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ABSTRACT

1. Abstract

Ovarian cancer, especially ovarian high-grade serous carcinoma (HGSC), is one
of the most fatal malignancies in women. For this reason, it is of great importance
to discover new potential targets for therapeutic intervention. Transcoelomic
spread of tumor cells via malignant ascites, particularly to the omentum, is the
major route of HGSC metastasis. HGSC is characterized by its unique tumor
microenvironment, consisting of two different anatomic compartments, i.e.,
ascites and solid tumor lesions, which are both composed of tumor and host cells.
Although there are several published studies on signaling networks between
ascites cells, the pathways of host-tumor interactions in omental metastases, as
well as across different tumor microenvironment compartments, are largely

unexplored.

Therfore, the primary aim of this work was to establish a comprehensive network
of cytokines, growth factors, lipid-mediators and extracellular matrix components,
secreted by tumor and host cells, and their corresponding receptors in the HGSC
tumor microenvironment. For this purpose, we performed transcriptomic analysis
of tumor cells, adipocytes, mesothelial cells, cancer-associated fibroblasts (CAF)
and tumor-associated macrophages (TAM) from omental metastases, as well as
tumor cells, TAM and tumor-associated T cells from ascites. This study
uncovered an unexpected major function of tumor-associated stroma and
immune cells within this network, being the predicted key source of most
cytokines, growth factors and extracellular matrix proteins. While 176 cytokines
and growth factors were selectively expressed by stroma and tumor-associated
immune cells, only 13 were tumor-cell-selective. Many of these mediators are
significantly associated with a poor clinical outcome and are linked to metastasis.
We also found cell-type-selective pathways within the HGSC tumor

microenvironment, some of which were further analyzed in functional studies.

Functional studies demonstrated that CAF stimulate tumor cell migration and
adhesion to a mesothelial monolayer via the highly cell-type-selective secretion
of the ligand WNT4. Additionally, both TNC and TGFBI secreted by ascites-
derived TAM (ascTAM) were found to play a potentially pivotal role in HGSC

progression by enhancing tumor cell migration.
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Apart from cytokines and growth factors, we also investigated the role for tumor-
associated host cells in lipid-mediated signaling. We detected a cell-type-
selective production of prostacyclin (PGl;) by omental CAF and mesothelial cells.
Due to high expression and ligand-induced activation of the corresponding PGl,
receptor, TAM were identified as a potential target cell population. Using a PGl
analog, we observed a shift of the differentiation state and transcriptional profile
of ascTAM towards a mixed-polarization phenotype with immunosuppressive
characteristics. Furthermore, PGI, analoga reduced the phagocytic capability of
TAM-like macrophages that were derived from monocytes differentiated in the
presence of ascites. Moreover, a potential role for the PGl,-regulated secretome
in metastatic growth was revealed by experiments showing an increase in tumor
cell migration and adhesion to mesothelial cells by conditioned medium from
PGl,-treated TAM.

Finally, we compared the transcriptional profile of omental versus ascites-derived
tumor cells and TAM. This analysis, in conjunction with subsequent functional
studies, demonstrated that the omental tumor microenvironment triggers pro-
inflammatory NFkB signaling in ascTAM via extracellular HSP70 derived from

omental tumor cells and TAM.

Taken together, these findings indicate that omental immune and stromal cells -
in particular CAF and TAM - play an essential role in biological process linked to
HGSC progression, hence lending support to the hypothesis that targeting tumor-
host-interactions might be an attractive option to improve ovarian cancer

treatment.
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Zusammenfassung

Das Ovarialkarzinom, insbesondere der hochgradig serése Subtyp (HGSC), ist
eine der tddlichsten bosartigen Erkrankungen bei Frauen. Aus diesem Grund ist
es von grolRer Bedeutung, neue potenzielle Angriffspunkte fur therapeutische
MalRnahmen zu entdecken. Die transcoelomische Ausbreitung von Tumorzellen
uber malignen Aszites, insbesondere in das Omentum, ist der Hauptweg der
HGSC Metastasierung. HGSC zeichnet sich durch eine einzigartige
Tumormikroumgebung aus, die aus zwei verschiedenen anatomischen
Kompartimenten besteht, namlich dem Aszites und den soliden Tumorlasionen,
die beide aus Tumor- und Wirtszellen zusammengesetzt sind. Obwohl es
mehrere veroéffentlichte Studien Uber Signalnetzwerke zwischen Asziteszellen
gibt, sind die Wege der Wirt-Tumor-Interaktionen in der Omentum-Metastase
sowie zwischen den verschiedenen Kompartimenten der Tumormikroumgebung

weitgehend unerforscht.

Das primare Ziel dieser Arbeit war es daher, ein umfassendes Netzwerk von
Zytokinen, Wachstumsfaktoren, Lipiden und Bestandteilen der extrazellularen
Matrix, die von Tumor- und Wirtszellen sezerniert werden, sowie ihren
entsprechenden Rezeptoren in der HGSC-Tumormikroumgebung zu erstellen.
Zu diesem Zweck haben wir eine Transkriptomanalyse von Tumorzellen,
Adipozyten, Mesothelzellen, Tumor-assoziierten Fibroblasten (CAF) und Tumor-
assoziierten Makrophagen (TAM) aus omentalen Metastasen sowie von
Tumorzellen, TAM und Tumor-assoziierten T-Zellen aus Aszites durchgefihrt.
Diese Studie deckte eine unerwartete Hauptfunktion des Tumor-assoziierten
Stromas und der Immunzellen innerhalb dieses Netzwerks auf, da sie die
prognostizierte Hauptquelle der meisten Zytokine, Wachstumsfaktoren und
extrazellularen  Matrixproteine  sind. Wahrend 176 Zytokine und
Wachstumsfaktoren selektiv von Stroma- und Tumor-assoziierten Immunzellen
exprimiert wurden, waren nur 13 selektiv fur Tumorzellen. Viele dieser
Mediatoren stehen in signifikantem Zusammenhang mit einem schlechten
klinischen Ergebnis und sind mit der Metastasierung verbunden. Wir fanden auch
Zelltyp-spezifische Signalwege in der Mikroumgebung des HGSC-Tumors, von

denen einige funktionell weiter analysiert wurden.
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Funktionelle Studien zeigten, dass CAF die Migration und Adhasion von
Tumorzellen an einer Mesothelschicht durch die hochgradig Zelltyp-spezifische
Sekretion des Liganden WNT4 stimulieren. Dartber hinaus wurde festgestellt,
dass sowohl TNC als auch TGFBI, die von aus Aszites isolierten TAM (ascTAM)
sezerniert werden, eine potenziell entscheidende Rolle bei der HGSC-

Progression spielen, indem sie die Migration von Tumorzellen férdern.

Neben den Zytokinen und Wachstumsfaktoren untersuchten wir auch die Rolle
der Tumor-assoziierten Wirtszellen bei der Lipid-vermittelten SignalUbertragung.
Wir wiesen eine Zelltyp-selektive Produktion von Prostazyklin (PGl;) durch CAF
und Mesothelzellen nach. Aufgrund der hohen Expression und der
ligandeninduzierten Aktivierung des entsprechenden PGl,-Rezeptors wurden
die TAM als potenzielle Zielzellpopulation identifiziert. Unter Verwendung eines
PGIl,-Analoga beobachteten wir eine Verschiebung des Differenzierungs-
zustands und des Transkriptionsprofils von ascTAM hin zu einem gemischt-
polarisierten Phanotyp mit immunsuppressiven Eigenschaften. Daruber hinaus
verringerten die PGl,-Analoga die phagozytische Fahigkeit von TAM-ahnlichen
Makrophagen, die aus Monozyten in Gegenwart von Aszites differenziert wurden.
Ferner wurde eine mdgliche Rolle des PGl,-regulierten Sekretoms beim
Metastasenwachstum durch Experimente aufgedeckt, die eine Zunahme der
Migration von Tumorzellen und der Adhasion an Mesothelzellen durch

konditioniertes Medium aus PGl,-behandelten TAM zeigten.

Schlielich verglichen wir das Transkriptionsprofil von Tumorzellen und TAM aus
dem Omentum mit dem von Aszites. Diese Analyse zeigte, zusammen mit
anschlielRenden funktionellen Studien, dass die Mikroumgebung der Omentum-
Metastase uber extrazellulares HSP70, das aus Tumorzellen und TAM stammt,

pro-inflammatorische NFkB-Signale in ascTAM ausl|ost.

