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A R T I C L E O p e n A c c e s s

Tumor-associated macrophages promote ovarian
cancer cell migration by secreting transforming
growth factor beta induced (TGFBI) and tenascin C
Anna Mary Steitz1, Alina Steffes2, Florian Finkernagel1, Annika Unger1, Leah Sommerfeld1, Julia M. Jansen3,
Uwe Wagner3, Johannes Graumann4,5, Rolf Müller 1 and Silke Reinartz2

Abstract
A central and unique aspect of high-grade serous ovarian carcinoma (HGSC) is the extensive transcoelomic spreading
of tumor cell via the peritoneal� uid or malignant ascites. We and others identi� ed tumor-associated macrophages
(TAM) in the ascites as promoters of metastasis-associated processes like extracellular matrix (ECM) remodeling, tumor
cell migration, adhesion, and invasion. The precise mechanisms and mediators involved in these functions of TAM are,
however, largely unknown. We observed that HGSC migration is promoted by soluble mediators from ascites-derived
TAM, which can be emulated by conditioned medium from monocyte-derived macrophages (MDM) differentiated in
ascites to TAM-like asc-MDM. A similar effect was observed with IL-10-induced alternatively activated m2c-MDM but
not with LPS/IFN� -induced in� ammatory m1-MDM. These observations provided the basis for deconvolution of the
complex TAM secretome by performing comparative secretome analysis of matched triplets of different MDM
phenotypes with different pro-migratory properties (asc-MDM, m2c-MDM, m1-MDM). Mass spectrometric analysis
identi� ed an overlapping set of nine proteins secreted by both asc-MDM and m2c-MDM, but not by m1-MDM. Of
these, three proteins, i.e., transforming growth factor beta-induced (TGFBI) protein, tenascin C (TNC), and� bronectin
(FN1), have been associated with migration-related functions. Intriguingly, increased ascites concentrations of TGFBI,
TNC, and� bronectin were associated with short progression-free survival. Furthermore, transcriptome and secretome
analyses point to TAM as major producers of these proteins, further supporting an essential role for TAM in promoting
HGSC progression. Consistent with this hypothesis, we were able to demonstrate that the migration-inducing
potential of asc-MDM and m2c-MDM secretomes is inhibited, at least partially, by neutralizing antibodies against TGFBI
and TNC or siRNA-mediated silencing of TGFBI expression. In conclusion, the present study provides the� rst
experimental evidence that TAM-derived TGFBI and TNC in ascites promote HGSC progression.

Introduction
Ovarian carcinoma is the most lethal gynecological

cancer with an overall 12-year survival rate of <20%, and
represents the� fth leading cause of cancer-associated
deaths in females1. A hallmark of high-grade serous

carcinoma (HGSC), the most common and aggressive
subtype, is its extensive peritoneal metastasis, which
occurs at a very early stage of disease and contributes to
its fatal clinical outcome2. Metastatic spreads occurs
predominantly to the omentum and serous membranes
lining the peritoneal organs through transcoelomic dis-
semination of tumor cells via the peritoneal� uid3–5. The
peritoneal tumor microenvironment (TME), which con-
sists of tumor-in� ltrated host tissues and peritoneal� uid
(or ascites at advanced stages), is an essential determinant
of metastatic disease progression. Ascites contains large
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numbers of cells including tumor spheroids and immune
cells, such as tumor-associated macrophages and T cells
(TAMs and TATs, respectively)6–8, as well as soluble
factors and extracellular vesicles released by tumor and
host cells2,9,10, collectively referred to as the tumor
secretome and recognized as a key player in the com-
munication network of the TME11–13. A detailed under-
standing of the secretome composition, the origin of
single compounds, and their role in tumor–host crosstalk
remains, however, elusive.

TAMs constitute a prominent cell population in ascites
known to promote tumor growth, metastasis, and
immunosuppression14–16. TAMs are reprogrammed by
factors of the TME to adopt a pro-tumorigenic and
immunosuppressive phenotype, which is linked to a poor
clinical outcome8,13,17,18. TAMs contribute to the tumor
secretome by releasing a plethora of soluble mediators,
such as interleukin (IL)-6, IL-10, C-C chemokine motif
ligand 18 (CCL18), CCL22, tumor necrosis factor� , and
transforming growth factor beta (TGF� ), that trigger pro-
tumorigenic signaling pathways in both tumor and host
cells of the TME19–21. For example, it is suggested that
TAM and tumor cells cooperate in extracellular matrix
(ECM) remodeling, which is a prerequisite for tumor cell
adhesion and invasion7,13,14. Consistent with this model, it
has been reported that TAM secrete migration-promoting
factors like insulin-like growth factor 1 (IGF1), epidermal
growth factor (EGF), and CHI3L1 pointing to a pre-
sumably central role of TAM in cancer cell migration,
adhesion, and invasion22–24.

