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Abstract

Abstract

Transcoelomic dissemination of tumor cells via the malignant peritoneal fluid
(ascites) occurs at an early stage of high-grade serous ovarian carcinoma,
enabling extensive tumor spreading within the peritoneum. A high quantity of
malignant ascites arises during ovarian cancer progression, which is an important
characteristic of the unique tumor microenvironment. The ascites is rich in soluble
factors and different cell types, including immune cells, promoting the metastatic
spread, in particular to the omentum as a first site of tumor implantation. To date,
the exact mechanism of peritoneal invasion is still largely unknown. The omentum
and further peritoneal organs are covered by a mesothelial layer, physiologically
functioning as a protective shield, which is believed to prevent tumor invasion.
Different mechanisms leading to a disruption of the protective mesothelium,
favoring metastatic outspread, have been discussed. Interestingly, increased
mesothelial cell apoptosis introduced during pathological processes, including
inflammation and malignancy, have been reported. Strikingly, we are the first to
pinpoint the induction of mesothelial cell apoptosis to tumor-associated
lymphocytes present within the ovarian cancer tumor microenvironment. Thus,
we determined NK cells as the main effectors promoting mesothelial clearance in
vitro. Soluble factors secreted by activated T cells stimulate the NK cells’ cytotoxic
potential. Here we discovered TRAIL-dependent killing of omentum-derived
mesothelial cells as central mode of NK cell cytotoxicity, as demonstrated by
applying a neutralizing anti-TRAIL antibody. Further evidence evolved from
enhanced TRAIL expression on NK cells upon stimulation with T cell-secreted
mediators, while the corresponding activating death cell receptors, DR4 and DR5,
are expressed on mesothelial cells. By contrast, a significant contribution of
Fas/FasL signaling or cytotoxic cytokines, including TNFa and IFNy, could be
ruled out. Even though mesothelial apoptosis could generally be induced by
granzyme B/perforin, immunosuppressive ascites completely blocked this
pathway, which is therefore not important in our system. Affinity proteomic-based
analysis (Olink) of T cell-soluble factors comparing the secretomes of untreated
and activated T cells revealed mediators inducing NK cell activation and TRAIL
up-regulation. Intriguingly, we detected a previously unknown secretome-based

crosstalk between ascites-derived T and NK cells mediating TRAIL upregulation
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on NK cells mainly by T cell-secreted TNFa, demonstrated by gain and loss of
function experiments. A more subordinate role was assigned to further T cell-
secreted cytokines linked to NK cell activation and TRAIL signaling, including IL-
2, IL-21 and IFNy, possibly cooperating with TNFa to activate the NK cell
cytotoxic potential. In the following, we addressed whether TRAIL-dependent
killing mediated by NK cells in the tumor milieu was selectively directed against
mesothelial cells. By analyzing the potential of NK cells in killing high-grade
serous ovarian carcinoma cells, we found that the primary tumor cells were
resistant towards TRAIL-mediated killing, which was associated with decreased
expression levels of the death receptors. To further investigate why especially
mesothelial cells derived from the malignant tumor microenvironment were prone
to TRAIL-dependent killing, mesothelial cells obtained from a benign background
were compared and found to be less sensitive to apoptosis induction by NK cells,
which was further TRAIL-independent. This could be reasoned by the lower
expression of DR4 and indicates that the mesothelial cells might be educated by
ascites-derived soluble factors to TRAIL sensitivity, thereby supporting tumor

implantation.

A causal link between TRAIL-mediated disruption of the mesothelial barrier by
NK cells and enhanced ovarian cancer cell invasion could be proven in vitro by a
trans-mesothelial invasion assay. Finally, these findings could be clinically
accredited by immunohistological analysis of patient samples showing a loss of
the mesothelium in the close proximity of early metastatic lesions, while free-

floating apoptotic mesothelial cells were present in the ascites.

In conclusion, these novel findings indicate that NK cells, activated primarily by T
cell-derived TNFa, play an essential role in promoting transcoelomic
dissemination by selectively destroying the protective mesothelial barrier in a
TRAIL-dependent manner.
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Zusammenfassung

Die transcoelomische Dissemination von Tumorzellen Uber die maligne
peritoneale Flissigkeit (Aszites) erfolgt schon in einem frihen Stadium des
hochgradig sertsen Ovarialkarzinoms. Wahrend des Fortschreitens der
Erkrankung entwickeln sich grol3e Mengen Aszites, welche eine typische
Charakteristik der Tumormikroumgebung darstellt. Im Aszites sind l6sliche
Faktoren und verschiedene Zellarten, unter anderem Immunzellen, enthalten,
welche die Metastasierung prioritar in das Omentum fordern. Der exakte
Mechanismus der peritonealen Invasion des hochgradig serdésen
Ovarialkarzinoms ist bis heute weitestgehend unerforscht. Das Omentum, sowie
weitere Organe des Peritoneums, sind von einer Mesothelzellschicht bedeckt,
welche eine protektive Barriere darstellt und somit Tumorinvasion verhindern soll.
Es werden verschiedene Mechanismen diskutiert, wie die Tumorzellen die
protektive Schutzschicht des Peritoneums Uberwinden und invadieren. Eine
verstarke Apoptoseinduktion in Mesothelzellen wurde unter Inflammation und
Malignitat beobachtet. Wir konnten als erstes zeigen, dass Apoptose in
Mesothelzellen durch Tumor-assoziierte Lymphozyten in der
Tumormikroumgebung des Ovarialkarzinoms induziert wird. Hierbei
identifizierten wir NK-Zellen als Haupteffektorpopulation, welche die mesotheliale
Barriere in vitro beseitigen kdénnen. Fir eine effiziente Stimulation der NK-Zell-
Zytotoxizitat waren losliche Mediatoren, die von aktivierten T-Zellen sekretiert
wurden, essentiell. Durch die Verwendung eines neutralisierenden anti-TRAIL
Antikorpers konnten wir eine TRAIL-vermittelte Apoptoseinduktion in
Mesothelzellen aus dem Omentum als zentralen Mechanismus der NK-Zell-
Zytotoxizitat identifizieren. Dartber hinaus wurde die TRAIL Expression auf der
NK-Zellmembran durch die Stimulation mit T-Zell-sekretierten Mediatoren
hochreguliert, wahrend die korrespondierenden TRAIL-Rezeptoren, DR4 und
DR5, auf den Mesothelzellen ebenfalls deutlich exprimiert sind. Im Gegensatz
dazu konnte kein signifikanter Einfluss des Fas/FasL Signhalweges festgestellt
werden. Auch eine direkte Beteiligung zytotoxischer Zytokine wie TNFa und IFNy
konnten vernachlassigt werden. Obwohl Granzym B/Perforin Apoptose in
Mesothelzellen induzieren, wurde dies durch die immunsuppressive Aszites

komplett blockiert, weshalb dieser Signalweg in unserem System keine wichtige
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Rolle zu spielen scheint. Um die verantwortlichen T-Zell-sekretierten Mediatoren
zu identifizieren, wurde eine auf Affinitatsproteomik-basierende Analyse (Olink)
der unstimulierten und stimulierten  T-Zell-Sekretome  durchgefuhrt.
Interessanterweise identifizierten wir hierbei ein zuvor unbekanntes Sekretom-
basiertes Netzwerk zwischen Aszites-assoziierten T- und NK-Zellen, wobei vor
allem T-Zell-sekretiertes TNFa zur verstarkten TRAIL-Expression auf NK-Zellen
fuhrt. Dies konnte mittels ,Gain-of-Function® und ,Loss-of-Function® Versuche
demonstriert werden. Eine eher untergeordnete Rolle wurde weiteren T-Zell-
sekretierten Zytokinen — IL-2, IL-21 und IFNy — zugesprochen, die ebenfalls mit
NK-Zell-Aktivierung und TRAIL-Signalwegen assoziiert sind. Eventuell
kooperieren diese Zytokine mit TNFa, um das zytotoxische Potential von NK-
Zellen zu aktivieren. Wir konnten zeigen, dass primére Tumorzellen resistent
gegen TRAIL-vermittelte Apoptose waren, was mit einer verminderten
Expression der TRAIL-Rezeptoren assoziiert war. GleichermalRen wurde aus
vergleichenden Analysen mit Mesothelzellen aus Patientinnen mit benignen
gynékologischen Erkrankungen ersichtlich, dass diese generell weniger anfallig
gegenuber NK-Zell-induzierter Apoptose und dartber hinaus resistent gegeniber
TRAIL waren. Grund hierfur kénnte sein, dass DR4 auf diesen Mesothelzellen
geringer exprimiert ist. Eventuell kdnnten Aszites-assoziierte Faktoren im
Tumormilieu dafiir verantwortlich sein, die Mesothelzellen gegentber TRAIL zu
sensibilisieren und dadurch indirekt die Tumorimplantation férdern. Ein kausaler
Zusammenhang zwischen der TRAIL-vermittelten Zerstérung des Mesothels
durch NK-Zellen und verstarkter Tumorzellinvasion konnte in vitro durch
transmesotheliale Invasionsversuche bestétigt werden. Zuletzt lassen diese
Beobachtungen zusammen mit immunhistologischen Farbungen von Patienten-
Proben eine Kklinische Relevanz vermuten. In Gewebeschnitten konnte ein
Verlust des Mesothels in unmittelbarere N&ahe friher Metastasen, sowie
apoptotische Mesothelzellen im  Aszites nachgewiesen  werden.
Zusammenfassend konnten wir zeigen, dass NK-Zellen, nach Aktivierung durch
T-Zellen, vor allem uber die Sekretion von TNFa, eine wichtige Rolle in dem
Metastasierungsprozess des hochgradig serdsen Ovarialkarzinoms spielen,
indem sie in der Tumormikroumgebung selektiv die protektive
Mesothelzellschicht Gber einen TRAIL-vermittelten Mechanismus zerstéren und

somit die Tumorinvasion begunstigen.



Introduction

1. Introduction

1.1 Ovarian carcinoma — Statistics, origin and staging

In 2020 approximately 313,959 new cases of ovarian carcinoma and 207,252
new deaths worldwide were registered (Sung et al. 2021). According to these
statistics, ovarian carcinoma is the third most common cancer among the
gynecological malignancies worldwide, with an age-standardized incidence rate
of 6.6/100 000 women (cervical: 13.3, uterine: 8.7) (Sung et al. 2021). Since
ovarian carcinoma is usually not diagnosed until late stages, it is described as
the most lethal of all gynecological malignancies with a poor prognosis. The 5-
year overall survival rate at advanced stages is only 17% (Huang et al. 2022).
Ovarian carcinoma normally occurs in postmenopausal women diagnosed at a

median age range of 50-79 (reviewed in Momenimovahed et al. 2019).

The International Federation of Gynaecology and Obstetrics (FIGO) adjusted the
staging classification in 2014 to integrate ovarian, fallopian tube and peritoneal
cancer in one system (Berek et al. 2021). The reason for this is that other than
initially expected, 80% of high-grade serous classified carcinomas of the ovaries
or peritoneum (HGSC) could also have evolved from the fimbriae (Berek et al.
2021; Callahan et al. 2007).

Type |, low grade carcinomas, are nowadays believed to originate from a form of
endosalpingiosis, such as cortical inclusions of mullerian epithelium,
endometriosis and cystadenomas (Berek et al. 2021). These tumors, including
low-grade endometrioid, clear cell, borderline and low-grade serous are
genetically stable. Type Il, high-grade serous carcinomas, high-grade
endometrioid and carcinosarcomas evolve from the distant fallopian tube and are
associated with TP53 mutations in approximately all cases (Berek et al. 2021).
The main sites of metastatic lesions include the omentum, as well as pelvic and
abdominal viscera within the peritoneum. Metastasis outside the peritoneum are
uncommon (Berek et al. 2021).

Histologically ovarian cancer is classified into serous, mucinous, endometrioid,
clear cell, brenner, undifferentiated, mixed epithelial or peritoneal carcinoma with
epithelial origin in 90% of cases (Berek et al. 2021, reviewed in Momenimovahed

et al. 2019). The tumors are further subclassified by histological grading
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describing their differentiation status. Most prevalent are serous carcinomas,
which are either described as high- or low-grade dependent on their biology
(Berek et al. 2021).

FIGO staging is executed from surgical findings concerning spread, histology and
malignant ascites formation: Tumors are classified as stage | if the tumor is
restricted to one (IA) or both (IB) ovaries or fallopian tubes, as well as additional
surgical spill (IC1), capsule rupture prior to surgery/tumor on the surface of the
ovaries or fallopian tube (IC2) or if malignant cells are found in the ascites or
peritoneal rinsing fluid (IC3). Stage Il tumors exhibit peritoneal cancer or pelvic
extensions either on uterus, ovaries and fallopian tubes (llIA) or further
intraperitoneal regions (IIB). The classification of stage Il tumors further includes
cytologically or histologically confirmed metastasis to retroperitoneal lymph
nodes (l1lIA1) and regions outside the pelvis (Il1A2), with metastasis up to 2 cm in
size (l1IB) or greater than 2 cm (IlIC). In stage IV tumors, distant metastasis are
found with cytologically positive pleural effusion (IVA) and parenchymal or extra-
abdominal metastasis (IVB) (Berek et al. 2021).

About 20% of ovarian, fallopian tube or peritoneal cancer cases are due to
hereditary factors. Most important here is the BRCA1/2 gene mutation in 15% of
women with high grade non-mucinous ovarian carcinomas, posing the highest
genetic risk factor. The risk of developing ovarian, tubal or peritoneal cancer for
women with germline mutations in BRCA 1 is approximately 20-50% and 10-20%
for mutations in BRCAZ2. In this case, the median age of diagnosis lies within the
40s (Berek et al. 2021).

Throughout this work, we have focused on high grade serous ovarian carcinoma
(including the fallopian tube and peritoneal origin as described above), since this

type represents the most frequent ovarian malignancy (Berek et al. 2021).

1.2 Diagnosis and therapy of ovarian carcinoma

Up to this date, there are still no screening techniques effectively reducing the
mortality caused by ovarian, tubal or peritoneal carcinomas. At the time of
diagnosis, most ovarian cancers are of stage Il or IV with unspecific symptoms,
including abdominal pain, menstrual irregularities, dyspepsia or digestive

problems. As the disease progresses, large volumes of malignant ascites can
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form, leading to additional respiratory symptoms. During diagnosis, the
presenting patient’'s age, expression of tumor markers, ascites formation,
ultrasound and computer tomography (CT) findings, as well as mono- or
bilaterality are considered (Berek et al. 2021). Depending on the cancer stage at
the time of the operation, laparotomy with abdominal hysterectomy, bilateral
salpingo-oophorectomy, omentectomy and further cytoreductions are performed.
Adjacent to primary cytoreduction, chemotherapy applying a platinum-based
combination of Carboplatin or Cisplatin with Paclitaxel or Docetaxel represent the
standard therapy. Bevacizumab, an antibody directed against vascular
endothelial growth factor A (VEGFA) targeting angiogenesis, has been added to
the chemotherapy as standard of care in some countries. A slight increase in
progression-free survival has been noted in some clinical trials, while the overall
survival remained unaffected (reviewed in Mirza et al. 2020; Ledermann 2017).
Almost 80% of patients with advanced tumor stage relapse after responding to
first-line therapy. The median time to recurrence is hereby 16 months. Adjacent
chemotherapy depends on the time of the progression-free interval and obtained
platinum-resistance (Berek et al. 2021). Supporting reports demonstrate a benefit
of maintenance chemotherapy with poly adenosine diphosphate (ADP)-ribose
polymerase (PARP) inhibitors (i.e. Olaparib) after first-line therapy or platinum-
sensitive recurrence significantly increasing patient progression-free survival
(Berek et al. 2021; reviewed in Mirza et al. 2020). PARP inhibition leads to
increasing amounts of single- and double-stranded DNA breaks, which cannot be
repaired, finally leading to cancer cell death (reviewed in Mirza et al. 2020).
Furthermore, the beneficial effect of immune checkpoint inhibitors in combination
with chemotherapy and PARP inhibitor are being tested (Berek et al. 2021).
Immune checkpoints are important as negative feedback mechanisms, regulating
T cell receptor signaling during antigen presentation preserving self-tolerance.
These pathways play an important role in tumor immune escape and include the
T cell surface molecules cytotoxic T-lymphocyte antigen 4 (CTLA-4) and
programmed death 1 (PD-1) inhibiting T cell activation upon antigen presentation.
Cancer cells often express programmed cell death-ligand 1 (PD-L1) binding to
PD-1 on T cells and inhibiting their activation. Since this is associated with a bad
prognosis, immunotherapy aims at blocking these inhibitory pathways

propagating T cell activation and anti-cancer immunity. Patient response largely

7
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relies on the composition of the tumor microenvironment (TME). Higher tumor T
cell infiltration is associated with a better response (reviewed in Siminiak et al.
2022). Nevertheless, there is still no benefit in immunotherapy for ovarian cancer
patients and side effects are severe (reviewed in Siminiak et al. 2022). A possible

reason for this will be addressed in the following thesis.

1.3 The unique TME of HGSC

The TME of HGSC presents special characteristics, distinguishing it from other
cancer types and highlighting its severe outcome. A unique feature includes early
onset of transcoelomic dissemination enabled by extensive accumulation of
peritoneal fluid, the malignant ascites. This equips for effective metastatic spread
within the abdominal peritoneum, mainly the omentum (reviewed in Worzfeld et
al. 2017; Lengyel 2010). The ascites congregation is reported to facilitate upon
vascular endothelial growth factor (VEGF) signaling increasing capillary
permeability and decreased lymphatic drainage of the abdomen due to tumor
cells blocking the stomata, as illustrated in figure 1 (reviewed in Ford et al. 2020).
Therefore HGSC metastatic spread is independent of angiogenesis and the

hematological route (reviewed in Weidle et al. 2016).

Mesothelium Peritoneal Mesothelium
cavity

Endothelial

cells
Blood vessel

/
(
|

VEGF j _—
upregulatlon\)\7
causes blood

vessel dilation

Fluid Fluid passes Fluid fills Tumour cells
escapes mesothelium peritoneal compromise
blood into cavity lymphatic
vessel peritoneal drainage

cavity

Figure 1. Mechanism of malignant ascites formation during HGSC cancer progression.
VEGF promotes increased vascular permeability, while tumor spheroids block lymphatic drainage
facilitating the accumulation of large amounts of peritoneal fluid — ascites. lllustration derived from

Ford et al. 2020 (Creative Commons Attribution license:
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http://creativecommons.orqg/licenses/by/4.0/).

The malignant ascites forms one part of the unique TME and holds large amounts
of soluble factors secreted by the host cells and tumorigenic cancer cells.
Previously performed SOMAscan-based proteomic analysis identified 1,305
plasma proteins in total represented in HGSC ascites, of which 356 showed
significantly higher levels compared to plasma. Of these proteins, two distinct
clusters were found: cluster 1, associated with metastasis-associated processes
(i.,e. migration, adhesion, extracellular matrix (ECM) remodeling and
angiogenesis) linked to a short relapse-free survival (RFS), while cluster 2,
associated with immune regulation, linked to increased RFS (Finkernagel et al.
2019). Thus, a complex signaling network between the different cell types within
the TME is formed, contributing to a favored metastatic outspread (Worzfeld et
al. 2018). As depicted in figure 2, among the host cells immune cells, including
tumor-associated macrophages (TAM), T cells, natural killer (NK) cells and B
cells can be found, as well as stroma cells, including endothelial cells, human
peritoneal mesothelial cells (HPMC), cancer-associated fibroblasts (CAF) and
cancer-associated adipocytes (CAA). Tumor cells are present as different-sized

spheroids or single cells (reviewed in Kim et al. 2016).

The sites of primary metastasis within the peritoneum and omentum form the
second, solid compartment within the TME, as demonstrated in figure 2 (reviewed
in Pogge von Strandmann et al. 2017). The omentum is located within the
abdomen and it functions to protect the visceral organs while modulating
peritoneal homeostasis, including the regulation of inflammation processes, fluid
exchange, angiogenesis and it provides stem cells, immune cells and lipids
(reviewed in Pogge von Strandmann et al. 2017). Itis surrounded by a monolayer
of HPMC and mainly constructs fat cells and connective tissue (ECM), as well as
lymphocytes (macrophages, B cells, T cells, NK cells, dendritic cells (DC)) and
fibroblasts (reviewed in Pogge von Strandmann et al. 2017; Motohara et al.
2019). The specific tropism of HGSC for the omentum demonstrates its important
role in providing metastasis-promoting factors (reviewed in Motohara et al. 2019).
Contributing to this could be the accumulation of immune cells and capillary
networks within milky spots, small functional units described as secondary

lymphoid organs (Rangel-Moreno et al. 2009), distributed throughout the
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omentum (reviewed in Liu et al. 2016). The milky spots are typically located
around glomeruli vessels underneath the mesothelium found to feature stomata
at these sites (reviewed in Liu et al. 2016). They function as lymphatic portals,
important for peritoneal fluid drainage into the venous system. A strong
accumulation of resident lymphocytes can be found at these sites, involved in
immune surveillance and leading to a pale appearance explaining the origin of
naming these sites ‘Milky Spots’ (reviewed in Sodek et al. 2012). Upon additional
damage/change of the mesothelium within the TME, the tumor cells invade and
colonize the omentum (reviewed in Liu et al. 2016). Here, the adiposites are re-
programmed into CAA and the fibroblasts are re-educated into CAF promoting
tumorigenesis (reviewed in Pogge von Strandmann et al. 2017). Moreover,
stromal, immune, tumor and mesothelial cells secrete pro-inflammatory cytokines
promoting metastatic outspread (reviewed in Liu et al. 2016). The complex
signaling network between the different cell types present within both
compartments (ascites and metastatic sites at the omentum) driving metastasis

will be addressed in more detail in the following (section 1.4).
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Figure 2. Compartments of the unigue HGSC TME. The unique TME of HGSC can be divided
into two compartments: (i) The ascites fluid, containing different cell types, including tumor
spheroids or single cells, immune cells (TAM, T cells (T), NK cells (NK) and B cells (B)), as well
as lower amounts of stroma cells. These cells secrete soluble proteins and exosomes. (ii) The
site of primary metastasis, with implantations found in particular at the omentum. The omentum

is covered by a HPMC monolayer, masking the ECM and building stomata at sites of underlying
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milky spots. The milky spots comprise different immune cells (TAM, T cells, B cells, NK cells, and
dendritic cells (DC)). Upon tumor invasion, the adipocytes are turned into CAA and the fibroblasts
into CAF. A complex signaling network within and between these compartments promoting

tumorigenesis is formed.

1.4 HGSC metastatic route promoted by a complex intercellular signaling
network

Ovarian carcinoma metastasis follows the intraperitoneal transcoelomic
dissemination by tumor cell release into the peritoneal fluid (reviewed in Sodek
et al. 2012). Complex cell-cell communications between cancer cells and host
cells provide the pre-requisite for the pre-metastatic niche formation, finally
establishing metastatic lesions (reviewed in Ritch and Telleria 2022). As reported
in Moss et al. 2009, cleavage of a3 integrin by matrix-metalloproteinase (MMP)
14, expressed by ovarian cancer cells, can induce tumor cell discharge from the
primary tumor site ( Moss et al. 2009; reviewed in Mei et al. 2023). The anatomical
location of the ovaries and fallopian tube — in the abdomen without any physical
barrier — is one explanation for the typical HGSC colonization of the peritoneum
(reviewed in Mei et al. 2023). The tumor cells are then transported in the
circulating malignant ascites, constituting a metastatic surrounding for ovarian
carcinoma. Some of the most important signaling pathways forming the TME
include ECM remodeling and organization, cell adhesion and regulation of
immune response involving the complement system (reviewed in Worzfeld et al.
2017).

During transportation in the ascites, the tumor cells manage to avoid anoikis and
immune responses, among others, finally attaching to the mesothelium lining
peritoneal organs (reviewed in Mei et al. 2023). CAF present in ascites play a
pivotal role in early metastatic steps of ovarian cancer. Upon tumor exfoliation,
CAF promote the formation of heterotypic spheroids building the core, while the
tumor cells showed high expression levels of integrin a5 (Gao et al. 2019;
reviewed in Schoutrop et al. 2022). Further heterotypic spheroids consisting of
tumor cells and TAM were found. In an orthotopic murine mouse model, it has
been found that TAM within the spheroids secrete EGF leading to an autologous
up-regulation of aMB2 integrin and ICAM-1 on tumor cells, promoting their
interaction. Additionally, via EGF/EGFR signaling, tumor cell proliferation and

migration were promoted in a VEGF-mediated manner (Yin et al. 2016; reviewed
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in Schoutrop et al. 2022). These spheroids exhibit anchorage-independent
survival resisting anoikis, increased adhesion and mesothelial clearance
(reviewed in Schoutrop et al. 2022). In accordance with the “seed-and-soil”
hypothesis proposed by Stephen Paget (Fidler 2003), the omental surface is
similar to the ovarian surface epithelium, enabling tumor cell adaption by
functioning as the “soil” (reviewed in Mei et al. 2023). Different involved processes
have been described, including the direct binding of tumor cells to HPMC or the
underlying ECM, as well as mechanisms of HPMC disruption and ECM
remodeling. It has been described that the mesothelium is rendered more
adhesive in the context of the TME: The adhesion molecules ICAM-1 and VCAM-
1 are up-regulated on mesothelial cells, the tumor cells express CD44 binding to
the hyaluronan-rich mesothelial surface, as well as the transmembrane mucin
CA125 binding mesothelin on HPMC. Nevertheless, metastatic sites are
commonly bereft of the mesothelial barrier, thus the affinity of ECM binding by
tumor cells is much larger and mainly mediated via integrins (Niedbala et al. 1985;
reviewed in Worzfeld et al. 2017; Sodek et al. 2012). Here, collagen | is the
preferential substrate bound by ovarian cancer cells and the main peritoneal ECM
component (reviewed in Sodek et al. 2012). In particular, a2B1 integrin is
important for the disaggregation of tumor spheroids present in the ascites fluid
with subsequent increased adhesion ability to collagen | (Shield et al. 2007,
Moser et al. 1996). This was further supported by increased MMP2 and MMP9
expression by tumor spheroids (Shield et al. 2007; reviewed in Ritch and Telleria
2022). It has been reported that upon clearance of the mesothelial barrier and
exposure of the collagen-rich matrix, tumor cells preferentially invade the milky
spot sites providing a pro-tumorigenic microenvironment, subsequently inducing
fibrosis (reviewed in Mei et al. 2023). Interestingly, milky spot adjacent
mesothelial cells show an activated cuboidal morphology with reduced integrity
exposing the ECM, possibly due to the cytokines secreted by the neighboring
lymphocytes (reviewed in Sodek et al. 2012). The pro-inflammatory surrounding
of the metastatic site, induced by local immune cells, facilitates cancer
progression (reviewed in Sodek et al. 2012). Thus, further mesothelial retraction
is promoted by inflammatory cytokines, such as TNFa and IL-1(3, with subsequent
increased ECM exposure creating prolonged tumor cell attachment (Stadlmann

et al. 2003; reviewed in Sodek et al. 2012). Fibroblasts present within the sub-
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mesothelium of the omentum secrete structural proteins building and regulating
the ECM, including collagen, fibronectin, elastin and vitronectin. In the TME,
these fibroblasts are turned into CAF driven by IL-6 and TGF (reviewed in Mei
et al. 2023). Subsequently, CAF and further host cells secrete different proteins
inducing ECM remodeling, enabling tumor invasion and implantation (reviewed
in Ritch and Telleria 2022). Reported from own transcriptome data, this role has
also been assigned to TAM, showing strong up-regulation of genes involved in
ECM remodeling (Finkernagel et al. 2016). The ECM plays a pivotal role in
facilitating tumor progression by promoting tumor cell proliferation (ERK, PI3K
and Rac signaling), migration and invasion (TGFB and RohA/Rac signaling, fiber
organization/stiffness), survival (modulation of BAX, Bcl-2 and NF-kB), stemness
(STAT3 and Wnt signaling) and by this, finally therapy resistance. Upon
deconstruction of the ECM, the omentum is transformed into a stiff and fibrotic
tissue (reviewed in Schoutrop et al. 2022). Furthermore, local CAA supply lipids,
which the cancer cells use to encounter their energy requirements. Finally,
angiogenesis within the metastatic omentum, promoted by CAF-secreted VEGF,
enables adequate nutrient supply for tumor implantation (reviewed in Mei et al.
2023). Interestingly, from comparative transcriptomics of omentum-derived and
ascites-derived tumor cells, the omental tumor cells showed a significant up-
regulation of genes associated with epithelial traits and pro-inflammatory
signaling. The transition between epithelial and mesothelial phenotypes possibly
plays a role during metastasis and chemoresistance (Sommerfeld et al. 2021;
Haslehurst et al. 2012).

Based on these reports from the literature, one can begin to imagine how complex
and sufficient the metastatic outspread of HGSC via transcoelomic dissemination
is. Therefore, it is important to see the bigger picture and shed light on still

unknown mechanisms within the metastatic process.