Zusammengefasst deuten diese Ergebnisse darauf hin, dass Immun- und
Stromazellen des Omentums - insbesondere CAF und TAM - eine wesentliche
Rolle bei biologischen Prozessen spielen, die mit dem Fortschreiten von HGSC
verbunden sind. Dies unterstitzt die Hypothese, dass die gezielte Beeinflussung
von Tumor-Wirt-Interaktionen eine attraktive Option flr eine verbesserte

Therapie des Ovarialkarzinoms sein kénnte.



INTRODUCTION

2. Introduction

2.1 Ovarian carcinoma

Despite advances in treatment regimens in recent years, ovarian cancer (OC)
remains one of the most frequent and aggressive cancers in women (Kurnit et
al., 2021). Five substantially distinct main epithelial OC types are classified on
the basis of histological features and molecular genetics. High-grade serous
ovarian cancer (HGSC), accounting for 70% of cases, is the most deadly OC type
(Pratetal., 2012; Pogge von Strandmann et al., 2017). The high lethality is mainly
due to late diagnosis of three quarters of patients at stage Ill and 1V, leading to
an overall 5-year-survival rate of less than 50%. The main cause for diagnosis at
advanced stages is the lack of specific symptoms and scarcity of clinically
effective screening strategies (Lheureux et al., 2019; Liberto et al., 2022). Thus,
new research findings on biomarkers and novel targets for therapeutic
interventions, are of particular importance. To date, standard therapy is based
on debulking surgery combined with chemotherapy (carboplatin/ paclitaxel). New
options for OC treatment are poly (ADPribose) polymerase inhibitors, which
hamper the DNA damage repair capacity of tumor cells (Kurnit et al., 2021) and
Bevacizumab, a monoclonal antibody against VEGF-A (Haunschild & Tewari,
2020). Although initially therapy results in high responsiveness, most patients
exhibit relapses in the following years, due to different mechanisms of
chemoresistance including inherent, acquired and conditional resistance (Pogge

von Strandmann et al., 2017).

A special hallmark of HGSC is its transcoelomic spread via the peritoneal fluid,
which at advanced stages occurs as malignant ascites, as the major route of
metastasis (Lengyel, 2010). The omentum, a visceral adipose tissue with
immunological functions, represents the major metastatic site of this peritoneal
dissemination (Meza-Perez & Randall, 2017; Ma, 2020). The two different
anatomic compartments (ascites and solid tumor lesions), containing tumor,
immune and stroma cells contribute to a unique tumor microenvironment (TME)
in HGSC (illustrated in Figure 1; Worzfeld et al., 2017).
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2.2 The tumor microenvironment in high-grade serous ovarian
cancer

HGSC is characterized by genetic heterogeneity as well as an intertumoral and
intratumoral heterogenous composition of the TME (Yang et al., 2020; Rickard
et al.,, 2021). During peritoneal dissemination of single tumor cells and
multicellular spheroids to the peritoneal mesothelium, malignant ascites
accumulates due to increased vascular permeability (Lengyel, 2010). Ascites,
which is associated to poor clinical outcome (Ayantunde & Parsons, 2007), not
only serves as a carrier for cancer cells in HGSC, but comprises cancer-
associated host cells, extracellular vesicles and tumor-promoting soluble factors
(Peng et al., 2011; Worzfeld et al., 2017; Finkernagel et al., 2019; Bortot et al.,
2021). These secreted mediators and the cellular components form a complex
network and have been the subject of intense investigations in the last decade
(e.g., Kulbe et al.,, 2012; Finkernagel et al., 2016; Reinartz et al. 2016).
Microvesicles are major components of the TME and also play a significant role
in intercellular communication by transporting proteins, lipids and nucleic acids

(Pogge von Strandmann et al., 2017).

Various soluble factors present in OC ascites are associated with a poor clinical
outcomes and play important roles in tumor progression, including metastatic
spread, regulation of angiogenesis and immune suppression. Among them are
TGF-B, MUC16, LIF, IL-6, IL-10, chemokines and VEGF (Lane et al., 2011;
Thériault et al., 2011; Matte et al., 2012; Reinartz et al. 2016; Worzfeld et al.,
2018). Apart from cytokines and growth factors, bioactive lipids, including
arachidonic acid (AA) and prostanoids, exhibit pro-tumorigenic functions in
HGSC (Reinartz et al., 2019; Dietze et al., 2021). As of now, studies on the
signaling network of HGSC have mainly focused on ascites derived cells. The
routes of host-tumor interactions in the metastatic omentum and potential links
to soluble and cellular compounds of the ascites are largely unknown. The
omentum, composed mainly of adipocytes, is separated from the peritoneal
cavity by a mesothelial monolayer, which is discontinuous at "milky spots"
consisting primarily of lymphocytes and macrophages (Figure 1). The immune

cells of the milky spots participate in peritoneal immunomodulatory functions, but
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also play a role in tumor progression of OC (Platell et al., 2000; Meza-Perez &
Randall, 2017).

Ascites ‘ ECM Omentum
tumor cell
. . e 0
®
L
) - 1 e ') _ §
o . ® o s :-'. tumor-associated
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0.0, ¢ A . A e
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Figure 1. The tumor microenvironment of HGSC. Simplified illustration of the two
anatomic sites of HGSC, ascites fluid and solid omental metastasis. The main cell types,
as well as ECM and soluble factors in this tumor microenvironment are delineated.

In the following, the different immune and stromal host cells within this TME will

be described into more detail.

2.2.1 Immune cells in the TME

The main types of immune cells in the ovarian TME are macrophages,
representing one arm of the innate immune response, and T lymphocytes, the
major components of the adaptive immunity. Both cell types are highly
heterogeneous comprising cells with opposing effects, as they are crucial for
cancer elimination, but can be reprogrammed to exert pro-tumorigenic functions
in the HGSC TME. Furthermore, B lymphocytes, natural killer cells and dendritic
cells are also present in the ascites of HGSC patients in small amounts and are
important for cancer immunosurveillance (Worzfeld et al., 2017; Yang et al.,
2020).

Tumor-associated T-cells (TAT)

Different classes of T-cells are found in ascites (collectively referred to as TAT in
this work): T helper cells (CD4+ Th1 and Th2 cells), cytotoxic T-cells (CD8+) and
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regulatory T-cells (Treg). They possess opposite impacts in the TME, as Th1
cells assist in cytotoxic attack by CD8+ T-cells on TU, while Th2 and Treg support
an immunosuppressive microenvironment (Yang et al., 2020; Rakina et al.,
2022).

Ascites in HGSC is known to inhibit clinically favorable (Hamanishi et al., 2007)
cytotoxic T cells activation (Lieber et al., 2018) and to promote Treg infiltration,
which is associated with shorter survival (Curiel et al., 2004). Moreover,
transcriptomic analysis, published by our group, revealed that TAT derived from
HGSC ascites strongly express the checkpoint regulators PD-L1 and CTLA4 and
supply multiple immunosuppressive mediators (Worzfeld et al., 2018).

Tumor-associated macrophages (TAM)

The macrophages in ascites and metastatic lesions evolve from monocytes and
resident peritoneal macrophages (Noy & Pollard, 2014). TAM are altered to adopt
an immunosuppressive and tumor-promoting activation state (Takaishi et al.,
2010; Reinartz et al., 2014; Yin et al., 2016; Finkernagel et al., 2016). A special
characteristic of these phagocytes is their plasticity (Noy & Pollard, 2014). Thus,
TAM display both intra- and inter-patient heterogeneity and are characterized by
mixed polarization states and functions (Reinartz et al., 2014, Izar et al., 2020).
Intriguingly, the fraction of TAM with high expression of CD163 correlates with an
early relapse in HGSC (Reinartz et al., 2014), whereas an upregulation of genes
linked to interferon signaling in TAM is associated with a favorable clinical
outcome (Adhikary et al., 2017).