The TAM-derived mediators that promote cancer
migration in the context of the HGSC microenvironment
remain largely unknown. This is largely due to the fact
that macrophages secrete a plethora of soluble factors,
thus complicating the identi� cation of relevant mediators.
To address this issue, we designed an experimental setting
that compares the secretomes of macrophages with dif-
ferent migration-stimulating properties. This was
achieved by comparing matched pairs of monocyte-
derived macrophages (MDM) from healthy donors that
were differentiated into TAM-like MDM by ascites (asc-
MDM), alternatively activated M2 by IL-10 (m2c-
MDM) 25 as well as MDM classically activated by lipopo-
lysaccharide (LPS) and interferon-� (IFN� ) (m1-MDM).
While asc-MDM and m2c-MDM share the potential to
stimulate HGSC cell migration similarly to patient-
derived TAMs, m1-MDM has no migration-promoting
potential.

By combining mass spectrometry (MS)-based pro-
teomics, bioinformatic analyses, and tumor migration
assays, we found three candidates with migration-
promoting properties released by both asc-MDM and
m2c-MDM, but not by m1-MDM. These secreted pro-
teins were transforming growth factor beta induced

(TGFBI), tenascin C (TNC), and� bronectin (FN1), which
have in common that they are ECM proteins and as such
may provide support for tumor cell adhesion and migra-
tion. In general, excessive synthesis and deposition of
ECM proteins is a hallmark of the tumor stroma, which is
especially mediated not only by carcinoma-associated
� broblasts (CAFs)26 but also by TAM13,27. So far, TNC
and TGFBI secretion by TAM has not been linked to
tumor cell migration. In the present study, we identi� ed
TGFBI, TNC, and FN1 in ascites and found correlations
with HGSC progression, supporting a potential clinical
relevance of these mediators in the TME. For TGFBI and
TNC in particular, we provide evidence for enhanced
secretion into the TME as a novel mechanism by which
TAM promote HGSC migration.

Results
Ascites-derived TAM secrete soluble mediators promoting
HGSC migration

As shown in Fig.1, the secretome of ascites-derived
TAM induced strong migration of cultured patient-
derived HGSC cells (termed OCMI cells) when applied
as chemoattractant in a transwell assay. These� ndings
were validated using conditioned media of TAM from
three patients and tumor cells from� ve patients, indi-
cating that ascites-derived TAM secrete migration-
promoting mediators acting on different OCMI tumor
cells (Fig.1a, b).

The highly complex composition of the TAM secre-
tome, which consists of several hundred proteins, com-
plicates the identi� cation of the pro-migratory mediators
that are relevant within the HGSC microenvironment. We
therefore designed an experimental approach suitable to
selectively identify the TAM-derived mediators able to
promote HGSC cell migration (see also“Introduction”).
This approach is based on our observation that MDM
differentiated in vitro with malignant ascites into TAM-
like MDM (asc-MDM) emulated the pro-migratory
potential of the patients’ TAM secretomes. This was
demonstrated in a transwell migration assays, where
conditioned medium from asc-MDM signi� cantly
induced tumor cell migration when used as chemoat-
tractant (Fig. 1c and Supplementary Fig. S1). A similar
impact on migration was observed by conditioned med-
ium from MDM alternatively activated by IL-10 (m2c-
MDM), whereas migration was not signi� cantly affected
by conditioned medium MDM skewed to a pro-
in� ammatory phenotype by LPS and IFN� (m1-MDM)
(Fig. 1d and Supplementary Fig. S1). These observations
were con� rmed in a second migration assay format, where
conditioned media was used for pre-incubating tumor
cells (prior to the migration assay) rather than as che-
moattractant. As shown in Fig.1e, tumor cells that were
pre-incubated with conditioned media of asc-MDM and

Steitz et al.Cell Death and Disease         (2020) 11:249 Page 2 of 15

Of� cial journal of the Cell Death Differentiation Association
������



m2c-MDM, but not of m1-MDM, exhibited increased
migratory potential (Fig.1e).

