was significantly reversed in vitro and in vivo. However, we did not confirm their observations in
our human model, where only the cytotoxic function of NK cells was restored by adhesion
blockade. In addition, NK activating receptors, that are commonly associated with NK
cytotoxicity, were even more down-regulated in the concomitant presence of MSCs and anti-

ICAM-1, than in the presence of T-MSCs alone.

As previously described, we observed a major role of PGE2 in MSC-mediated NK cytokine
inhibition. We hypothesize that PGE2 was still secreted, even in the presence of anti-ICAM-1

antibody, due to the experimental setup of the co-culture that allowed close proximity between
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cells. Blocking MSC-NK adhesion disturbed the balance that favored MSC immunosuppression,

but the mechanisms are not fully understood and require more investigations.

3.1.7 MSC-tumor cell co-cultures. Preliminary results on the modulation of MSC

phenotype by tumor cells

We have shown that N- and T-MSCs differed in their gene expression profile and their
immunosuppressive potential toward NK cells, but how does the tumor — or the tumor
microenvironment — contribute to the T-MSC specific characteristics? MSCs in tumors have
been described as originating from various sources: either from recruited BM-MSCs, or from
adipose tissue-derived stem cells, or from perivascular MSCs, or even from resident N-MSCs
that, in contact with tumor cells and other components of the tumor microenvironment, could
switch to a T-MSC phenotype (Karnoub et al., 2007; Kidd et al., 2012; Kucerova et al., 2010;
Prantl et al., 2010; de Souza et al., 2016; Suzuki et al., 2011). Therefore, we co-cultured N-MSCs
from patients 2, 3 and 4 for seven days with growing amounts of paired PCC or K562 at 1:2 and
1:5 MSC:tumor cell ratios and assessed their gene expression (Fig. S10 A) and secretory profiles
(Fig. S10 B). IL6 and PTGS2 were significantly induced in N-MSCs in indirect co-culture and
this phenomenon followed the increasing MSC:PCC ratios (Fig. S10 A). For patient 2 and 4, the
presence of K562 also increased IL6 gene expression (Fig. S10 A) and secretion (Fig. S10 B) by
N-MSCs. Interestingly, PCC from patient 3 expressed IL6 (data not shown), unlike other PCCs,
suggesting that the tumor of patient 3 was enriched in IL-6 cytokine coming from at least these
two sources: MSCs and PCC. PTGS2 expression was induced in the presence of K562 cells in
MSCs from all patients (Fig. S10 A). In contrast, TGFB1 expression remained unchanged,
except in patient 3 MSCs co-cultured with K562 at the highest MSC:tumor cell ratio, where its

expression increased (Fig. S10 A).
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Figure S10
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Figure S10: MSC-PCC co-culture. (A) (B) MSCs and K562 or PCC (patient 2, 3 and 4) were
co-cultured for 7 days at different MSC:tumor cells ratios (1:2, 1:5) in indirect conditions and
analyzed for IL6, PTGS2 and TGFBI expression modulation and IL-6 secretion. (A) Relative
gene expression of /L6, PTGS2 and TGFBI by N-MSCs co-cultured for 7 days with tumor cells,
assessed by qPCR and shown as a fold change in expression (N-MSC expression set as the
control condition, in black bar). Gene expression by T-MSCs is reported as a control (red bar).
Results show the mean + SD of triplicates, normalized to GAPDH expression. Statistical
significance was determined by a multiple T-test, corrected for multiple comparisons using the
Holm-Sidak method and the adjusted p-value for significance (* indicates significance at P <
0.05; **, P < 0.01; ns, not significant). (B) IL-6 secretion (pg/ml) by MSCs from patients 2, 3
and 4 after 7 days in culture with or without K562 and PCC. (C) Relative gene expression of /L6,
PTGS2 and TGFBI by N-MSCs from patient 2 after 7 days of treatment with TGFB1 (1 and
10ng/ml) and/or IL-6 (10ng/ml) and in control medium. Results show fold change in gene
expression compared to N-MSCs. Statistical significance was determined by a multiple T-test,
corrected for multiple comparisons using the Holm-Sidak method and the adjusted p-value for

significance (* indicates significance at P < 0.05; **, P < 0.01; ns, not significant).