1.5 Pro-tumorigenic role of mesothelial cells in the HGSC TME

The mesothelial layer represents a protective barrier surrounding the peritoneal
organs masking the underlying ECM, which is mainly composed of collagen | and
fibronectin, collagen IV and laminin. Mesothelial cells play a key role in peritoneal
homeostasis and secrete glycosaminoglycans, mainly hyaluronan, surfactants

(i.e. phosphatidylcholine) and proteoglycans apically, providing a gliding surface
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for the viscera, preventing organ fusion and impeding cellular attachment or
infiltration (reviewed in Ritch and Telleria 2022; Sodek et al. 2012). Therefore, the
tumor cells must find a way to overcome the mesothelial covering. It acts as a
first line of defense and initiates immune response (reviewed in Ritch and Telleria
2022). Via pattern recognition receptors expressed on the mesothelial cell
surface, they can detect pathogens and respond by releasing inflammatory
cytokines. Furthermore, upon injury, the entry of inflammatory immune cells into
the peritoneal cavity, possibly via milky spots, is regulated by mesothelial cells
secreting chemokines and cytokines (MCP-1 and IL-8) and expressing cell
surface adhesion molecules (ICAM-1 and VCAM-1). Intriguingly, in response to
tissue repair or pathological stimuli, including malignancy, mesothelial cells
undergo a form of epithelial-mesenchymal transition (EMT), namely mesothelial-
mesenchymal transition (MMT), transforming into myofibroblasts and CAF
(Sandoval et al. 2013; reviewed in Sodek et al. 2012; Zheng et al. 2022). This
indicates strong mesothelial plasticity (reviewed in Sodek et al. 2012; Zheng et
al. 2022). Supporting the reports on mesothelial EMT traits in the presence of
ascites (reviewed in Zheng et al. 2022; Ritch and Telleria 2022), own preliminary
data revealed the induction of typical EMT characteristics, including the reduction
of E-cadherin, increased Slug and ZEB-1 expression, as well as the upregulation
of typical fibroblast markers (unpublished data). Furthermore, this reduced the
amount of cell-cell contacts measured by zonula occludens-1 (ZO-1) staining
(unpublished data). Others have also reported reduced cellular junctions under
ascites conditions by oxidative stress, decreasing the integrity of the mesothelial
barrier (Mikuta-Pietrasik et al. 2017). Additionally, hepatocyte growth factor
(HGF), derived from the tumor cells, facilitated mesothelial senescence with
subsequent up-regulation of fibronectin, down-regulation of junctional proteins
and secretion of pro-angiogenic factors. Consequently, mesothelial integrity is
disrupted and tumor cells can bind to fibronectin, finally promoting invasion
(Ksiazek et al. 2009; Pakuta et al. 2019; reviewed in Zheng et al. 2022). This
indicates that the mesothelial cells lose their protective function in the context of
the TME (reviewed in Sodek et al. 2012). Additionally, HPMC within the TME
have been found to produce different cytokines and CCL2, among others,
promoting transmesothelial migration/invasion of tumor cells via p38-MAPK

signaling (reviewed in Mei et al. 2023). It has been demonstrated that HPMC-
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secreted Wnt5a regulates TAM polarization towards an immunosuppressive M2-
like status. Subsequent increased chemokine secretion correlates with regulatory
T cells and TAM infiltration (reviewed in Mei et al. 2023). Upon myosin- and
traction forces exerted by tumor spheroids, they gain access to the ECM normally
masked by the mesothelial layer, demonstrating an additional mechanism how
the tumor cells overcome this barrier (Iwanicki et al. 2011). Interestingly, during
inflammatory processes, such as acute peritonitis or long-term peritoneal dialysis,
increased mesothelial apoptosis was registered, which was associated with an
increased infiltration of immune cells. A potential involvement of these leukocytes
in the apoptosis process was not demonstrated here (Catalan et al. 2003; Chen
et al. 2003).

1.6 Pro-tumorigenic role of immune cells and tumor immune escape in
HGSC

Immune cells, comprising innate and adaptive counterparts play a crucial role in
the HGSC TME and largely contribute to tumor-immune escape, which is
supported by different immunological configurations at primary tumor sites,
ascites and the metastatic lesions (reviewed in Fucikova et al. 2021). Among the
most abundant populations found in the ascites of HGSC patients are
lymphocytes (including T cells and NK cells) and TAM (reviewed in Schoutrop et
al. 2022).

The presence of tumor-infiltrating lymphocytes (TIL) is associated with an
increased 5-year survival rate of HGSC patients. At the same time, this is not the
case for the infiltration of stromal regions (reviewed in Fucikova et al. 2021;
Schoutrop et al. 2022). Notably, the accumulation and recruitment of CD8+ T
effector memory cells in ascites by CXCL9 derived from macrophages is
associated with increased relapse-free survival. However, the HGSC TME
promotes T cell dysfunction by inhibiting important signaling proteins (Lieber et
al. 2018). Furthermore, the tumor cells down-regulate human leukocyte antigen
(HLA)-1 to escape the cytotoxic T cell attack. T cell exhaustion impairing anti-
tumor response characterized by high expression levels of immune checkpoint
receptors (ICR), including PD-1, CTLA-4, TIM-3, BTLA and LAG-3, demonstrates
a further mechanism of immune evasion (reviewed in Schoutrop et al. 2022;
Worzfeld et al. 2017; Worzfeld et al. 2018). Moreover, it has been shown that the
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frequency of CD4+ T helper cells is increased in ascites compared to the primary
tumor site or peritoneal lesions (reviewed in Schoutrop et al. 2022). An increased
CD4+/CD8+ ratio in ascites is associated with poor patient survival (Giuntoli et
al. 2009). This demonstrates that the T cell subtype and location of infiltration
determine beneficial or detrimental outcomes for the patient (reviewed in
Fucikova et al. 2021; Schoutrop et al. 2022). Here, especially regulatory T cells
(Treq), correlating with an advanced stage of the disease, suppress an anti-tumor
response in the TME (reviewed in Schoutrop et al. 2022). This is achieved by
lysis of effector cells, inhibition of antigen-presenting cells (APC), secretion of
immunosuppressive cytokines (i.e. IL-10, TGFB1), as well as depletion of growth
factors (reviewed in Fucikova et al. 2021). The unconventional T cell subtypes,
yo T cells and natural killer T cells (NKT), representative of the interface between
adaptive and innate immunity, display elevated levels in ascites. While it has been
reported that yd T cells can mediate anti- and pro-tumor responses, NKT cells
are probably inhibited in the immunosuppressive milieu. The exact role of these
T cells remains to be discovered (reviewed in Schoutrop et al. 2022). B cell
infiltration has also been associated with improved survival rates. They mainly
reside within the stroma, only few have been found within tumor aggregates.
Here, cooperative interactions between CD8+ T cells and CD20+ B cells improve
disease outcome (Nielsen et al. 2012; reviewed in Fucikova et al. 2021).

TAM, NK cells, DC, neutrophils and myeloid-derived suppressor cells (MDSC)
are examples for innate immune cells found in the TME. The professional
antigen-presenting DC link the innate and adaptive immune system by inducing
T cell activation. This function is impaired in the TME, by which anti-tumor T cell
activation is affected. Inflammatory DC present in the TME produce pro-
tumorigenic IL-6 and galectin-1 (Tesone et al. 2016; reviewed in Schoutrop et al.
2022).

TAM represent the most abundant type of myeloid-derived cells within the TME.
They display a highly plastic and heterogeneous population of roughly classified
pro-inflammatory type 1 (M1) and immunosuppressive type 2 (M2) macrophages
with further TAM-specific characteristics (reviewed in Schoutrop et al. 2022;
Fucikova et al. 2021). Finkernagel et al. 2016 additionally classified ascites-

derived TAM into “bad prognosis” and “good prognosis” TAM based on the
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expression levels of CD163 and CD206 cell surface markers (Finkernagel et al.
2016; Worzfeld et al. 2018). High expression levels are associated with a bad
clinical outcome and the expression of cytokines and growth factors involved with
‘monocyte chemotaxis”. Opposing this, low expression levels are linked to
increased RFS and the expression of factors assigned to “regulation of T cell
chemotaxis” (Reinartz et al. 2014; Worzfeld et al. 2018). Furthermore,
Sommerfeld et al. 2021 reported that omental TAM exhibit enhanced proliferative
and pro-inflammatory properties compared to ascites TAM. Omentum-derived
TAM demonstrated higher expression levels for genes encoding cytokines,
growth factors and ECM-associated proteins (Sommerfeld et al. 2021). TAM are
highly pro-tumorigenic by promoting tumor cell migration, as demonstrated by
own analysis (Steitz et al. 2020), invasion and growth. Upon secretion of CCL6
and CCL23 by omentum tissue-resident TAM, they facilitate tumor cell invasion
and finally colonization of the omentum (Krishnan et al. 2020). Via EGFR and
VEGFC signaling, TAM facilitating the up-regulation of integrins and ICAM-1,
promoting tumor cell adhesion, spheroid formation and implantation (reviewed in
Fucikova et al. 2021).

MDSC arise under pathological and inflammatory conditions, in which the
differentiation of myeloid progenitor cells and immature myeloid cells is arrested.
Therefore, the highly immunosuppressive MDSC correlate with poor survival
rates. This results in inhibition of NK and T cell proliferation (reviewed in
Schoutrop et al. 2022).

Neutrophils, which can also be found in omental milky spots, promote the pre-
metastatic niche formation by forming neutrophil extracellular traps (NET)
comprising of chromatin webs, enabling ovarian cancer binding and metastasis.
This NETosis of neutrophils was stimulated by tumor cell-secreted factors,
including IL-8, G-CSF, GROa and GROQR, which can also be found in ascites (Lee
et al. 2019).

Improved patient survival has been associated with the existence of intratumoral
NK cells (Webb et al. 2014). Besides direct cytotoxicity of activated NK cells
against tumor cells, they can also engage the adaptive immune system by

conventional DC (cDC) recruitment into the TME via release of different
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chemoattractants (reviewed in Fucikova et al. 2021). Nevertheless, the NK cell
functionality is impaired in the immunosuppressive TME and NK cells are even
described as receiving pro-tumorigenic traits (reviewed in Schoutrop et al. 2022).
As reported by Levi et al. 2015, tumor-infiltrating NK cells were mainly
CD5619"/CD169™, which expressed increased amounts of VEGF promoting
tumor-angiogenesis. Furthermore, it has been described that the NKG2D
activating NK cell receptor is down-regulated by macrophage migration inhibitory
factor (MIF) present in the TME (Krockenberger et al. 2008). Opposing this,
previously performed analysis within our department demonstrated impaired
NKG2D function on ascites-derived NK cells, while NKG2D itself was not down-
regulated (Vyas et al. 2017). At the same time, the inhibitory checkpoint ligand
B7-H6 was up-regulated on the tumor cell surface and the soluble form was
present in ascites. This was reported to additionally down-regulate the expression
of the activating receptor NKp30 on NK cells, concomitant with reduced IFNy
production (Pesce et al. 2015). Intriguingly, it has recently been reported that NK
cells present in the ascites of ovarian cancer patients also express PD-1, leading
to their inactivation (Pesce et al. 2016). Subsequently, this could lead to NK cell
exhaustion and tumor immune evasion (reviewed in Abel et al. 2018). Besides
PD-1, further inhibitory checkpoints are expressed by NK cells, including the T
cell Ig and immunoreceptor-based tyrosine inhibitory motif (ITIM) (TIGIT), CD96
(tactile) and TIM-3, among others. Their ligands are up-regulated on tumor cells
(reviewed in Sivori et al. 2019). Furthermore, CA125, highly expressed in ascites,
induces a strong down-regulation of CD16, concomitant with a slight reduction of
the NKG2A receptor on NK cells (Patankar et al. 2005).

Additionally, the recruitment and functionality of immune cells is strongly
dependent on the composition of the ECM (reviewed in Pickup et al. 2014;
Schoutrop et al. 2022). An unfavorable immune landscape has been linked to
high ECM density at the metastatic omentum (Pearce et al. 2018; reviewed in
Schoutrop et al. 2022). Interestingly, recent analysis comparing primary tumor
lesions and metastatic sites revealed immense differences in ECM structure,
infiltrating lymphocyte subtypes and functionality (Gertych et al. 2022; Détzer et
al. 2019; Sommerfeld et al. 2021), possibly promoting tumor progression, which

will be further addressed and discussed in this work. A more detailed report on T
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and NK cell activation, functions and subtypes can be found in the following

sections 1.7 and 1.8.

1.7 T cell differentiation, subtypes and function

The immune response against foreign or pathological influences relies on the
interactions and alliances between the innate and adaptive immune system
(reviewed in Raskov et al. 2021). As immune cells of the adaptive immune
system, T lymphocytes originate from bone marrow progenitor cells, which
maturate in the thymus. During this process, described as thymopoiesis, T cell
receptor (TCR) rearrangement is performed, resulting in CD4+/CD8+
thymocytes. From subsequent selection CD4+ or CD8+ thymocytes arise, which
migrate into the periphery as naive T cells (reviewed in Kumar et al. 2018). The
TCRis highly diverse, up to 100 million different specificities have been quantified
from sequencing analysis (Qi et al. 2014; reviewed in Kumar et al. 2018). T cell
differentiation resulting in effector T cells upon activation by APC occurs in three
phases, including (i) clonal expansion of activated, pathogen-specific T cells
contributing to infection removal, (i) subsequent T cell apoptosis during the
contraction phase and (iii) long-term persistence of memory T cells protecting
against a second infection (reviewed in Kumar et al. 2018). These memory T cells
can then be found in the previously infected tissue as effector memory cells or
located within secondary lymphoid orangs as central memory cells (reviewed in
Golubovskaya and Wu 2016).

The CD4+ T helper cells can differentiate into multiple subsets induced by
specific cytokines, including T helper (Th) 1, Th2, Th9, Thl7, Th22, Treg and
follicular T helper cells (Tfh). Their full differentiation is promoted by different
cooperating transcription factors. In turn, the subsets are characterized by
specific cytokine profiles, which also determine their functionality as pro- or anti-
inflammatory, survival and protection. Generally speaking, Thl and Th2-derived
cytokines are pro-inflammatory and associated with cytotoxicity, Thl7 are
essential for host defense against foreign pathogens, such as bacteria and fungi,
Tfh induce humoral immunity by interacting with B cells and Treg promote

immune-suppressive functions (reviewed in Golubovskaya and Wu 2016).
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CD8+ cytotoxic T cells can be activated by APC and subsequently differentiate
into T stem cell memory cells, T central memory cells, T effector memory cells
and T effector cells with increased effector function and decreased memory
function and proliferation (reviewed in Golubovskaya and Wu 2016). They
express Fas, different integrin family members and secrete IL-2, IL-4 IFNy and
TNFa (Hamann et al. 1997). The transcription factor Eomesodermin (Eomes) is
important for CD8+ T cell differentiation. The CD8+ cytotoxic T cells are the main
mediators inducing cell death and removing unhealthy cells, while the CD4+ T
helper cells enable maintenance of the CD8+ response and prevent exhaustion
(reviewed in Golubovskaya and Wu 2016; Luckheeram et al. 2012; Raskov et al.
2021).

1.8 NK cell maturation, activation and cytolytic functions

NK cells are a part of the innate immune response and display 5-20% of
circulating lymphocytes in humans. NK cells share similar traits with the innate
lymphoid cell (ILC) group since they both produce IFNy and TNFa upon
activation. Additionally, NK cells exert cytolytic functions similar to the CD8+
cytotoxic T cells. NK cells develop and mature in the bone marrow and secondary
lymphoid organs and tissues (tonsils, spleen and lymph nodes) in different
stages. Upon CD56 (neutral cell adhesion molecule (NCAM)) expression during
the final stage, immature NK cells are differentiated into mature NK cells,
including the functional stages of CD56""9"/CD16'°% and CD56%™/CD16"9", The
developmental stages are driven by “gamma chain cytokines”, including IL-2, IL-
4, IL-7, IL-9, IL-15 and IL-21, which signal via the type | transmembrane
glycoprotein yc chain (CD132) and specific cytokine receptors. Most circulating
NK cells are CD569™m/CD16"9", while the less mature CD5619"/CD16'" NK cells
are found in secondary lymphoid tissues. The functional differences concern the
production of inflammatory cytokines (CD56P19"), compared to the cytotoxic
functions (CD564™) (reviewed in Abel et al. 2018).

To obtain their full responsive functionality, NK cells are educated during a
process where they interact with self-major histocompatibility complex (MHC)-I
rendering them self-tolerant, avoiding autoimmunity. Inhibitory Killer
immunoglobulin-like receptors (KIR/CD158), expressed on NK cells, interact with
MHC-I molecules (HLA-A, B, C) on target cells. The inhibitory NKG2A (CD159a)
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type Il transmembrane receptor recognizes HLA-E (reviewed in Abel et al. 2018;
Sivori et al. 2019). Their inhibitory signal is transduced via the ITIM present in
their cytoplasmic tail. This is important for self-recognition of healthy cells. The
LIR-1 type | transmembrane protein represents another HLA-specific inhibitory
receptor, able to bind HLA-A, B, C and G, and the cytomegalovirus encoded HLA
class | homolog UL18 (Vitale et al. 1999; reviewed in Sivori et al. 2019).
Additionally, activating KIR have also been identified, which carry a charged
amino acid residue in their transmembrane domain, inducing the interaction with
the immunoreceptor tyrosine-based activation motifs (ITAM)-bearing molecules
KARAP/DAP12. This engagement with receptor-associated adaptor molecules is
important for signal transduction since they lack signaling domains in their
cytoplasmic tails (reviewed in Abel et al. 2018; Sivori et al. 2019). NKG2C, also
belonging to the activating HLA-specific NK cell receptors, bind HLA-E at low

affinity (reviewed in Sivori et al. 2019).

Activating NK cell receptors are important for the recognition of stressed,
transformed and virus-infected cells. In particular, the natural cytotoxic receptors
(NCR), type | transmembrane molecules of the immunoglobin-like family,
represent the major activating receptors, including NKp46 (NCR1/CD335),
NKp44 (NCR2/CD336) and NKp30 (NCR3/CD337). NKp46 and NKp30 are
expressed on resting NK cells and are up-regulated upon activation. NKp44, on
the other hand, is only expressed on CD56""9" NK cells but can be up-regulated
on other NK cell subtypes upon cytokine-mediated activation. Their association
with different adaptor proteins via their charged amino acid present in the
cytoplasmatic region is important for their cell surface expression and
functionality. The extracellular NCR domains interact with specific virus-derived
molecules or stress/malignant transformation-induced translocalization of
intracellular proteins to the cell surface. Additionally, NKp46 and NKp44 can
identify extracellular ligands. The NKG2D activating receptor is a type Il
transmembrane C-type lectin-like receptor, which binds HLA class | structural
homologs, including ULBP and MICA/B. These ligands are up-regulated on the
outer membrane of stressed, transformed and infected cells. CD16, a Fcy
receptor, interacts with the Fc part of IgG antibodies, which is limited to diseased

cells, inducing antibody-dependent cell-mediated cytotoxicity (ADCC).
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Exclusively CD569™ NK cells express CD16. Further co-receptors, including 2B4,
NTB-A, DNAM-1, CD59 and NKp80 amplify NK cell activation induced by the
NCR or NKG2D. Toll-like receptors (TLR) are also found on NK cells, able to
induce NK cell activation upon interaction with bacterial- or viral-specific
molecules (reviewed in Sivori et al. 2019). The most important NK cell receptors

are illustrated in figure 3 (reviewed in Shankar et al. 2020).
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Figure 3. Main activating and inhibiting receptors expressed on NK cells and the
corresponding ligands found on target cells. NK cells express different activating (NKG2C,
NCR, CD16 and NKG2D) and inhibiting (NKG2A and KIR) receptors, which can interact with
ligands expressed on potential target cells. Additionally, cytokine receptors are also found on NK
cells. lllustration modified from Shankar et al. 2020 (Creative Commons Attribution license:

http://creativecommons.org/licenses/by/4.0/).

The function of NK cells is tightly regulated by these activating and inhibitory
receptors, described as “altered balance”. Thus, their signaling balance fine-
tunes if NK cells kill potential targets and are activated or not (figure 4). As
mentioned above, almost all somatic cells present endogenous peptides via
MHC-I molecules on their surface, enabling the cells of the immune system to
identify the intracellular environment. This further defines the “immunological-
self’, which is important for immune tolerance and identification and elimination
of “non-self” expressing allogeneic or haploidentical MHC-I. Furthermore,
changes in self-MHC-I, characteristic for malignant transformation, can also be
detected by NK cells. Self-MHC-I are often down-regulated on tumor cells
contributing to the “missing-self’ activation of NK cells. Additionally, tumor cells
display increased amounts of stress-induced molecules on their surface, which

can be bound by activating NK cell receptors, such as NKG2D. This “induced-
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self’ activation of NK cells finally describes the concept of NK cell cytotoxicity
against malignant transformed cells, while MHC-I deficient erythrocytes are
spared. The strongest NK cell activation occurs via the “non-self’ recognition of
transplanted tissue (as illustrated by the scales in figure 4) (reviewed in Abel et
al. 2018).
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Figure 4. Target cell recognition following the “altered balance” mechanism of NK cell
activation. NK cells express activating and inhibitory receptors important for target cell
recognition. The major mechanisms of shifting the balance towards an inhibitory or activating
signal are depicted here. (A) “Immunological self’; inhibitory KIR on NK cells bind to self-MHC |,
leading to NK cell inhibition due to recognition of self-/untransformed cells. (B) “Missing self”:
target cell recognition due to decreased MHC | expression, through which the inhibitory NK cell
signal is missing. (C) “Induced self’: detection of activating ligands expressed on target cells via
activating receptors on NK cells. This can overcome the inhibitory signal and promote NK cell

activation. (D) “Non-self”: target cells express allogeneic or haploidentical MHC | (i.e. transplanted
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tissue), which cannot be bound by KIR on NK cells, leading to NK cell activation via additional
binding of activating ligands. Modified from Abel et al. 2018 (Creative Commons Attribution

license: http://creativecommons.org/licenses/by/4.0/).

In response to malignancies and pathogens, NK cells mainly produce the Thl-
type cytokines IFNy, TNFa and GM-CSF to facilitate the activation of further
immune cells (DC, macrophages, neutrophils and T cells). Via the production of
chemotactic cytokines, NK cells recruit effector lymphocytes and myeloid cells to
inflamed sites. The production of inflammatory cytokines is highly regulated by
transcription factors, such as T-bet (reviewed in Abel et al. 2018). Importantly, NK
cells are also sensitized and primed by inflammatory cytokines produced by DC
(reviewed in Abel et al. 2018). The mechanisms by which NK cells exert their
cytotoxic function include (i) recognition of their target cells, (ii) immunological
synapse (IS) formation upon contact and (iii) target cell lysis following different
signaling processes (reviewed in Abel et al. 2018), as described in the following
(sections 1.8.1-1.8.3) and depicted in figure 5. It is possible that the different
mechanisms of induced target cell death work together, triggering target cell lysis
very effectively (reviewed in Ramirez-Labrada et al. 2022). IS formation requires
the recognition of the target cell by receptor-ligand interactions, as described
above. This is followed by the initiation, in which a strong link between the cells
is formed via adhesion molecules. Here, particularly LFA-1 integrin, as well as
ITIM and ITAM domains, promote actin rearrangement in NK cells. During the
subsequent effector stage, the microtubule-organizing center (MTOC) is
relocated to the IS and recruits lytic granules, resulting in a strong polarization.
These granules fuse with the synaptic membrane, releasing their content into the
synaptic cleft, acting as a protective area. Within this cleft, the concentration of
the cytotoxic molecules is increased, strongly acting on the target cells, while
surrounding cells are protected. Finally, NK cells detach in order to allow cytolytic
recycling (reviewed in Ramirez-Labrada et al. 2022).

1.8.1 Cytolytic granules — Granzyme B/Perforin apoptosis signaling

One mechanism of NK cell-mediated killing of target cells is issued via the release
of cytotoxic granules holding the serine protease family of different granzymes,
as well as the pore-forming proteins perforin and granulysin. Five different

granzymes have been found in humans, including granzyme A, B, K, M and H.
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They are synthesized as pro-enzymes, which become active upon proteolytical
cleavement. The granzymes are located in the endoplasmatic reticulum, followed
by the golgi apparatus, where they are finally directed into the secretory granules.
Here, the cysteine proteases cathepsin C or H enzymatically activate the
granzymes by removing the inhibitory dipeptide. The low pH within the granules
(pH 5.5) reduces the enzymatic activity. Their maximal activity can be found at
neutral pH upon release from the granules. Different NK cell subsets may contain
and release different granzyme-types (reviewed in Ramirez-Labrada et al. 2022).
In the presence of calcium, the glycoprotein perforin inserts itself into the lipid
bilayer membrane of the target cells, where it polymerizes and forms pores,
enabling granzyme passage into the cell (reviewed in Ramirez-Labrada et al.
2022). Among the different granzymes, granzyme B (GrB) has the strongest
cytotoxic potential. GrB initiates apoptosis signaling by cleaving and thereby
activating intracellular caspase-3 and -7. Additionally, the mitochondria are
involved by cleaving Bid leading to the active truncated t-Bid and degrading Mcl-
1 releasing Bim. Subsequently, mitochondria outer membrane permeability is
initiated, releasing cytochrome c and further pro-apoptotic factors, including
SMAC/Diablo. Finally, the apoptosome is formed, which fully activates caspase-
3 and -7, important for apoptosis induction. Moreover, GrB induces DNA
fragmentation and cleaves further proteins involved in key cellular processes to

promote cell death (reviewed in Ramirez-Labrada et al. 2022).

1.8.2 Cytotoxic cytokines

Activated NK cells release the cytotoxic cytokines TNFa and IFNy contributing to
target cell lysis (reviewed in Sedger and McDermott 2014; Jorgovanovic et al.
2020). In order to prosecute TNFa-mediated signaling, the specific receptors,
TNF-R1 or TNF-R2, trimerize to enable TNFa binding. The receptor trimers
undergo conformational change executed by the pre-ligand assembly domain
(PLAD), located within the N-terminal cysteine-rich domain (CRD), important for
TNFa binding and signaling. Depending on the receptor bound by TNFa (TNF-
R1 or TNF-R2), cell death or cell survival signaling is induced (reviewed in Sedger
and McDermott 2014). Apoptosis signaling is executed via TNF-R1 upon release
of the intracellular TNF-R inhibitor, silencer of death domain (SODD) protein. This
is achieved by PLAD-stabilized TNF-R and recruitment of the TNF-R-associated
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death domain protein (TRADD), Fas-associated protein with death domain
(FADD) and the TNF-R-associated factor (TRAF)-1, forming the death-inducing
signaling complex (DISC). Subsequently, the initiator pro-caspes-8 is recruited
and proteolytically cleaved, releasing the active caspase-8. Consequently,
caspase-8 enzymatically processes further pro-caspases, including pro-caspase-
3, -6 and -7, as well as further cytosolic substrates. The involvement of the
mitochondria in the apoptotic process is achieved by caspase-8-induced cleaving
of BID. Particularly caspase-3 is essential for cellular apoptosis since it activates
the caspase-activated DNase (CAD), which degrades genomic DNA. Caspase-8
protease activity is regulated and inhibited by the caspase-8 inhibitory protein
(cFLIP). It interacts with pro-caspase-8 via its death-effector domain (DED) to
prevent extensive pro-caspase activation. The inhibitor of apoptosis proteins
(IAP) are also an important apoptosis regulator (reviewed in Sedger and
McDermott 2014). Controversially, non-death signaling pathways can also be
activated by TNFaq, including NFkB, via recruitment of TRADD and TRAF2. NFkB
can promote a positive-feedback loop by transcriptionally inducing the expression
of TNF and its receptors, amplifying this signaling pathway. It is further involved
in inflammation, since it trans-activates pro-inflammatory cytokines and
chemokines. These diverse functions of TNFa demonstrate its’ additional ability
to induce the production of further cytokines and synergize with interferons
(reviewed in Sedger and McDermott 2014).

In the case of IFNy-induced apoptosis signaling, the JAK/STAT signaling
pathway is fundamentally important (reviewed in Kotredes and Gamero 2013;
Jorgovanovic et al. 2020). IFNy binds to its receptor constituted of the two
subunits IFNGR1 and IFNGR2. An intracellular association of JAK1 and JAK2
and their activation upon IFNy binding is important for subsequent signaling.
Consequently, the STAT1 transcription factor is activated by phosphorylation and
dimerization. In the following, this STAT1 homodimer translocates into the
nucleus and anneals to the IFNy-activated site (GAS) DNA sequence. Upon
interaction with co-activator proteins STAT1 full transcriptional capacity is
enabled. The transcription of multiple genes, namely Interferon signature genes
(ISG), is induced, including caspase-3, -7 and Interferon regulatory factor-1 (IRF-

1). These contribute to the apoptotic process i.e. in cancer cells. Negative
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regulation of the IFNy signaling is induced by SHP phosphatases (Shp2),
suppressor of cytokine signaling (SOCS) protein family and protein inhibitor of
activated STATs (PIAS). IFNy binding to it's receptor can also induce the non-
canonical PIBK/AKT signaling pathway (reviewed in Jorgovanovic et al. 2020). A
possible crosstalk between both pathways has been described (Gao et al. 2018).
Next to the direct effect on cancer cell viability, IFNy can also function indirectly
by interacting with other stroma cells present within the TME (reviewed in
Jorgovanovic et al. 2020).

1.8.3 Death receptor ligands

Besides the above-mentioned mechanisms of NK cell cytotoxicity, apoptosis can
also be induced by engagement of NK cell-expressed death ligands with death
receptors found on target cells. Among the death ligands on the NK cells, TNFaq,
FasL and TRAIL can be found. Here, only FasL and TRAIL have direct cytotoxic
potential upon engagement. They belong to the TNF family and are type Il
transmembrane proteins. Upon proteolytic cleavement, they are released as a
soluble form. Intriguingly, only soluble TRAIL and TNFa retain their functionality,
while soluble FasL is inactive. FasL interacts with Fas, inducing receptor
clustering and triggering apoptosis signaling. FasL interaction with DcR3 inhibits
target cell death. TRAIL can interact with five receptors, of which three are decoy
receptors, inhibiting apoptosis signaling (DcR1/TRAIL-R3; DcR2/TRAIL-R4;
Osteoprotegerin (OPG)) and two activating death receptors, DR4 and DR5. TNFa
can be processed by the TNFa-converting enzyme (TACE) (reviewed in Ramirez-
Labrada et al. 2022; Horiuchi et al. 2010).