The MDM differentiation phenotypes were also veri� ed
by � ow cytometry (see Supplementary Fig. S2). TAM-like
asc-MDM were characterized by an increased expression
of CD14, CD16, and the m2c markers CD163 and CD206,
as well as downregulated expression of the M1 markers
CD86 and CCR7 in all tested donors (relative to m1-
MDM; Fig. S2).

The differential effects of asc-MDM and m2c-MDM on
the one hand and m1-MDM on the other hand paved the
way for a detailed comparative analysis of the

corresponding secretomes aiming at the identi� cation of
candidate proteins with a pro-migratory function secreted
by asc-MDM and m2c-MDM (and by TAM in malignant
ascites) but not by m1-MDM.

Comparative secretome analysis of MDM subtypes
identi � es candidates related to tumor migration

Comparative analysis of conditioned media from func-
tionally different MDM subtypes was performed by MS-
based proteomics. In total, we identi� ed 700 proteins
annotated as“predicted secreted” in the Human Protein
Atlas in the supernatant of at least one asc-MDM sample

Fig. 1 Impact of macrophage secretomes on the migration of ovarian cancer cells. aMigration of 5 different cultured patient-speci� c HGSC
tumor cells (OCMI OC_37, 38, 58, 92, 108) was analyzed using conditioned media of ascites-derived TAM from 3 different patients (TAM_169, 170, 171)
as chemoattractant in a transwell assay format. Background migration was measured in the absence of any attractant (Ctr� ). Data were normalized to
1 for FCS-induced migration (Ctr+ ) in each OCMI cell line (a). b Exemplary microscopic pictures showing migrated OCMI cells (OC_ 38, 58, 92) in
response to conditioned media of TAM_170 and FCS (Ctr+ ) as well as background control without chemoattractant (Ctr� ).c, d Conditioned media
of m1 (induced by LPS+ IFN� ), m2c (induced by IL-10), and asc-MDM (induced by ascites) from 6 donors were applied as attractants for migration of
OCMI cell line OC_58. The corresponding data for the phenotypes of MDM differentiation are shown in Supplementary Fig. S1. Migration is expressed
relative to FCS-induced migration (c) and relative to migration induced by TAM-like MDM (d).e Transwell migration format using OCMI cells (OC_58)
pretreated with conditioned media of m1-MDM, m2c-MDM, and asc-MDM (3 different donors) for 17 h prior to analysis of tumor migration using FCS
as chemoattractant for 2 h. As controls, untreated tumor cells were allowed to migrate in the presence (Ctr+ ) and absence of FCS (Ctr� ). For details,
see“Materials/subjects and methods.” Migration of pretreated tumor cells was expressed relative to untreated cells in the presence of FCS. Horizontal
bars show the mean. Standard deviations are given. Asterisks indicatep values determined by two-sided, pairedt test. *p < 0.05, ***p < 0.001.
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(Table S1). Of these, the 22 proteins were present at
higher levels in conditioned media from asc-MDM and
m2c-MDM compared to m1-MDM in at least four out of
� ve triplets (Fig. 2a; Tables1 and S2). Nine of these
proteins (AMBP, CD163, FN1, LPL, LRP1, MRC1L1/
MRC1, PLTP, TGFBI, TNC) perfectly� t this distribution
in all � ve triplets (Fig.2b). Among these, three proteins
are migration-promoting candidates as suggested by lit-
erature data28–30, i.e., TGFBI, TNC, and FN1 (Table1). A
similar observation was made for macrophage mannose
receptor 1 (MRC1, CD206) and scavenger receptor
cysteine-rich type 1 protein (CD163), which are known to
be commonly upregulated in TAM and alternatively
activated macrophages8,17,25, and thus serve as plausibility
controls.

We also identi� ed proteins selective for other MDM
subtypes, including 9 proteins with annotated genes for
asc-MDM and m1-MDM versus m2c-MDM (Table S3;
Fig. 2a), as well as 98 proteins for asc-MDM versus both

m1-MDM and m2c-MDM (Table S4; Fig.2a). This is
exempli� ed in Fig. 2b by lumican (LUM), serglycin
(SRGN), and metallopeptidase 12 (MMP12), which are
secreted proteins selective for asc-MDM, m1-MDM, or
m2c-MDM. In contrast, alpha-2-macroglobulin (A2M) is
a protein present at similar levels in conditioned media
from all macrophage subtypes (Fig.2b).