On one hand, the tumor is able to prime MSCs, on the other hand, MSCs themselves — as a part
of the TME - contribute to create a niche that favors tumor growth (Karnoub et al., 2007;
Kucerova et al., 2010; Prantl et al., 2010; Suzuki et al., 2011). T-MSCs expressed and secreted
IL-6, TGFB1 and PGE2 (Fig. S4. A and B, Fig. 5 A). To test the potential role of some of these
cytokines likely to be present in the tumor microenvironment, we treated N-MSCs with 1L-6 or
TGFB1 alone or in combination for 7 days. IL-6 treatment alone did not bring any significant
modulation of TGFB1, PTGS2 or IL6 gene expression (Fig. S10 D). By contrast, TGFp1
treatment, both alone and in combination with IL-6, was able to enhance the expression of
TGFB1 (feedback amplification loop) and IL6 (Fig. S10 D). Although TGFp1 is produced by
MSCs and seemed involved in the production of IL-6, this cytokine failed to fully explain the N-
MSC change into an immunosuppressive phenotype, as PTGS2 expression is not modulated by

its presence.
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3.2 Complementary Material and Methods

CFSE staining

Freshly isolated NK cells were washed with 10 ml PBS+5%FCS and stained at room
temperature with CellTrace™ CSFE (ThermoFisher, C34570) at the final concentration of 5uM
(1:1000 dilution from stock solution) for 5 minutes, protected from light. After staining, cells
were washed 3 times in PBS+ 5% FCS, and then co-cultured with MSCs in NK medium+IL-2
for 4 days (as described in the section “co-culture experiments”). NK cells treated with
Mitomycine C after having been stained with CSFE were used as control sample for non
proliferative cells.

After 4 days, cells were harvested for flow cytometry analysis. More precise technical
information about antibody staining, sample acquisition and analysis can be found in

Supplemental Experimental Procedures.
Inhibitors/ stimulatory molecules

Inhibitors. Human anti-ICAM-1 antibody (MAB720, R&D) was added at the final concentration

of 10 ug/ml at the start of co-culture. Medium + PBS was used as negative control.
N-MSC expression analysis after tumor cell co-culture and cytokine treatment

Co-culture. N-MSCs from patients 2, 3 and 4 were co-cultured with K562 cells and with primary
cancer cells from the same patient for 7 days in transwell culture conditions at different
MSC:tumor cell ratios (1:2 and 1:5). MSCs (20.000 cells/well) were seeded onto six-well plates
(Costar, Corning incorporated). PCC or K562 cells were seeded into 1,0 um-pore insert of PET-

membrane (Corning, Falcon) at different amounts according to the two different ratios. Controls
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were T-MSCs and N-MSCs cultured alone. Cells were cultured in MSC medium, half of which
was refreshed at day 3 and 5 and frozen at -20°C for subsequent analysis of the supernatant. At
day 7, cells (tumor cells and MSCs) were harvested, washed twice in ice-cold PBS, snap frozen
and stored at -80°C until RNA extraction. Supernatant of the co-culture at day 7 was also frozen

for later analysis.

TGFfL and IL-6 treatment. N-MSCs from patients 2 were seeded at 20.000 cells per well in six-
well plates and treated for 7 days with IL-6 (10ng/ml, ref. SRP3096, Sigma), TGFB1 (1ng/ml or
10ng/ml, ref. 130-095-066 Miltenyi Biotec) or a combination of both in MSC medium. Controls
were N-MSCs cultured in MSC medium. Medium was changed at day 3 and 5. At day 7, N-

MSCs were harvested, washed twice in ice-cold PBS, snap frozen and stored at -80°C until RNA

extraction.