The death receptors, described as type | transmembrane proteins, contain a
cysteine-rich extracellular domain and a conserved cytoplasmic death domain
(DD). As a consequence of ligation, the DD induces receptor trimerization and
the recruitment of FADD. DED within FADD initiates DISC formation by recruiting
procaspase-8, FLIP and RIP-1. Autocatalytic cleavement of procaspase-8
molecules in close proximity into caspase-8, which is now catalytically active, is
initiated. Caspase-8 then activates downstream caspase-3 and -7. The
mitochondrial apoptotic pathway can also be involved, as described in section

1.8.1 (reviewed in Ramirez-Labrada et al. 2022).
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Figure 5. Schematic illustration of apoptosis signaling pathways executed by NK cells. The
release of cytolytic granules, containing GrB/Perforin, triggers apoptosis signaling via involvement
of the mitochondrial signaling pathway. NK cells can additionally release the cytotoxic cytokines
TNFa and IFNYy, triggering distinct signaling pathways, as indicated. Signaling via receptor-ligand
interactions, including Fas/FasL and DR4 or DR5 and TRAIL are also possible, triggering

apoptosis by a direct activation of caspases.

1.9 Aim

The initial aim of the underlying thesis was to determine the influence of the highly
represented TAL within the TME on the mesothelial integrity and the subsequent
impact on HGSC progression and metastatic outspread. As previously reported
in the literature, HPMC apoptosis can be induced under pathological conditions.

Since this role has so far not been accredited to lymphocytes, we determined (i)
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the potential of TAL-subsets to induce HPMC apoptosis, (ii) the maintenance of
HPMC killing in the presence of immunosuppressive ascites, (iii) mode and
selectivity of HPMC killing, (iv) subsequent tumor cell invasion and (v) a possible
in vivo clinical relevance. As illustrated in the flow chart (figure 6), we approached
this by isolating different cell populations from HGSC patient ascites (tumor cells
and TAL subsets) and omentum (HPMC). Ex vivo tumor cells and HPMC derived
from lavage of patients with benign gynecological diseases, served as controls
for the specificity of cell death induction. Co-culture experiments between
TAL/TAL-subsets and HPMC, control (Ctrl) HPMC or ex vivo tumor cells were
performed to analyze the cytotoxic effects of TAL and their selectivity by annexin
V and caspase-3/-7 staining. Furthermore, the susceptibility of these cell types
towards TAL-mediated apoptosis was addressed. To determine the mode of
killing, the different apoptosis signalling pathways, including GrB/Perforin,
Fas/FasL, cytotoxic cytokines and TRAIL, were analysed by applying neutralizing
antibodies, recombinant human (rh-) cytokines and proteins. Additionally, the
responsible TAL population was defined and inter-cellular communications
between T and NK cells were determined by collecting the T cell secretome. As
readout, the induction of mesothelial and tumor cell apoptosis, as well as T and
NK cell degranulation in response to HPMC, was flow cytometrically and
fluorescence microscopically analyzed. The expression of cell surface ligands
and receptor counterparts was measured by flow cytometry to further decipher
specific signaling. Olink analysis of T cell-secreted cytokines with the potential to
activate NK cells, and gPCR, detecting mRNA expression levels of IL-21 and
TNFa, were performed. Finally, transmesothelial invasion assays were
established to shed light on the poorly understood HGSC metastatic process and
demonstrate the significance of TAL on tumor invasion, resulting from the
destruction of the mesothelial barrier. Additionally, RNA sequencing data,
previously generated by the research group (Sommerfeld et al. 2021), were
analyzed comparing ex vivo tumor cells, HPMC, Ctrl HPMC and TAT to determine
cellular interactions. We assigned clinical relevance to our findings by analyzing
omental and ascites specimens of HGSC patients for the presence of apoptotic

mesothelial cells.

29



Introduction

Sample isolation

Co-culture experiments

Readout

Additional resources

1
: Omentum R [ ______ .

I____j____

| .
i Ascites |
L .{ _———
[ ] [ ]
Y 00
Tumor TAL

i Benign gynecological
I disease

Ctrl HPMC

TAL -
. - .-
L]
@®. +
T cells only Neutralizing Ab  rh-Cytokines/

Proteins

&%

NK cells only

Flow cytometric mesurement
of all cell types

Fluorescence microscopy

Flow cytometric mesurement of
cell surface receptors

Collection of T cell CM gPCR of T cells:
+-a-CD3 Ab - IL-21
- TNFa

P QaVedssdt
Olink: Identification of T
cell secreted cytokines
-> NK cell activation
-» TRAIL signaling

RNA sequencing of TME-derived ex vivo
tumor, immune and stromal cell types

Immunohistology: HPMC loss at omental
metastatic leasion & Apoptotic HPMC in ascites

30




Introduction

Figure 6. Flow chart illustrating the experimental procedure to determine the role of TAL
and mesothelial cells on HGSC tumor progression. For the experimental procedure, tumor,
stromal and immune cell types were isolated from HGSC patient-derived ascites and omentum,
as well as Ctrl HPMC from the peritoneal lavage of patients with benign gynecological diseases.
Co-culture experiments were performed between the different cell types under varying conditions
to determine the functions of TAL and TAL subpopulations in the TME. Specific analyses were
performed as a read out of the co-culture experiments. Additionally, cellular interactions were
further analyzed from previously generated RNA sequencing data (Sommerfeld et al. 2021),
comparing different TME-derived cell types. Clinical relevance was determined by

Immunohistological analyses of metastasized omentum tissue and matching ascites samples.
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2. Materials and Methods

2.1 Materials

2.1.1 Consumables and equipment

Plastic ware and other general consumables applied during cell cultivation and
functional analysis, as well as non-sterile procedures were purchased from
different companies, including BD Biosciences, BD Falcon, Corning, Eppendorf,
Greiner Bio-One, Miltenyi Biotec, Nerbe Plus and Sarstedt. Further equipment

applied throughout this PhD thesis is listed in table 1.

Table 1. List of equipment applied conducting experiments

Equipment Firm
Cell counting Neubauer NeoLab, Heidelberg
chamber
Centrifuge Biofuge fresco Heraeus Instruments,
Hanau
Biofuge pico Heraeus Instruments,
Hanau
Multifuge 1 Heraeus Instruments,
Hanau
Multifuge 3 Heraeus Instruments,
Hanau
Fresco 17 Heraeus Instruments,
Hanau
COz2 incubator Heracell 240i Thermo Scientific,
Hamburg
Flow Cytometer FACS Canto Il Becton/Dickinson,
(Fluorescence Heidelberg
activated cell sorting
(FACS))
Fridge Fridge (4 °C) Liebherr Premium,
Bieberach
Freezer Freezer (-20 °C) Liebherr Premium,
Bieberach
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HERAfreeze HFUT Thermo Scientific,
SERIES (-80 °C) Hamburg
Heating block ThermoStat plus Eppendorf, Hamburg
Incubator Binder, Tuttlingen
Laboratory Wesemann, Leipzig
deduction
Liguid nitrogen tank | Cryo biological storage Thermolyne/Thermo
system Fischer Scientific,
Hamburg
Magnetic stirr Variomjag Thermo Fischer Scientific,
Hamburg
Magnet for MACS magnet Miltenyi biotec, Bergisch
magnetic-activated Gladbach
cell sorting (MACS)
cell isolation
Microscope Leica DMI3000 B Leica Microsystems,
Wetzlar
Axiovert 40 CFL Zeiss, Jena
Microwave Privileg 7533P Quelle, Furth
Pipets Pipetboy Eppendorf, Hamburg
Multipette® Eppendorf, Hamburg
gPCR System Mx3000P Agilent, Santa Clara
(USA)
PCR workstation PeqgLab, Erlangen
Q-Tips
Roller Roller 6 digital IKA, Staufen
Spectrometer Nanodrop 1000 V3.7 PeqgLab, Erlangen
Sterile bench MSC ADVANTAGE Thermo Scientific,
Hamburg
Thermo cycler Stratagene Mx3000P Agilent Technologies
Boblingen
Vortex MS2 Minishaker IKA, Staufen
Water bath Type 1083 GFL, Burgwedel
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Water system MilliQ

Millipore, Eschborn

Weighing machine | ABT 220-4M

Kern, Balingen

2.1.2 Chemicals and reagents

The chemicals and reagents applied for the experiments conducted throughout

this work are listed in table 2.

Table 2. List of chemicals and reagents applied for experimental procedures

Reagents Firm
3,3',5-Triiodo-L-thyronine Sigma-Aldrich, Steinheim
AB-Serum Sigma-Aldrich, Steinheim
Acetic acid Carl Roth, Karlsruhe

Acrylamid stock solution

Carl Roth GmbH, Karlsruhe

Agarose (Ultra Quality)

Carl Roth, Karlsruhe

Albumin bowine fraction

SERVA, Heidelberg

All-trans-retinoic acid

Sigma-Aldrich, Steinheim

Bromphenol blue

Thermo Fischer Scientific,
Hamburg

BSA (Albumin Bovine Fraction, Cohn
Modified)

Sigma-Aldrich, Steinheim

B-Mercaptoethanol

Sigma-Aldrich, Steinheim

CellEvent™ Caspase 3/7 Green Detection

Reagent

Invitrogen/Thermo Fischer

Scientific, Karlsruhe

Celltracker green

Invitrogen/Thermo Fischer

Scientific, Karlsruhe

Celltracker orange

Invitrogen/Thermo Fischer
Scientific, Karlsruhe

Choleratoxin

Sigma-Aldrich, Steinheim

Chloroform

Merck, Darmstadt

Collagen | (rat tail)

Ibidi, Grafelfing

Dimethyl Sulphoxide (DMSO) Hybri-Max®

Sigma-Aldrich, Steinheim

DMEM/Hams F12

Merck (Biochrom), Darmstadt
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DMEM/Hams F12 + 2mM stab. Glutamin

Merck (Biochrome),

Darmstadt

DMSO

Sigma-Aldrich, Steinheim

Dulbecco’s Modified Eagel's Medium F12

Sigma-Aldrich, Steinheim

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth, Karlsruhe

Ethanol

Carl Roth, Karlsruhe

FACS Clean Solution

BD Biosciences, Heidelberg

FACS Flow Solution

BD Biosciences, Heidelberg

FACS Rinse Solution

BD Biosciences, Heidelberg

FCS (Fetal Calf Serum)

Merck (Biochrome),
Darmstadt

Ficoll (Lymphocyte separation media)

CAPRICORN Scientific,
Ebsdorfergrund

Glutaraldehyde

Sigma-Aldrich, Steinheim

HCI (Salzsaure) 1M

Merck, Darmstadt

HEPES

Sigma-Aldrich, Steinheim

Hydrocortison

Sigma-Aldrich, Steinheim

IMDM (+ L-Glutamine, 25 mM HEPES)

Gibco by Life Technologies™
(Thermo Fischer Scientific),
Hamburg

Insulin Sigma-Aldrich, Steinheim
lonomycin Sigma-Aldrich, Steinheim
Isopropanol Merck, Darmstadt

KHCO3 (Kaliumhydrogencarbonat)

Merck, Darmstadt

Linoleic acid

Cayman Chemical Company,
Hamburg

Luminata Forte

Merck, Darmstadt

M199 Media

Gibco by Life Technologies™
(Thermo Fischer Scientific),
Hamburg

M199 (1X) Earle’s Salts + L-Glutamine

Gibco by Life Technologies™
(Thermo Fischer Scientific),
Hamburg

Methanol

Sigma-Aldrich, Steinheim

Monensin (Golgi-Stop)

BD Bioscience, Heidelberg

Natriumchloride (NaCl)

Carl Roth, Karlsruhe

Natrium-Pyruvat (100mM)

Sigma-Aldrich, Steinheim

NP40

Applichem, Darmstadt
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O-phosphoryl ethanolamine

Sigma-Aldrich, Steinheim

PBS (DPBS (1X) Dulbecco’s Phosphate
Buffered Saline)

GibcoR by life
technologies™, (Thermo
Fischer Scientific), Hamburg

PBS tablets

GibcoR by life
technologies™, (Thermo
Fischer Scientific), Hamburg

Penicillin/Streptomycin (1000U Pen, 10mg
Strep. Pro 1ml in physiol. NaCl)

Sigma-Aldrich, Steinheim

PeqgGold (peqGOLD TriFast™)

PegLab, Darmstadt

Phorbil 12-myristate 13-actetate (PMA)

Sigma-Aldrich, Steinheim

Propidiumiodid

Merck (Calbiochem),
Darmstadt

RPMI 1640 with Phenol
GlutaMAX™

Red (1X) +

Gibco by Life Technologies™
(Thermo Fischer Scientific),
Hamburg

Selenious acid

Sigma-Aldrich, Steinheim

Sterile Water

Sigma-Aldrich, Steinheim

Superase-Inhibitor

Invitrogen/Thermo Fischer
Scientific, Karlsruhe

Sodium hydroxide (NaOH)

Carl Roth, Karlsruhe

Sodium pyruvat

Sigma-Aldrich, Steinheim

Transferrin

Sigma-Aldrich, Steinheim

Trypan Blue

Sigma-Aldrich, Steinheim

TrypLE™ Express

Gibco by Life
Technologies™, (Thermo
Fischer Scientific), Hamburg

Trypsin-EDTA (0.05% Trypsin, 0.02% EDTA
(1X))

Gibco by Life
Technologies™, (Thermo
Fischer Scientific), Hamburg

Tris hydrochloride (Tris-HCI)

Sigma-Aldrich, Steinheim

Vectashield

Biozol, Eching

Water (sterile)

Sigma-Aldrich, Steinheim

2.1.3 Antibodies

In the following the antibodies applied for flow cytometric phenotyping of TAL,
isolation of cell populations via MACS, control of the purity of the isolated cell
fractions, expression of cell surface receptors or ligands, neutralization of
receptors, ligands and T cell secreted cytokines, T cell activation, as well as

Immunohistochemistry are listed (table 3).
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Table 3. List of antibodies applied for flow cytometry, MACS, neutralization and T cell

Research

activation
Antibody Firm Catalog number Species
Flow cytometric phenotyping, MACS-isolation & purity control

Iso-FITC Miltenyi Biotec 130-113-271 Mouse
Iso-PE BD Bioscience 555574 Mouse
Iso-APC Miltenyi Biotec 130-113-269 Mouse
Iso-PECy7 Invitrogen 25-4714-42 Mouse
Iso-eFluor 450 Invitrogen 48-4714-80 Mouse
Iso-Fluor 647 BioLegend 400234 Mouse
CD14-FITC Miltenyi Biotec 130-113-146 Mouse
CD3-APC BioLegend 300412 Mouse
CD4-PECy7 Southern Biotech 9522-17 Mouse
CD8-APC Miltenyi Biotec 130-113-154 Mouse
CD19-FITC Miltenyi Biotec 130-113-168 Mouse
CD56-PE Miltenyi Biotec 130-113-874 Mouse
CD107a-PE Invitrogen 12-1079-42 Mouse
(LAMP-1)

CD335-eFluor 450 | Invitrogen 48-3359-42 Mouse
(NKp46)

EpCAM-PE Miltenyi Biotec 130-091-253 Mouse
CD45-APC BioLegend 304011 Mouse

Flow cytometry - expression of cell surface receptors/ligands

DR4 (TRAIL-R1) BioLegend 307207 Mouse
DR5 (TRAIL-R2) BioLegend 307405 Mouse
DcR1 (TRAIL-R3) | Miltenyi Biotec 130-124-904 Mouse
DcR2 (TRAIL-R4) | antibodies.com A121841 Mouse
MICA/B-Fluor 647 | BioLegend 320914 Mouse
NKG2D-FITC BioLegend 320820 Mouse
TRAIL (CD253)- Invitrogen 12-9927-42 Mouse
IFZ)ESL-PE Miltenyi Biotec 130-118-491 Mouse
Fas-APC Miltenyi Biotec 130-117-813 Mouse
Mouse IgG Jackson Immuno 015-000-002 Mouse
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Mouse IgG BioLegend 400102 Mouse
Human 1gG Jackson Immuno 009-000-003 Human
Research
Neutralization
a-NKG2D BioLegend 320802 Mouse
a-IL-21 MABTECH 3540-0N-500 Mouse
a-TNFa (Infliximab, | Celltrion Chimeric
Remsima) Healthcare Human/Mous
e
a-TRAIL R&D Systems MAB375 Mouse
Agonists
CD40 Bio X Cell BE0189 Mouse
InVivoMab
CD27 Biozol BYT-ORB746677 | Human
T cell activation
a-CD3 (Okt3) BioLegend 317302 Mouse
a-CD28 Miltenyi Biotec 130-093-375 Mouse
Immunohistochemistry
a-Calretinin DAKO M 7245 Mouse
a-Cleaved Cell Signaling 9661 Rabbit
Caspase-3
a-Cytokeratin DAKO M 0821 Mouse
Alpha-Smooth Progen 61001 Mouse
Muscle Aktin
(a-SMA)

2.1.4 Recombinant Proteins

The following recombinant cytokines and proteins were applied for NK cell and
HPMC treatment (table 4).

Table 4. List of recombinant cytokines and proteins applied for cellular treatments

rProtein Firm Catalog number | Concentration
Cytokines for NK cell treatment
rh-1L-2 ImmunoTools 11340025 100 pg/mi
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rh-1L-21 PeproTech 200-21-2UG 10 pg/ml

rh-1IFNy Biomol 51564.100 100 pg/ml

rh-TNFa PeproTech 300-01A-10UG 20 pg/ml
Protein for HPMC treatment

rh-TRAIL Enzo ALX-201-115 500 pg/ml

2.1.5 Kits and MACS microbeads
The following Kits and MACS microbeads were applied for isolation and

purification procedures (table 5).

Table 5. List of kits and microbeads applied for experimental procedures of this thesis

Kits Firm
Annexin V FITC Annexin V Apoptosis | BD Pharmingen
Detection Kit |
cDNA Synthesis iScript™ cDNA Synthesis | BioRad, Miinchen
kit
DNA digestion TURBO DNA-free kit Invitrogen/Thermo
Fischer Scientific,
Karlsruhe
gPCR ABsolute QPCR SYBER Thermo Fischer
Green Mix Scientific, Hamburg
MicroBeads Firm
Anti-APC Anti-APC MicroBeads Miltenyi Biotec,
Bergisch Gladbach
CD14 CD14 MicroBeads Human | Miltenyi Biotec,

Bergisch Gladbach

2.1.6 Standard buffers and solutions

Table 6. List of buffers and solutions applied throughout this thesis

Application Buffers Composition
Apoptosis staining 1x Annexin V Buffer 10x Annexin V Binding
Buffer
Aqua Bidest
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Cell counting/vital
coloring

Trypan blue-solution

0,25 g Trypan Blue
Powder

Ad 50 ml PBS
Dilution 1:10 in PBS
10 pl cell suspension

Flow cytometry Staining Buffer Sterile PBS
1% FCS

MACS MACS Buffer 2 mM EDTA
0.5% BSA

In PBS (PH 7,2)

2.1.7 Software and internet sites

Table 7. Software and internet sites applied throughout this thesis

Software

Software/Internet site

Firm

Application

A plasmid Editor (ApE)
v2.0.51

Wayne Davis

Oligonucleotide design
for g°PCR

BD FACS Diva 8.0

BD Bioscience, San
Jose (USA)

Flow cytometry

GraphPad Prism 9

GraphPad Software, La
Jolla (USA)

Statistics and figure

design

ImageJ

Wayne Rasband

Calculation of pixel

scale

Leica Application Suite
(LAS) V4.7

Leica Microsystems,

Wetzlar

Microscopic pictures

Microsoft Office

Microsoft Corporation,
Redmond (USA)

Excel calculations,
Graphs designed in
PowerPoint and
LibreOffice Draw,

texts written in Word

NanoDrop 3.1

PegLab, Erlanden

Spectrophotometric
determination of RNA

concentration

Python

Python Software

Foundation

Analysis of Olink data

and creation of box

plots
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Internet sites
Ensemble Genome www.ensembl.org Transcript sequence
Database
UCSC Genome www.genome.ucsc.edu | In silico PCR
Browser
GeneCards www.genecards.org Analysis of T cell
secreted cytokines

2.1.8 Oligonucleotides and design for gPCR

Oligonucleotides were designed using the program “A plasmid Editor” (ApE) by
M. Wayne Davis for Windows. Transcript sequences were discovered in Ensembl
genome browser and loaded into ApE. The primers were designed with a GC-
content of around 55%, a length of 20 to 25 bp, a gPCR product-length between
150 bp and 300 bp and a melting temperature of about 60°C. Importantly, to avoid
DNA amplification, exon-spanning primers were designed. Primers were checked
by in silico PCR (UCSC Genome Browser). The forward primer for IL-21
(Fw_IL21) was published in Parrish-Novak et al. 2000.

Oligonucleotides were purchased from Sigma-Aldrich and dissolved in
nucleotide-free H20 at a stock concentration of 100 uM. The primers were stored
at -20°C. A primer mix of the forward and reverse primer was generated by mixing

each primer 1:10 in nucleotide-free H20.

A list of the primers applied is depicted in table 8.

Table 8. List of applied oligonucleotides and their sequences

Transcript Gene Sequence (5’ — 3’)
Fw_RPL27 RPL27 AAAGCTGTCATCGTGAAGAAC
Rv_RPL27 RPL27 GCTGTCACTTTGCGGGGGTAG
Fw_IL21 IL-21 TGTGAATGACTTGGTCCCTGAA
Rv_IL21 IL-21 CTGCATTTGTGGAAGGTGGTTTCC
Fw_TNFa TNFa GCTCTTCTGCCTGCTGGACTTTG
Rv_TNFa TNFa GGTTATCTCTCAGCTCCACGCCA
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2.1.9 Culture media
Cell culture media and the components are listed in table 9. These are applied
for the cultivation of primary HGSC patient-derived cells and cell lines, as well as

conventional cell lines.

Table 9. List of cell culture media and media components

Media Components Concentration Usage
Ovarian DMEM-HAMs F12 + | 1:1 Cultivation of
Carcinoma M199 5% primary patient
Modified Ince FCS 20 pg/ml material isolated
media (OCMI) Insulin 10 ng/ml from HGSC

EGF 500 ng/ml patients. The
Hydrocortison 25 ng/ml media is freshly
Choleratoxin 10 mM prepared bi-
HEPES 10 pg/ml weekly (Ince et
Transferrin 0.2 pg/ml al. 2015)
Triiodothyronine 5 pg/ml
O-phosphoryl 8 ng/ml
ethanolamine 25 ng/ml
Selenious acid 5 ug/ml
All trans retinoic acid
Linoleic acid
OCMI- OCMI-Media without | See above HPMC pre-
Media/50% FCS supplemented culture prior to
ascites pool with 50% ascites pool TAL co-culture,
(see section 2.2.1.1) rh-TRAIL
treatment and
invasion assays,
over night
resting period of
primary tumor
cells
RPMI-Media RPMI basal media 2 day culture of
Human AB serum 5% TAL, collection
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Sodium-Pyruvate 1% of T cell
supernatants
RPMI-Media for | RPMI basal media Cultivation of
Jurkat cell line | FCS 10% Jurkat cell line
cultivation Penicillin and 1%

Streptomycin

Sodium-Pyruvate 1%
IMDM-Media IMDM basal media Cultivation of
for K562 cell FCS 10% K562 cell line
line cultivation | Penicillin and 1%

Streptomycin

Cell-freezing DMSO 10% Long-term cell

media FCS 90% storage at -196
°C in liquid
nitrogen

PBS (gibco life | PBS without calcium Cell culture

technologies) | and magnesium washing steps

2.1.10 Patient samples and characteristics

Samples of patients with diagnosed ovarian carcinoma of HGSC type (n=94),
except 6 cases (endometriod G1, peritoneal G2 and G3, carcinomatosis G3 and
ovarian sarcoma) were applied for functional experiments, as well as flow
cytometry, Olink secretome analysis, RNA-sequencing, gPCR and
immunohistochemistry. As control HPMC, the mesothelial cells of 3 patients with
benign gynecological diseases, including Cystadenofibroma, inflammatory and
Uterus Myomatosus were applied for functional experiments and flow cytometric
analysis. A table (Supplementary table S1) including the patient ID, exact
diagnosis with FIGO state, cell type and application can be found in the

supplements.

2.1.11 Cell lines
As a positive control for induced NK cell degranulation the K562 myeloid
suspension cell line, provided by the research group of Prof. Dr. Elke Pogge von

Strandmann, was applied.
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The Jurkat T cell leukemia suspension cell line, originally provided by Dr. Miriam
Frech, research group of Prof. Dr. Andreas Neubauer, was applied as a positive

control for FasL sensitivity.

2.2 Cell biological methods
2.2.1 Samples derived from HGSC patients, patients with benign

gynecological diseases and healthy donors
Malignant ascites and omentum tissue samples with metastatic lesions were
collected from first line HGSC patients without prior treatment in the course of
surgery at the Marburg University Hospital. Control samples of peritoneal lavage
for HPMC of patients with benign gynecological diseases were collected during
hysterectomy. Written consent was given by each donor taking part in the study
confirming to the Declaration of Helsinki. The isolation and purification
procedures had been performed by the members of the Reinartz research group.
The center for Transfusion Medicine and Hemotherapy at the University Hospital
GielRen and Marburg kindly provided the leukocyte-reduction system (LRS)
chambers of healthy adult donors for the isolation of peripheral lymphocytes. All
these listed sample collections were approved by the local ethics committee
(Philipps University Marburg: reference number 205/10) and the ethics votes can

be found in the appendix.

2.2.1.1 Malignant ascites: isolation of peritoneal cell types

A protocol for the isolation of peritoneal cells from malignant ascites, including
TAM, TAL and tumor cells was established by AG Reinartz (Reinartz et al. 2016;
Worzfeld et al. 2018). In order to separate mononuclear cells, as a first step,
Lymphocyte Separation Medium 1077 and density gradient centrifugation were
applied.

The isolation of tumor spheroids was performed by size exclusion applying 30 um
and 100 pm mesh-sized cell strainers resulting in tumor spheroids of medium
(30 um) and large (>30 pm) size. Magnetic activated cell-sorting (MACS)
depleting peritoneal leukocytes via CD45 microbeads following the standard
protocol of the supplier (Miltenyi Biotec) was applied to purify small tumor
spheroids (<30 pm) and tumor single cells. Dissociation of tumor spheroids

applying TrypLE (20 ml/200 pl pellet) resulting in tumor single cells was
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performed for a maximum of 10 minutes at room temperature with vortexing steps
after 5 minutes for 10 seconds. The purity of the isolated tumor cells was

analyzed via flow cytometry measuring the amount of EpCAM+ cells (>80%).

As schematically depicted in figure 7, CD14+ TAMs were depleted via MACS
from the remaining peritoneal cells applying CD14 microbeads to receive the total
TAL fraction of samples composing less than 3.5% EpCAM+ tumor cells. The
TAL were cryopreserved and subject to T and NK cell isolation at a later point.
For functional assays, it was necessary to isolate CD3-/CD56+ NK cells. To avoid
unspecific NK cell activation, we chose a negative MACS sorting strategy instead
of labelling the NK cells directly: The T cells present in the CD14-depleted TAL
fraction were labelled with an anti-human CD3-APC antibody (10 pl/1x107 cells)
for 10 minutes at 4°C followed by a washing step and incubation with anti-APC
microbeads (20 pl/1x107 cells) for 15 minutes at 4°C. The cells were loaded onto
MS or LS columns and washed 3 times with MACS-Buffer. The CD3+ T cells
were eluted from the columns. The CD56+ NK cells were present in the flow
through. The isolated fractions’ purity was determined via flow cytometry
achieving >95% for CD3+ T cells and >80% for CD56+ NK cells. CD19+ B cells
represented the main contaminating cell populating within the NK cell fraction.

For some functional experiments, we wanted to analyse the cytotoxic T cell and
T helper cell fractions separately, which is why we slightly modified the isolation
procedure described above: In the first step the CD3+/CD8+ cytotoxic T cells
were purified from the CD14- TAL fraction by labelling with an anti-human CD8-
APC antibody (2 pl/1x107 cells) following the isolation applying anti-APC
microbeads. In the second step the flow through was applied to the usual CD3-
positive MACS selection described above to purify the CD3+/CD4+ T-Helper
cells. The same isolation strategy was applied for peripheral blood mononuclear

cells (PBMC) derived from healthy donors.

Besides this, cell-free ascites from serial centrifugation was cryopreserved
at -80°C. An ascites pool of n=10 HGSC patients was mixed and applied for co-

culture experiments where indicated to reconstitute the in vivo situation.
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Total peritoneal cells “= @&
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Fig. 7. Isolation strategy of T and NK cells from HGSC patient ascites or healthy donor
PBMC. Total peritoneal cells with a maximum of 3.5% EpCAM+ tumor cells were first of all applied
for CD14 depletion using the MACS strategy and CD14 microbeads. The CD14- lymphocyte
fraction was then either applied for separation of total CD3+ T cells by CD3 anti-APC MACS or
individual separation of cytotoxic T cells (CD3+/CD8+) and T-Helper cells (CD3+/CD4+) by CD8
anti-APC MACS (first step) prior to CD3 anti-APC MACS (second step). The flow through
contained the CD56+ NK cells with a slight contamination of CD19+ B cells. The same procedure
was applied for PBMC derived from healthy donor blood.