A variety of soluble factors are secreted by TAM in HGSC and thereby contribute
to tumor progression. For example, VEGF, MMPs and CCL18 promote
angiogenesis, and the checkpoint regulator PD-L1 supports cancer immune
evasion (Worzfeld et al., 2018). Furthermore, ascites derived TAM in HGSC
secrete IL-6 and IL-10, which promote tumor cell proliferation by inducing STAT3
signaling (Takaishi et al., 2010; Reinartz et al., 2016). A cooperation of TAM and
tumor cells in HGSC was also observed in extracellular matrix (ECM) remodeling,
a necessary step in tumor metastasis (Finkernagel et al., 2016; Worzfeld et al.,
2018), pointing to a role of TAM in cell migration and invasion in HGSC. This

supports the notion that milky spots, containing macrophages for peritoneal
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immunosurveillance, facilitate metastatic colonization in early phases (Clark et
al., 2013; Krishnan et al., 2020). Further evidence for the importance of tissue-
resident macrophages is provided by the in vivo paracrine effects of omental
TAM, in particular the CD163+Tim4+ subset, on the metastatic spread of tumor
cells (Etzerodt et al.,, 2020). Despite recent advances, the interactions and
signaling networks between tissue-derived immune cells and tumor cells remain
largely unknown, representing a major obstacle to the discovery of new

therapeutic targets.

2.2.2 Stromal host cells in the TME

Apart from immune cells, different stromal cell types are present in the
peritoneum and omentum. In OC, they can be reeducated to cancer-associated
stroma cells with features supporting the attraction of tumor cells to the omentum
and subsequent metastasis. Through paracrine signaling networks and direct
interactions, an active reciprocal crosstalk between cancer and stromal cells

takes place (Motohara et al., 2019).

Omental adipocytes (ADI)

Adipocytes are the most abundant cell type in the omentum (Meza-Perez &
Randall, 2017). Omental adipocytes (ADI) and visceral adipocytes differ from
subcutaneous adipocytes in both origin and properties (Cha & Koo, 2019). For
instance, the expression of genes coding for enzymes involved in the
biosynthesis of lipid mediators, is higher in ADI than in subcutaneous adipocytes
(Michaud et al., 2014). Cancer-associated ADI promote tumor invasion into the
omentum via secretion of adipokines, e.g. IL-6 and IL-8, as well as through the
transfer of fatty acids supporting tumor cell metabolism (Nieman et al., 2011;
Ladanyi et al., 2018; Motohara et al., 2019). In addition, ADI in OC induce
resistance to chemotherapy by secretion of ANGPTL4 and release of AA (Zhou
et al., 2020; Yang et al., 2019).

Mesothelial cells (MESO)

Another major cell type of the omentum are MESO. They cover the peritoneum
as a monolayer, which functions as a protective anatomical barrier. Apart from

that, MESO also play an important role in the regulation of fluid and solute

9
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transport, as well as in inflammation via antigen presentation and in tissue repair.
(Mutsaers, 2004).

Llittle is known about the role of MESO in OC. In a 3D model intact mesothelial
lining inhibited invasion of OC cells (Kenny et al., 2007), while other studies
showed that the altered tumor-associated MESO enhance the adhesion of tumor
cells (reviewed in Mogi et al., 2021). The promotion of tumor cell attachment to
the mesothelial layer and subsequent metastasis is probably linked to the
expression of proteins with functions in ECM reorganization, cell adhesion and
chemotaxis by MESO (Mogi et al., 2021). Furthermore, it has been reported that
malignant ascites can stimulate the proliferation (Matte et al., 2014) of MESO but
also trigger their senescence (Mikuta-Pietrasik et al., 2016). Intriguingly, there is
evidence that senescent MESO support tumor cell adhesion (Ksiazek et al.,
2009) and angiogenesis (Ksiazek et al., 2008), and may thereby enhance tumor
progression. Mikuta-Pietrasik et al. postulate that the high senescence rate of
MESO might be connected to enhanced proliferation of MESO due to accelerated
exhaustion (Mikuta-Pietrasik et al., 2016). Because of these protective versus
tumor-promoting functions, as well as their plasticity and adaption of fibroblast-
like features (Sandoval et al., 2013), MESO are a potentially highly relevant cell
type within the HGSC TME.

Cancer-associated fibroblasts (CAF)

Fibroblasts play a crucial role in connective tissues, as they secrete ECM
components and are activated during wound healing response (Kalluri, 2016).
They are able to adapt their cellular phenotype dependent on the
microenvironment. Tumor cells are known to reprogram fibroblasts to cancer-
associated fibroblasts (CAF). Compared to normal fibroblasts CAF exhibit distinct
expression markers, e.g. a-smooth muscle actin (SMA), FAP and PDGFR
(Motohara et al., 2019). In OC, CAF have been linked to poor prognosis and are
involved in most stages of tumor progression (Givel et al., 2018; Zhang et al.,
2011). CAF in OC are derived from different origins. For example, tumor cells are
able to convert resident fibroblasts to CAF via TGF-1 signaling (Cai et al., 2012)
and to induce transcriptional reprogramming in omental fibroblasts (Mitra et al.,
2012). Furthermore, lysophosphatidic acid (LPA) secreted by ovarian tumor cells

stimulates the differentiation of mesenchymal stem cells (MSC) to myofibroblast-

10



INTRODUCTION

like cells (Jeon et al., 2008). Another source for CAF are MESO undergoing
mesothelial-to-mesenchymal transition (MMT) (Sandoval et al.,, 2013).
Furthermore, CAF might derive from endothelial cells through endothelial-to-
mesenchymal transition (Potenta et al., 2008) and trans-differentiation of
adipocytes (Bochet et al., 2013).

Four CAF subpopulations were found in OC based on differential marker
expression. Among these, the subtype CAF-S1 (FAP, CD29, SMA), considered
as activated immunosuppressive fibroblasts, is of particular interest (Givel et al.,
2018). The diversity of CAF within patients was also verified on the basis of single
cell RNA-Seq (scRNA-Seq) (Izar et al., 2020; Olbrecht et al., 2021).

In OC, CAF are known to promote tumor progression via various mechanisms
and by secretion of numerous factors, including cytokines, growth factors and
lipids. CAF contribute to the pre-metastatic niche and thus colonization. They
enhance cancer growth, migration and invasion, as well as angiogenesis.
Moreover, CAF play a pivotal role in ECM remodeling and immune suppression
(reviewed in Motohara et al., 2019; Thuwaijit et al., 2018). Taken together, CAF
are of central interest in this context, because their influence in HGSC TME points

to novel treatment strategies.

2.3 WNT4

Wingless and Int-related protein (WNT) ligands are the tumor-promoting signaling
molecules of interest in the TME of OC. WNT signaling pathways are associated
with tumor development and progression of OC and play a crucial role in
differentiation, proliferation and stemness (McMellen et al., 2020). WNT ligands
are evolutionary conserved glycoproteins with important functions during
embryonic development and tissue repair. The human WNT family consists of 19
members. WNT family member 4 (WNT4), expressed in fibroblast, is known to
play a role in wound healing and fibrosis (Labus et al., 1998; Surendran et al.,
2002). Secreted WNT ligands bind to various transmembrane-receptors of the
frizzled (FZD) family together with co-receptors, e.g. ROR2 and LDL receptor
related protein (LRP) 5 or 6, triggering three distinct downstream signaling
cascades: Canonical WNT/B-dependent pathway, non-canonical planar cell

polarity pathway and non-canonical WNT/Ca?* pathway (Komiya & Habas, 2008).

11
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WNT4, which triggers all three pathways, mainly signals via FZD8 and the co-
receptors LRP5/6 (Dijksterhuis et al., 2015).

WNT signaling is strongly associated with different tumor entities, among them
OC (Chehover et al., 2020; Kotrbova et al., 2020; Teeuwssen & Fodde, 2019).
WNT4 has been reported to promote tumor progression in breast cancer,
laryngeal carcinoma and colorectal cancer, and has been linked to multiple pro-
tumorigenic functions, including proliferation, migration, invasion, EMT and
angiogenesis (Huang & Feng, 2017; Vouyovitch et al., 2016; Wang et al., 2020;
Yang et al., 2020). These pro-metastatic functions highlight the significance of
WNT4, even though its role in the TME of HGSC has not been addressed.