Intriguingly, the proteins secreted selectively by asc-
MDM are mainly composed of ECM-associated poly-
peptides (such as collagens, BCAM, LUM, SERPIN pro-
tease inhibitors) as well as complement factors (Table S4;
Fig. 2a). This is consistent with previous reports
describing these proteins as a hallmark of TAM in HGSC
ascites7,13, further validating the experimental approach.

TGFBI, TNC, and FN1 are secreted by ascites TAM in vivo
and are associated with a short relapse-free survival (RFS)

To assess the clinical signi� cance of TGFBI, TNC, and
FN1, we analyzed their levels in ascites from 70 HGSC

Fig. 2 Secretome analysis of MDM subtypes by LC-MS/MS.Serum-free conditioned media of m1-MDM (induced by LPS+ IFN� ), m2c-MDM
(induced by IL-10), and asc-MDM (induced by ascites) from the same 5 donors tested for stimulation of tumor cell migration in Fig.1 were analyzed
by mass spectrometry-based proteomics.a Pie chart showing the distribution of proteins present selectively in the medium from asc-MDM and m2c-
MDM versus m1-MDM (orange), asc-MDM and m1-MDM versus m2c-MDM (pink), and asc-MDM versus m1-MDM and m2c-MDM (red). Numbers (n)
refer to the identi� ed polypeptides (feature_ids in Table S1); arrows point to the number of annotated genes that could be associated with the
identi� ed polypeptides. The respective genes (or gene functions) are listed in the colored boxes.b Dot plot showing protein levels individually (log2

LFQ values measured by LC-MS/MS) for MDM from the same donors as in Fig.1. Arrows indicate the following selectivities: asc & alt: asc-MDM and
m2c-MDM versus m1-MDM (orange ina); asc & inf: higher level found with asc-MDM and m1-MDM versus m2c-MDM (pink ina); asc: asc-MDM versus
m1-MDM and m2c-MDM (red ina); inf: m1-MDM versus asc-MDM and m2c-MDM; alt: m2c-MDM versus m1-MDM and m2c-MDM. The table at the
bottom showsp values (pairedt test) for the relevant comparisons. Green:p < 0.05; grayp � 0.05.
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patients and 30 blood plasma samples in our recently
published dataset31 obtained by the aptamer-based
SOMAscan technology32. All three proteins were pre-
sent at signi� cantly higher levels in ascites compared to
plasma from patients of the same cohort (n = 20) as well
as plasma from patients with benign gynecological dis-
eases (n = 10) (p < 0.0001, Fig.3a). To elucidate the origin
of TGFBI, TNC, and FN1 in HGSC ascites, we made use
of our transcriptome, proteome, and secretome datasets
for tumor cells, TAMs, and TATs7,33. As shown in Fig.3
for both TGFBI and FN1, RNA expression, intracellular
protein levels, as well as secretion were consistently
strongest in TAMs compared to tumor cells and TATs
(Fig. 3b–d). These� ndings are consistent with the data
reported in the present study showing that asc-MDM
secrete TGFBI and FN1. TNC, on the other hand, is also

secreted by TAMs at a level comparable to TGFBI (Fig.
3d), but in the corresponding omics datasetsTNC mRNA
was very low in TAM (Fig.3b) and intracellular TNC
protein was not detectable (Fig.3c). This apparent dis-
crepancy was con� rmed with in vitro differentiated asc-
TAM by quantitative reverse transcription polymerase
chain reaction (qRT-PCR) and western blotting (see
below and Fig.5d–g), which may be explained by an
unusual instability ofTNC mRNA in macrophages com-
bined with rapid protein secretion.

Next, we evaluated the potential clinical signi� cance of
TGFBI, TNC, and FN1 by associating their ascites levels
(SOMAscan data as above) and RFS in a set of 66 HGSC
patients. As illustrated in Fig.4, Kaplan–Meier plots
revealed a signi� cant association with high ascites con-
centrations of TGFBI (Fig.4a; logrankp = 0.010; hazard
ratio (HR)= 2.35), TNC (Fig.4b; p = 0.005; HR= 2.99),
or FN1 (Fig.4c; p = 0.016; HR= 2.10). These� ndings are
consistent with public datasets (Fig.4d) showing that the
expression ofTGFBI, TNC, andFN1mRNA expression in
tumor tissue is inversely associated with overall survival
(OS) in both database queried, i.e., The Cancer Genome
Atlas (TCGA)34 and Kaplan–Meier Plotter (KMP)35. Both
FN1 and TGFBI also showed an association with a short
OS in the PRECOG database36.