2.2.1.2 Omentum tissue: Isolation and cultivation of HPMC

As described in Sommerfeld et al. 2021, HPMCs were isolated from
macroscopically tumor-free omentum tissue of HGSC patients. The tissue was
minced and trypsinized for 30 minutes in the incubator (37°C, 5% COz2). The cells
were filtered through a 100 um cell strainer and centrifuged at 300x g for 10
minutes to enrich the HPMC fraction. Next to the direct use (ex vivo cells) the
HPMCs were initially cultured in RPMI 1640/10% FCS/1% sodium pyruvate/1%
Pen-Strep media and the purity was measured by flow cytometry analyzing the
presence of contaminating CD45+ lymphocytes and EpCAM+ tumor cells. If the
purity was less than 95%, MACS depletion of CD45+ and EpCAM+ cells was
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conducted following the manufacturer’s protocol. The purity of isolated HPMC
was again analyzed via flow cytometry. Further propagation of purified HPMC

was performed in OCMI medium (Reinartz et al. 2019).

2.2.1.3 Benign peritoneal lavage: Isolation of control group HPMC

As a HPMC control group, mononuclear cells were purified from lavage of
patients with benign gynecological diseases by Ficoll gradient centrifugation and
MACS depletion of CD14+ macrophages. The CD14- fraction containing floating
HPMC, which was verified by flow cytometry, was cultivated in OCMI medium
until confluency was achieved. HPMC purity was determined by cellular staining
for mesothelial markers including vimentin and cytokeratin 8, the fibroblast-
specific marker FAP and the leukocyte marker CD45.

2.2.1.4 LRS chambers: Isolation of healthy donor lymphocytes

Healthy donor PBMCs were enriched from peripheral blood by ficoll gradient
centrifugation. For this, the blood was transferred drop-by-drop from the LRS
chamber into a 50 ml falcon containing 10 ml PBS. The blood-PBS-mixture was
then transferred drop-wise onto 15 ml ficoll and centrifuged at 1200x g for 20
minutes without centrifugation break. Afterwards, four layers of blood phases
appear as depicted in figure 8: Plasma/Platelets — PBMC — Ficoll — Granulocytes
— Erythrocytes.

Plasma/Thrombocytes

Ficoll
Granulocytes
' Erythrocytes

Fig. 8. Layers of blood phases after ficoll gradient centrifugation. The blood was slowly

added to the ficoll and centrifuged at 1200x g for 20 minutes. This leads to a separation of all the
components: blood plasma/thrombocytes at the top, followed by a ring of PBMCs, remaining ficoll,
granulocytes and erythrocytes at the bottom. The PBMCs are of interest and transferred for further

preparation steps.

47



Materials and Methods

The plasma overlay was discarded and the PBMC fraction was transferred into a
new falcon and resuspended in 40 ml PBS. Centrifugation for 10 minutes at 300x
g was performed. To remove remaining erythrocytes RBC-lysis was performed
by adding 5 ml of RBC-lysis Buffer and incubating at room temperature for 5
minutes. The cells were washed twice in 40 ml PBS. The last centrifugation step
was performed at 10x g for 10 minutes to enrich the lymphocytes in the
supernatant. Flow cytometric analysis of cell types present was performed by
measuring the amount of CD14+, CD3+ and CD56+ cells. Further isolation steps

were performed as described for the peritoneal cells in section 2.2.1.1.

2.2.2 Cultivation of primary HGSC patient-derived cell types

2.2.2.1 Primary tumor cell lines

Tumor spheroids originating from HGSC patient ascites OC_37 and OC_58 were
applied to establish permanent primary tumor cell cultures (OCMI tumor cells).
For this, the description of Ince et al. 2015 was followed, but slightly modified as
delineated in Reinartz et al. 2019. The original tumor characteristics remain and
the tumor cell propagation is possible long-term without introducing cell culture
crisis and by this, genetic alterations, describing the benefits of this culture
method.

Cryo-preserved cells were stored long-term in liquid nitrogen (-196°C). Prior to
cell thawing, the cryos were decontaminated with methanol to reduce the risk of
mycoplasma contamination. The cryos were hand-warmed until almost
completely thawed. Cells were then transferred into a 50 ml falcon with direct
slow addition of 5 ml ice-cold OCMI cell culture media. Cells were pelleted at
1100 rpm for 10 minutes at room temperature. The supernatant was removed to
eliminate remaining DMSO and cell pellets were resuspended in OCMI media
supplemented with 5% FCS that had been warmed to 37°C in the water bath.
Vital cell counts were established by Neubauer counting chamber mixing 10 pul of
the cell suspension 1:10 with trypan-blue (diluted in PBS). The cells were plated
onto Primaria™ cell culture plates at a density of around 2x10%/cm?2. During
cultivation the cells’ morphology and viability were regularly microscopically
controlled. The cells were passaged at 90-100% confluency, which accounts for
every 2-3 days. The cells were harvested by removing the cell culture media and
incubation with trypsin/EDTA for 10 minutes at 37°C and 5% COz2. Trypsination
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was blocked by applying the same amount of OCMI/5% FCS media and
transferring the cells into a 50 ml falcon. Determination of cell count and vitality,
as well as tumor cell seeding was performed as described above. Importantly,
the cells were kept in an incubator with 5% CO:2 at 37°C during cultivation and
high passage numbers (maximum 5 passages) were avoided by cryopreserving
the cells, enabling the maintainability of their genotype as similar to the original
as possible. For cryopreservation, cell pellets were resuspended in ice-cold
freezing media (DMSO/10% FCS). Around 2x10° tumor cells were frozen in 1 ml
freezing media per cryo. The cryos were stored in a freezing container at -80°C
over night to enable a slow reduction of the temperature (-1°C/minute).
Afterwards the cryos were transferred into liquid nitrogen. Mycoplasma

contamination was excluded prior to experimental use.

2.2.2.2 Over night resting step of ex vivo tumor cells

Ex vivo tumor cells were thawed as described above and 5x10# cells per 96-well
were plated in OCMI/50% ascites pool media over night. The cells were applied
for functional experiments as described in section 2.2.6.2 the next day. They were

not further propagated or frozen.

2.2.2.3 HPMC

HPMC were cultivated as described for the primary tumor cell lines (section
2.2.2.1). Importantly, most HGSC patient omentum- and benign peritoneal
lavage-derived HPMC could not be cultivated above a total passage number of 5
passages (independent of freezing-thawing cycles). Therefore, the total passage
number was not exceeded for the HPMC applied throughout this work. HGSC
patient-derived HPMC were cultivated in OCMI/5% FCS media, with adapted
media composition where indicated by adding 50% ascites pool instead of FCS
or omitting EGF. EGF was removed for invasion assays (section 2.2.10), to
guarantee a tight mesothelial monolayer maintaining a cobblestone phenotype
and prevent MMT induction by EGF. Benign-derived HPMC were exclusively
cultivated in OCMI/5% FCS media.

2.2.3 Cultivation of the K562 cell line
The K562 myeloid suspension cell line was thawed, cultivated and frozen as

described in section 2.2.2.1. The only difference was that the cells had been
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cultivated in IMDM/10% FCS/1% Pen-Strep media on 75 cm? flasks in
suspension and cells were harvested by removing the cell culture media and

rinsing the bottom of the flask twice.

2.2.4 Cultivation of the Jurkat cell line

The Jurkat T cell leukemia suspension cell line was cultured in RPMI/10%
FCS/1% Sodium Pyruvate/1% Pen-Strep media following the same protocol as
for the primary tumor cells in section 2.2.2.1. The suspension cells were again
harvested by removing the cell culture media and rinsing the bottom of the cell

culture dish twice.

2.2.5 Collection of T cell conditioned media (CM)

T cells were cultivated with or without anti-CD3 antibody stimulation for 2 days in
RPMI 1640/5% AB/1% sodium pyruvate. For anti-CD3 antibody stimulation, the
wells of a 24-well plate were coated with 0.5 pg/ml anti-CD3 antibody diluted in
PBS for 2 hours. Afterwards the wells were washed twice with PBS and once with
the cultivation media. 2x1076 isolated T cells were added per 24-well for
cultivation. In selective experiments additional CD28 stimulation was performed
by adding 2 pg/ml anti-CD28 antibody directly to the media. After 2 days the
supernatant was transferred into Eppendorf reaction tubes and centrifuged at
300x g for 10 minutes to pellet remaining T cells. The supernatant was again
centrifuged at 14,000x g for 10 minutes to remove cellular debri. The collected
CM was then preserved at -20°C until further use for NK cell stimulation (see
section 2.2.6.1) and Olink analysis (see section 2.3.1).

2.2.6 Co-culture experiments

2.2.6.1 TAL treatments and co-cultures between T and NK cells

Depending on the experimental setting, total TAL, purified T cells or T- NK cell
mixtures after isolation were cultivated with or without anti-CD3 antibody
stimulation in RPMI 1640/5% AB/1% sodium pyruvate or 100% ascites pool for 2
days in the incubator. Again, 2x10° lymphocytes were added per well. For the
mixture of purified T and NK cells, a ratio of 1:1 was applied. Purified NK cells on
the other side were not stimulated with anti-CD3 antibody, but were otherwise
cultivated the same way. Moreover, where indicated, NK cells were treated with

different combinations of cytokines for 2 days, including 10 ng/ml rh-TNFa, 10
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ng/ml rh-IFNy, 20 ng/ml rh-IL-2 and 10 ng/ml rh-IL-21. Next to co-cultures
between T and NK cells with direct cell-cell contacts, the NK cells were also
stimulated with T cell CM in a 1:1 dilution in RPMI 1640/5% AB/1% sodium
pyruvate. Blocking experiments were conducted applying the CM of anti-CD3
antibody stimulated T cells, which was pre-incubated with 10 pg/ml neutralizing
human anti-IL-21 or anti-TNFa antibody for 1 hour in the incubator prior to their

addition to the NK cells.

2.2.6.2 Co-culture between HPMC or ex vivo tumor cells with TAL or
purified T/NK cells

As demonstrated in figure 10, a HPMC monolayer was grown by plating 4x10"4
HPMCs per 96-well in OCMI/5% FCS or OCMI/50% ascites pool media for two
days. Co-culture experiments were conducted by harvesting the stimulated
lymphocytes (section 2.2.6.1) applying ice cold EDTA (20 mM in PBS),
resuspending them in OCMI/5% FCS media and determining the cell counts. The
TAL:HPMC co-culture was performed in a ratio of 10:1 for 6 hours in the
incubator. Next to the co-culture of lymphocytes with HPMC, the co-culture with
ex vivo tumor cells derived from the ascites of HGSC patients was also conducted
in the same experimental setting. The ex vivo tumor cells were here co-cultured
with 100% ascites pool-derived TAL. Afterwards, NK and T cell degranulation, as
well as mesothelial and tumor cell apoptosis-induction was measured as

described in section 2.2.8.

2.2.7 Identifying involved apoptosis signaling pathway

2.2.7.1 Analyzing the involvement of TRAIL sighaling pathway

HPMC responsiveness to TRAIL-mediated killing was analyzed by treatment of
HPMC with 100 ng/ml rh-TRAIL for 18 hours in the incubator. Next to this, TRAIL
blocking experiments were performed by pre-treating the stimulated lymphocytes
with 10 pg/ml anti-hTRAIL antibody, mouse IgG isotype control and PBS solvent

control for 1 hour in the incubator prior to the co-culture with HPMC.

2.2.7.2 Analyzing the participation of Fas/FasL-mediated killing

In order to analyze whether HPMC could be killed by NK cells in a Fas/FasL-
dependent manner, soluble sFasL (1-100 ng/ml) was crosslinked with anti-His-
Tag antibody (10 pg/ml) for 1 hour in the incubator. Afterwards the HPMC were
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treated with the crosslinked sFasL for 24 hours. As a positive control for
Fas/FasL-mediated killing, the Fas-sensitive cell line Jurkat was applied.
Fas/FasL-mediated killing of HPMC by NK cells was specifically blocked by pre-
incubating TAL with 500 ng/ml anti-FasL antibody or mouse IgG control for 1 hour

in the incubator prior to the co-culture with HPMC.

2.2.7.3 Determining the role of the activating receptor NKG2D

TAL were pre-treated with 10 pg/ml anti-NKG2D neutralizing antibody or the
appropriate mouse IgG isotype control for 1 hour in the incubator prior to the co-
culture with HPMC to determine a possible contribution of the activating NKG2D

receptor on specific HPMC killing.

2.2.7.4 Analyzing the contribution of NK cell-derived cytokines

To evaluate a possible direct cytotoxicity of NK cell-secreted cytokines, HPMC
were treated with 100 ng/ml rh-TNFa and 25 ng/ml rh-IFNy for 6 hours in the
incubator instead of the co-cultivation with lymphocytes.

2.2.7.5 Agonistic antibodies CD40 and CD27

To determine the impact of CD40 and CD27 signaling on NK cell cytotoxic
activation, isolated NK cells were treated with 10 pg/ml agonistic mouse anti-
CD40 antibody, human anti-CD27 antibody, as well as corresponding IgG

controls for 1 hour in the incubator prior to the co-culture with HPMC.

2.2.8 Flow cytometric and fluorescent microscopic readout of co-culture
experiments

To analyze the effect of the co-culture experiments on NK cell or T cell

degranulation, as well as HPMC apoptosis induction (figure 9), flow cytometric

measurements and fluorescent microscopic analysis of active caspase 3/7 was

performed as described in the following.

2.2.8.1 NK and T cell degranulation analysis

The specific degranulation of NK and T cells within the total TAL or purified
subsets in response to HPMC co-culture was analysed by adding 5 pl anti-
CD107a-PE antibody and 20 nM Monensin (Golgi-Stop) during the 6 hour co-
culture between HPMC and the lymphocytes. The anti-CD107a antibody detects
lysosomal-associated membrane protein-1 (LAMP-1) on the outer membrane

exposed upon degranulation of CD8+ T cells (Betts et al. 2003) and NK cells
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(Alter et al. 2004), as a marker of functional activity. Upon target cell detection,
GrB and Perforin, stored among others in intracellular cytolytic granules, are
released into the immunological synapse inducing target cell death (Betts et al.
2003; Alter et al. 2004; Peter et al. 1991). Monensin was added to the co-culture
experiment in order to avoid PE fluorochrome quenching and subsequent
adequate determination, which is linked to the CD107a antibody, after re-
internalization and trafficking to the highly acidic environment of
endosomal/lysosomal cellular compartments, by neutralizing the pH (Betts et al.
2003; Roederer et al. 1987). As a negative control, unstimulated total TAL, NK
and T cells were applied. The co-culture between TAL and K562 cell line under
the same conditions as described above (section 2.2.6.2) served as a positive
control for NK cell degranulation. TALs or T cells were stimulated with 1 pg/ml
Phorbol 12-myristate 13-actetate (PMA) and 15 ng/ml lonomycin for 6 hours as
a positive control for T cell-specific degranulation. The lymphocytes were again
harvested by applying EDTA, washed and resuspended in staining buffer for
specific labelling of NK (0.5 pl CD335-eFluor 450) and T cell (0.5 ul CD3-APC, 3
pl of 1:10 CD4-PECy7) markers. Antibody staining was performed for 30 minutes
at 4°C in the fridge. Specific isotype controls for PE, eFluor 450, APC and PECy7
were also added. Flow cytometric analysis was performed on a FACS Canto I
instrument using the Diva and FlowJo™ v10.8 software. The percentage of
degranulating CD107a+ cells was determined in NK (CD335+) and T cell
(CD3+/CD4+ and CD3+/CD4-) subsets.

2.2.8.2 Detection of apoptotic HPMC and tumor cells

For flow cytometric detection of apoptotic HPMC (figure 10) and ex vivo tumor
cells, the cells were first of all harvested applying Trypsin/EDTA after the 6 hour
lymphocyte co-culture. They were washed and resuspended in staining buffer
and labeled with 1 pl anti-CD45-APC antibody for 30 minutes at 4°C to exclude
contaminating lymphocytes during the apoptosis analysis. A washing step in
Annexin V binding buffer was performed prior to the incubation with 5 pl Annexin
V-FITC and 5 pl PI for 15 minutes at room temperature in the dark. 250 pl Annexin
V binding buffer was added and the cells were measured immediately. For correct
gating HPMC alone were added as a negative control and lymphocytes alone

were added to exclude them from the gating. The amount of apoptotic HPMC or
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tumor cells within the CD45- population was calculated from the percentage of

the total Annexin V+ cells, including the early apoptotic (PI-) and late apoptotic

(P1+) cells.
Degranulation:
TAL:HPMC 10:1 a-CD107a Ab + monensin
— —— — —— — — Apoptosis
.9-._'-3.-,5.--..3.-:!‘-_:.‘ [ i) i ‘ > 2. % 0 e S — (Annexin V/PI)
TAL +/- a-CD3 Ab 6h co-culture Degranulation (CD107a)
stimulation (2 days) HPMC monolayer

Figure 9. Schematic chart illustrating the experimental procedure of the co-culture
experiments. HGSC patient ascites-derived TAL were cultivated with or without anti-CD3
antibody stimulation for two days prior to the co-culture with a monolayer of patient omentum-
derived HPMC in a 10:1 ratio for 6 hours. NK/T cell degranulation was determined by directly
adding anti-CD107a-PE antibody and monensin to the co-culture. The Lymphocytes were
harvested by EDTA and additionally stained for NK and T cell-surface markers, including CD335-
eFluor 450 and CD3-APC. HPMC apoptosis induction was analyzed by Annexin V-FITC/PI

staining and measurement of the CD45- population.

2.2.8.3 Caspase 3/7 staining of apoptotic HPMC

As a second read out for the induction of HPMC apoptosis by activated TAL,
mesothelial cells were plated on 96-well plates coated with a collagen | gel, as
used for the invasion assays (section 2.2.10), in order to analyze the caspase-3/-
7 activation/staining after treatment with rh-TRAIL for 18 hours. 10 uM
CellEvent™ Caspase 3/7 Green was added and incubated for 30 minutes at
37°C, 5% CO2. Without further washing steps, the apoptotic cells were visualized
under the fluorescence microscope (Leica DMI3000B).

2.2.9 Analysis of cell surface receptor expression

Specific antibody staining and flow cytometry analysis was performed as
described in the following sections 2.2.9.1 - 2.2.9.3. The results were calculated
from the percentages of positive cells and geometric mean fluorescence

intensities (MFI) subtracting the isotype controls.

2.2.9.1 Purity and phenotype of isolated cell fractions
The isolated (peritoneal) cell fractions™ purity and phenotype was analysed by
applying the standard protocol for cell surface stainings as described above

(section 2.2.8.1), adding an Fc-block by incubating the cells with 50 ul mouse IgG
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diluted 1:100 in staining buffer for 15 minutes at 4°C. The following antibodies
were applied: 1 pl from 1:10 diluted CD14-FITC, 0.5 ul CD3-APC, 3 ul from 1:10
diluted CD4-PECy7, 0.5 pl CD335-eFluor 450, 1 ul CD45-APC, 1 pl CD56-PE, 1
pl CD19-FITC, 1 ul EpCAM-PE, as well as the corresponding isotype controls.

2.2.9.2 Analysis of receptor expression on lymphocytes

In order to analyze the expression of TRAIL and NKG2D on the surface of NK
cells, 5 pl TRAIL-PE and 1 pl NKG2D-FITC together with 0.5 pl CD335-eFluor
450 antibodies were applied following the standard staining procedure. The
detection of Fas ligand on the cell surface of lymphocytes was performed by
applying 2 pl FasL (CD178)-PE for 10 minutes at 4°C.

2.2.9.3 Analysis of receptor expression on HPMC

The expression of DR4, DR5, DcR1 and DcR2 on HPMC was analyzed by
staining with the corresponding antibodies DR4-APC (CD261), DR5-PE (CD262),
DcR1-PE (CD263) and DcR2-APC (CD264), applying 1 ul each. The expression
of MICA/B on HPMC was performed by staining with 1 yul MICA/B -Fluor 647
following the standard staining protocol. Moreover, the expression of the Fas
receptor (CD95) on HPMC was detected applying 2 pl from 1:10 diluted CD95-
APC.

2.2.10 Trans-mesothelial tumor cell invasion

In order to decipher the role of TRAIL-mediated killing of HPMC by NK cells on
favored trans-mesothelial HGSC tumor cell invasion, a 3D transwell assay
system was established, as schematically depicted in figure 10. 24-well transwell
inserts with a pore size of 8.0 um were coated with 10 pl of a 150 pg/ml collagen
I gel in OCMI/5 % FCS without EGF media. The gel polymerized in the incubator
within 3 hours and was then equilibrated for 1 hour with 100 pl OCMI/5% FCS
without EGF media. HPMC derived from a pre-culture in OCMI/50% ascites pool
for 3 to 4 days were washed serumfree in OCMI without EGF media and were
labelled with 1:1000 diluted cell-tracker orange (CTorange) for 1 hour in the
incubator. After washing the cells 3 times with OCMI/5% FCS without EGF media,
they were plated onto the collagen | gel with a density of 8x10* HPMCs in 300 pl
media per transwell insert. On the one hand the HPMC were immediately treated

with 100 ng/ml rh-TRAIL for 18 hours prior to tumor cell invasion. On the other
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hand the HPMC monolayer was allowed to form over night prior to the addition of
TAL derived from a 2 day pre-culture in 100% ascites pool = anti-CD3 antibody
stimulation in a 10-fold concentration for a 24 hour co-culture. The induction of
mesothelial apoptosis was analyzed under the microscope and visualized by
performing caspase 3/7 staining (see section 2.2.8.3). The transwell inserts were
carefully washed serumfree using OCMI without EGF media for 3 times, finally
adding 100 pl media. Primary tumor cells derived from HGSC patients OC_37
and OC_58 were harvested applying trypsin, washed serumfree in OCMI without
EGF media and stained with 1:1000 diluted CTgreen for 30 minutes in the
incubator. After the washing steps applying serumfree OCMI without EGF media,
the tumor cells were added in a density of 4x10° cells per insert in a total volume
of 300 pl media. 600 pl OCMI/5% FCS without EGF media was added to the
bottom well and used as chemoattractant during the 2 hour tumor cell invasion.
Remaining, non-invaded tumor cells were removed from the inside of the inserts
using g-tips and washing steps with PBS. The invaded tumor cells on the bottom
side of the insert’s membrane were fixated in methanol, the filters were cut out
and fixed onto microscopic slides using vectashield. Microscopic evaluation of
invaded tumor cells from 6 visual fields per filter was performed on a Leica
DMI3000B microscope. The amount of invaded tumor cells was counted, the
mean was determined and the invasion relative to the untreated control with FCS

chemoattractant was calculated in Excel.

4h 18h 24h 2h

‘ ‘ ‘ Washing step ‘ ‘

Collagen | Gel HPMC monolayer +TAL co-culture Tumor invasion Microscopic
+rh-TRAIL +FCS evaluation

Figure 10. Schematic illustration of in vitro 3D trans-mesothelial invasion assays. A
monolayer of mesothelial cells was grown on a collagen | gel coated transwell insert. rh-TRAIL
was added directly when mesothelial cells were seeded. Untreated mesothelial cells were co-
cultured with TAL (x anti-CD3 antibody stimulation) for 24 hours. TAL and apoptotic HPMC were
removed by washing steps prior to the tumor cell invasion for 2 hours towards an FCS-gradient.

Invaded tumor cells were fluorescent microscopically evaluated.
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2.3 Molecular biology and biochemical methods

2.3.1 Affinity proteomic (Olink) analysis of T cell secretomes

The CM of unstimulated versus anti-CD3 antibody stimulated T cells derived from
the ascites of 5 different HGSC patients were collected as described in section
2.2.5. These CM were then subject to affinity proteomic (Olink) analysis in order
to determine differences in the secretion profile upon T cell activation. For this,
80 ul matched (unstimulated vs. anti-CD3 antibody stimulated) CM-samples, as
well as a background media control (RPMI 1640/5% AB-serum/1% sodium-
pyruvate), were sent to the translational proteomic core facility at the medical
department of the Philipps University Marburg. The CM were previously tested in
functional analysis for their ability to activate the NK cells’ cytotoxic potential with

TRAIL upregulation and specific HPMC killing.

For the Olink analysis the Olink Explore 3072 platform was applied following the
standard protocol (v1.5, 2022-12.21). The samples were plated randomized on a
96-well plate and processed in one batch. The Proximity Extension Assay (PEA)
technology was used by Olink Explore: two matched antibodies bind
simultaneously to the same protein targeting different epitopes. This is the case
for every target represented in the Olink panel. These antibodies are covalently
labelled with complementary oligonucleotides that hybridize upon simultaneous
binding of the antibodies bringing them in close proximity. Short dsDNA
sequences result from matching oligonucleotide binding after antibody
attachment to their epitope, which are pre-amplified by PCR. These dsDNA
sequences contain an assay-specific barcode. In a second PCR, further coding
is performed by adding information-providing DNA tags to the barcode enabling
the parallel measurement of ~3000 proteins. Subsequent Next-Generation
Sequencing (NGS) of the generated libraries was conducted at the Genomics
Core Facility of the Department of Medicine (Philipps University Marburg). Protein
levels were calculated as Normalized Protein eXpression (NPX, arbitrary unit in
log2 scale provided by Olink). Some mediators were present in more than one
panel, including CXCL8, IDO1, IL-6, LMOD1, SCRIB and TNF, for which mean
NPX values were applied for subsequent bioinformatic studies. Proteins induced
by anti-CD3 antibody stimulation of the T cells were determined by ANPX — the
differences between the NPX values of matched samples. The median fold
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change (FC) values (22NPX) of n=5 biological replicates were calculated. Finally,
false discovery rates (FDR) were calculated following the Benjamini-Hochberg
method to nominal p values (unpaired student’s t-test of FC values). Mediators
secreted by activated T cells promoting NK cell cytotoxicity against HGSC-
derived HPMC in a TRAIL-dependent manner were identified by filtering the
proteins for “NK cell AND TRAIL” in the genecards.org database. The described
analysis was performed by the translational proteomic core facility and Prof. Dr.
Rolf Mdller.

2.3.2 Analysis of T cell-expressed cytokines on RNA-level

2.3.2.1 RNA-isolation

RNA from unstimulated versus anti-CD3 antibody stimulated T cells was isolated
by lysing the cells in TriFast. The T cells were transferred from a 24-well plate (in
average 5x 24-wells with 2x10° T cells per condition) into Eppendorf reaction
tubes and washed once with PBS. 1 ml TriFast was added per tube and the
lysates were frozen at -80°C until further processing following the standard

protocol.

The TriFast lysates were then thawed, vortexed and kept at room temperature
for 5 minutes. 200 pl chloroform/ml TriFast was added and strongly shaken for
15 seconds. The mixture was incubated at room temperature for 3 minutes prior
to a 15 minute centrifugation step at 12,000x g, 4°C. After centrifugation, two
phases are visual: A sallow aqueous phase at the top and the phenol phase
underneath. The upper aqueous phase is transferred into a new Eppendorf
reaction tube adding 600 ul isopropanol and mixed by inverting the tubes. In order
to visualize the pelleted RNA 60 ug Glyco Blue is added, mixed and incubated
for 10 minutes at room temperature. The lysates were then centrifuged and the
RNA pellet was washed twice in 1 ml 75% ethanol. The pellet was then left to dry
before dissolving the RNA in 15 ul RNase-free water including 1 U/ul RNase-
inhibitor Superase-IN (1:20 from stock). RNA quantification via NanoDrop
spectrophotometric measurement and NanoDrop 3.1 software to determine the

purity and concentration was performed.
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2.3.2.2 DNase digestion

In order to remove remaining DNA from the RNA-lysates, which could influence
the gPCR results, DNase digestion using the DNA-free™ DNA Removal kit from
Thermo Fischer Scientific was performed following the manufacturer’s protocol.
10 ug RNA was applied and the concentration was again measured via NanoDrop

spectrophotometer afterwards.

2.3.2.3 cDNA synthesis via reverse transcription

The RNA was reverse transcribed into complementary DNA (cDNA) for gPCR
gene expression analysis using the iScript™ cDNA Synthesis kit following the
manufacturer’s protocol. 250 ng RNA was transcribed including a “minus reverse
transcriptase” (-RT) control to ensure primer specificity and exceptional
amplification of cDNA. The cDNA was diluted 1:10 in nuclease-free H20 and kept

at -20°C until further use.

2.3.2.4 Quantitative polymerase chain reaction

By applying specific primers (RPL27, IL-21 and TNFa in this case) the cDNA
region, the primers bind to, is exponentially amplified during the quantitative
polymerase chain reaction (QPCR). The real-time detection of the amplification is
possible by applying SYBR Green as fluorescent dye binding to the double
stranded DNA to quantify the DNA during the exponential phase of the gPCR.
Preparation for the gPCR reaction in gPCR plates: 5 pl absolute gqPCR SYBR®
Green Mix was mixed with 0.25 pl of primer mix, including the forward and reverse
primer in a 1:1 concentration of 10 uM and 4.75 pl template cDNA, resulting in a
total volume of 10 ul per well. Each analysis was performed as triplicates
determining the mean and standard deviations. Next to the -RT control a H20
control was added to detect unspecific amplifications and primer dimers. gPCR
results were depicted as Cy0 values normalized to the housekeeping gene
RPL27. Cy0 calculation was performed to ensure the compatibility between the
3 gPCR machines used in the laboratory. This means that the values are “0
scaled”, through which the lowest amplification value is normalized to O (Dr.
Florian Finkernagel). In this case the assumption of equal reaction efficiency
when comparing unknown genes with the standard curve is not necessary
(Guescini et al. 2008). gPCRs were performed in the Mx3000P gPCR system
applying the following program: activation of hot-start-polymerase (15 min 95°C),
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followed by denaturation for 15 seconds at 95°C, annealing for 20 seconds at
60°C and elongation for 15 seconds at 72°C. The denaturation, annealing and
elongation steps were repeated in 40 cycles. The melting curve was formed in
the end at a temperature range of 72°C to 95°C.