2.4 Prostacyclin

Besides growth factors and cytokines, lipid mediators play a role in tumor
progression of HGSC and have been linked to poor clinical outcome, e.g. AA,
prostaglandins and LPA (Dietze et al., 2021; Hammoud et al., 2022; Reinartz et
al., 2016, 2019). Prostacyclin (prostaglandin I,; PGl,), a bioactive lipid mediator
of the eicosanoid superfamily, is mainly known as a potent vasodilator and
platelet aggregation inhibitor with protective functions in the cardiovascular
system. Prostaglandins, including prostaglandin D,, prostaglandin E, (PGE;) and
PGl,, are synthesized in several steps from AA by cyclooxygenases-1 or -2
(COX1/2) followed by specific prostaglandin synthases (Moncada & Vane, 1979;
Mitchell & Kirkby, 2019). Prostaglandin |, synthase (PTGIS), a member of
cytochrome P450 superfamily (DeWitt & Smith, 1983), is expressed in a variety
of cell types, including smooth muscle, endothelial and dendritic cells as well as
fibroblasts (Moncada et al., 1976; Lee et al., 2005; Stratton & Shiwen, 2010;
Mitchell et al., 2022). PGl, has a short half-life in vivo, and is rapidly degraded to
the inactive derivate 6-keto-prostaglandin F1a (6-keto PGF1a) (Lewis & Dollery,
1983). PGl, can trigger two main signaling pathways. Binding to the PGI,
membrane receptor (PTGIR) leads to cAMP production via adenylate cyclase
(Shaul et al., 1991; Midgett et al., 2011). PGl, can also signal through activation
of the nuclear peroxisome proliferator-activated receptor /6 (PPARB/d) (Hertz
et al., 1996; Gupta et al., 2000).
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In the past decades regulatory functions of the innate and adaptive immune
response was assigned to PGl,, but their conclusions are partly contradictory.
While several studies have demonstrated anti-inflammatory and anti-fibrotic
effects of PGl,, pro-inflammatory signaling has also been reported (Aronoff et
al., 2007; Dorris & Peebles, 2012; Stitham et al., 2011). In the context of the OC
TME it may be of particular interest that PGl, analogs suppressed phagocytosis,
inhibited bacterial kiling and enhanced IL-6 production in peritoneal

macrophages in a rat model (Aronoff et al., 2007).

Contradictory data have also been published with respect to the role of PGl in
cancer growth and progression. In lung cancer, PGl, suppressed tumor growth
and metastasis (Keith & Geraci, 2006; Li et al., 2018). Moreover, the PGl, analog
lloprost inhibited invasion of OC cells via downregulation of metalloproteinases
(MMP) 2 (Ahn et al., 2018). In contrast, several studies reported a correlation of
high PTGIS expression with reduced survival of breast cancer, OC and colorectal
cancer patients (Klein et al., 2015; Reinartz et al., 2019; Dai et al., 2020).

2.5 Aims of this dissertation

The goal of this work was to establish a comprehensive network of cytokines,
growth factors, lipids and ECM components secreted by tumor and host cells,
and their corresponding receptors in the HGSC TME. This was achieved by
establishing purification protocols for different cell types of the HGSC, followed
by transcriptomic and secretome analysis. Unlike previous studies, which
focused on malignant ascites, this global analysis of host-tumor interactions
integrated all major cell types cell types of omental metastases, i.e., ADI, MESO
and CAF. Additionally, this study aimed to identify commonalities and differences
in the gene expression profiles of tumor cells and TAM from different TME
compartments of HGSC, i.e. ascites and omental metastases. To elucidate the
clinical relevance of ligand-receptor interactions predicted by this analysis,
associations with with relapse-free survival of HGSC patients were investigated.
Finally, functional studies of selected cell-type-selective pathways were
performed, showing their impact on biological processes impacting metastasic

spread, e.g. tumor cell migration, adhesion and immune suppression.

13



PUBLICATION SUMMARIES

3. Publication summaries

3.1 The multicellular signalling network of ovarian cancer
metastases

Sommerfeld, L., Finkernagel, F., Jansen, J. M., Wagner, U., Nist, A., Stiewe, T., Miller-
Brisselbach, S., Sokol, A. M., Graumann, J., Reinartz, S., & Miller, R. (2021). The multicellular
signalling network of ovarian cancer metastases. Clinical and Translational Medicine, 11(11),
€633. https://doi.org/10.1002/ctm2.633

3.1.1 Results

The transcriptome and secretome of tumor and tumor-associated host cells
in HGSC

In this work we isolated and analyzed all major cell types from metastatic omental
tissue (omTU, CAF, MESO, ADI, omTAM) and from ascites (ascTU, ascTAM,
ascTAT) (study conception shown in Fig. 1). The RNA sequencing (RNA-Seq)
data was adjusted for contaminating cells, indicated in Fig. 2A and S1, using a
bioinformatic approach on the basis of our previously published method (Reinartz
et al., 2016). A coherent correlation between cytokines and growth factors
detected in the transcriptome and in the mass-spectrometry based proteome of
conditioned media (CM) from CAF (Fig. 2C and D) indicated that RNA-Seq data

can be used for the prediction of secreted proteins.

Normalized RNA-Seq data may underestimate the contribution of tumor cells to
the HGSC secretome because they contain more RNA per cell than the host cell
types. We prepared RNA from equal numbers of tumor cells and host cells to
address this issue and performed RT-gPCR without normalization of two selected
genes (NDUFS2 and NFSL1C) which displayed the lowest variability of
expression across all samples and cell types. Therefore, differences in PCR
signals directly corresponded to differences in the amount of mMRNA per cell. Only
a restricted dissimilarity of cell-type-selective mRNA content (maximally 2-fold)
was observed (Fig. 2E and F), indicating that the mRNA content has no significant

impact on the interpretation of the RNA-Seq data.

To unravel the signaling network of the HGSC TME, we first analyzed which
growth factors and cytokines (n=284 detected) are expressed by the different cell

types (Fig. 3). This analysis revealed an unexpected major function of host cells
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in this network, being the key source of secreted mediators. While 176 growth
factor and cytokine genes were selectively expressed by stroma and tumor-
associated immune cells, only 13 were tumor-cell-selective. Especially the
stromal cells (CAF, MESO and ADI) seem to play a substantial role in the TME
of HGSC (with n=99 selective genes). In addition, 31 of stroma-selective genes
were significantly associated with a poor clinical outcome, including BMP2,
TGFB3, VEGFC and ADIPOQ, whereas only one gene (BNDF) was associated

with a longer survival was identified (Table 1).

To obtain a global picture of the HGSC network, the potential target cells of the
identified cell-type selective soluble factors were determined utilizing the
transcriptomic data. Fig. 4 shows a simplified illustration of the relative expression
of all receptors that bind to the indicated ligands, illustrating a clear target cell-

type selectivity with the signaling network.

The clinical importance of these findings is underscored by the observation that
200 of the growth factor and cytokine genes of this network have previously been
linked to metastasis (in the genecards.org database), and a number of these are
associated with a short survival. Interestingly, corresponding receptors of 122 of

these pro-metastatic genes were found on omTU (illustrated in Fig. 5).

Moreover, the RNA-Seq data revealed an essential contribution by omental host
cells to ECM-mediated signaling and ECM reorganization (Fig. 7), as well as in
lipid-mediated signaling, thereby contributing to a pro-metastatic HGSC niche.
As expected, stromal cells are the main source of collagens, while interacting
integrins are expressed in a cell-type specific manner. We also found hitherto
unknown cell-type selective expression patterns of proteases and cell adhesion
molecules (CAM) within the ECM-associated signaling. For instance, MMP9 is
only expressed by TAM and BCAM shows a selectivity for tumor cells and MESO.
Altogether, the sequencing data indicate that the omental TME of HGSC is
substantially dependent on factors secreted by stroma and immune cells.

WNT4 as a highly cell-type-selective ligand in the omental TME

Our RNA-Seq data revealed WNT4 as a highly cell-type-selective ligand from
CAF in the HGSC TME (>10-fold higher expression than all other cell types; Fig

6A). This is remarkable, because WNT-signaling plays a crucial role in the
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progression of OC (Teeuwssen & Fodde, 2019). Therefore, WNT4 was selected
as an example to verify the functional significance of host cells in the cross-talk
and progression of HGSC. FZD8 is the primary receptor of WNT4, and its main
co-receptors are LRPS and 6. Expression of these receptors (shown in Fig. 6A)
identified tumor cells as the major target cell type for WNT4 in the HGSC TME.
Hence, we hypothesized that WNT4 is implicated in pro-metastatic signaling in
HGSC.