Validation of TGFBI and TNC secretion by asc-MDM and
m2c-MDM

In agreement with our data, TAM isolated from human
tumors have been reported to express a matrix-related
signature including FN1 affecting tumor cell motility27,
whereas a role of TGFBI and TNC in the crosstalk
between macrophages and tumor cells has not been
addressed in previous studies. We therefore focused our
work on these two mediators. To validate and extend the
proteomics data in Fig.2b, which showed increased
TGFBI and TNC secretion by asc-MDM and m2c-MDM
versus m1-MDM, we applied qRT-PCR, western blot, and
enzyme-linked immunosorbent assay (ELISA).

As illustrated in Fig. 5, TGFBI mRNA (Fig. 5a) was
signi� cantly higher in m2c-MDM compared to both asc-
MDM and m1-MDM but was similar among the latter
two MDM subtypes. At the intracellular protein level,
TGFBI was weak or even undetectable in m1-MDM and
m2c-MDM but higher in asc-MDM in single donors (Fig.
5b). TGFBI secretion was strongest in m2c-MDM but was
also elevated in asc-MDM versus m1-MDM (Fig.5c),
which is consistent with the MS data (Fig.2b). It thus
appears that the differences in TGFBI secretion observed
among the three MDM subtypes do not solely result from
differential regulation of mRNA expression but also from
subtype-speci� c effects on secretion itself.

TNC mRNA expression (Fig.5d) were similar in asc-
MDM and m1-MDM but elevated in m2c-MDM (though

Table 1 Top 22 secreted proteins overexpressed in
the secretomes of asc-MDM and m2c-MDM compared
to m1-MDM.

Gene name Protein name Match (n)a

AMBP Alpha-1 microglobulin 5

CD163 Scavenger receptor CD163 5

FN1 Fibronectin 5

LPL Lipoprotein lipase 5

LRP1 LDL receptor-related protein 1 5

MRC(L)1 Macrophage mannose receptor 1 5

PLTP Phospholipid transfer protein 5

TGFBI Transforming growth factor beta induced 5

TNC Tenascin 5

IGF2R Cation-independent mannose-6-phosphate

receptor

4

CLEC11A C-type lectin domain family 11 member A 4

CSF1R Macrophage colony-stimulating factor 1

receptor

4

EMILIN2 Elastin Micro� bril Interfacer 1 4

FCGR3A Fc fragment of IgG receptor IIIA 4

FUCA1 Alpha-1 fucosidase 4

LBP Lipopolysaccharide-binding protein 4

LGMN Legumain 4

LMNA Lamin A/C 4

MSR1 Macrophage scavenger receptor 1 4

NPC2 Epididymal secretory protein E1 4

STAB1 (FEX1) Stabilin 4

V2-17 Ig lambda chain V–IV region Hil 4

aMatch (n) = number of donors matching the classi� cation of selectivity (n
out of 5).
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p > 0.05 due to the very low expression), whereas intracellular
TNC was only detectable in asc-MDM (Fig.5e). As for
TGFBI, TNC secretion was also higher in asc-MDM and
m2c-MDM versus m1-MDM (Fig.5f, g), pointing to a similar
subtype-dependent regulation of the secretory pathway.

In summary, these analyses fully con� rm the MS data
and suggest that differential regulation of both gene
expression and secretion are responsible for the differ-
ences in TGFBI and TNC secretion by MDM subtypes.

Pro-migratory effects are impaired by neutralizing TGFBI
and TNC in the MDM secretome

We next addressed the impact of TGFBI and TNC
secreted by macrophages on tumor migration. TGFBI and

TNC both bind to integrins and, in case of TNC, additionally
to EGF receptors present on the surface of tumor cells,
thereby activating migration-inducing pathways28,29,37–39.
We could demonstrate that patient-derived tumor cells
selectively bind to rTGFBI or rTNC (full-length protein) but
not to rTNC-EGFL, which is a smaller fragment harboring
EGFL repeats but lacking integrin-binding domains (Fig.6a).
As illustrated in Fig.6b, rTGFBI as well as both rTNC forms
enhanced migration of OCMI cells, which was accomplished
by pre-incubating OCMI cells with the recombinant proteins
prior to setting up the transwell assay with fetal calf serum
(FCS) as chemoattractant. Our� ndings thus indicate that, in
the case of TNC, integrin interaction is required for adhesion
but dispensable for migration.