2.3.3 RNA sequencing of HGSC patient-derived cells

As described in Sommerfeld et al. 2021, RNA sequencing of ex vivo HGSC
omentum-derived HPMC, as well as HGSC ascites-derived tumor cells and
tumor-associated T cells was performed and processed. The RNA sequencing
data is stored at EBI ArrayExpress (accession numbers: E-MTAB-4162, E-
MTAB-10611).

2.3.4 Immunohistochemistry

Matched HGSC patient pairs of paraffin-embedded metastatic omentum tissue
samples removed during operation, as well as ascites fluid were subject to
immunohistochemical analysis to determine the presence of apoptotic
mesothelial cells (n=8 patients). The peritoneal cells present in the ascites fluid
were isolated as usual (see section 2.2.1) and frozen. After thawing, cells were
fixated in 4% Formalin for 1 hour at room temperature. Afterwards they were
washed in 70% EtOH (3x) prior to embedding the cell pellets in 1% agarose gel
(80-100 pl/cell pellet). After polymerization of the gels, 4% Formalin was added
and incubated for 1 hour in the dark. The gels were then washed in water and
kept in 70% EtOH until embedding them in paraffin blocks. Sections were cut
from the embedded peritoneal cells and omental tissue for specific antibody
staining by the pathology department (UKGM, Marburg, Germany). The
respected primary antibodies were retrieved for their heat-induced epitope
applying EDTA, following the manufacturer’s protocol. Specific staining was
carried out on a DAKO autostrainer Link 48. Endogenous peroxidase was
blocked prior to the incubation with mouse monoclonal anti-Calretinin antibody
(1:100), rabbit polyclonal anti-Cleaved Caspase-3 antibody (1:200), mouse
monoclonal anti-Cytokeratin antibody (1:100) and mouse monoclonal anti-Alpha-
Smooth Muscle Actin (a-SMA) antibody (1:200) for 45 minutes. Microscopic
analyses of the stained sections were performed by the pathology department

(Dr. Corinna Keber) afterwards.
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2.3.5 Statistics and Bioinformatics

Statistics of comparative data were calculated by paired or unpaired student’s t-
test (two-sided, unequal variance) using GraphPad Prism. Results were
significant where indicated (see figure legends), when the p-value was smaller
than 0.05. Analysis of RNA sequencing data, as well as Olink secretome data
was assisted by Dr. Florian Finkernagel and Prof. Dr. Rolf Muller. Box plots were

created by Prof. Dr. Rolf Muller with python using the Matplotlib boxplot function.
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3. Results

3.1 TAL induce apoptosis in HGSC-derived mesothelial cells

In order to evaluate if TAL isolated from ascites could induce apoptosis in
omentum-derived HPMC from HGSC patients, a co-culture system was
established, as described in section 2.2.6. By conducting these experiments, we
observed that TAL obtained from different patients were able to kill HPMC with
enhanced apoptosis rates upon prior T cell activation by anti-CD3 antibody
stimulation (figure 11A). These results could be confirmed in an autologous
system with matched pairs of HPMC and TAL from the same patient, thereby
excluding HPMC killing due to a “non-self” attack of the immune cells (figure 11A,
blue dots indicating matched autologous pairs). A representative example of the
flow cytometric evaluation, comparing the co-culture of HPMC with unstimulated
versus anti-CD3 antibody stimulated TAL, is shown as dot blots in figure 11B. To
determine which TAL subpopulation induced HPMC apoptosis, the ascites-
derived TAL were fractionated into CD3+ T cells and CD3-/CD56+ NK cells prior
to the co-culture with HPMC (figure 11C). Hereby we were able to demonstrate
that the activated T cells alone could not induce HPMC apoptosis in the absence
of NK cells (figure 11C). The unstimulated NK cells alone only had very slight
effects on inducing HPMC apoptosis, which was restored back to levels reached
by total TAL when activated T cells were added to the NK cell culture in a 1:1
ratio (figure 11C). At the same time, this observation rules out that the inability of
TAL subfractions to induce HPMC apoptosis was due to a reduced vitality of the
T cells or NK cells after the MACS isolation procedure. Instead, the data suggests
a cooperative activity of both immune cell types resulting in the question which

mode of killing is active and which cells are the main effectors.
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Figure 11. Induction of mesothelial apoptosis upon co-culture with anti-CD3 antibody-
activated TAL. (A) The percentage of Annexin V+ HPMC is depicted to determine the amount of
apoptotic mesothelial cells after co-cultivation with TAL. Autologous matched patient HPMC —
TAL pairs are depicted as blue dots (n=11 total experiments with n=3 autologous pairs).
Background HPMC apoptosis was determined from untreated HPMC alone. (B) Representative
AnnexinV/PI dot blots of gated HPMC after co-culture with unstimulated versus anti-CD3 antibody
stimulated TAL. (C) Percentage of Annexin V+ HPMC after co-culture with TAL sub-fractions
(CD3+ T cells and NK cells), as well as 1:1 NK/T cell mixture directly after the MACS isolation
procedure (n=4 biological replicates). The mean is indicated by the column height. p-values were
calculated by two-sided, paired students’ t-test: *=p<0.05, **=p<0.01, ****=p<0.0001.

3.2 Identification of the NK cells as effector population within the TAL
promoting mesothelial apoptosis

In the following, we tackled the question of which apoptosis signaling pathway

introduced mesothelial apoptosis upon co-culture with TAL. Therefore, we first of

all analyzed the GrB/Perforin apoptosis signaling pathway as a possible

contributor to HPMC killing. Thus, we determined the induction of NK and T cell

degranulation in response to HPMC by flow cytometrically measuring the

CD107a expression on the outer membrane. At the same time, we aimed at
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deciphering the still unknown effector cell population within the TAL responsible
for killing HPMC. As a proof of principle control for these experiments, TAL were
co-cultured with the MHC I-deprived K562 myeloid cell line serving as a positive
control for NK cell degranulation (Alter et al. 2004) by introducing a “missing-self”
activation of NK cells (figure 12A). TAL were treated with PMA, an activator of
protein kinase C (PKC), and lonomycin, a calcium ionophore that also activates
PKC, as a positive control for T cell degranulation, introducing T cell activation
(Ai et al. 2013; Chatila et al. 1989) (figure 12B). Importantly, we were hereby able
to demonstrate that both cell populations within the ascites-derived TAL, NK and
T cells, are principally able to degranulate upon sufficient stimulation, as depicted
in figure 12A and B. Intriguingly, upon co-cultivation of activated TAL with HPMC,
the NK cells strongly degranulated, as determined by the amount of
CD335+/CD107a+ cells (figure 12C). At the same time, no CD107a+ T cells
(CD3+/CD107a+) could be found, indicating that they did not degranulate in
response to the mesothelial cells (figure 12D). In accordance with the previous
findings (figure 11C) that the cytotoxic potential of unstimulated NK cells against
HPMC was strongly reduced, their degranulation was also lost. However, this
could be rescued upon mixture with isolated T cells and anti-CD3 antibody
stimulation (figure 12E). Dot plots of the flow cytometric gating determining the
degranulating NK (CD335+/CD107a+) and T cells (CD3+/CD107a+) are depicted
in figure 12F. The background degranulation, which was slightly higher for anti-
CD3 antibody stimulated TAL (around 3%) compared to unstimulated TAL (close
to 0%) is shown, as well as the co-culture of HPMC with inactive versus activated
TAL. In conclusion, these findings revealed that ascites-associated NK cells gain
cytotoxic potential against HPMC, which requires previous activation by T cells.
Moreover, cytotoxicity of NK cells targeting HPMC was executed by cellular
degranulation representing the GrB/Perforin apoptosis signaling pathway in the

underlying experimental setting.
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Figure 12. Strong degranulation of NK cells in the presence of HPMC after activation by
anti-CD3 antibody stimulated T cells. (A, B) Proof-of-principal analysis of NK and T cell
degranulation (n=13 replicates) by flow cytometric measurement after TAL co-culture with K562
cell line (NK cell positive control) or treatment with PMA and lonomycin (T cell positive control).
Cells were gated on CD335+/CD107a+ degranulating NK cells (A) and CD3+/CD107a+
degranulating T cells (B). The background degranulation is depicted for TAL in the absence of
further cells or treatments. (C-D) The amount of degranulating NK cells (C) and T cells (D) in
response to HPMC is depicted (n=4 biological replicates, blue dots indicate match autologous
patient pairs). (E) The percentage of degranulating NK cells is shown after co-culture of HPMC
with the isolated NK cell fraction or the 1:1 mixture of NK cells with T cells directly after
fractionation (n=5 biological replicates). (F) Representative dot blots depicting the gating of
degranulating NK cells and T cells. The column height indicates the mean. p-values were
determined by two-sided, paired students’ t-test: *=p<0.05, **=p<0.01, ****=p<0.0001.

3.3 GrB/Perforin apoptosis signaling is blocked by ascites fluid

Seeing as ascites is part of the immunosuppressive TME in HGSC patients
(reviewed in Worzfeld et al. 2017), we asked whether the cytolytic potential of
activated NK cells against HPMC was sustained under these conditions.
Therefore co-culture experiments were conducted as described above (section
2.2.6.2), applying cell-free ascites pool instead of serum for the 2-day cultivation
of TAL with or without anti-CD3 antibody stimulation. As indicated in figure 13A,
NK cell degranulation was completely blocked in the presence of ascites
compared to serum-containing conditions. At the same time, HPMC death
induction by TAL, as shown by Annexin V staining, persisted on a similar level
regardless of ascites present in the medium (figure 13B). Based on these
findings, we proposed that HPMC clearance by activated NK cells could be of
clinical relevance since ascites does not suppress the cytolytic activity of NK cells,
but a different apoptosis signaling pathway than GrB/Perforin must be active in

the malignant context.
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Figure 13. Ascites fluid blocks NK cell degranulation while the induction of mesothelial
apoptosis is sustained. (A, B) Comparison of TAL pre-culture in RPMI1/5% AB serum/1% sodium
pyruvate and 100% ascites pool with anti-CD3 antibody stimulation for 2 days. Afterwards, co-
culture with HPMC was performed for 6 hours. (A) NK cell degranulation within the total TAL
population in response to HPMC co-culture was flow cytometrically determined and depicted as
percentage of CD335+/CD107a+ NK cells (n=6 biological replicates). (B) HPMC apoptosis was
determined by Annexin V/PI staining and flow cytometric measurement. The percentage of
Annexin V+ HPMC (gated on CD45- cells to exclude apoptotic lymphocytes) is shown (n=7
independent experiments). The column height indicates the mean. p-values were determined by

two-sided, paired students’ t-test: ns=non-significant with p>0.05, *=p<0.05, **=p<0.01.

3.4 Fas/FasL apoptosis signaling does not play arole in the HGSC TME
Since high expression levels of Fas (CD95) on the HGSC omentum-derived
HPMC were sustained in the presence of ascites, we proposed that a Fas/FasL-
mediated apoptosis signaling could be of importance in the TME (figure 14A).
Multiple concentrations of crosslinked sFasL (1 — 10 — 100 ng/ml) were applied
for the treatment of HPMC compared to the Fas-sensitive cell line Jurkat as a
control (figure 14B). Of note, HPMC apoptosis could only be induced when
applying the highest concentration of sFasL tested (100 ng/ml). In contrast,
10 ng/ml sFasL already induced Jurkat apoptosis at sufficient levels, which were
even above the amount of apoptotic HPMC induced by the highest concentration
of sFasL. These results indicate that the HPMC were far less responsive than the
Jurkat cell line (figure 14B). As a proof-of-concept, an anti-sFasL antibody
completely blocked the induction of cellular apoptosis by sFasL in both, HPMC
and Fas-sensitive Jurkat cells (figure 14C).

As a prerequisite of Fas/FasL mediated killing of HPMC, it could be shown that
CD3- TAL, comprising of mainly NK cells, strongly expressed FasL (CD178), but
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this was not further enhanced by anti-CD3 antibody stimulation of TAL (figure
14D). Importantly, in spite of these results, TAL induced HPMC apoptosis
independently from the Fas/FasL signaling pathway since adding a blocking anti-
FasL antibody to the co-culture did not affect HPMC vitality (figure 14E). The
obtained findings revealed that neither GrB/Perforin nor Fas/FasL signaling play

an essential role in the TME of ovarian cancer.
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Figure 14. NK cell-mediated killing of HPMC was Fas/FasL independent despite the
expression of Fas on HPMC and FasL on NK cells. (A) Determination of Fas (CD95)
expression on HPMC pre-cultured in OCMI/5% FCS or OCMI/50% ascites pool for 3 days by flow
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cytometry depicting the geometric mean fluorescence intensity (MFI) with subtracted isotype
control (n=3 patients). (B) HPMC and Jurkat were treated with increasing concentrations of
crosslinked sFasL for 24 h to determine HPMC sensitivity. Apoptosis induction was measured by
flow cytometry (% Annexin V+). The baseline apoptosis of untreated cells was subtracted (n=3
HGSC patient HPMC). (C) Proof-of-concept determining the crosslinked sFasL specificity in killing
HPMC and Jurkat by incubation with a neutralizing anti-FasL antibody or mouse IgG control. The
results are depicted relative to the control without anti-sFasL antibody. (D) FasL (CD178) is
expressed on NK cells (CD3-) within unstimulated and anti-CD3 antibody-stimulated TAL. The
geometric MFI is depicted with subtracted isotype control (n=3 patients). (E) Co-culture of HPMC
with anti-CD3 antibody stimulated TAL (6 hours) pre-treated with the neutralizing anti-FasL
antibody or mouse IgG control (Ctrl). Flow cytometric evaluation of Annexin V/Pl-stained HPMC
depicted relative to the control (Ctrl). Horizontal bars and column heights indicate the mean. p-

values were calculated by two-sided, paired t-test: ns=non-significant with p>0.05.

3.5 HPMC apoptosis induction is independent of the cytotoxic cytokines
TNFa and IFNy

It has been reported in the literature that NK cells release cytotoxic cytokines,
including TNFa and IFNy, as an additional mechanism introducing target cell
death (reviewed in Sedger and McDermott 2014; Jorgovanovic et al. 2020). We
therefore sought to analyze the effect of these cytokines on mediating HPMC
apoptosis by treating omentum-derived HPMC with IFNy and TNFa alone or in
combination. In order to ensure comparability, the treatment was performed for 6
hours, choosing the same time frame in which NK cell secreted IFNy and TNFa
would have been present during the co-culture (figure 15). Importantly, we did not
conduct experiments to detect the secretion of these cytokines by NK cells. As
depicted in figure 15, we could not find a direct cytotoxic effect of either of these
cytokines on HPMC. In conclusion, the reported release of the cytotoxic cytokines
TNFa and IFNy did not account for NK cell-mediated killing of HPMC.
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Figure 15. The cytotoxic cytokines TNFa and IFNy are not able to induce HPMC apoptosis.
HPMC were treated with (25 ng/ml) IFNy and (100 ng/ml) TNFa alone or combined for 6 hours.
HPMC apoptosis induction was determined by flow cytometric measurement of Annexin V/PI.
Untreated cells served as background controls (Ctrl). The percentage of Annexin V+ HPMC is
depicted for n=3 biological replicates. Column heights indicate the mean. p values were calculated

by two-sided, paired t-test: ns=non-significant with p>0.05.

3.6 Identification of TRAIL apoptosis signaling conducted by T cell-
activated NK cells introducing HPMC clearance in the HGSC TME
Seeing as we were able to rule out the involvement of GrB/Perforin, Fas/FasL
and the cytotoxic cytokines TNFa and IFNy in the induction of mesothelial
apoptosis in our system, we next analyzed the role of TRAIL apoptosis signaling.
This was addressed by first of all applying a rh-TRAIL protein for the treatment of
HPMC and determining the amount of Annexin V+ mesothelial cells via flow
cytometry (figure 16A, B). The experiments were conducted applying HPMC
derived from a pre-culture in OCMI/5% FCS media (figure 16A) and OCMI/50%
ascites pool media (figure 16B). Interestingly, albeit HPMC cultured in serum-
containing media were generally prone to TRAIL-mediated killing, the apoptosis
rates induced by rh-TRAIL were even enhanced in HPMC derived from cultivation
in ascites. As a proof-of-principle, the rh-TRAIL-induced apoptosis was blocked
by applying a neutralizing anti-TRAIL antibody in both cases, representing the
specificity of the TRAIL-mediated killing by rh-TRAIL protein. As a second
readout, HPMC plated on collagen | gel-coated wells were stained for activated
caspase-3 and -7 after treatment to microscopically determine the apoptosis
signaling introduced by rh-TRAIL (figure 16C). From the light microscopic picture,
HPMC apoptosis is visual due to the changed, more fuzzy morphology after
incubation with rh-TRAIL. This is confirmed by the fluorescence microscopic
pictures showing the green staining of the active caspases within the apoptotic
cells. In agreement with the flow cytometric read out, hardly any caspase-stained
cells could be found in the untreated HPMC, indicating the lack of apoptosis
signaling. This was literally performed to visualize the TRAIL-dependent
apoptosis signaling in sporadic experiments, depicting a representative result

which was not further quantified.

To investigate a TRAIL-dependent mechanism in HPMC killing by ascites-derived

TAL, a neutralizing anti-TRAIL antibody was added to the co-culture between
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HPMC and ascites-derived TAL either pre-cultured in the presence of serum
(figure 16D) or ascites (figure 16E). As depicted in figure 16D and E, ascites did
not suppress mesothelial apoptosis induced by TAL, which is in line with the
results depicted in figure 16B. In both cases, applying the anti-TRAIL blocking
antibody reduced the amount of apoptotic mesothelial cells significantly.
Additionally, the expression of TRAIL on the CD335+ NK cell population present
within the total TAL was flow cytometrically determined (geometric MFI gated on
CD335+ NK cells). The TRAIL expression was compared between unstimulated
TAL and anti-CD3 antibody stimulated TAL pre-cultured in RPMI/5% AB serum
or 100% ascites pool. The results revealed a significant up-regulation of TRAIL
on NK cells upon T cell activation by anti-CD3 antibody stimulation, again
emphasizing the cooperation between T and NK cells. The TRAIL expression on
NK cells derived from a TAL pre-culture in 100% ascites pool was slightly reduced
compared to RPMI/5% AB serum. However, the difference was not significant,
indicating the relevance of NK cell-mediated TRAIL signaling in ascites (figure
16F).

In conclusion, these observations strongly suggest a TRAIL-dependent HPMC
killing by T cell-activated NK cells in the HGSC TME, seeing as the TRAIL
signaling pathway is sustained in ascites. Moreover, a certain TRAIL-

sensitization of HPMC in the presence of ascites seems to take place.
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Figure 16. TRAIL-mediated apoptosis of HGSC-derived mesothelial cells. (A, B) Treatment
of HPMC with 100 ng/ml rh-TRAIL protein for 18 hours. Induction of mesothelial apoptosis
measured via flow cytometry and depicted as Annexin V+ HPMC. The Background of untreated
HPMC is shown. A neutralizing anti-TRAIL antibody (10 pg/ml) or mouse IgG control was applied
for rh-TRAIL pre-culture (1h, 37°C). Results were compared between OCMI/5% FCS (n=6
individual experiments) (A) and OCMI/50% ascites pool (Asc) pre-cultured HPMC (n=5 individual
experiments) (B). (C) Visualization of apoptotic HPMC, cultured on 150 pg/ml collagen | gel, after
rh-TRAIL treatment under the light microscope and caspase 3/7 staining (10 uM) detected under
the fluorescence microscope. Representative microscopy pictures are depicted. The scale bar
indicates 100 um size. (D, E) TAL pre-cultured in RPMI/5% AB serum/1% sodium pyruvate were
co-cultured with OCMI/5% FCS-derived HPMC (D), TAL pre-cultured in 100% ascites pool were
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co-cultured with OCMI/50% ascites pool-derived HPMC (E) for 6 hours. HPMC apoptosis is
depicted as percentage of Annexin V+ cells gated on the CD45- population. In both cases, TAL
were pre-cultured with 10 pg/ml neutralizing anti-TRAIL antibody for 1 hour. As a control, an
unspecific mouse 1gG antibody was added. (F) Flow cytometric measurement of TRAIL
expression on CD335+ NK cells present within total unstimulated TAL and anti-CD3 antibody-
stimulated TAL in RPMI/5% AB or 100% Ascites Pool. Horizontal bars and column heights
indicate the mean. p-values were calculated by two-sided, paired t-test: *=p<0.05, **=p<0.01,
*%=p<0.0001.

3.7 T-NK cell crosstalk: soluble mediators secreted by T cells promote
TRAIL-dependent cytotoxicity of NK cells against HPMC
Since we identified NK cells as the main effector population strongly
degranulating in response to HPMC while ascites was absent and anti-CD3
antibody-stimulated T cells did not induce HPMC apoptosis on their own (figure
11C), we believed that the T cells display a more bystander effect. Thus, we
addressed the possibility that T cells promote NK cell activation. This led to our
inquiry of how the T cells activate the NK cells in the immunosuppressive TME,
promoting TRAIL-dependent apoptosis as the main pathway leading to
mesothelial cell death. To determine if a direct physical contact between T cells
and NK cells was necessary for NK cell activation, we collected conditioned
media (CM) of T cells with and without anti-CD3 antibody stimulation. Notably,
the results revealed that the secretome of anti-CD3 antibody-stimulated T cells
was sufficient in activating the NK cells’ cytotoxic potential against HPMC (figure
17A). This indicates that the NK-T cell crosstalk is independent of direct cell-cell
contact. Instead, a secretome-based communication seems to be of importance.
Next to the CM of total CD3+ T cells, the secretome of T helper cell (CD3+/CD4+)
and cytotoxic T cell (CD3+/CD8+) subfractions were also collected to analyze
differences in the potential of activating NK cells. The isolation procedure is
described in section 2.2.1.1 and depicted in figure 7. The CM of isolated T helper
cells and cytotoxic T cells equally promoted the NK cells’ cytotoxic potential
against HPMC (figure 17A). Based on these findings, we concluded that NK cell
activating mediators are secreted by the greater T cell population and not by one
subpopulation alone. Therefore, we focused on the T cell secretome of the total
CD3+ T cell population in the following. Moreover, the CM of activated T cells
was more sufficient in promoting HPMC Kkilling by NK cells compared to the
secretome of unstimulated T cells (figure 17B). In line with this observation,
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TRAIL expression on NK cells was also significantly up-regulated by the
secretome of activated T cells, hinting towards the activation of a TRAIL-
dependent NK cell killing mechanism (figure 17C). This could be verified using
an anti-TRAIL neutralizing antibody added to the co-culture between T cell CM-
stimulated NK cells and HPMC, which significantly decreased the amount of
apoptotic/Annexin V+ mesothelial cells (figure 17E). Of note, the NK cell cytotoxic
effects after activation by T cell CM were generally lower than the effects of total
anti-CD3 antibody stimulated TAL, where the T and NK cells were in direct
physical contact. This could be due to dilution effects of the responsible T cell-
secreted cytokines in the CM, applied in a 1:1 concentration for NK cell activation.
Furthermore, a possible positive feedback loop of NK cell-secreted cytokines
upon activation, further stimulating T cells, could be missing here.

Since the T cells had only been activated by anti-CD3 antibody alone and not co-
stimulated with anti-CD28 antibody, we wanted to ensure that the CD3 stimulation
was already sufficient in rendering the T cells fully functional. As depicted in
supplementary figure S1, the CM of anti-CD3/anti-CD28 antibody-stimulated T
cells was additionally collected and applied for NK cell activation prior to the co-
culture with HPMC. This was directly compared to the NK cell activation by anti-
CD3 antibody-stimulated T cell CM alone. The NK cell cytotoxic potential directed
against HPMC was flow cytometrically determined by measuring the amount of
Annexin V+ HPMC (Supplementary figure S1A) and the up-regulation of TRAIL
on NK cells (Supplementary figure S1B). Intriguingly, while the NK cells activated
by the CD3/CD28 co-stimulated T cell CM induced HPMC apoptosis at higher
levels (Supplementary figure S1A), no increase in TRAIL expression on NK cells
upon additional CD28 stimulation of T cells could be observed (Supplementary
figure S1B). Generally, CD3 stimulation of T cells alone was sufficient in
promoting the secretion of NK cell-activating cytokines. Therefore, anti-CD3

antibody stimulation of T cells alone was performed throughout this work.

In conclusion, we were able to demonstrate that direct physical contact between
NK cells and T cells is not necessary, instead, the NK cells can be activated by
mediators secreted by anti-CD3 antibody-activated T cells, through which the NK
cells gain their full TRAIL-mediated cytotoxic potential against HGSC-derived
HPMC.
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Figure 17. The secretome of anti-CD3 antibody-stimulated T cells promotes TRAIL-
mediated NK cell cytotoxic activation directed against HPMC. (A) Percentage of Annexin V+
HPMC (flow cytometry) induced by T cell CM-treated NK cells comparing the CM of total CD3+ T
cells and T cell subsets (CD3+/CD4+ or CD3+/CD8+) (n=4 biological replicates). (B)
Determination of HPMC apoptosis (% Annexin V+) induction by NK cells treated with the CM of
anti-CD3 antibody stimulated versus unstimulated T cells via flow cytometry (n=13 individual
experiments). (C) Flow cytometric measurement of TRAIL expression on NK cells treated with
the CM of unstimulated versus anti-CD3 antibody stimulated T cells. (E) Incubation of the CM-
stimulated NK cells with a neutralizing anti-TRAIL antibody or mouse IgG control prior to the co-
culture with HPMC. Flow cytometric analysis of Annexin V+ HPMC. Horizontal bars and column
heights indicate the mean. p-values were determined by two-sided, paired student’s t-test:
*=p<0.05, *=p<0.01.

3.8 Identification of the T cell-secreted cytokines inducing NK cell
activation

Seeing as the CM of anti-CD3 antibody-stimulated T cells was sufficient in

activating the NK cells, we wanted to identify the important mediators for this

purpose. Therefore, affinity proteomics (Olink) and comparative bioinformatics
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were applied to analyze the secretome of unstimulated versus activated ascites-
derived T cells (n=5 matched pairs). As shown in figure 18A, depicting the fold
change of activated relative to untreated T cells, the secretion of 45 proteins
linked to NK cell activation and TRAIL signaling was significantly increased upon
anti-CD3 antibody stimulation. Among these proteins are members of the TNF
ligand superfamily, including TNFa, CD40LG, CD70, FASL, TNFSF8, TNFSF9
and TNFSF10/TRAIL and receptor superfamily, including FAS,
TNFRSF10A/TRAILR1, TNFRSF10B/TRAILR2, TNFRSF4 and TNFRSF8, as
well as T cell subset specific cytokines such as IL-2, IFNy, TNF, IL-4, IL-10 and
IL17A. Seeing as activated T cells did not promote HPMC apoptosis on their own,
the secretion of GrA/GrB, TRAIL and FasL did not play a role in our system and
was not further incorporated (figure 11C).

CD40LG and CD70 were also found as activated T cell-secreted proteins,
implying a CD40LG/CD40 and CD70/CD27 signaling for the activation of NK
cells. This could be excluded, seeing as agonistic anti-CD40 and anti-CD27

antibodies failed to activate the NK cell cytotoxicity against HPMC (figure 18B).

We identified the activated T cell-secreted cytokines IFNy, IL-2 and TNFa as the
most promising to possibly be involved in NK cell activation, expansion and
cytotoxic stimulation (figure 18A) (reviewed in Wu et al. 2017; Johnsen et al.
1999; Takeda et al. 2001; Almishri et al. 2016). We could further confirm an
increased expression of TNFa on RNA-level by qPCR, as shown in figure 18C.
Besides this, we also focused on IL-21, which was not part of the Olink panel but
is described to be up-regulated in T cells upon stimulation with the same anti-
CD3 antibody (clone Okt3) we used (Sousa et al. 2019). Additionally, we
identified IL-21 in public transcriptome datasets at Gene expression Omnibus
(GEO) (http://www.ncbi.nlm.nih.gov/geo; GSE112899 accession number). We

could confirm this up-regulation of IL-21 on mRNA level by gPCR upon anti-CD3
antibody stimulation, as depicted in figure 18C. Here the difference between
unstimulated versus stimulated was even higher compared to TNFa (figure 18C).
Based on these data, we concentrated on validating the role of T cell-secreted
IL-2, IL-21, IFNy and TNFa on the NK cell cytotoxic function.
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Figure 18. IFNy, IL-2, TNFa and IL-21 are important cytokines secreted/expressed by anti-

CD3 antibody stimulated T cells activating NK cells. (A) The CM of matched pairs of

unstimulated and anti-CD3 antibody-stimulated T cells derived from the ascites of HGSC patients

were subject to PEA-based affinity proteomics (Olink) conducted by the proteomic core facility.

Depicted are cytokines matching the terms “NK cell activation” and “TRAIL” in the GeneCards

database (n=45 cytokines). The gene names of the cytokines are indicated. The results are

depicted as the fold change of the activated relative to the untreated T cell CM (n=5 matched

pairs). Boxplots are shown with the median, the upper and lower quartiles, marked by the box,
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the whiskers displaying the range and outliers marked by circles. Statistics were calculated by
paired student’s t-test: *=FDR<0.05, **=FDR<0.01, ***=FDR<0.001, ****=FDR<0.0001. (B)
Ascites-derived NK cells were pre-treated with 10 pg/ml agonistic anti-CD40 and anti-CD27
antibody, as well as corresponding IgG controls (mouse and human) for 1 hour. The amount of
apoptotic HPMC is depicted as percentage of Annexin V+ cells gated on the CD45- cell population
(n=3 experimental replicates). (C) qPCR analysis of TNFa and IL-21 expression by anti-CD3
antibody stimulated versus unstimulated T cells. Results are shown as Cy0 normalized to the
housekeeping gene RPL27. Horizontal bars indicate the mean. p-values were calculated by two-
sided, paired student's t-test: ns=non-significant with p>0.05, *=p<0.05, **=p<0.01,
**+=p<(0.0001.