Using OVCAR4 as a model cell line, we observed reduced migration towards CM
from CAF transfected with siRNAs against WNT4 compared to siCtrl and
untransfected controls (Fig 6 B and S8, knockdown verification in Fig. S6). This
finding was confirmed by further assays with transiently overexpressed WNT4 in
LP9 cells (human MESO line with low WNT4 level). Using CM from these cells,
a higher migratory potential (Fig. 6C and S9), an induced motility in a wound
healing assay (Fig. 6E and S10) as well as an increased adhesion to a confluent

mesothelial monolayer (Fig. 6F and S11) were observed.

Migration and adhesion assays with primary HGSC tumor cells from ascites (Fig.
6D and G; microscopic representative pictures in S9 and 11) confirmed WNT4-
mediated induction of tumor cell migration and adhesion. In summary, our
findings provide strong evidence for a pro-metastatic function of WNT4 in the

cross-talk between CAF and tumor cells in HGSC.

Comparative analysis of TU and TAM from ascites vs omentum

This work presents the first study of a transcriptomic comparison of matched
pairs of ascites-derived TU or TAM and their cellular omental counterparts.
Although we found a high correlation between the two TU subsets (Spearman's
r=0.98, Fig. S12) as well as between ascTAM and omTAM (Spearman's r = 0.95,
Fig. S14), we could identify numerous differentially expressed genes (fold
change >3, TPM>3). Whereas the expression of 83 genes was increased and
the expression of 38 genes decreased in omTU versus ascTU (Fig. 8A), a larger
number of 674 regulated genes (nominal p < 0.05) was detected in TAM (Fig.
9A).

To analyze these gene expression patterns into more detail, functional annotation

analyses were performed, which showed that 31 genes upregulated in omTU
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versus ascTU are linked to both ‘epithelial differentiation’ and ‘pro-inflammatory’,
indicating a coherency. In both TU and TAM, genes targeted by MAPK-mediated
or pro-inflammatory signaling were more strongly expressed in the TME of the
omentum compared to ascites (Fig 8B and 9E). Intriguingly, only two cytokines
or growth factor genes showed an increased expression in omTU compared to
ascTU (CXCL2, EDN1), whereas numerous genes were upregulated in omTAM
in comparison to their counterparts in ascites. Among these were genes coding
for ECM proteins and pro-inflammatory cytokines, e.g. MMP2 and IL-1A (Fig.
9F).

The RNA-Seq data also revealed an upregulation of genes linked to cell cycle
progression in omTAM, suggesting enhanced proliferation (Fig. 9A and S15).
This conclusion was validated by flow cytometry staining of Ki67, a marker of

proliferation (Fig. 9C).

Additionally, the comparative analysis showed an upregulated expression of heat
shock protein family A (HSP1A/HSP70) on both TU and TAM from the omentum
(Fig. 8C and 9F). This finding is of particular interest, as HSP70 levels in ascites
are strongly associated with a poor relapse-free survival (RFS) (Finkernagel et
al., 2019).

The role of extracellular HSP70 signaling in TAM from HGSC

HSP70 is predominantly found intracellularly and known for its cytoprotective
functions, but is also released as an extracellular mediator. Binding of
extracellular HSP70 to toll-like-receptors 2 and 4 (TLR2/4) and the CD14
coreceptor leads to activation of pro-inflammatory NFkB-signaling (Asea et al.,
2002; Juhasz et al., 2013). In view the observed enrichment of genes linked to
pro-inflammatory signaling upregulated in omTAM and omTU, which include
HSPA1A, and the association of HSP70 in ascites with a poor survival, a role for
HSP70 in pro-tumorigenic intercellular signaling in the HGSC TME was
postulated. This was exemplarily demonstrated in ascTAM, which strongly
express the HSP70 receptors CD14 and TLR2/4. Our findings revealed an
activation of the NFkB-signaling in ascTAM after treatment with low-endotoxin

rhHSP70 (Fig. 10), as shown by nuclear translocation of the NFkB subunit p65
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and enhanced levels of IkB kinase IKKa/8, concomitant with an upregulation of
IL-6 secretion in rhHSP70 stimulated TAM.

3.1.2 Description of own contribution

My personal contributions to the preparation of this publication included, the
establishment of all methods required for the isolation and characterization of
tumor and host cells from omental metastases, the isolation of the samples for
the RNA-Seq and proteomics (used for Fig. 1-5, Fig. 6, Fig. 7-9 and Fig. S1, S2,
S4, S5, S12-S16). Moreover, | conducted the experimental setup, execution and
data analysis of all functional assays (illustrated in Fig. 2E+F, Fig. 6B-G, Fig. 9C,
Fig. 10A-E, Fig. S3 and Fig. S6-S11). | also assisted in writing the manuscript.

3.2 Tumor-associated macrophages promote ovarian cancer cell
migration by secreting transforming growth factor beta induced
(TGFBI) and tenascin C

Steitz, A. M., Steffes, A., Finkernagel, F., Unger, A., Sommerfeld, L., Jansen, J. M., Wagner, U.,
Graumann, J., Miller, R., & Reinartz, S. (2020). Tumor-associated macrophages promote ovarian
cancer cell migration by secreting transforming growth factor beta induced (TGFBI) and tenascin
C. Cell Death & Disease, 11(4), 249. https://doi.org/10.1038/s41419-020-2438-8

3.2.1 Results

An alternative approach to decipher the TAM secretome and its contribution to
metastasis was published in the study by Steitz et al. In vitro assays showed that
CM from ascTAM induced the migration of patient-derived cultured ascTU (Fig.
1A+B) similar to CM from ascites-differentiated (asc-MDM) and M2-differentiated
(m2-MDM) monocyte-derived macrophages (MDM), but not from m1-MDMs (Fig.
1C-E). LC-MS/MS secretome analysis revealed nine proteins selectively
secreted by asc-MDM and m2-MDM compared to m1-MDM. Among them were
tenascin C (TNC), transforming growth factor beta-induced (TGFBI) and
fibronectin 1 (FN1), all of which stimulated tumor cell migration (Fig. 2). In
addition, all three proteins were abundant in ascites (SOMAscan, Fig. 3A) and
their levels were significantly associated with a shorter RFS (Fig. 4A-C). Our
secretome and transcriptome data suggest that ascTAM are a major source of

these three migration-promoting factors. As the role of FN1 in tumor cell migration
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had already been reported, we focused our further studies on TGFBI and TNC.
Using neutralizing antibodies against TGFBI or TNC (Fig. 6), as well as siRNA-
mediated silencing of TGFBI expression (Fig. 7), we observed decreased
migration of cultured ascTU towards CM from asc-MDM and m2-MDM. These
findings confirmed that TNC and TGFBI are promigratory factors secreted by
ascites-polarized TAM, which further strengthens the pivotal role of the TAM-TU

crosstalk in HGSC progression.

3.2.2 Description of own contribution

My personal contribution to the establishment of this publication included the

participation in isolation of patient derived samples.

3.3 Prostacyclin released by cancer-associated fibroblasts
promotes immunosuppressive and pro-metastatic macrophage
polarization in the ovarian cancer microenvironment

Sommerfeld, L., Knuth, I., Finkernagel, F., Pesek, J., Nockher, W. A., Jansen, J. M., Wagner,
U., Nist, A., Stiewe, T., Muller-Brisselbach, S., Miiller, R., & Reinartz, S. (2022). Prostacyclin
Released by Cancer-Associated Fibroblasts Promotes Immunosuppressive and Pro-Metastatic
Macrophage Polarization in the Ovarian Cancer Microenvironment. Cancers 14, no. 24: 6154.
https://doi.org/10.3390/cancers14246154

3.3.1 Results

The role of tumor-associated host cells in lipid-mediated signaling

In this study, we used the RNA-Seq data described in section 3.1 (Sommerfeld
et al., 2021) to extend the network between tumor and host cells to lipid-mediated
signaling. Analysis of this dataset revealed a pivotal role of stromal and immune
cells in the generation of, and signaling by, lipid mediators (supplementary table
S3 and S4). The results wee summarized in Fig. 1. Several lipid-metabolizing
enzymes wee found in various cell-types, but some pathways were clearly cell-
type-selective, e.g., expression of LIPE in ADI or ALOX5 in TAM. Additionally,
some target receptors wee also expressed in a cell-type-selective manner.
Among these, the the selectivity of prostacyclin (PGl,) production and signaling
was particularly striking, as PGl, synthase (PTGIS) is expressed strongly by CAF
(and MESOQO), while the highest mRNA level of the corresponding membrane
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receptor, PGI, receptor (PTGIR), was detected in ascTAM (Fig. 1 and
supplementary table S5). Furthermore, in contrast to other tumor entities, high
PTGIS expression was linked to poor clinical outcomes in OC (Fig. 2A and S3).
These observations provided the rationale for investigating the function of PGl;
signaling between CAF and TAM in the TME of HGSC.