For both culture experiments, N-MSC expression was assessed by qRT-PCR as described in the

previous “RNA extraction, cDNA synthesis and gRT-PCR” section.
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4. PERSPECTIVES

In this work, we provided insights into the effects of tumor-associated MSCs on NK cell activity.
Indeed, we compared the immunomodulatory activity toward freshly isolated I1L-2-activated NK
cells from healthy donors of paired samples of MSCs isolated from tumor tissue (T-MSCs) and
normal adjacent lung tissue (N-MSCs) of patients with squamous cell lung carcinoma.
Interestingly, we observed marked differences between T- and N-MSCs in their phenotype and
immunosuppressive function. Despite the ability of MSCs to secrete a variety of mediators with
immunosuppressive effects, T-MSCs seemed to mediate inhibition of NK cell function primarily
through PGE2. Our observations provide insight into how stromal responses to cancer growth

blunt NK cell activity in human lung SCC.

In the future, we would like to follow two major axes in the investigation of MSC-NK
interactions. Firstly, we would like to better understand how tumor cells induce stromal cells to
produce high levels of IL-6, PGE2 and other mediators, and to become immunosuppressive. Our
preliminary studies indicate that TGFB1 could participate in this process. Additional candidates
would be interesting to test, such as IL-1f, which could be involved in MSC conditioning. In a
study on the influence of inflammatory microenvironment on human MSCs in the context of
polytrauma, it has been shown that COX2, PTGES (which catalyzes the conversion of PGH2 to
PGE2) and TSG-6 were upregulated in MSCs upon stimulation with IL-1p (Hengartner et al.,
2015). Thus, IL-1p seems to be a promising targetable candidate for future experiments, in order

to reverse T-MSC immunosuppressive priming.

Secondly, we would like to address the mechanisms leading to NK receptor downregulation and

hyporesponsiveness by looking more precisely at the immunological synapse formation. The role
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of PD-L1 and PD1, as well as the role of ICAM-1-LFA1 and other adhesion molecules will be
addressed in more detail. We already know, from lung MSC gene expression profile analysis,
that PD-L1 (CD274) is much more highly expressed by T-MSCs than by N-MSCs. For the study
of PD-L1/PD1 interaction, it would be interesting to characterize their expression on both MSCs
and NK cells, and test an anti-PD1 receptor-blocking monoclonal antibody (BMS-936558,
Nivolumab) (Wang et al., 2014a) in co-culture experiments. ICAM-1 and LFA1 binding could be
analyzed using Real-time fluorescent microscopy, ICAM-1 bead binding assay or study of LFA-

1-mediated NK spreading, e.g. (Sanborn et al., 2010).

Having examined direct cell-to-cell interactions, we would like to address the potential shedding
of NKG2D and DNAM-1 ligands expressed by MSCs, and the role of MSC proteases in this
mechanism. For this purpose, we would like to detect the potential presence of SMICA and/or
sCD155 in the supernatant of NK:MSC co-cultures. Moreover, data from another project in our
laboratory on the secretory and gene expression profile of MSCs indicate that they
express/secrete specific proteolytic enzymes, like MMP2. Thus, one interesting experiment
would be to target these proteases and analyze the effect on NK receptor expression in co-culture

with MSCs.

Interestingly, the secretory profile analysis of lung MSCs from patient 1 (not shown) indicates
that T-MSCs have a marked immunosuppressive profile, with significantly higher secretion of
TSG-6, PTGD2 (which synthesizes PGH2) and CD81 and CD9 (two exosome-related proteins)
compared to N-MSCs. We also found various molecules from the complement system secreted
in larger amount by T-MSCs compared to N-MSCs (C4a, CFD, C1r, CFB, C1s). Thus, it would
be interesting to explore the role of these molecules in the immunomodulatory potential of T-

MSCs.
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Regarding the immunomodulatory molecules secreted by MSCs, we largely discussed IL-6
cytokine in previous sections. Its receptor is composed of two subunits: IL-6Ro (CD126) and
gp130 (CD130). The latest is ubiquitously expressed, while IL-6Ra is cell specific, but the two
subunits are required to allow IL-6 signaling. However, for the cells that do not express the
CD126 subunit, it also exists as a soluble form of IL-6Ra, which binds to IL-6, increasing its
half-life time and allowing trans-signaling when binding to gp130 on target cells (Hunter and
Jones, 2015). Other groups have shown that MSCs secrete 1L-6 but also soluble IL-6Ra. (Luu et
al., 2013). Curiously, we did not detect any IL-6/IL-6 Ra. complexes in the supernatant of MSC-
NK co-cultures, although this could be due to the detection limit of the kit (78.10 pg/ml; Human

IL-6/IL-6 Ro. Complex DuoSet ELISA, R&D).