3.9 T cell-secreted cytokines activate TRAIL-mediated NK cell cytotoxic
potential
According to the literature, IL-2 and IFNy are important for TRAIL regulation in
NK cells (Johnsen et al. 1999; Takeda et al. 2001). Seeing as both were secreted
by the activated T cells, we first of all analyzed whether these cytokines also
played an important role in our system promoting TRAIL-related NK cell
cytotoxicity against HPMC. To address this, NK cells were stimulated with rh-IL-
2 alone or in combination with rh-IFNy. Importantly, rh-IL-2 alone had no effect
on NK cell activation measured by the TRAIL expression (figure 19A) and HPMC
apoptosis, which was hardly induced by rh-IL-2 treated NK cells (figure 19B). NK
cells treated with the combination of rh-IL-2 and rh-IFNy showed only a slight
increase of TRAIL expression concomitant with weak but significant increase of
cytotoxicity against HPMC in comparison to the background and
untreated/resting NK cells (Figure 19A and B). Seeing as these effects were
genuinely low, we concluded that these cytokines do not play a pivotal role in NK

cell cytotoxic activation on their own.

In the next step, the role of IL-21 and TNFa secreted by activated T cells on the
activation of NK cells was analyzed. Therefore, gain-of-function and loss-of-
function experiments were conducted applying rh-IL-21 and rh-TNFa both in
combination with rh-IL-2, as well as specific neutralizing antibodies. TRAIL up-
regulation on NK cells could not be induced upon treatment with rh-IL-21
combined with rh-IL-2 (figure 19A). However, the induction of mesothelial
apoptosis by rh-IL-2/rh-IL-21 treated NK cells was significantly enhanced (figure

19B). This might indicate that another apoptosis signaling pathway was activated
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here, which was not further tested due to the explicit relevance of TRAIL signaling

in ascites (see section 3.6).

By contrast, TRAIL was significantly up-regulated on NK cells upon treatment
with rh-IL-2 and rh-TNFa, as depicted in figure 19A. At the same time, the amount
of apoptotic HPMC was also significantly increased (figure 19B). These findings
are in line with our previous results, indicating that the TRAIL up-regulation on
NK cells and increased HPMC killing go hand in hand. Interestingly, when rh-IL-
21 was added to the combination of rh-IL-2 and rh-TNFa for NK cell stimulation,
the amount of apoptotic HPMC was even further increased but did not reach
statistical significance (figure 19B). This was at least partly dependent on TRAIL
due to the slight increase of the TRAIL expression on the treated NK cells (figure
19A). Furthermore, adding a neutralizing anti-TRAIL antibody to the co-culture
between HPMC and NK cells stimulated with all three cytokines significantly
decreased the amount of apoptotic mesothelial cells (figure 19C). Upon
neutralization of T cell-secreted TNFa by applying the anti-TNFa blocking
antibody Infliximab during NK cell stimulation, the NK cell cytotoxic potential
directed against HPMC was significantly decreased. This was shown by the
significantly reduced amount of apoptotic HPMC (figure 19D). In contrast,
blocking T cell-secreted IL-21 did not affect NK cell cytotoxic activation and
HPMC killing (figure 19D). These results underline the substantial relevance of T
cell-derived TNFa as a critical mediator for the activation of NK cells to act out
their killing abilities, while IL-21, IL-2 and IFNy seem to play a more ancillary role.
It is conceivable that a network of different T cell-derived cytokines work together
to activate the NK cells. Therefore, certain cytokines possibly do not show any

effect on their own in our read-out but in unison with other cytokines.
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Figure 19. T cell-secreted TNFa is an important effector cytokine activating NK cells in the

TME. (A, B, C) Gain-of-function analysis by treating ascites-derived NK cells with different
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cytokine combinations for 2 days: rh-IL-2 (200 U/ml) alone, rh-IL-2 + rh-IFNy (10 ng/ml), rh-IL-2 +
rh-IL-21 (10 ng/ml), rh-IL-2 + rh-TNFa (10 ng/ml) and rh-IL-2 + rh-IL-21 + rh-TNFa. TRAIL
expression on treated NK cells was analyzed by flow cytometry depicting the geometric MFI (A)
and HPMC apoptosis showing the percentage of Annexin V+ HPMC (B). (C) The involvement of
TRAIL apoptosis signaling was analyzed by adding the anti-TRAIL blocking antibody (10 pg/ml)
to the co-culture. (D) Loss-of-function analysis was conducted by applying neutralizing anti-TNFa
and anti-IL-21 antibodies (each 10 pug/ml) to the activated T cell CM (1 hour pre-incubation) for
NK cell stimulation for 2 days. The induction of HPMC apoptosis after co-culture with these NK
cells was again flow cytometrically analyzed. The horizontal bars and column heights indicate the
mean. p-values were determined by two-sided, paired student’s t-test: ns=non-significant with
p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001.

3.10 HGSC-derived HPMC are susceptible to TRAIL-mediated Killing, which
is associated with high expression levels of TRAIL death receptors
To tackle the question whether HPMC are selectively targeted by TRAIL-
dependent NK cell-mediated cytotoxicity within the malignant TME, we analyzed
death and decoy receptor expressions on HGSC patient omentum-derived
HPMC and ascites-derived tumor cells in the next step. Previously obtained RNA-
sequencing data (Sommerfeld et al. 2021) of ex vivo HPMC and tumor cells were
exploited to determine the expression levels of the activating receptors
TNFRSF10A (DR4, TRAIL R1) and TNFRSF10B (DR5, TRAIL R2), as well as
decoy receptors TNFRSF10C (DcR1, TRAIL R3) and TNFRSF10C (DcR2,
TRAIL R4) on mRNA level. These results are depicted as transcripts per million
(TPM), clearly exhibiting that the TRAIL activating receptor DR5 is selectively
expressed on HPMC compared to tumor cells (figure 20A). DR4 and DcR1 are
expressed at very low levels in both HPMC and tumor cells. DcR2, on the other
hand, is expressed at higher levels on the HPMC (figure 20A). The RNA-
sequencing results were confirmed on protein level by flow cytometry, depicted
as the geometric MFI (figure 20B). The results on protein level were compared to
control HPMC derived from the peritoneal lavage of patients with benign
gynecological diseases (Ctrl). This comparison was performed to determine
specific TRAIL-sensitizing effects the malignant TME may have on the HPMC.
Importantly, opposing the RNA-sequencing data, the activating receptor DR4 was
expressed significantly higher on HGSC-derived HPMC compared to tumor cells
on protein level. Moreover, these expression levels were also higher in

comparison to the control HPMC. The high DR5 expression on HPMC was
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endorsed with similar levels between control and HGSC-derived HPMC. Both
decoy receptors were expressed at slightly higher levels on the HPMC types
compared to the tumor cells. Of note, in contrast to the RNA-sequencing data,
DcR1 was expressed at high protein levels on the HPMC. Taken together, as
depicted in figure 20B, all 4 receptors were expressed at higher levels on both
HPMC types compared to the tumor cells, most strikingly DR5. Furthermore, a
trend towards a higher expression of DR4 and DcR1 on HGSC-derived HPMC
compared to the control HPMC could be seen (figure 20B). Exemplary histograms
of the flow cytometric measurements representing the tumor cells and HGSC-
derived HPMC are depicted in figure 21C as stagged blots. These results
demonstrate that in agreement with the TRAIL-dependent killing of HGSC-
derived HPMC by NK cells, they strongly express the required TRAIL receptors
DR4 and DR5, enabling TRAIL apoptosis signaling.

Seeing as the HPMC had to be cultured in order to apply them for functional
analysis in vitro, we made sure that the death cell receptor expression did not
vary too strongly compared to ex vivo HPMC due to culture effects. Therefore
RNA-sequencing data determining the death receptor expression on mRNA level
(TPM) for OCMI/5% FCS and OCMI/50% ascites pool cultured HPMC compared
to ex vivo HPMC was analyzed. As shown in figure 20D, a general decline of all
4 receptors upon cultivation of the HPMC in OCMI/5% FCS or OCMI/50% ascites
pool was observed, while the general expression pattern was maintained (highest
expression level of DR5). No specific ascites effects could be seen.
Consequently, we were able to rule out an artificial susceptibility of cultured
HPMC to TRAIL-mediated cell death and concluded that the HPMC had already

been sensitized toward TRAIL-induced killing in the in vivo TME.
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Figure 20. High expression levels of the activating death receptors on HGSC-derived HPMC

render them liable toward TRAIL-induced apoptosis conducted by NK cells. (A) RNA-

sequencing analysis of ex vivo omentum-derived HPMC (n=5 patients) and tumor cells (n=34

patients) derived from HGSC patient ascites for the expression of the TRAIL receptors
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TNFRSF10A (DR4, TRAIL R1), TNFRSF10B (DR5, TRAIL R2), TNFRSF10C (DcR1, TRAIL R3)
and TNFRSF10C (DcR2, TRAIL R4). The corresponding TPM values are depicted. (B, C) Flow
cytometric analysis of TRAIL receptor expression on protein level comparing HGSC-derived
HPMC (n=8), control HPMC (Ctrl) derived from patients with benign gynecological diseases (n=6)
and ex vivo tumor cells (n=11). The geometric MFI is depicted (B). Representative stagged blots
of measured HGSC-derived HPMC and tumor cells are depicted for the expression of all four
receptors (C). (D) RNA-sequencing data showing the TPM values of TRAIL receptor expression
comparing ex vivo HPMC (n=5 patients) and cultured HPMC (OCMI/5% FCS and OCMI/50%
ascites pool) (n=8 patients). The horizontal bars and column heights indicate the mean. p-values
were determined by two-sided, unpaired student’s t-test: ns=non-significant with p>0.05,
*=p<0.05, *=p<0.01, **=p<0.001, ****=p<0.0001.

3.11 HGSC tumor cells are resistant against TRAIL-mediated killing by TAL
Tumor cells are deprived of both activating TRAIL receptors DR4 and DRS5,
meaning that the prerequisite for TRAIL-induced apoptosis is not given and
implies that they are resistant against TRAIL signaling. We evaluated this
hypothesis by performing co-culture experiments between ascites-cultivated TAL
and ex vivo tumor cells. Subsequent apoptosis detection by Annexin V/PI staining
was performed as described previously for HPMC-TAL co-cultures. It was
important to apply malignant ascites to resemble and maintain the in vivo situation
in the best possible way in vitro. The results revealed that the tumor cells were
generally less sensitive toward TAL-mediated killing (mean increase over
background = 25,62% Annexin V+ (figure 21) compared to mean = 51% Annexin
V+ HPMC (Figure 11A)), seeing as the background apoptosis of untreated tumor
cells was slightly higher (figure 21) compared to HGSC-derived HPMC.
Furthermore, adding a neutralizing anti-TRAIL antibody did not significantly
decrease the amount of apoptotic tumor cells. Based on these data, we
concluded that in accordance with the deprivation of DR4 and DR5 on tumor cells,
they are resistant against TRAIL-mediated apoptosis signaling in the TME.
Whether this slight, TRAIL-independent induction of tumor cell apoptosis was NK
or T cell-facilitated was not of our interest in this case and therefore not further

analyzed.
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Figure 21. Tumor cells are insensitive against TRAIL-dependent apoptosis. Co-culture
experiments between ex vivo tumor cells after an over night resting period in OCMI/50% ascites
pool and 100% ascites pool-derived anti-CD3 antibody stimulated and unstimulated TAL were
conducted. Apoptosis-induction in tumor cells was flow cytometrically determined after Annexin
V/PI staining (n=5 independent experiments). The column heights indicate the mean. p-values

were determined by two-sided, paired student’s t-test: ns=non-significant with p>0.05.

3.12 The HGSC TME sensitizes HPMC to TRAIL-mediated killing by NK cells
Another important question we wanted to tackle is how mesothelial cells in the
TME become sensitized toward NK cell-induced apoptosis by TRAIL. To address
this, we applied control HPMC derived from patients with benign gynecological
diseases not only for the analysis of the TRAIL receptor expression (figure 20B)
but also for functional experiments. Co-culture experiments between the control
HPMC and TAL pre-cultured in ascites with or without anti-CD3 antibody
stimulation were performed following our standard protocol. The results, depicting
the amount of Annexin V+ control HPMC, are shown in figure 22. We hereby
observed that activated TAL were generally able to induce apoptosis in these
control HPMC, with an increased mean of 23.6% (figure 22), which was far lower
compared to HGSC-derived HPMC with a mean of 51% (figure 11A). Importantly,
it could be shown that the control HPMC, in striking contrast to HPMC derived
from the HGSC TME, were resistant toward TRAIL-mediated killing since the anti-
TRAIL blocking antibody did not inhibit the apoptosis induction. The TRAIL
resistance of the control HPMC correlated with a reduced DR4 expression, while
DR5 expression was comparably high in both HPMC types (figure 20B).
Therefore, it could be assumed that the expression of both death cell receptors,
DR4 and DR5, is necessary for TRAIL-induced apoptosis of HPMC. Similar to the
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analysis of apoptosis induction in tumor cells (section 3.11), we were again not
interested in deciphering the TAL subpopulation promoting slight, TRAIL-
independent apoptosis levels in these control HPMC. Thus, no further

experiments were performed.
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Figure 22. Control HPMC derived from lavage of patients with benign gynecological
diseases were insensitive to TRAIL-mediated killing. Co-culture experiments between control
HPMC and TAL derived from 100% ascites pool with or without anti-CD3 antibody stimulation
were performed. Apoptosis-induction was determined by flow cytometry after Annexin V/PI
staining (n=4 biological replicates). The column heights indicate the mean. p-values were

determined by two-sided, paired student’s t-test: ns=non-significant with p>0.05, *=p<0.05.

3.13 HPMC - NK cell crosstalk: Additional mechanisms rendering NK cell
activation
Further analyses concerning the predisposition of HGSC omentum-derived
HPMC towards NK cell-mediated kiling were performed by analyzing the
expression of MHC class | (HLA-A, -B and -C) molecules on HPMC, which
determines the “immunological self’ recognition (reviewed in Abel et al. 2018).
Interestingly, the mRNA expression of HLA-A, -B and -C, shown by RNA-
sequencing data, declined significantly compared to immune cells, such as TAT
(figure 23A). The expression level on HPMC was similarly low compared to tumor

cells, making them both potentially vulnerable to NK cell attack.

In the following, we examined the role of the stress-induced ligands MICA/B in
rendering the HPMC sensitive to NK cell-induced killing. MICA and MICB interact
with the activating NKG2D receptor expressed on NK cells important for

activation of their cytotoxic potential upon ligand binding (Bauer et al. 1999).
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RNA-sequencing data revealed that only MICA is expressed on HPMC at high
levels, depicted as TPM values in figure 23B. This could be confirmed on protein
level by flow cytometry detection using a MICA/B-specific antibody (figure 23C
and D). Of note, the expression was only slightly decreased upon cultivation in
the presence of ascites, indicating the persistence of the expression in the TME.
On the other hand, RNA-sequencing data also revealed a strong expression of
MICA and MICB in tumor cells and TAT which could make them a target for
NKG2D-expressing NK cells (figure 23B).

Indeed, the activating receptor NKG2D on NK cells was stably expressed, even
in the presence of ascites, as demonstrated by flow cytometry (figure 23E). To
address whether HPMC are attacked by NK cells in a MICA/B — NKG2D driven
interaction, we applied a neutralizing anti-NKG2D antibody to the co-culture
between HPMC and activated TAL. However, blocking NKG2D only slightly
decreased the amount of apoptotic HPMC, even though this was statistically
significant (figure 23F). Based on our findings, we assume that the MICA/B —
NKG2D interaction plays a subordinate role in contributing to HPMC apoptosis
and the TRAIL signaling pathway is the main axis leading to mesothelial
clearance in the HGSC TME. Apart from this, further relevant mechanisms

concerning HPMC — NK cell crosstalk are yet to be determined.
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Figure 23. Low MHC | and high MICA/B expression levels on HPMC possibly further
contribute to NK cell attack. (A, B) mRNA expression levels of MHC | genes (HLA-A, HLA-B
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and HLA-C) (A) and MICA/B (B) in ex vivo omentum-derived HPMC (n=5), as well as tumor cells
(n=34) and TAT (n=6) derived from ascites (RNA-sequencing Data) depicting TPM values. (C, D)
MICA/B expression on protein level on HGSC-derived HPMC cultivated in OCMI/5% FCS or
OCMI/50% ascites pool shown by geometric MFI determined by flow cytometry (n=6 individual
experiments). Representative FACS histograms are shown (D). (E) Flow cytometric analysis of
NKG2D expression levels (geometric MFI depicted) on NK cells derived from a pre-culture in
RPMI/5% AB serum/1% sodium pyruvate or 100% ascites pool (n=3 biological replicates). (F)
Application of an anti-NKG2D blocking antibody (TAL pre-cultured with 10 pg/ml antibody for 1
hour) to the co-culture. The percentage of Annexin V+ HPMC is depicted (n=4 individual
experiments). The horizontal bars and column heights indicate the mean. p-values were
determined by two-sided, unpaired (A, B) or paired (C, E, F) student’s t-test: ns=non-significant
with p>0.05, *=p<0.05, **=p<0.01, ****=p<0.0001.

3.14 Apoptosis of the protective mesothelial barrier promotes HGSC tumor
cell invasion

To prove our fundamental hypothesis that TAL-induced apoptosis of mesothelial
cells leads to clearance and wounding of the protective peritoneal barrier enabling
extensive tumor spreading into the submesothelial ECM, we established a three-
dimensional in vitro trans-mesothelial invasion assay. In a first step, we analyzed
a direct contribution of TRAIL-mediated killing of HPMC by applying rh-TRAIL. As
visualized in figure 24A, this led to an extensive disruption of the HPMC
monolayer on the collagen | gel compared to the untreated HPMC demonstrated
by light microscopic pictures and fluorescence microscopy of the CT-orange
stained HPMC. Big holes exposing the collagen | gel were introduced by TRAIL-
mediated apoptosis of the HPMC, which was in agreement with our previous
findings (section 3.6).

As depicted in figure 24B and C, invasion of the primary HGSC tumor cell line
OC_58 towards an FCS-chemoattractant was indeed strongly increased upon
disruption of the HPMC monolayer by rh-TRAIL treatment. This was validated by
quantification of n=6 experiments of OC_58 tumor invasion. As expected, the
background invasion without FCS chemoattractant was significantly lower
compared to the corresponding approach with FCS chemoattractant. These
results could be confirmed by applying a second HGSC primary tumor cell line
(patient OC_37), as demonstrated in figure 24D. Of note, this HGSC cell line

seemed much more invasive than the OC_58 cell line, seeing as the background
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invasion through the HPMC monolayer pre-treated with rh-TRAIL already yielded

increased tumor cell invasion without a chemoattractant.

To provide evidence that TRAIL-mediated killing of HPMC by ascites-derived TAL
promote tumor invasion, HPMC monolayer, built on collagen I-coated transwell
inserts, were pre-treated with TAL with or without anti-CD3 antibody stimulation
prior to tumor cell invasion. Substantial clearance of the HPMC monolayer was
conducted by the anti-CD3 antibody-stimulated TAL, which was not the case for
the unstimulated TAL (figure 24E). These findings are in accordance with our
previous results, where in particular anti-CD3 antibody-stimulated TAL promoted
HPMC apoptosis (figure 11). By contrast, a strong promotion of tumor cell
invasion was observed upon co-cultivation of the HPMC monolayer with anti-CD3
antibody-stimulated TAL (figure 24F). This could be demonstrated for primary
tumor cell lines of two different patients (invaded OC_58 are depicted as blue
dots, pink squares represent invaded OC_37, figure 24F). Due to the high
variances caused by applying primary patient material, the increased invasion
through the injured mesothelial layer did not reach statistical significance
compared to the intact HPMC monolayer. Nevertheless, by applying primary
patient material for all functional experiments and analysis, as was the case
throughout this work, the advantage is that inter-patient variations are included in

vitro and can be considered when drawing conclusions.

To sum up, the effects observed indicate that excessive tumor cell invasion is
favored by selective TRAIL-dependent killing of HPMC introduced by T cell-

activated NK cells in the uniqgue TME of ovarian carcinoma.
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Figure 24. Clearance of the mesothelial barrier favors extensive tumor cell invasion. (A)
Visualization of TRAIL-mediated HPMC clearance: Light and fluorescence microscopic pictures
of CT-orange stained HPMC monolayer with or without rh-TRAIL treatment for 18 hours. (B)
Fluorescence pictures visualizing OC_58 tumor cell (CT-green stained) invasion (2 hours) after
treatment of the HPMC monolayer with rh-TRAIL (100 ng/ml) for 18 hours, with or without FCS
chemoattractant. (C, D) Quantification of OC_58 (C) and OC_37 (D) tumor cell invasion in
response to rh-TRAIL treatment of the HPMC monolayer and FCS chemoattractant. The mean of
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6 visual fields per Insert was calculated for each preparation. The invasion is depicted relative to
the untreated control with FCS chemoattractant. (E) Microscopic pictures representing the
destroyed HPMC monolayer upon co-cultivation with anti-CD3 antibody-activated TAL under the
light microscope and fluorescence microscope detecting the CT-orange stained HPMC. (F)
Quantification of invaded OC_58 (blue dots) and OC_37 (pink squares) tumor cells relative to the
untreated control with FCS chemoattractant. The horizontal bars indicate the mean. p-values
were determined by two-sided, paired student’s t-test: *=p<0.05, **=p<0.01, ***=p<0.001.

3.15 In the clinical context: Immunohistological identification of apoptotic
mesothelial cells in vivo

In order to determine whether our novel findings were of clinical relevance,

matched omentum and ascites samples from n=8 HGSC patients were

immunohistologically analyzed. One of these analyzed clinical omentum

specimen was of high interest since it showed an early micrometastatic area,

where, according to our hypothesis, NK cell-mediated apoptosis induction of

HPMC could have taken place.

In figure 25, slides of paraffin-embedded omentum tissue samples derived from
this particular patient (OC_67 patient) are visualized by general HE staining (A).
Importantly, via caspase-3 staining (B), a lot of apoptotic cells could be detected
located in stromal regions (asterisks), which were not of mesothelial origin since
calretinin staining (C) did not detect any cells. By contrast, further evaluation of
this specimen revealed the total absence of an intact mesothelial lining in close
proximity to micrometastasis, the latter identified by cytokeratin (CKMNF 116)
staining (D). Via alpha-smooth muscle actin (a-SMA) staining, the apoptotic
caspase 3+ cells were detected as fibroblasts surrounding the micrometastasis,
which indicates that apoptosis induction is probably not limited to the mesothelial
cells and that these possibly also transdifferentiate into cancer-associated
fibroblasts (CAF). In conclusion, these results demonstrate that the protective
mesothelial barrier was completely lost at the site of the early micrometastasis,
explaining why the detection of apoptotic mesothelial cells was not possible in
tissue samples. Due to issues concerning the timing and process of apoptosis, it
is difficult to catch the right moment for identifying apoptotic mesothelial cells in

the omental tissue context before they are desquamated.
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Figure 25. Immunohistological analysis of HGSC specimen: mesothelium is lost in regions
of omental micrometastasis. Metastatic omentum tissue derived from a HGSC patient (OC_67)
during operation was embedded in paraffin. Sections were subject to HE staining (A), caspase 3
staining for detection of apoptotic cells indicated by asterisks (B), calretinin staining to detect
mesothelial cells, which were not present here (C), CKMNF 116 to mark tumor cells depicting the

micrometastasis (D) and aSMA detecting apoptotic fibroblasts (E). Scale bars indicate 100 um.

Thus, we postulated that apoptotic mesothelial cells could have been shedded
into the ascites fluid. Therefore, immunohistological analysis of ascites-derived
peritoneal cells of the same patient (OC_67) was performed in the following, as
depicted in figure 26. Interestingly, upon caspase 3 (F, H, J) and calretinin (G, I,
K) staining, as well as close observation of the typical mesothelial morphology,
we were able to verify the presence of apoptotic mesothelial cells in the ascites.
These caspase 3+ mesothelial cells were present as single cells (figure 26 F and
G) or within cell aggregates (figure 26 H-K). Finally, these striking findings support
our concept that the induction of mesothelial apoptosis followed by a disruption
of the protective peritoneal barrier may be of great importance in enabling early
metastatic spread.
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Figure 26. Detached floating apoptotic mesothelial cells are found in the ascites. Peritoneal
cells in the ascites of the same (OC_67) HGSC patient were embedded in agarose and paraffin
blocks. Sections were stained for caspase 3 (A, C, E) and calretinin (B, D, F) to detect apoptotic

mesothelial cells indicated by arrows, showing the typical mesothelial morphology (A, B).
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4. Discussion

4.1 HPMC lose their protective function in the HGSC TME

Intraperitoneal dissemination, particularly to the omentum, favored by tumor
exfoliation into the largely accumulated ascites fluid, is an important hallmark of
HGSC. Upon initiation, metastatic outspread within the peritoneum is strongly
promoted in a feed-forward fashion causing poor prognosis (reviewed in Sodek
et al. 2012). While the hematological metastatic route is quite strenuous for the
tumor cells since it involves the penetration of multiple barriers and tumor
outgrowth in an unfavorable surrounding, peritoneal dissemination is strikingly
more effective. Here, effortless locoregional spread following interstitial transport
by peritoneal fluid circulation is possible (reviewed in Sodek et al. 2012; Finger
and Giaccia 2010; Lu et al. 2010). To avoid anoikis and lymphatic eviction, the
tumor cells form spheroids and subsequently attach and overcome the non-
adhesive protective peritoneal mesothelial barrier (reviewed in Dhaliwal and
Shepherd 2022; Li, Junliang and Guo, Tiankang 2022). We and others (Kenny et
al. 2007) have demonstrated this protective function of the intact mesothelial
monolayer inhibiting invasion of HGSC cells into the sub-mesothelial ECM in vitro
(figure 24 B, C, D and F). However, in the context of the TME, the protective
mesothelial barrier is disrupted and re-educated into enabling tumor cell invasion
(reviewed in Zheng et al. 2022). To this date, the exact underlying mechanism
leading to mesothelial clearance in the HGSC TME is poorly understood. A
number of aspects concerning the interaction between tumor and host cells in the

TME to overcome the mesothelium have been described (figure 27):

l. Mesothelial-mesenchymal transition (MMT) into myofibroblasts
induced by soluble factors present in the malignant ascites, as well as
secreted by immune cells and tumor cells, leads to architectural
reorganization introducing gaps exposing the ECM and enabling tumor
attachment (Sandoval et al. 2013; Mutsaers et al. 2015; Zheng et al.
2022)

Il. Age-related mesothelial senescence stimulating ovarian cancer
proliferation, migration and invasion by direct physical contact, as well

as secreted mediators (Mikuta-Pietrasik et al. 2016)
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Il. Activation of myosin and traction forces exerted by tumor spheroids in
an integrin and talin-dependent manner (Ilwanicki et al. 2011; Kenny et
al. 2011)

V. Introduction of mesothelial apoptosis by tumor cells in a Fas/FasL

dependent manner (Heath et al. 2004)

Mesothelial-mesenchymal Age-related mesothelial
transition (MMT) senescence
- —_—)

Myosin and traction forces
exerted by tumor spheroids

¢ — A

Mesothelial apoptosis

Figure 27. Schematic illustration of mechanisms leading to mesothelial rearrangement or
clearance promoting tumor invasion. Mesothelial rearrangement occurs via MMT and
senescence. Furthermore, tumor cells can overcome the protective barrier by exerting myosin
and traction forces or inducing mesothelial apoptosis.

Importantly, introduced mesothelial lesions have been reported at metastatic
sites in experimental settings in vitro (Niedbala et al. 1985), as well as in vivo by
immunohistological analysis of HGSC metastasized omentum tissue (Kenny et
al. 2011). We were able to confirm these findings by performing histological
examination of HGSC omental and matched ascites specimens. Our findings
revealed the loss of the omental mesothelium in close proximity to early
metastatic lesions, indicating clinical relevance (Figure 25C, D). Since the
mesothelium plays a pivotal role in the TME contributing to tumor metastatic

outspread (reviewed in Zheng et al. 2022), we aimed at revealing further insights
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into the dissemination process of HGCS defeating the protective peritoneal

barrier.

4.2 Mechanisms of HPMC vulnerability introduced by lymphocyte-
mediated apoptosis

Throughout this work, we could demonstrate that ascites-derived NK cells, in
concert with T cells, are able to induce apoptosis in mesothelial cells isolated
from the HGSC TME. This was linked to enhanced tumor invasion in vitro.
Importantly, we are the first to assign this role of promoting tumorigenesis by
selectively introducing mesothelial apoptosis, thereby clearing the protective
barrier and exposing the sub-mesothelial ECM, to the TAL present within the
metastatic TME. The clinical relevance of our findings was emphasized by the
presence of detached, floating apoptotic mesothelial cells in the ascites of the
patient with desquamated mesothelium near early omental metastasis (figure
25C, D and figure 26). These findings raised the question which mode of NK cell-
mediated HPMC killing is active in the HGSC TME. As described in section 1.8.1-
1.8.3, NK cells exert their cytotoxicity by release of cytolytic granules containing
GrB and Perforin, secretion of cytotoxic cytokines such as TNFa and IFNy or
death receptor-mediated by FasL and TRAIL engagement with receptor
counterparts on target cells, which has been analyzed throughout this work
(reviewed in Prager and Watzl 2019; Castro et al. 2018; Sedger and McDermott
2014; Jorgovanovic et al. 2020).