PGl,-mediated crosstalk between CAF and ascTAM

The expression of PGIS and PTGIR by cells of the HGSC TME was validated by
RT-gPCR (Fig. 2B and Fig. 3A). Both, enzyme and receptor mRNA levels, were
in line with the RNA-Seq data. A CAF-selective protein expression of PTGIS was
confirmed using immunoblot (Fig. 2C). To analyze whether the high PTGIS
expression in CAF corresponds to a high PGl, production, lipid LC-MS/MS was
performed. We detected an increased level of 6k-PGF1a (stable degradation
product of PGI,) in CM from CAF (Fig. 2D), which was blocked in part by inhibitors
of COX1/2 (Fig. 2E), which are upstream enzymes in the biosynthetic pathway
of PGl, and expressed in CAF (Fig. 1D). These results indicate that high levels
of PGl; in ascites versus other prostanoids (e.g. PGE;; Fig. 1A and S5) majorly
originate from CAF (maybe also from MESO, see Fig. 1).

PTGIR expression was low in all cell types analyzed (Fig. 1A). The highest
expression of PTGIR was detected in ascTAM and CAF by RT-gPCR (Fig. 3A),
while cell-surface staining (FACS) revealed the highest PTGIR protein
expression for ascTAM relative to both tumor cells and CAF (Fig. 3B, C). This
points to ascTAM as the primary target cell type for CAF-derived PGl, in HGSC,

and suggests that an autocrine PGl activity in CAF is unlikely.

To verify PGI, signaling via the Gs-coupled receptor PTGIR, activation of
adenylate cyclase was measured. Consistent with the PTGIR expression data
described above, treatment with the PGI, analog MRE-269 induced intracellular
cAMP accumulation in ascTAM, but only weakly, if at all, in CAF and ascTU (Fig.
3D). This PTGIR dependency was confirmed by using asc-MDM as a model
system (Steitz et al., 2020). Equivalent to ascTAM, asc-MDM exhibited a low
PTGIS expression (Fig. S4), a strong cell-surface expression of PTGIR (Fig. S7)
as well as a MRE-269-induced cAMP accumulation (Fig. 3E), which was partially
prevented by the PTGIR antagonist CAY10449.
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These observations point to a crosstalk between PGl,-producing CAF and
PTGIR-expressing ascTAM with a potential role in HGSC progression. We,

therefore, investigated the impact of PGIl, on TAM polarization and function.

PGl; analogs affect the transcriptome and polarization of macrophages

First, we analyzed the effect of PGl, on the transcriptomic profile and
differentiation of ascTAM. For this purpose, ascTAM treated + MRE-269 were
analyzed by RNA-Seq. The effect of PGI, on polarization of ascTAM is illustrated
in Figure 4B, which shows regulation of M1- and M2-related genes but no
direction of polarization. For example, CCR7, CD86, ITGAX (M1 marker genes)
and VEGFA (M2 marker gene) are upregulated, while CD80, FCGRs, TNF (M1
marker genes) and CD163, MRC1/CD206, MSR (M2 marker genes) are
downregulated due to MRE-269 treatment. Surface marker expression measured
by FACS on asc-MDM was consistent with the RNA-Seq data from ascTAM, as
M2-associated mannose receptor CD206 (Fig. 4E) was decreased and the M1-
linked receptor CD86 (Fig. 4F) increased. In addition, the induction of VEGF
secretion by PGI, analogs was confirmed by ELISA in ascTAM as well as in asc-
MDM (Fig. 4D). These observations point to the induction of a mixed-polarization
phenotype by PTGI,, consistent with previous data on ascTAM (Reinartz et al.,
2014).

Further analysis of the RNA-Seq dataset indentified 34 cytokine genes linked to
metastasis (genecards.org database) to be induced by PGI, analoga, e.g.
ANGPTL4, BMP6, TGFB3, VEGFA, WNT5B (Fig. 5B and Supplementary Table
S7). PGl, also seems to play a role in ECM remodeling, as different matrix
proteins were upregulated by PGl,, e.g. ADAMS, LAMA1 and MMP19 (Fig. 5C).
Moreover, cytokine genes relevant for immune cell infiltration, e.g. CCLS,
CXCL10 and IL12A were downregulated, while genes involved in PGE; synthesis
were upregulated, suggesting that PGI, skews TAM towards an
immunosuppressed and immunosuppressive phenotype (Fig. 5D, E and

Supplementary Table S8).

In summary, PGl, treatment shifts the differentiation, transcriptional profile and
secretome of macrophages towards a pro-tumorigenic and immunosuppressive

phenotype. As PDK4, a PPARB/d target gene, was not elevated by
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(Supplementary Table S6) PGI, analoga, we conclude that the observed effects
of PGI, are mediated via its membrane receptor PTGIR and not via PPARB/®

signaling.

The phagocytic capability of macrophages decreases with PGI, treatment

Finally, we asked whether the observed phenotype switch in PGl,-induced asc-
MDM may influence on the phagocytic activity of macrophages. To this end,
macropinocytosis assays using FITC dextran were performed with asc-MDM. As
expected, PGIl, analog treatment of asc-MDM resulted in significantly reduced
macropinocytosis (Fig 6A). This was partially impaired by the PTGIR antagonists
CAY 10449 and CAY 10441, while the PPARPB/d agonist L165041 did not affect
the phagocytic capacity of asc-MDM (Fig. 6B) in contrast to m0-MDM (Fig. S9C).
Previous work has shown that ascites leads to accumulation of endogenous
PPAR[/6 ligands in TAM, which renders them largely unresponsive to exogenous
synthetic PPARB/® agonists (Adhikary et al., 2015). These findings point to a
signaling via PTGIR rather than PPARB/® in the phagocytosis of ascTAM in
HGSC.

Next, we sought to verify the impact of PGl, secreted by primary CAF on the
macropinocytotic activity of asc-MDM. To this end, CAF were co-cultured with
asc-MDM and supplemented with AA as substrate for PGI, synthesis (Fig. S10A).
In this experimental setup, we observed reduced macropinocytotis by asc-MDM
when co-cultured with CAF in comparison to asc-MDM alone (Fig. S10B).
Blocking COX1/2 could partially reverse this effect in 4 out of 6 donors. This
findings support the conclusion that PGIl, released by CAF inhibits the

phagocytotic potential of macrophages.

Pro-tumorigenic function of the PGl,-induced TAM secretome

Our RNA-Seq data of PGl,-treated ascTAM revealed changes in the expression
of genes linked to motility, metastasis and ECM remodeling (Fig. 5B, C and
Supplementary Table S7). We therefore asked whether PGI, may alter the TAM

secretome to promote a pro-tumorigenic TME.

This hypothesis was confirmed by the finding that primary tumor cells showed an

increased migration when pre-cultured with CM of MRE-269-treated ascTAM in
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a transwell assay (Fig. 7A, B). Similar results were obtained for the adhesion of
tumor cells on a MESO monolayer (Fig. 7C, D, integrity of MESO monolayer is
shown in Fig. S1). As in the experiments described in preceding sections, PTGIR
rather than PPAR[/d appeared to be the target receptor for PGl in this scenario,
as the MRE-269-induced migration and adhesion of tumor cells were inhibited
by the selective PTGIR antagonist CAY10449, and in contrast to MRE-269 no
effect was observed for the PPAR[B/6 agonist L165041. Taken together our data
point to a pro-tumorigenic function of the PGl,-induced TAM secretome via
PTGIR activation.