All these data underline how intriguing, complicated and heterogeneous, the profile of T-MSCs

and their role in immunosuppression in lung tumors are, and they call for further investigations.

Finally, in parallel to the directions proposed above, it would be of great interest to transpose our
observations and investigations to an in vivo model. A patient-derived tumor graft model with
infused NK cells preconditioned or not with T- or N-MSCs or BM-MSCs would allow us to

explore the role of the MSC-NK axis in promoting tumorigenesis.

This work reveals the potential for MSC targeting or reprogramming as an additional anti-tumor
therapeutic strategy, considering their immunosuppressive and pro-inflammatory phenotype,
particularly through the release of PGE2. To conclude, it is important to add a few general
comments regarding the role of TME-targeting therapies, their place in the anti-tumor treatment
arsenal, but also their limitations. The TME is a complex ecosystem that supports tumor growth

and metastatic dissemination, and that constitutes an integral part of cancer. Accordingly, novel
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candidate targets within the TME are constantly being proposed to improve the actions of
various anti-cancer therapies, notably immunotherapy, that work by potentiating host anti-tumor
immune responses (Pitt et al., 2016). However, the major limitation of TME targeting is the
redundancy of its anti-immune and pro-tumor mechanisms, which can occur concurrently within
the tumor microenvironment. The complexity of their interplay results in multiple levels of
immune suppression, reducing the effectiveness of immunotherapy. As an example, many
different cells can be the sources of TGFJ release in the TME, which induces both tumor
progression and immunosuppression. To effectively counteract or neutralize tumor-promoting
inflammation, simultaneous reprogramming or the repression of multiple immune-response
programs activated in cancers will be needed (Coussens et al., 2013). As previously described in
this work, the tumor microenvironment, including the MSCs can impede the immune response.
Besides, approaches to specifically reduce immune suppression within the tumor

microenvironment tend to become part of the immunotherapy strategy.

In the above paragraph, we only briefly discussed therapies targeting the immune responses
within the TME, but anti-TME therapies represent a broader spectrum of strategies, including the
use of drugs targeting cancer-associated inflammation (e.g. MSCs, TGFp, COX-2, IL-6 and
TNFa), and also targeting the tumor vasculature, the interplay between tumor cells and TME,

and hypoxia (Fang and DeClerck, 2013).

We also have to take into consideration the side effects of targeting the TME. First, many agents
targeting the TME alter the homeostatic balance in normal organs and tissues and can be toxic.
Then, agents targeting the TME often affect cells or pathways that are not necessarily the enemy
of cancer cells. In addition, targeting the TME does not prevent resistance and requires optimal

biological dosage that may be difficult to determine (Fang and DeClerck, 2013).
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Lastly, it is important to remember that there are several questions regarding the activity and
place of agents targeting the TME in our therapeutic arsenal against cancer that remain to be
answered. Are these agents most effective when used alone or in combination with conventional
therapies, such as chemotherapy? When taking into account the dynamic changes in the pro- or
anti-tumorigenic functions of the TME during cancer progression (Fang and DeClerck, 2013),
which agents are more likely to be effective at early stages of cancer progression and which are
the ones more likely to have an impact at later stages (e.g. TGFp inhibitors)? Most importantly, it
IS necessary to stratify patients according to the likelihood that they may respond to a specific
singular treatment or to combinatorial therapy. This emphasizes the importance of identifying
reliable biomarkers that allow determination of the TME properties at different stages of

evolution of different tumor types (Fridman et al., 2012; Sun, 2015).
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