4.2.1 Ineffective NK cell cytotoxicity in the TME: Fas/FasL and cytokine-
independent HPMC Kkilling
Heath et al. 2004 previously demonstrated that the induction of mesothelial
apoptosis is promoted by gastrointestinal tumor cells via the Fas/FasL signaling
pathway. Here, HPMC constitutively expressed the Fas receptor and were
sensitive towards FasL-induced apoptosis (Heath et al. 2004). Moreover,
mesothelial clearance due to Fas/FasL-mediated apoptosis has also been
described during acute peritonitis after long-term peritoneal dialysis, probably due
to the inflammation process. This was associated with a strong increase in
infiltrating leukocytes over time. However, this study could not prove a direct
causal relationship of cytolytically active leukocytes (Catalan et al. 2003; Chen et

al. 2003). In a gastrointestinal tumor-induced ascites mouse model, it could be
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shown that gastric dysfunction was induced by infiltrating T cells promoting
Fas/FasL-dependent apoptosis in intestinal cells of cajal (Wang et al. 2018).
Nonetheless, we demonstrated that the TAL-induced mesothelial apoptosis was
Fas/FasL independent, despite the fact that HGSC-derived HPMC strongly
expressed FasR (CD95) and TAL-subsets, including NK cells, expressed FasL
(CD178) (figure 14A and D). As a possible explanation, we found that the HPMC
were far less sensitive towards apoptosis induction by a crosslinked sFasL
compared to the Jurkat cell line (figure 14B), known to be susceptible to FasL
apoptosis (Dhein et al. 1995). Interestingly, Fas/FasL susceptibility of mesothelial
cells was lost upon malignant transformation into mesothelioma, which under
non-malignant conditions plays an important role in mesothelial homeostasis
(Rippo et al. 2004). Even though the HGSC omentum-derived HPMC we used
were non-malignant, they had been exposed to malignant ascites in vivo and in
vitro, promoting changes in their cellular architecture and functionality (Mikuta-
Pietrasik et al. 2017), possibly reducing normal homeostasis by making them less
sensitive towards FasL. However, it remains possible that HPMC derived from a
benign background are more sensitive to Fas/FasL-mediated killing. This was not

further investigated in the present study.

It is known that activated NK cells secrete pro-inflammatory cytokines and
chemokines, including TNFa and IFNy, promoting the activation of the innate and
adaptive immune system, such as dendritic cell maturation followed by T cell
activation (reviewed in Vivier et al. 2011; Vitale et al. 2005) or exhibit cytotoxic
effects (reviewed in lkeda et al. 2002). It has been reported that IFNy, together
with the STAT1 signaling pathway, can induce tumor cell apoptosis by inducing
the expression of intracellular caspase-1 or membrane Fas/FasL (reviewed in
Ikeda et al. 2002). Recent reports demonstrated that TNFa and IFNy synergize
in killing intestinal epithelial cells in a non-canonical way, which may play an
important role in autoimmune diseases (i.e. Crohn’s disease). Here, the caspase-
8-JAK1/2/-STAT1 signaling module was required (Woznicki et al. 2021).
Moreover, these lethal cytokines render HPMC sensitive towards Fas/FasL
mediated apoptosis by up-regulating Fas, introduced during inflammation
processes (Chen et al. 2003; Catalan et al. 2003). We therefore analyzed the

relevance of these cytokines in our system. After treatment of HPMC with rh-
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TNFa and rh-IFNy alone or in combination, apoptosis induction was analyzed,
identifying that these cytokines themselves were insufficient in promoting

mesothelial apoptosis (figure 15).

4.2.2 Inhibitory effects of ascites on NK cell cytotoxicity

In the presence of T cells, NK cells strongly degranulate in response to HGSC
omentum-derived HPMC, indicating a GrB/Perforin apoptosis signaling (Betts et
al. 2003; Alter et al. 2004). However, this was completely blocked in the presence
of ascites, indicating that GrB/Perforin signaling does not play a pivotal role in our
study (figure 13A). In agreement with our results, Fraser et al. 2022 also
demonstrated a significant reduction of NK cell degranulation and reduced ability
to kill ovarian cancer cells in the presence of ascites. This could be partly
reasoned by the high CA125 levels in ascites leading to transcriptional
suppression of genes involved in NK cell activation and cytotoxicity (Fraser et al.
2022). Furthermore, Vyas et al. 2017 reported a CD16 down-regulation on NK
cells upon cultivation in ascites, which correlated with a decreased CD16-
dependent degranulation. Based on these results, it could be postulated that
ascites compounds inhibit NK cell degranulation and, by this, the GrB/Perforin

signaling pathway.

4.2.3 Effective NK cell cytotoxicity in the TME: TRAIL-dependent HPMC
killing

It has been reported that TRAIL apoptosis signaling does not play a role in the
non-malignant inflammatory context (Catalan et al. 2003) or in tumor cell-induced
mesothelial apoptosis in the malignant context (Heath et al. 2004). In contrast,
we identified that HGSC-derived HPMC were susceptible towards TRAIL-induced
apoptosis mediated by ascites-associated NK cells (section 3.6). This was
supported by several independent observations: (i) Elevated expression levels of
the cell death receptors DR4 and DR5 on HGSC-derived HPMC (figure 20A, B),
(i) increased TRAIL expression on NK cells after encounter with activated T cells
(figure 17C), (iii) susceptibility of HGSC-derived HPMC to apoptosis induction by
rh-TRAIL (figure 16A, B) and finally, (iv) reduced NK cell cytotoxicity against
HPMC by addition of an anti-TRAIL neutralizing antibody (figure 16D).
Importantly, ascites did not block TRAIL-mediated HPMC apoptosis by T cell-
activated NK cells (figure 16E).
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In addition to our findings, others have also demonstrated DR4 and DR5
expression in non-malignant (Catalan et al. 2003; Rippo et al. 2004), as well as
malignant peritoneal mesothelial cells (Rippo et al. 2004). Moreover, we
demonstrated that HPMC derived from non-malignant peritoneal lavage of
patients with benign gynecological diseases were generally less sensitive
towards TAL-induced apoptosis, which above all, was independent of TRAIL
(figure 22). Since DR5 expression remained high in the control HPMC, TRAIL
resistance was likely due to decreased DR4 expression, indicating that both
death receptors are important for full TRAIL-mediated cytotoxicity (figure 20B).
Thus, this indicates an ascites-induced transformation of the mesothelial
characteristics regarding TRAIL sensitivity, which probably increases during
cancer progression and metastasis and turns them susceptible to NK cell-

mediated attack.

Notably, our results underline why the therapeutic application of soluble TRAIL
or agonistic DR4/DRS5 antibodies, which has been tested in the past (reviewed in
Khaider et al. 2012), is not beneficial. Due to TRAIL sensitivity of some ovarian
cancer cell lines, targeting TRAIL apoptosis signaling was originally considered
for ovarian carcinoma treatment (Lane et al. 2004). However, one should keep in
mind that upon cultivation of primary ovarian carcinoma cells, the expression
pattern of multiple receptors and further proteins could change. Therefore, we
applied ex vivo HGSC cells after an overnight resting period for all functional
analyses (figure 21). Moreover, immortalized cell lines highly differ from the
original primary cells they derived from, which should be considered to avoid
drawing hasty conclusions. Importantly, ovarian epithelial cells and further
untransformed cell types also responded to TRAIL-induced cell death (reviewed
in Khaider et al. 2012) since they expressed the TRAIL death receptors, making
them TRAIL-sensitive. As described above, this is also the case for the TME-
derived HPMC.

4.3 Mechanisms of HPMC-NK cell crosstalk in the ovarian cancer TME

Since the balance between inhibitory and activating receptors is important for NK
cell activation, we sought to elucidate which factors favor mesothelial recognition
by NK cells and subsequent TRAIL-dependent Kkilling. In general, a “non-self’

reactivity of the NK cells could be excluded in an autologous system applying
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matching TAL and HPMC from the same patient (see section 3.1) (reviewed in
Abel et al. 2018). We found that MHC | was strongly down-regulated on mRNA
level in mesothelial cells, similar to tumor cells (figure 23A), therefore an inhibitory
signal for the NK cells via KIR binding was absent. Additionally, the NKG2D
activating receptor was expressed on ascites-derived NK cells, seemingly
unaffected by the presence of ascites (figure 23E). Our findings are in agreement
with previous data of the research group, published in Vyas et al. 2017. The
corresponding NKG2D-ligand MICA/B was found to be expressed on both,
mesothelial and tumor cells, offering another explanation for HPMC-sensitivity to
NK cell-induced killing. Generally, this also indicates a sensitivity of tumor cells
towards NK cell-mediated apoptosis. It has been reported that tumor cells gain
the ability to shed their MICA/B ligands by proteolysis following posttranslational
modifications (reviewed in Xing and Ferrari de Andrade 2020). This is associated
with increased soluble NKG2D ligands in the ascites of HGSC patients, leading
to poor relapse-free survival (Vyas et al. 2017). Furthermore, Vyas et al. 2017
could show that these soluble ligands inhibited NKG2D-dependent target cell
lysis. Therefore, it is feasible that the soluble NKG2D ligands block the receptor
on the NK cells, leading to reduced ligand binding on target cells. This could
support our hypothesis that the MICA/B — NKG2D interaction axis plays a less
prominent role in contributing to HPMC recognition by NK cells since NKG2D
neutralization did not show drastic effects concerning mesothelial apoptosis
(figure 23F). Nevertheless, this may support TRAIL-mediated killing by shifting
the balance towards NK cell-activating signaling. The involvement of further
receptor-ligand interaction remains a prospect for future analysis.

4.4 HPMC themselves recruit and possibly activate leukocytes in vivo

HGSC patient-derived malignant ascites is rich in immune cells, including TAM,
T and NK cells, which are actively attracted by HPMC (Negus et al. 1997;
Worzfeld et al. 2017). Hence, mesothelial cells possibly attract their own “killers”
within the metastatic TME. The HPMC also play a key role in inflammatory
response upon mesothelial injury, bacterial infections or malignancies by
promoting leukocyte infiltration through secretion of chemokines (i.e. MCP-1,
CCL2) and cytokines (i.e. IL-1, IL-6, IL-8). Previously published transcriptome
and secretome data of tumor and host cells in the HGSC TME verified the HPMC
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as main providers of leukocyte-attracting cytokines, including IL-6 and CCL2
(Sommerfeld et al. 2021). Furthermore, cell surface adhesion molecules (ICAM-
1, V-CAM-1) are up-regulated, enabling immune cell attachment and activation
(reviewed in Sodek et al. 2012; Topley et al. 1993; Jonji¢ et al. 1992; Sommerfeld
et al. 2021). It has been demonstrated that the omental blood flow increases
under inflammatory conditions leading to an expansion of milky spots, possibly
supporting immune cell recruitment (reviewed in Liu et al. 2016). Intriguingly,
besides ICAM-1 (as accessory molecule), peritoneal mesothelial cells expressed
MHC class Il molecules upon IFNy stimulation by which they were able to present
antigens and facilitate T cell activation (Hausmann et al. 2000; Valle et al. 1995).
The activated T cells in turn secreted IL-2 and IFNy (Hausmann et al. 2000), with
the potential to activate NK cells (reviewed in Wu et al. 2017).

Recently, tumor-infiltrating lymphocytes of metastasized omentum specimens
have been described (Zhang et al. 2021; Gertych et al. 2022). Multi-omics
analysis of several HGSC sites hereby revealed a regional heterogeneity of T
cells (Yang et al. 2022). Two distinct immune patterns were identified, including
the primary tumor site at ovarian lesions with low infiltration of mostly exhausted
CD8+ T cells (immunosuppressive) and the metastatic omental lesions with
higher infiltration of tumor unspecific T cells. Here, bystander NK-like and effector
T cells were found, which were not tumor antigen-specific (Yang et al. 2022).
Furthermore, increasing amounts of CD8+ T cells in the stroma, unable to reach
the metastatic tumor, have been identified (Gertych et al. 2022). This might hint
towards a suppression of tumor-specific responses while supporting immune cell
subsets with cytolytic activity against stromal cells, which would be an important
subject of future studies. While increased T cell infiltration has been described to
prolong patient survival in many studies on ovarian carcinoma analyzing the
primary tumors (Zhang et al. 2003; Gertych et al. 2022), we demonstrated that
this may differ in the metastatic environment, promoting tumor metastatic

outspread.

4.5 Pro-tumorigenic effects of ascites — specific NK cell cytotoxicity
against HPMC
One of our important findings is a selective susceptibility of HGSC TME-derived

HPMC against NK cell-mediated apoptosis in a TRAIL-dependent manner, while
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tumor cells are resistant (figure 20A, B). This leads to inefficient tumor cell killing
(figure 21), while the HPMC lining the omentum are successfully killed (figure
11A), enabling extensive tumor invasion (figure 24F). A reason for reduced
DR4/DRS5 death receptor expression on HGSC cells was recently elucidated by
Ding et al. 2020. They reported an overexpression of the transcriptional co-
regulator C-terminal binding protein -1 and -2 (CtBP1/2) binding to the promoter
regions of DR4 and DR5, leading to suppressed transcription. By RNAI depletion
of CtBP1/2, tumor cells were sensitized to TRAIL-mediated apoptosis, harboring
prospective therapeutic options (Ding et al. 2020). Due to constitutive receptor
endocytosis, a reduced DR4 and DR5 expression has also been described for
breast cancer (Zhang and Zhang 2008). Furthermore, malignant ascites activates
focal adhesion kinase (FAK) and Akt signaling to protect ovarian cancer cells
from TRAIL-induced apoptosis (Lane et al. 2010). Additionally, by down-
regulating the protease-deficient caspase-8 homolog c-Flip via RNAi in TRAIL-
resistant tumor cells, the induction of cell death was significantly enhanced (Lane
et al. 2004). It has been reported that ascites contains high levels of the soluble
TRAIL decoy receptor OPG, which however, does not seem to be involved in
tumor resistance against TRAIL-mediated apoptosis (Emery et al. 1998; Lane et
al. 2012; Finkernagel et al. 2019). Further evaluation of ascites compounds on
TRAIL-blocking or sensitizing effects are still pending.

Importantly, while demonstrating that ascites-derived NK cells were generally
less cytotoxic without further stimulation (figure 11C) and showed significantly
decreased TRAIL expression levels (figure 16F), we and others were able to
evidence that they were generally functional and able to be reactivated upon
stimulation (figure 11C) (Hoogstad-van Evert et al. 2018; Tonetti et al. 2021), also
in the presence of ascites (figure 13B). The reactivated NK cells then direct their
cytotoxicity selectively against HGSC omentum-derived mesothelial cells (see
section 3.10) while being unable to kill primary tumor cells. Furthermore, ascites
fluid seemed to sensitize HPMC towards TRAIL-induced apoptosis compared to
FCS, as demonstrated upon treatment with rh-TRAIL (figure 16A, B). Therefore,
tumor metastatic spread is promoted in in vitro functional experiments (figure

24F) and the tumor cells seem to escape immune response (figure 21).
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4.6 Mechanisms of T-NK cell crosstalk promoting TRAIL-dependent
HPMC Killing

Soluble factors secreted by activated CD4+ and CD8+ T cell subfractions were
sufficient to induce TRAIL up-regulation on ascites-derived NK cells (figure 17C).
These findings prompted the rationale for deciphering the secretomes of
activated versus inactive T cells. In our experimental setting, we mimicked T cell
activation by anti-CD3 antibody stimulation, which was sufficient in triggering
responsive cytokine release leading to NK cell cytotoxic activation directed
against TME-derived HPMC.

Olink analysis of CD3+ T cell secretomes revealed the secretion of 45 proteins
linked to NK cell activation and TRAIL signaling pathway upon anti-CD3 antibody
stimulation, which was in agreement with previously published T cell
transcriptome data (Sousa et al. 2019). Thus, we were able to confirm the
secretion of IFNy, IL-17A, TNF, IL-32, IL-2, CTLA4, PDCD1, GZMB, TNFRSF4,
TNFRSF9, Fas, FasL, IL-2RA, IL-18R1, associated with NK cell activation upon
anti-CD3 antibody stimulation (figure 18A) (Sousa et al. 2019). Intriguingly, TNFa,
IFNy and IL-2 could also be found in the ascites of HGSC patients, as previously
demonstrated by SOMAscan analysis (Finkernagel et al. 2019). Based on these
data and reports from the literature, we concentrated on the effects of TNFa, IFNy
and IL-2 on NK cell cytolytic activation (section 3.9). Interestingly, Ostensen et al.
1987 reported an increased NK cell cytolytic potential upon treatment with
recombinant TNFa alone or combined with IL-2. Treatment of NK cells with rh-IL-
2 on its own in gain-of-function analysis did not result in TRAIL up-regulation or
increased cytotoxicity directed against HPMC (figure 19A, B). Both TNFa
receptors (TNFR1 and TNFR2) were found to be expressed on NK cells (Almishri
et al. 2016). TNFa has also been described to positively induce NK cell
differentiation and maturation while promoting IFNy production in the presence of
IL-2 and IL-12 (Almishri et al. 2016) or IL-15 (Lee et al. 2009). At the same time,
IL-2 has been described to up-regulate the TNFR2 receptor on NK cells, which is
essential for the cytotoxic activation by TNFa (Mason et al. 1995). In agreement
with our results, this indicates a crucial role of TNFa in NK cell activation while
interacting with further cytokines to elicit the NK cells’ full potential. This supports

the hypothesis of a cytokine network functioning together. Importantly, we are the
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first to demonstrate that T cell-secreted TNFa regulates TRAIL expression on NK
cells. Upon treatment of NK cells with rh-TNFa combined with rh-IL-2, TRAIL was
significantly up-regulated on their outer membrane (figure 19A). This was
concomitant with TRAIL-mediated NK cell cytotoxicity directed against HPMC
(figure 19B, C). In contrast, performing loss-of-function analysis by neutralizing
TNFa in the activated T cell secretome during NK cell treatment, the critical role
of T cell-secreted TNFa was emphasized (figure 19D). Subsequently, this led to
a significant impairment of the NK cell cytolytic activity against HPMC. Besides
this, only little has been reported about TRAIL-regulation in response to TNFa.
Kamohara et al. 2004 demonstrated that TNFa stimulation of neutrophils induced
TRAIL down-regulation, while IFNy promoted its up-regulation. Both cytokines
contributed to increased TRAIL expression in human fibroblasts. In addition, IFNy
protected uninfected fibroblasts against apoptosis by down-regulating death
receptors. At the same time, IFNy reduced survival signaling in target cells via
NFkB (Sedger et al. 1999). Therefore, IFNy is able to sensitize target cells (i.e.
virus infected) towards TRAIL apoptosis signaling (Sedger et al. 1999), which
could also describe the importance of IFNy secretion by NK cells. Since IFNy and
TNFa are present in ascites, as described above (Finkernagel et al. 2019), this
could explain why HPMC cultured in ascites were more sensitive to rh-TRAIL-
mediated apoptosis (figure 16B), since an IFNy-dependent TRAIL-sensitization
has also been reported for multiple cell lines (Park et al. 2004). A specific TRAIL-
regulation in NK cells by T cell-secreted IFNy has not been described so far.
Interestingly, in liver NK cells, IFNy acts as an autocrine regulator of TRAIL
expression (Takeda et al. 2001), contributing to its constitutive expression
(Takeda et al. 2001; Tang et al. 2016). This supports the liver’s important function
as an innate immune organ (reviewed in Peng et al. 2016). Furthermore, Smyth
et al. 2001 demonstrated an autologous IFNy effect upon IL12 stimulation on
TRAIL-induced NK cell cytolytic activity. However, we measured only slight
effects of rh-IFNy combined with rh-IL-2 on TRAIL up-regulation and activation of
NK cell cytotoxicity against mesothelial cells (figure 19A, B), indicating a
subordinate role of IFNy. Since IL-2 represents the cytokine generally released
upon T cell activation by T helper and cytotoxic T cells (reviewed in Mitra and
Leonard 2018), the other cytokines were combined with IL-2 for NK cell

stimulation.
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The effects of rh-1L-2 and rh-TNFa on NK cell cytolytic activation were potentiated
by adding IL-21 (figure 19A, B). IL-21 was not part of the Olink panel, but its
increased expression upon anti-CD3 antibody stimulation of T cells has been
reported on a transcriptional level (Sousa et al. 2019). We confirmed the IL-21
expression on mMRNA level by gPCR, which was significantly increased in
activated T cells (figure 18C). Furthermore, the presence of IL-21 in ascites was
identified by a cytokine bead array (Chen et al. 2015), indicating a possible role
in our system. IL-21 has been described to play a key part in NK cell maturation
(Parrish-Novak et al. 2000), cytotoxic activation and IFNy production (Park et al.
2012). Moreover, Wagner et al. 2017 demonstrated the up-regulation of TRAIL
on IL-15 treated NK cells after additive stimulation with IL-21, promoting an anti-
rhabdomyosarcoma cytolytic NK cell potential with increased IFNy and TNFa
secretion. However, blocking T cell-secreted IL-21 alone did not influence the NK
cell’s lytic potential against HPMC (figure 19D). This indicates that IL-21 could be
an ancillary contributor to NK cell cytolytic activation together with further
cytokines (i.e. IL-2 and TNFa, as depicted in figure 19A, B, C). Based on RNA-
sequencing data from our group, it was identified that IL-2, IL-21 and IFNy are
mainly delivered by ascites TAT, while TNFa is expressed by TAT, TAM and
tumor cells (Sommerfeld et al. 2021). In conclusion, these data underline the
relevance of these cytokines in the TME, albeit a strong CD3-dependent T cell
activation was used for our experiments. Of note, we did not observe T cell
exhaustion in the short-term stimulation (2 days): although we did not explicitly
analyze the surface expression of inhibitory receptors, we could show that the T
cells were functional in activating NK cells by secreting sufficient amounts of IL-
2, TNFa, IFNy and IL-21. Functionally impaired T cells lose their ability to secrete
IL-2 at early stages, TNFa at intermediate stages and IFNy at late stages of

exhaustion (reviewed in Jiang et al. 2015; Wherry et al. 2003).

A multitude of further cytokines has been identified to induce TRAIL expression
on NK cells, such as IL-15, IL-12 (reviewed in Prager and Watzl 2019; Smyth et
al. 2001) and IFNa/B secreted by virally infected cells (Sato et al. 2001). Since
these cytokines are not part of the ascites-derived T cell secretome, they are not
important for the T-NK cell crosstalk in the HGSC TME. Further T cell-secreted

cytokines and chemokines were found in the course of the Olink analysis, which
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are not described to have a direct role on TRAIL-mediated apoptosis signaling by
NK cells (figure 18A). We analyzed a possible effect of CD40 and CD27 on NK
cell cytolytic activation by applying agonistic antibodies identifying that these
interactions did not seem to be important (figure 18B).

4.7 Limitations of the study and outlook

By artificially activating the ascites-derived T cells applying an anti-CD3 antibody
and imitating an activation by antigen presentation, an extensive cytokine
release, comparable to the occurrence of a “cytokine storm” during in vivo therapy
(Sousa et al. 2019; Chatenoud et al. 1990), is induced. Therefore, it is plausible
that next to the secretion of key players in NK cell cytolytic activation (TNFa, IFNy
and IL-2) (section 3.9), the Olink analysis of the activated T cell secretomes
additionally identified multiple cytokines not important for the crosstalk with NK
cells (figure 18A). Examples of this are the secretion of CD40LG and CD70 (figure
18B), as well as GZMB (section 3.3), Fas and FasL (section 3.4). For future
developments of this project, it is important to further approach how the T cells
are activated in vivo, i.e. analyzing the involvement of APC, such as dendritic
cells, or antigen-presenting functions of the mesothelial cells themselves. If the
TME-derived mesothelial cells have antigen-presenting functions, it could be
interesting to decipher exactly which antigens, i.e. tumor-specific or mesothelial-
specific, they present. Consequently, a possible cytotoxic NK cell activation axis
in vivo could exist: HPMC with lymphocyte recruiting- and antigen presenting-
functions — T cell activation and cytokine secretion — cytotoxic NK cell activation
— TRAIL-dependent apoptosis of HPMC, clearing the protective barrier — tumor
progression. In this context, applying an omental mouse model could be
interesting. Moreover, in the clinical context, it is important to approach further
analysis concerning the presence of T cells and NK cells at early omental
metastatic sites to demonstrate their relevance in tumor metastasis in vivo. Our
so far conducted attempts at immunohistologically staining CD56+ NK cells in
omental metastatic specimens failed. A reason for this could be the time point of
metastasis initiation and whether omentum-resident NK cells or NK cells found in
ascites are the responsible killers. To study this in more detail it could be useful
to apply a multi-cellular 3D omentum model, as generated by Estermann et al.

2023, additionally including T and NK cells. Interestingly, next to the identification
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of desquamated HPMC at the site of an early metastasis (figure 25), as well as
apoptotic mesothelial cells in the ascites of this patient (figure 26), we found
apoptotic cancer-associated fibroblasts (CAF) in the omentum surrounding the
micrometastasis (figure 25B, E). This possibly indicates that next to mesothelial
loss due to apoptosis, they could also have transdifferentiated into CAFs,
promoting tumor implantation and progression (reviewed in Li, Junliang and Guo,
Tiankang 2022; Zheng et al. 2022; Sandoval et al. 2013). Mesothelial
transdifferentiation promoted by TGFB1 present in the malignant ascites has
been described by Lv et al. 2013 for gastric cancer. Furthermore, next to the
induction of mesothelial apoptosis by NK cells, CAFs could also be affected. The
exact reason and mechanism behind this remains elusive, bearing questions for

future prospects.

In consideration of the current state-of-the-art research on ovarian carcinoma
delineated in the literature and based on our findings, it has become more and
more apparent that the TME of the metastatic site, differs strongly from the
primary tumor, including the role of the local immune conditions, host cell
compositions, extra cellular matrix dynamics (Dotzer et al. 2019; Gertych et al.
2022) and cancer cell properties (Brodsky et al. 2014). This should be considered
for future research and drug developments since clinical trials on immunotherapy
have so far not yielded the desired outcome (Siminiak et al. 2022). Our work has
shown that HGSC cells are resistant against TRAIL-mediated NK cell attack
(figure 21). Therefore, further enhancing the immune activity in line with
immunotherapy could possibly increase a devastating outcome for the patients.
Instead, a possible immune-suppression at the metastatic front could be
necessary, for example by applying the TNFa inhibitor Infliximab to
prevent/reduce NK cell cytotoxic activation by T cells. Infliximab has been tested
in clinical trials for metastatic melanoma treatment in combination with immune
checkpoint inhibitors to reduce immune-related adverse events concerning
inflammatory diseases (reviewed in Montfort et al. 2019). Interestingly,
Madhusudan and colleagues performed a clinical study demonstrating beneficial
effects of the TNFa inhibitor Etanercept in recurrent ovarian cancer (Madhusudan
et al. 2005). This was followed up by Charles and colleagues, showing that

ovarian cancer patient treatment with Infliximab reduced IL-17 levels in plasma
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concomitant with decreased tumor-promoting Th17 signaling (Charles et al.
2009). Kulbe et al. 2012 defined the “TNF network” as a crucial therapeutic target
in ovarian carcinoma. Regarding the complexity of HGSC TME and the multiple
ways of tumor immune escape and adaption, further studies eliciting increased
patient survival are of great importance, in which targeting TNFa could be

beneficial but surely not exclusive.

Finally, the susceptibility of TME-derived HPMC towards TRAIL-mediated
apoptosis by NK cells should be further proven by confirming the necessity of cell
surface expressed activating death receptors, DR4 and DR5 (figure 20A, B), by
applying neutralizing anti-DR4 and anti-DR5 antibodies to the co-culture of
HPMC with TAL. Moreover, further insights into the HPMC-NK cell interaction
concerning the expression of activating and inhibiting NK cell receptors and their

counterparts on HPMC could be interesting.