3.3.2 Description of own contribution

My contributions to this publication included the conceptual and experimental
setup, execution and analysis of the functional assays shown in Fig. 2C-E, Fig.
3B-E, Fig. 4D, Fig. 6B, Fig. 7 and Supplementary Fig. S1, S4-S6, S7B, C, SOC,
S1. The transcriptomic data depicted in Figure 1 is based on the samples which
| isolated for the study described in section 3.1. In addition, | performed the culture
and treatment of ascTAM as well as RNA isolation for the analysis shown in
Figure 4A-C and 5. The contributing author Isabel Knuth worked as an

undergraduate student under my supervision.
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4. Discussion

4.1 The intercellular network of tumor and host cells in HGSC
metastases

Our study, published in 2021 (Sommerfeld et al., 2021), was the first to define a
comprehensive model of intercellular signaling pathways between tumor cells
and host cells in different compartments of the HGSC TME. To this end, we
isolated all major cell types (omTU, CAF, MESO, ADI, omTAM) from the
omentum, which represents the major metastatic site of the peritoneal
dissemination of HGSC (Meza-Perez & Randall). Subsequently, bulk RNA-Seq
was performed for these cell types as well as for ascites-derived ascTAM,
ascTAT and ascTU. The transcriptomic data unraveled an unexpected major
function of host cells in this network, being the key source of cytokines and growth
factors in the HGSC TME. Especially the stromal cells (CAF, MESO and ADI)
seem to play a substantial role, as they produce more than half of the selectively
expressed genes and 31 of these are associated with a poor clinical outcome
(Table 1). Recently published scRNA-Seq data supports this conclusion
(Olbrecht et al., 2021). Besides this cell-type-selective synthesis of growth factors
and cytokines, our transcriptome data revealed a clear cell-type-selective

expression of their cognate receptors.

The essential contribution by omental host cells to ECM-mediated signaling and
ECM reorganization discovered in this study extends former findings on ascites-
derived cells in HGSC (Finkernagel et al., 2016; Worzfeld et al., 2018).
Intriguingly, 200 of the identified genes were previously associated with different
aspects of tumor progression and metastasis. Apart from the known essential
role of stroma cells in the expression of collagens (Kalluri, 2016), we detected
novel cell-type selective expression patterns, for example BCAM expression in
tumor cells and MESO. This is of particular interest, because a study recently
published by our group suggests that BCAM promotes metastasis in HGSC via

enhancing the spread of cancer cell spheroids (Sivakumar et al., 2023).

Apart from cytokines and growth factors bioactive lipids, such as LPA, AA and
prostanoids, have been linked to pro-tumorigenic functions and to a poor clinical

outcome in previous studies (Dietze et al., 2021; Kobayashi et al., 2018; Reinartz
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et al., 2019). Our transcriptomic data offered new insights into the role of tumor-
associated host cells in the lipid-mediated intercellular crosstalk in the HGSC
TME. Aside from ubiquitously expressed lipid-metabolizing enzymes, we
identified cell-type-selective pathways. For example, PTGIS expressed in CAF

seems to play a critical role in this network (Sommerfeld et al., 2022).

The early peritoneal metastasis via transcoelomic dissemination of tumor cells
and spheroids is a substantial clinical problem in HGSC. Invasion of these
detached tumor cells and spheroids into metastatic sites is strongly influenced
by their interaction with host cells. Likewise, tumor-host-cell interactions play a
pivotal role in the conditional resistance of tumor cells during chemotherapy
(Pogge von Strandmann et al., 2017). The development of a global picture of the
signaling network in HGSC, as presented within this work, is therefore of great
importance to overcome therapy resistance, with tumor-host-interactions as new
potential targets. Moreover, as many of the detected soluble factors, ECM and
lipid mediators are associated with survival and tumor progression, their potential

utility as biomarkers is evident.

Individual mediators and signaling pathways of particular interest will be

discussed in more detail below.

4.2 Comparison of omental TU and TAM to their counterparts
derived from ascites

This work also presents the first study of a transcriptomic comparison of matched
pairs of ascites-derived tumor cells or TAM with their omental counterparts. One
important finding was a very high similarity between the two TU subsets as well
as between the two TAM subsets, indicating their utility (easily accessible) of
ascTAM and ascTU for research projects aiming at defining their function in the
HGSC TME. Nonetheless, we identified differentially expressed genes, e.g.,
upregulated genes linked to cell cycle progression in omTAM. An enhanced
proliferation of omTAM was validated via FACS staining, which is likely due to
stromal expression of CSF-1, known as the main growth factor of survival and
proliferation of monocytes and macrophages (Pollard, 2004). This observation
indicates that replication of resident macrophages, apart from blood-derived
monocytes, might be the source of ascTAM in HGSC.
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Another crucial discovery of the comparative analysis is the higher expression of
pro-inflammatory signaling in omental tumor cells and TAM. Both omTU and
omTAM showed an induced expression of HSP70 genes in the metastasis-
derived cell types. This is of special significance as extracellular HSP70 has been
linked to tumor progression (Secli et al., 2021), and HSP70 in HGSC ascites is
significantly associated with a poor RFS (Finkernagel et al., 2019). Apart from its
cytoprotective functions, HSP70 can be released as an extracellular mediator
and activate pro-inflammatory NFkB- and MAPK-signaling (Asea et al., 2002;
Juhasz et al., 2013). Consistent with these published findings, we detected
enhanced nuclear translocation of p65 and increased levels of IKKa/B in rHSP70-
treated ascTAM, pointing to an activation of NFkB-signaling in ascTAM by
extracellular HSP70, associated with increased IL-6 secretion. Pro-inflammatory
IL-6 signaling is linked to the promotion of metastasis in OC by supporting EMT,
migration, proliferation and other pro-tumorigenic functions (Browning et al.,
2018). Interestingly, the CD163+Tim4+ subset of tissue-resident macrophages,
which are characterized by upregulation of the IL6-responsive JAK-STAT
pathway, has been reported to play an essential role in the metastatic spread of
OC cells (Etzerodt et al., 2020).

Taken together, our data provide evidence for a high similarity of ascTU versus
omTU and ascTAM versus omTAM, respectively, but also show that the omental
HGSC TME represents an inflammation-promoting environment. Thus, selective
pathways within this TME can be of interest for further studies to elucidate their

role in the establishment of pre-metastatic niches in HGSC.

4.3 Pro-metastatic function of WNT4 in the crosstalk of CAF and
tumor cells

In view of the central role of WNT signaling in cancer (Teeuwssen & Fodde,
2019), WNT4 was selected as an example to verify the significance of host cells
in the network of HGSC metastases. Our RNA-Seq data revealed WNT4 as a
highly cell-type-selective ligand from CAF (Sommerfeld et al., 2021; Fig. 6A),
which is consistent with its known high expression in fibroblasts as well as its role
in wound healing and fibrosis (Labus et al., 1998; Surendran et al., 2002).

Furthermore, a recent study detected upregulation of WNT4 in the activated CAF-
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subtype CAF-S1 compared to CAF-S4 in HGSC, which is enriched for genes
involved in ECM-remodeling and adhesion (Givel et al., 2018).

The observed expression pattern of FZD8, the primary receptor of WNT4 and its
main co-receptors LRP5/6 (Dijksterhuis et al., 2015), indicated tumor cells as
major target cells for WNT4. Consistent with this notion, functional assays with
OVCAR4 as well as primary HGSC OC cells pointed to a role of WNT4 secreted
by CAF in the induction of tumor cell motility, migration and adhesion to a MESO
monolayer (Sommerfeld et al., 2021, Fig. 6), providing evidence for a pro-
metastatic function of WNT4 in the cross-talk between CAF and tumor cells in
HGSC. This is in accordance with published pro-tumorigenic functions of WNT4
in breast cancer, laryngeal carcinoma and colorectal cancer (Huang & Feng,
2017; Vouyovitch et al., 2016; Wang et al., 2020; Yang et al., 2020).

44 TGFBI and TNC secreted by ascTAM promote tumor
migration

Our study (Steitz et al., 2020) revealed that TNC, TGFBI and FN1 secreted by
TAM promote OC cell migration. This is in line with previous publications reporting
pro-tumorigenic functions of FN1 in OC (Lou et al., 2013; Yousif, 2014). All three
proteins are known as TGF- inducible ECM constituents (Lowy & Oskarsson,
2015; Noble et al., 1992; Ween et al., 2012) and have been reported to promote
tumor progression (Paron et al., 2011; Suzuki et al., 2018; Yousif, 2014).
Furthermore, TGFBI, TNC and FN1 were associated with a poor clinical outcome
in various cancer entities (Gocheva et al., 2017; Gopal et al., 2017; Suzuki et al.,
2018). In OC, Ween and colleagues described TGFBI as both a tumor suppressor
and oncogene, which may be dependent on features determined by the TME
(Ween et al., 2012). Within our HGSC patient cohort, increased ascites levels of
TGFBI, TNC and FN1 were significantly associated with a shorter RFS. Our
secretome and transcriptome data point to ascTAM and stroma cells in omental
metastasis (especially CAF) as the major sources of these three factors
(Sommerfeld et al., 2021). This is consistent with published data for other cancer
types, where a promigratory function of CAF-derived TNC, TGFBI and FN1 has
been described (Gopal et al., 2017; Lowy & Oskarsson, 2015; Suzuki et al.,
2018). Functional assays with MDMs using neutralizing antibodies against TGFBI

or TNC and siRNA-mediated silencing of TGFBI expression showed decreased
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migration of ascTU towards CM of asc-MDMs, indicating a pro-tumorigenic

impact of these mediators (Steitz et al., 2020, Fig. 6 and 7).