4.8 Conclusion

In conclusion, we have demonstrated that T cell-secreted cytokines, with TNFa
as a key player, activate the NK cell cytolytic potential selectively directed against
HGSC omentum-derived mesothelial cells in a TRAIL-dependent manner.
Consequently, the protective mesothelial barrier lining the omentum is disrupted,
exposing the underlying ECM and enabling increased tumor cell invasion. While
the HGSC patient-derived mesothelial cells express high levels of the activating
death receptors DR4 and DR5, they are significantly down-regulated on tumor
cells, demonstrating a line of immune evasion. The key findings of this study are
summarized in figure 28. Thus, the tumor seems to utilize the functions of the
immune system for its own advantage by enabling mesothelial clearance while
suppressing anti-tumor immune responses and developing tumor escape
mechanisms. Our findings could be contextualized with clinical data
demonstrating abrogated mesothelium at metastatic omental sites with detached
floating apoptotic HPMC in ascites. Moreover, our findings provide further
explanation for the unbeneficial effects of TRAIL-based ovarian cancer clinical
trials and rather suggest more intense research on the pro-inflammatory

metastatic TME site with analysis of an immune-suppressive benefit.
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Figure 28. NK cell cytolytic activation induced by T cell-secreted cytokines (particularly
TNFa) selectively directed against HPMC in a TRAIL-mediated fashion. (a, b, c) Schematic
overview representing our findings: Upon activation of NK cells by T cell-secreted cytokines,
including in particular TNFa, as well as IFNy, IL-2 and IL-21 (a), TRAIL-mediated apoptosis is
introduced selectively in death receptor expressing HPMC (a, b). NK cell degranulation, and by
this, the GrB/Perforin signaling pathway, is blocked in ascites representing reduced relevance in
ascites-bearing HPMC patients (b). Tumor cells do not express the death receptors and are

resistant towards TRAIL-mediated apoptosis by activated NK cells favoring metastatic spread (a,

C).
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Supplementary table S1. Primary ovarian carcinoma patient data and samples

Patient ID Diagnosis FIGO | Cell type Application
OC_26 HGSC B ascTuU IHC
OC_27 HGSC nc ascTU IHC, Seq
OC_31 HGSC nc ascTAT Seq
OC_37 HGSC nc ascTuU Inv
OC_50 HGSC nc ascTAT Seq
OC_54 HGSC nc ascTuU IHC
OC_51 HGSC nc ascTAT Seq

OC 58 HGSC B ascTU Inv
OC_65 HGSC nc ascTuU Co, Seq
OC_66 HGSC nc ascTuU IHC, Seq
OC_67 peritoneal, G2 ascTU IHC
OC_70 HGSC nc ascTU Seq
OC_87 HGSC nc ascTU Seq
OC_92 HGSC nc ascTU Seq
OC_101 HGSC nc ascTAT Seq
OC_105 HGSC nc ascTU Seq
OC_106 HGSC c ascTAT Seq
OC_107 HGSC 1B HPMC Co, FC
OC_108 HGSC nc ascTU Co, Seq
OC_ 111 LGSC "c HPMC Co
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OC_112 HGSC nc ascTuU Seq
OC_114 HGSC nc ascTU Co, Seq
OC_116 HGSC nc ascTU Seq
OC_11v HGSC nc ascTuU Seq
ascTAT Seq
OC 119 HGSC nc ascTU Co, FC
OC_122 HGSC nc ascTuU Co, IHC
OC_125 HGSC nc ascTAL Co, Olink, gPCR
OC_127 HGSC nc ascTAL Olink, gPCR
OC_128 HGSC nc ascTuU Seq
OC_133 HGSC nc ascTU Seq
OC_140 LGSC B HPMC Co
OC_145 HGSC nc HPMC Co
OC_150 endometrioid, G1 IC HPMC Co, FC
OC_151 HGSC nc HPMC Co
OC_153 HGSC nc ascTAL Co
OC_166 HGSC nc ascTAL Co
OC_186 HGSC nc HPMC Seq
OC_188 HGSC nc ascTAL Co, FC, Inv
OC_193 HGSC nc ascTU Seq
OC_194 HGSC nc ascTU Seq
OC_195 HGSC B ascTU Seq
OC 196 HGSC nc ascTAL Co, FC, Inv
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ascTU Seq
OC 197 endometrioid, G1 1A ascTAL Co
OC_202 HGSC 1c HPMC Seq
OC_204 peritoneal, G3 nc ascTAL Co, FC, Olink
OC_208 HGSC 1c ascTAL Co
OC 211 HGSC nc ascTAL FC
OC_213 HGSC nc ascTAL Co
OC_217 HGSC nc HPMC Seq

ascTU Seq
OC_218 HGSC nc HPMC Seq

ascTU Seq
OC_220 HGSC 1B HPMC Seq
OC_221 HGSC nc HPMC Seq

ascTU Seq
OC_222 HGSC nc HPMC Seq
OC_224 HGSC nc ascTAL Co
OC_226 HGSC 1c HPMC Co, FC, Inv
OC_227 HGSC nc HPMC Seq
OC_229 HGSC nc ascTAL Co, FC, Seq
OC 231 Carcinomatosis, G3 1B HPMC Seq
OC_242 HGSC nc HPMC Co, Seq
OC_245 HGSC nc ascTAL FC
OC_254 HGSC A ascTAL Co
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HPMC Seq
OC_258 HGSC nc ascTAL Co

HPMC Co
OC_259 HGSC nc ascTAL Co
OC 261 HGSC B ascTU Co, FC, Inv
OC 262 HGSC nc ascTAL Co

HPMC Co, FC, Inv
OC_272 HGSC nc HPMC Co, FC, Inv
OC_280 HGSC lnc HPMC Co, FC

ascTU Co, FC
OC 281 HGSC nc ascTU Co
OC_287 HGSC nc HPMC Co
OC_288 HGSC 1B HPMC Co, FC
OC_289 HGSC nc HPMC Co, Inv
OC_291 HGSC nc ascTAL Co

HPMC Co
OC_295 HGSC nc ascTAL Co, FC, Olink

HPMC Co
OC_292 HGSC nc ascTU FC
OC 298 HGSC nc ascTAL Co, FC, Olink
OC_299 HGSC nc HPMC Co, FC, Inv
OC_301 HGSC nc HPMC Co, FC, Inv
OC 312 ovarian sarcoma ascTAL Co, FC, Inv
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OC_314 HGSC lc ascTAL Co, FC, Inv,
gPCR
ascTuU FC
OC 315 HGSC nc ascTAL Co, FC, Inv,
gPCR
ascTu FC
OC_316 HGSC lc ascTuU FC
OC_318 HGSC lc ascTuU FC
MpH_35 benign N/A HPMC Co, FC
(Cystadenofibroma)
MpH_39 benign (inflammatory) | N/A HPMC Co, FC
MpH_29 benign (Uterus N/A HPMC Co, FC
myomatosus)

Co = Co-culture; FC = Flow Cytometry; IHC = Immunohistochemistry; Inv = Invasion; Seq = RNA

sequencing
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Supplementary figure S1. NK cell treatment with the secretome of T cells activated by anti-
CD3/anti-CD28 antibody stimulation did not increase TRAIL-mediated cytotoxicity directed
against HPMC. (A, B) Treatment of NK cells with the CM derived from T cells treated with anti-
CD3 antibody (0.5 pg/ml) alone or simultaneously with additional anti-CD28 (2 pg/ml) antibody
was compared. (A) Subsequent co-culture with HPMC was performed to flow cytometrically
measure the induction of HPMC apoptosis by determining the amount of Annexin V+ HPMC. The
column heights indicate the mean (n=2 biological replicates). (B) Furthermore, the up-regulation
of the TRAIL expression on the outer membrane of NK cells was determined in one experiment.
Overlapping histograms illustrating the TRAIL expression on NK cells and a table indicating the
geometric MFI is shown for untreated NK cells (red), NK cells treated with the CM of anti-CD3

antibody stimulated T cells (yellow), as well as NK cells treated with the anti-CD3/anti-CD28
antibody stimulated T cell CM are shown.
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Ethics vote
-~ :
Philipps &
Philipps-Universitat - 35032 Marburg Fachbereich Medizin
Frau Dekanat/Ethikkommission

Dr. Silke Reinartz

. Dr. . Vors.
Zentrum far Tumor- u, Immunbiologie (ZTI) PROREN- o (o ESalles (e

Forschungslabor der Klinik fir Gynékologie, Tel: 06421 586 6487

gynakologische Endokrinologie und Onkologie g::ﬂ g?gflgg ‘ﬁ:f’mn

Philipps-Universitat Marburg E-Meil:  ethikkom@post med.unimarburg de

Hans-Meerwein-Str, 3 Anschrift: g;g;g;:;mmmm 2360

35037 Marburg ) Web: vmw.med.u:i-r?mmurg.delqthlkkomm
Az:  205M0

Marburg, den 19.02.2019

— Studie: ,Rolle von Peroxisome-Proliferator-activated Receptors R/5 (PPARR/3) in der Aktivierung
tumor-assozilerter Makrophagen (TAM) von Patientinnen mit fortgeschrittenem Ovarialkarzinom®.

- Amendment 1 vom 07.11.2012: .Rolle des Peroxisome-Proliferator-activated Receptors R/
(PPARR/B) in der Aktivierung tumor-assozilerter Makrophagen (TAM) von Patientinnen mit Aszites-
bildenden Platin-resistenten Rezidiven fur fortgeschrittene Ovarialkarzinome".

- Amendment 2 vom 27.05.2015: «Lysophosphatidsaure-vermittelte Therapieresistenz  beim
Overialkarzinom®

- Amendment 3 vom 01.12.2016: «Therapieresistenz beim Ovarialkarzinom - Globale Analyse des
interzellularen Signalnetzwerks in der Mikroumgebung des Ovarialkarzinoms*,

- Amendment 4 vom 06.02.2019: «Therapieresistenz beim Ovarialkarzinom - Globale Analyse des
interzellularen Signalnetzwerks in der Mikroumgebung des Ovarialkarzinoms®.

Eingereichte Unterlagen:

Anschreiben vom 08,02.2019

Amendment Nr. 4 vom 06.02,2019

Anlage der projektbezogenen Kooperationspartner

Patienteninformation und Einwilligungserkisrung Version 04 vom 06.02.2018
Patienteninformation—Kontrollkoliektiv und Einwilligungserklarung Version 04 vom 06.02.2019

POBWON =

Sehr geehrte Frau Dr. Reinartz,

mit Schreiben vom 08.02.2019 (eingegangen am 11.02.2019) reichen Sie einen Antrag auf
Aufnahme des Amendments 4 .Therapieresistenz beim Ovarialkarzinom - Globale Analyse
des interzelluldren Signalnetzwerks in der Mikroumgebung des Ovarialkarzinoms® in das
positive Ethikkommissionsvotum vom 21.12.2010 ein.

Nach kritischer Durchsicht der oben aufgefiihrten und eingereichten Unterlagen ergeben sich
keine berufsethischen und berufsrechtlichen Bedenken, sodass wir das Amendment 4 in das
positive Ethikkommissionsvotum vom 21.12.2010 mit aufnehmen.

Sekretariat: Frau Raiss  Montag - Donnerstag 8.00 ~ 12.00 Uhr, Freitag 8.00 — 11.00 Uhr
Frau Hausmann Montag - Freitag 12.00 — 14.00 Uhr
Kommissionsmitglieder: Prof. Dr. Czubayko, Prof. Dr. N. Donner-Banzhoff, Dr. B, Greene, Frau Prof. Dr. H. Korbmacher-
Steiner, Prof, Dr. J.-C. Krieg, Prof. Dr. R, Maier (stellvertr, Vorsitzender), Prof. Dr. A. Neubauer, Dr, T. Noubert, Frau B. Nieth,
Prof. Dr. J. Puschke, PD Dr. J.-P. Reese, Prof, Dr, G. Richter (Vorsi der), Frau S. Ried ; Frau PD Dr. C, Seifart, Prof. Dr.
med. Uwe Wagner, Frau Prof. Dr. S. Weber, PD Dr. B. Tackenberg,
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Hinwelse zu den datenschutzrechtlichen Aspekten:

Details zu Ihren Informationspflichten gegentber Studienteilnehmern entnehmen Sie Dbitte
insbesondere Art. 13 ff DS-GVO. Die Ethikkommission prift die Angaben zu den zustandigen
Datenschutzbeauftragten und Aufsichtsbehdrden nicht auf Richtigkeit.

Datenschutzrechtiiche Aspekte von Forschungsvorhaben werden durch die Ethikkommission
grundsatzlich nur kursorisch geprift. Dieses Votum / diese Bewertung ersetzt mithin nicht die
Konsultation des zustandigen Datenschutzbeauftragten.

Mit freundlichen kollegialen Grufien
fir die Ethik-Kommission des
Fachbereichs Humanmedizin

der Philipps-Univg/:.itét Marburg

Prof. Dr. med. G. Richter
(Vorsitzender Ethikkommission)
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254 Universitdt
=/ Marburg

Philipps-Universitat - 35032 Marburg Fachbereich Medizin

Frau Dr, Silke Reinartz : Dekanat/Ethikkommission
Klinik fur Gyndkologie und Gynakologische PD Dr. med. Carola Seifart (Vors.)
Endokrinologie und Onkologie . B ’

Universitatsklinikum Giessen und Marburg, Tel: 06421586 6487
Fax: 06421 586 6585
Stan,dort Marburg Sek.: D. Raiss/S. Hausmann
Baldingerstrasse E-Mail:  ethkxom@post.med.uni-marburg de
35043 Marburg ) Anschrift: Baldingersirasse/Postfach 2360
35032 Marburg
Web: wiwvw.med. unl-marburg.de/ethikkomm
Az - Studie 20510

Marburg, den 31.05.2021

Studie: ,Rolle von Peroxisome-Proliferator-activated Receptors B/8 (PPAR 8/8) in der Aktivierung
tumor-assoziierter Makrophager (TAM) von Patientinnen mit fortgeschrittenem Ovarialkarzinom".
Amendment 6 vom 28.05.2021: ,Isolierung von Zellpopulationen aus der Periteneallavage von Patientinnen
mit benignen gynakologischen Erkrankungen (Referenzkollektiv) fur wissenschaftiiche Untersuchungen im
Rahmen der 0.g. Studie

Eingereichte Unterlagen:
1. Anschreiben vom 18.05.2021
2, Aktualisierte Patienteninformation - Kontrollkollektiv

Sehr geehrte Frau Dr. Reinartz,

vielen Dank fOr die Einreichung des Amendment 6 zur o.g. Studie. Sie méchten in lhrem
Kontrollkollektiv  (Patientinnen - mit benignen gynakologischen Erkrankungen) aus der
Peritoneallavage nicht nur Immunzellen sondern auch weitere Zellpopulationen, wie Fibroblasten
oder Mesothelzelen isclieren. Die Informationsschrift haben Sie dahingehend modifiziert
(.Zellpoplulationen® statt ,iImmunzellpopulationen'). Nach kritischer Durchsicht bestehen keine
berufsrechtlichen oder berufsethischen Bedenken, sodass wir das Amendment 6 in das positive
Ethikkommissionsvotum vom 21.12.2010 aufnehmen.

Mit freundlichen kollegialen Griien
fur die Ethik-Kommission des

Fachbereichs Humanmedizin 4
der Philipps-Universitat Marburg {n
' \ A {1\
(LY I _ WL,
PD Dr. med. Carola Seifart Dr,. med&Arene Portig
(Vorsitzende Ethikkommission) (Geschaftsstelle Ethikkommission)

Sekretariat: Frau Raiss Dienstag/Donnerstag 8:00-12:00Uhr, Mittwoch 8:00-16:00Uhr, Freitag 8:00-11:00Uhr

Frau Dietrich Montag u. Dienstag 8:00-16:00Uhr, Donnerstag 11:00-16:00Uhr
Kommissionsmitglieder: Prof. Dr. med, K. Becker, JW. Chae, Prof, Dr. F. Czubayko, Prof. Dr. med. N. Donner-Banzhofi,
Prof. Dr. M. Geraedts, Prof. Dr. A Jansen, Prof. Dr. med. A. Kirschbaum, Prof. Dr. jur. M. Kiing,
Prof. Dr. med. H. Korbmacher-Steiner, Prof. Dr. med. R. Maier (stellv. Vorsitzender), Prof. Dr: med. A. Neubauer,
Prof. Dr. H. Schafer, Prof. Dr. M. Hirsch (kooptiert), Dr. rernat. T. Neubert, Pfarrerin M, Kohl-Eckhardi, B. Nieth,
Dr. med. 1. Portig, Prof. Dr. jur. J. Puschke, cand. med. S. Riedemann. PD Dr. med. C. Seifart (Vorsiizende),
cand. med. H. Traupe, Prof. Dr, med. S. Weber.
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Philipps-Universitdt - 35032 Marburg Fachbereich Medizin

Hern Prof. Dr. Rolf Muller Dekanat/Ethikkommission

Frau me-__Dr- Elke Pogge von S'_randma"n PD Dr. med. Carcla Seifart (Viors.)

Zentrum fur Tumor- und Immunbiologie (ZT1)

Philipps-Universitat Marburg ;el_: gg} gg %gg

i an

Hans-Meerwein-Str. 3 Sek:  D. Raiss/S. Hausmann

35043 Marburg EMal  ethikkom@post med.uni-marburg de
Anschrift: Baldingersirasse/Postfach 2360

35032 Marburg

Web: www.med uni-marburg. defethikkomm
Az Studie 205110

Marburg, den 20.03.2021

Studie: ,Rolle von Peroxisome-Proliferator-activated Receptors &/ (PPARR/G) in der Aktivierung
tumor-assoziierter Makrophagen (TAM) von Patientinnen mit fortgeschrittenem Ovarialkarzinom®.
Amendment 5 vom 19.03.2021: Verwendung von Abfallprodukien aus Blutspenden der Blutbank des UKGM
Marburg / Giessen fur wissenschafiliche Untersuchungen an gesunden peripheren Blutzellen im Rahmen der
0.0. Studie

Eingereichte Unterlagen:
1. Anschreiben vomn 19.03.2021
2. Aufnahmebogen fur Blutspender mit Erklarung der Probenverwendung
3. Ethikvotum 05/00 Blutreste Blutspende

Sehr geehrter Herr Prof. Muller,
sehr geehrte Frau Prof. Pogge von Strandmann,

Wielen Dank fur die Einreichung des Amendment 5 zur o.g. Studie. Sie mdchten die im Rahmen
inrer Studie gewonnenen Ergebnisse zu potentiellen Mediatoren, die Immunzellen akiivieren oder
supprimieren kdnnen und damit die Tumorprogression und Metastasierung begunstigen konnten,
an Immunzellen aus dem peripheren Blut gesunder Spender durchfuhren. Diese Zellen erhalten
Sie aus Restmengen der Blutbank des UKGM Giefen, die ansonsten verworfen wirden. Die
Spender sind Gber die anonymisierte Verwendung von Resimengen fur die Forschung aufgeklart
und haben dem zugestimmt. Dieses Vorgehen war mit der Ethikkommission der Justus-Liebig-
Universitat Gielten abgesprochen und die Informationsschrift mit Einwilligungserklarung wurde am
30.11.2000 zustimmend bewertet.

Nach kritischer Durchsicht bestehen keine berufsrechilichen oder berufsethischen Bedenken,
sodass wir das Amendment 5 in das positive Ethikkommissionsvotum vom 21.12.2010 aufnehmen.

Mit freundlichen kollegialen Grifen
fir die Ethik-Kommission des
Fachbereichs Humanmedizin

der Philipps-Universitat Marburg

PD Dr. med. Carola Seifart Dr. med. Irene Portig
(Vorsitzende Ethikkommission) (Geschaftsstelle Ethikkommission)

Sekretariat: Frau Raiss Dienstag/Donnerstag §:00-12:00Uhr, Mittwoch 8:00-18:00Uhr, Freitag 8:00-11:00Uhr

Frau Dietrich Montag u. Dienstag 8:00-16:00Uhr, Dennerstag 11:00-15:00Uhr
Kommissionsmitglieder: Prof. Dr. med. K. Becker, JW. Chae, Prof. Dr. F. Czubayko, Prof. Dr. med. N. Donner-Banzhoff,
Prof. Dr. M. Geraedis, Prof. Dr. A Jansen, Pref. Dr. med. A. Kirschbaum, Prof. Dr. jur. M. Kling,
Prof. Dr. med. H. Korbmacher-Steiner, Prof. Dr. med. R. Maier (stellv. Vorsitzender), Prof. Dr. med. A. Neubauer,
Prof. Dr. H. Schafer, Prof. Dr. M. Hirsch (kooptiert), Dr. rernat. T. MNeubert, Pfarrenn M. Kohl-Eckhardt, B. Mieth,
Dr. med. |. Portig, Prof. Dr. jur. J. Puschke, cand. med. 5. Riedemann, PD Dr. med. C. Seifart (Vorsitzende),
cand. med. H. Traupe, Prof. Dr. med. 5. Weber.
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List of abbreviations, figures and graphs

Supplementary table S2. List of abbreviations applied throughout this work

Abbreviation

Translation

-RT “Minus reverse transcriptase”

a-SMA Alpha-Smooth Muscle Aktin

Ab Antibody

ADCC Antibody-dependent cell-mediated cytotoxicity

APC Antigen-presenting cell

ApE “A plasmid Editor”

Asc Ascites

BAX B-cell lymphoma-2 associated X protein

B cell B lymphocyte

Bcl-2 B-cell lymphoma-2

Bim B-cell ymphoma-2 interacting mediator

BRCAL1/2 Breast cancer gene 1/2

BTLA B- and T-Leukocyte attenuator

CAA Cancer-associated adipocyte

CAD Caspase-activated DNase

CAF Cancer-associated fibroblast

CCL Chemokine ligand

CD Cluster of differentiation

cDC Conventional dendritic cells

cDNA Copy DNA

cFLIP Cellular FADD-like IL-13-converting enzyme inhibitory
protein

CLP Common lymphoid progenitors

CM Conditioned media

CmVv Cytomegalovirus

CRD Cysteine-rich domain
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CSF2 Colony-stimulating factor 2

CT Computer tomography

CTLA4 Cytotoxic T-lymphocyte antigen 4
Ctrl Control

CXCL C-X-C motif cytokine ligand
DAP12 DNAX-activating protein of 12 kDa
DC Dendritic cell

DcR1/2 Decoy receptor 1/2

DD Death domain

DED Death-effector domain

DISC death-inducing signaling complex
DNA Deoxyribonucleic acid

DNAM-1 DNAX accessory molecule-1
DMSO Dimethyl sulfoxide

DR4/5 Death receptor 4/5

ECM Extra cellular matrix

EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor

EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
Eomes Eomesodermin

EpCAM Epithelial cell adhesion molecule
EtOH Ethanol

FACS Fluoresence-activated cell sorting
FADD Fas-associated protein with death domain
FAK Focal adhesion kinase

FasL Fas-ligand

FC Fold change
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FCS Fetal calf serum

FIGO International Federation of Gynaecology and Obstetrics
GAS IFNy-activated site

G-CSF Granulocyte colony-stimulating factor

GEO Gene expression Omnibus

GM-CSF Granulocyte macrophage colony-stimulating factor
GrA/B Granzyme A/B

GROa Growth-regulated protein alpha

GROB Growth-regulated protein beta

GZMA Granzyme A

GZMB Granzyme B

HE Hematoxylin and eosin

HGF Hepatocyte growth factor

HGSC High-grade serous ovarian carcinoma

HLA-I Human leukocyte antigen |

HPMC Human peritoneal mesothelial cells

HSC Hematopoietic stem cells

IAP Inhibitor of apoptosis proteins

ICAM-1 Intercellular adhesion molecule

ICR immune checkpoint receptors

IFNy Interferon gamma

IFNGR1/2 Interferon gamma receptor 1/2

IL Interleukin

ILC Innate lymphoid cell

IS Immunological synapse

ITAM Immunoreceptor tyrosine-based activation motifs
ITIM Immunoreceptor-based tyrosine inhibitory motif
JAK Janus Kinase
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KARAP Killer cell activating receptor-associated protein

KIR Killer immunoglobulin-like receptors

LAG-3 Lymphocyte activation gene-3

LAMP-1 Lysosomal-associated membrane protein-1

LFA-1 Lymphocyte function-associated antigen 1

LG Ligand

LIR-1 Leukocyte Ig-like recptor-1

LMPP Lymphoid-primed multipotential progenitors

LRS Leukocyte-reduction system

LTA Lymphotoxin-a

LTB Lymphotoxin beta

M1 Pro-inflammatory type 1 macrophage

M2 Immunosuppressive type 2 macrophage

MACS Magnetic-activated cell sorting

MAPK Mitogen activated protein kinases

Mcl-1 Myeloid cell leukemia-1

MCP-1 Monocyte chemoattractant protein-1

MDSC Myeloid-derived suppressor cell

MFI Mean fluorescence intensity

MHC | Major histocompatibility complex class |

MICA/B Major histocompatibility complex class | chain-related
protein A/B

MIF Macrophage migration inhibitory factor

mi Milliliter

MMP Matrix-metalloproteinase

MMT Mesothelial-mesenchymal transition

MTOC Microtubule-organizing center

n Amount

NCAM Neutral cell adhesion molecule
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NCP NK cell precursors

NCR Natural cytotoxic receptors

NET Neutrophil extracellular traps

NFkB Nuclear factor kappa B

ng Nano gram

NGS Next-Generation Sequencing

NK cells Natural killer cells

NKG2A/C/D Natural killer group 2A/C/D

NKT Natural killer T cells

NPX Normalized Protein eXpression

NTB-A Signaling lymphocytic activation molecule family member 6
ocC Ovarian cancer

OoCMmI Ovarian Carcinoma Modified Ince media
OPG Osteoprotegerin

OSM Oncostatin M

PARP Poly adenosine diphosphate-ribose polymerase
PBMC Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PD-1 Programmed cell death protein-1
PDCD1 Programmed cell death-1

PDGFA Platelet-derived growth factor subunit A
PED Proximity Extention Assay

Pl Propidium iodide

PI3K Phosphatidylinositol 3-kinase

PIAS Protein inhibitor of activated STATS
PKB/AKT Protein kinase B

PKC Protein kinase C

PLAD Pre-ligand assembly domain
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PMA Phorbil 12-myristate 13-actetate

PRRT3 Proline Rich Transmembrane Protein 3

Rac Ras-related C3 botulinum toxin substrate

RBC Red blood cell

RELT Tumor Necrosis Factor Receptor Superfamily Member 19-
like

RFS Relapse-free survival

rh Recombinant human

RIP-1 Receptor Interacting Protein 1

RNA Ribonucleic Acid

RohA Ras homolog family member A

gPCR Quantitative polymerase chain reaction

SERPINE2 Serine proteinase inhibitor clade E member 2

Shp2 src homology 2 domain-containing tyrosine phosphatase-2

SMAC Second mitochondria-derived activator of caspase

SOCS Suppressor of cytokine signaling

SODD Silencer of death domain

STAT signal transducer and activators of transcription

TACE TNFa-converting enzyme

TAL Tumor-associated lymphocytes

TAM Tumor-associated macrophages

TAT Tumor-associated T cells

t-Bid Truncated BHS3 interacting-domain death agonist

T cells T lymphocytes

TCR T cell receptor

Tth Follicular T helper

TGFB1 Transforming growth factor 31

Th T helper
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TIGIT T cell Ig and immunoreceptor-based tyrosine inhibitory
motif

TIL Tumor-infiltrating lymphocytes

TLR Toll-like receptor

TIM-3 T cell immunoglobulin, mucin domain-3

TME Tumor-microenvironment

TNFa Tumor necrosis factor alpha

TNF-R1/2 Tumor necrosis factor receptor 1/2

TNFRSF Tumor necrosis factor receptor superfamily

TNFSF Tumor necrosis factor superfamily

TP53 Tumor protein p53

TPM Transcript per million

TRADD TNF-R-associated death domain protein

TRAF-1 TNF-R-associated factor

TRAIL Tumor necrosis factor -related apoptosis-inducing ligand

Treg Regulatory T cell

U Units

UKGM Universitatsklinikum Giel3en und Marburg

ULBP UL16 binding protein 1

Mg Microgram

pl Microliter

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor

wnt Wingless-related integration site

Z0O-1 Zonula occludens-1

ZEB-1 Zinc finger E-box binding homeobox 1
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Supplementary table S3. List of figures

Figure Description

1 Mechanism of malignant ascites formation during HGSC
cancer progression

2 Compartments of the unique HGSC TME

3 Main activating and inhibiting receptors expressed on NK
cells and the corresponding ligands found on target cells

4 Target cell recognition following the “altered balance”
mechanism of NK cell activation

5 Schematic illustration of apoptosis signaling pathways
executed by NK cells

6 Flow chart illustrating the experimental procedure to
determine the role of TAL and mesothelial cells on HGSC
tumor progression

7 Isolation strategy of T and NK cells from HGSC patient
ascites or healthy donor PBMC

8 Layers of blood phases after ficoll gradient centrifugation

9 Schematic chart illustrating the experimental procedure of
the co-culture experiments

10 Schematic illustration of in vitro 3D trans-mesothelial
invasion assays

11 Induction of mesothelial apoptosis upon co-culture with
anti-CD3 antibody-activated TAL

12 Strong degranulation of NK cells in the presence of HPMC
after activation by anti-CD3 antibody stimulated T cells

13 Ascites fluid blocks NK cell degranulation while the
induction of mesothelial apoptosis is sustained

14 NK cell-mediated killing of HPMC was Fas/FasL
independent despite the expression of Fas on HPMC and
FasL on NK cells

15 The cytotoxic cytokines TNFa and IFNy are not able to
induce HPMC apoptosis

16 TRAIL-mediated apoptosis of HGSC-derived mesothelial

cells
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17

The secretome of anti-CD3 antibody-stimulated T cells
promotes TRAIL-mediated NK cell cytotoxic activation
directed against HPMC

18

IFNy, IL-2, TNFa and IL-21 are important cytokines
secreted/ expressed by anti-CD3 antibody stimulated T
cells activating NK cells

19

T cell-secreted TNFa is an important effector cytokine
activating NK cells in the TME

20

High expression levels of the activating death receptors on
HGSC-derived HPMC render them liable toward TRAIL-
induced apoptosis conducted by NK cells

21

Tumor cells are insensitive against TRAIL-dependent
apoptosis

22

Control HPMC derived from lavage of patients with benign
gynecological diseases were insensitive to TRAIL-
mediated killing

23

Low MHC | and high MICA/B expression levels on HPMC
possibly further contribute to NK cell attack

24

Clearance of the mesothelial barrier favors extensive tumor
cell invasion

25

Immunohistological analysis of HGSC specimen:
mesothelium is lost in regions of omental micrometastasis

26

Detached floating apoptotic mesothelial cells are found in
the ascites

27

Schematic illustration of mechanisms leading to
mesothelial rearrangement or clearance promoting tumor
invasion

28

NK cell cytolytic activation induced by T cell-secreted
cytokines (particularly TNFa) selectively directed against
HPMC in a TRAIL-mediated fashion

Supplemenatry
figure S1

NK cell treatment with the secretome of T cells activated by
anti-CD3/anti-CD28 antibody stimulation did not increase
TRAIL-mediated cytotoxicity directed against HPMC
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Supplementary table S4. List of tables

Table Description

1 List of equipment applied conducting experiments

2 List of chemicals and reagents applied for experimental
procedures

3 List of antibodies applied for flow cytometry, MACS,
neutralization and T cell activation

4 List of recombinant cytokines and proteins applied for
cellular treatments

5 List of kits and microbeads applied for experimental
procedures of this thesis

6 List of buffers and solutions applied throughout this thesis

7 Software and internet sites applied throughout this thesis

8 List of applied oligonucleotides and their sequences

9 List of cell culture media and media components

Supplementary
table S1

Primary ovarian carcinoma patient data and samples

Supplementary
table S2

List of abbreviations applied throughout this work

Supplementary
table S3

List of figures
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