Taken together, our study links TGFBI and TNC secreted from ascTAM to tumor
cell migration. Since these ECM proteins are also produced by stromal cells,
especially by CAF, investigating a cooperative function of TAM and CAF in
modulating ECM interactions during metastatic processes would be of interest

for further research.

4.5 PGIl, mediated crosstalk between CAF and ascTAM

Based on bioinformatic analysis of the transcriptome of tumor and different host
cell types from ascites and omental metastases, we predicted several potentially
relevant lipid-mediated intercellular pathways in the HGSC TME. In this context,
a particularly interesting finding was the cell-type-selective expression of PTGIS
in CAF and MESO in conjunction with COX1 and 2. The multistep synthesis of
PGIl, from AA is catalyzed by COX1/2 followed by prostaglandin-specific
synthase PTGIS (Moncada et al., 1976; Mitchell & Kirkby, 2019). The role of
COX2 in tumor progression was investigated intensively in the past and elevated
expression was linked to a poor survival of multiple solid tumors (Hashemi
Goradel et al., 2019), including OC (Lee et al., 2013). Even though far less
attention has been paid to COX1 in tumor promotion, COX1 was proposed as
marker for OC already in 1995 (Lee & Ng, 1995). Moreover, differing from most
malignancies, various studies reported a higher expression of COX1 than COX2
in HGSC (Beeghly-Fadiel et al., 2018; Daikoku et al., 2005; Wilson et al., 2015).
This is consistent with our data showing higher PTGS1/COX1 mRNA levels in
tumor cells and CAF (Sommerfeld et al., 2022, Fig. 1). These observations may
be relevant in view of the fact that reported association of a reduced incidence of
OC with the intake of COX inhibitors, especially the non-steroidal anti-
inflammatory drug (NSAID) aspirin (Barnard et al., 2018; Trabert et al., 2014).

Our study provides strong evidence for a novel PGl,-mediated crosstalk between
CAF and TAM leading to altered TAM phenotypes with pro-tumorigenic functions
in HGSC. Due to elevated PTGIS mRNA and protein expression, CAF were
identified as the major producers of PGl; in this TME, which was validated by lipid
LC-MS/MS. Consistent with this finding, CAF-selective PTGIS expression has
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previously been described for pancreatic ductal adenocarcinoma (Gubbala et al.,
2022). Our RNA-Seq data also indicate high PTGIS expression in MESO, which
may thus contribute to the high PGl; level in HGSC ascites. This may be linked
to the plasticity of MESO, which can undergo MMT to assume a CAF-like
phenotype (Sandoval et al., 2013).

Pro- as well as anti-tumorigenic effects have been attributed to PTGIS and its
product PGl, (Ahn et al., 2018; Dai et al., 2020; Li et al., 2018). Based on the
PRECOG database, high intra-tumoral PTGIS expression is linked to a
decreased overall survival of HGSC patients, contrary to other cancer entities.
We identified ascTAM as a main target of CAF-secreted PGl, based on PTGIR
expression and activation. Autocrine functions of PGl, on CAF, as published for
fibroblasts (Kamio et al., 2007), may also play a role in HGSC. Since PTGIR-
signaling in CAF seems to be negligible due to low PTGIR expression levels and
low intracellular cAMP accumulation in response to PGl,, we focused on the
crosstalk of CAF with ascTAM.

Based on transcriptional and phenotypical analyses, we conclude that upon PGl,
analog stimulation TAM acquire an immunosuppressing and mixed-polarization
phenotype, including both M1- and M2-like characteristics (Sommerfeld et al.,
Fig. 4). This is in line with a previous publication by our group (Reinartz et al.,
2014) as well as recent studies based on scRNA-Seq data (lzar et al., 2020;
Olbrecht et al., 2021), providing evidence for intra-tumoral heterogeneity of TAM
in HGSC.

In the past decades, immunoregulating functions have been assigned to PGl,.
Besides pro-inflammatory signaling, anti-inflammatory and anti-fibrotic effects of
PGI, have been reported (Aronoff et al., 2007; Dorris & Peebles, 2012). For
instance, PGI, analogs suppressed phagocytotic capacity, inhibited bacterial
killing and enhanced IL-6 production in peritoneal rat macrophages, which had
differential effects on macrophages from distinct anatomic sites , which correlated
with PTGIR expression (Aronoff et al., 2007). This anatomic difference is
compatible with our own observations that ascTAM exhibit higher PTGIR
expression than omTAM, and that the phagocytotic capability and phagocytosis-

related markers were downregulated by PGl; analogs in asc-MDM.

29



DISCUSSION

PTGIR can also signal through activation of the nuclear receptor PPARB/d (Hertz
etal., 1996). In the present study, the effect of PGIS analogs on macropinocytosis
was partially prevented by PTGIR antagonists, while the PPAR[B/3 activation had
no detectable effect, indicating a minor role for PPAR/J, if any. This conclusion
is supported by a previous study showing that PPARB/d target genes are
constitutively upregulated in TAMs by endogenous fatty acid ligands and

therefore largely refractory to synthetic agonists (Schumann et al., 2015).

Finally, we identified a previously unknown PGl,-mediated, PTGIR-dependent
reprogramming of TAM enhancing primary tumor cell migration and adhesion to
a MESO monolayer (Sommerfeld et al., Fig. 7). Thus, our RNA-Seq data of PGl,-
treated ascTAM revealed upregulation of multiple genes linked to motility,
metastasis and ECM remodeling, including EGF, FN1, TNC and TGFBI, which
are secreted by macrophages and are known to support tumor cell migration
(Steitz et al., 2020; Zeng et al., 2019). Additional mediators, found within the
upregulated cytokins in MRE-269 treated ascTAM, could be EREG and AREG,
which both are EGFR ligands and promote cancer migration and invasion (Cheng
et al., 2021; So et al., 2014).

Collectively, our results indicate that PGl, released by CAF promotes immuno-
suppressive and pro-metastatic macrophage polarization. Thus, inhibiting PGl,

synthesis might be a promising option for improving HGSC treatment.

4.6 Conclusion

Our studies on patient-derived tumor and host cells - TAM, TAT, ADI, MESO,
CAF - provide new insights into the intercellular network signaling in the TME of
HGSC and led to the establishment of a comprehensive model of intercellular
signaling pathways. A key aspect of this network is an unexpected dominant role
of factors secreted by stroma and host cells. These cytokines and growth factors
create an inflammation-promoting environment, which is enhanced in omental

TAM and tumor cells as compared to their ascites-derived counterparts.

On the basis of our transcriptomic data, we analyzed the functional relevance of
novel cell-type-selective signaling pathways supporting HGSC progression.
Exemplarily, we could show a direct pro-metastatic function of the highly cell-
selective mediator WNT4 produced by CAF. In addition, we identified TGFBI and

30



DISCUSSION

TNC in the secretome of ascTAM as essential factors promoting tumor cell
migration. Our results also point to a potentially important role of CAF in
modulating the phenotype and function of TAM in the HGSC TME. By releasing
high amounts of PGl,, CAF promote an immunosuppressive and pro-metastatic
polarization of macrophages with indirect effects on tumor cell migration.

Our data may serve as a basis for the potential application of stroma-selective
cytokines, growth factors, ECM proteins and lipid-mediators as biomarkers, since
many of these factors are associated with a poor clinical outcome. Furthermore,
our datasets will provide relevant information for future research projects aiming
at an improved understanding of the molecular mechanisms of HGSC metastasis.
Finally, a global picture of the signaling network gained by this work may pave
the way for the identification of new potential drug targets to interfere with HGSC

progression and overcome therapy resistance.
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