Fig. 3 Expression of TGFBI, TNC, and FN1 in malignant ascites and ascites-associated cells. aLevels (LC-MS/MS, LFQ intensity) of TGFBI, TNC,
and FN1 in cell-free HGSC ascites (n = 70, red dots), plasma from HGSC patients (n= 20; OC-plasma, yellow), and patients with benign gynecologic
diseases (n = 10; N-plasma, gray) as determined by SOMAscan31. b Expression levels (RNA-Seq, TPM values) forTGFBI, TNC, andFN1in ascites-
associated tumor cells (TUn = 23, depicted in red), TAM (n = 32; blue), and TATs (n = 8; green)7. c Intracellular protein levels (LFQ intensity) of TGFBI,
TNC, and FN1 in tumor cells (TU), TAM, and TATs from HGSC patients as obtained from LC-MS/MS-based proteome analysis (n = 5 for each cell type)7.
d Levels of TGFBI, TNC, and FN1 (LFQ intensity) in the conditioned media of primary tumor cells (TU), TAM, and TATs after a 5-h cultivation in protein-
free medium (n = 5 for each cell type). Boxplots show medians (horizontal line in boxes), upper and lower quartiles (box), and range (whiskers) (b–d).
Statistical analyses were performed by unpairedt test;p values are shown at the top of each panel.
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To assess the relevance of TGFBI and TNC in the context
of the TAM secretome, we analyzed the effect of neutralizing
antibodies directed against these proteins. As a proof of
principle, we found that tumor migration induced by rTGFBI
and rTNC was blocked by neutralizing anti-TGFBI (Sup-
plementary Fig. S3A, B) and anti-TNC antibodies (Supple-
mentary Fig. S3C, D). More importantly, similar results were
obtained when conditioned media from asc-MDM or m2c-
DM were pre-incubated with the neutralizing antibodies
against TGFBI (Fig.6c, d) and TNC (Fig.6e, f). In both cases,
a signi� cant reduction of cellular migration compared to
untreated or IgG control-treated conditioned media was
found for � ve different donors. In conclusion, these data
indicate that TNC and TGFBI as constituents of the TAM
secretome promote tumor cell migration.

Small interfering RNA (siRNA)-mediated TGFBI silencing in
m2c-MDM/asc-MDM blocks tumor migration

To validate our� ndings by an independent experimental
approach, we made use of siRNA-mediated interference. We

focused on TGFBI because of the low expression ofTNC
mRNA and TNC protein (Fig.5d, e), which makes it dif� cult
to reliably monitor silencing ef� cacy. TGFBI silencing was
performed in asc-MDM and m2c-MDM and achieved
reduction of TGFBI RNA and intracellular TGFBI protein
expression byTGFBI siRNA transfection relative to control
siRNA (Supplementary Fig. S4A, B). Importantly, TGFBI
secretion by asc-MDM and m2c-MDM was also inhibited by
TGFBI siRNA compared to untransfected (p < 0.05) and
control siRNA-transfected MDM (p < 0.01) (Fig.7a). To
investigate the functional impact of TGFBI knockdown on
the migration-inducing capacity of asc-MDM and m2c-
MDM, transwell assays were performed analogous to the
neutralizing experiments above. As shown in Fig.7b, c, the
conditioned media from untransfected or control siRNA-
transfected asc-MDM and m2c-MDM induced OCMI cell
migration to a very similar extent, whereas transfection with
TGFBI siRNA resulted in a reduced effect. Taken together,
these results establish an essential role for TGFBI as a
migration-promoting factor in the TAM secretome.

Fig. 4 Association of TGFBI, TNC, and FN1 ascites levels with ovarian cancer survival. a–c Kaplan–Meier plots showing the relationship
between relapse-free survival (RFS) and SOMAscan protein signals for� bronectin (a), TGFBI (b), and TNC (c) in cell-free ascites from HGSC patients.
n: number of evaluable patients;q quantile used for splitting datasets (high versus low levels),p logrankp value, HR hazard ratio, rfs median RFS
(months).d Meanz-scores for survival associations withTGFBI, TNC, andFN1gene expression in solid tissue from ovarian carcinoma) based on public
datasets. TCGA34 and KMP35: relapse-free survival (RFS); PRECOG36: overall survival (OS). Positive and negativez-scores indicate HR > 1 and HR < 1,
respectively. Az-score of 1.96 corresponds to a logrankp value of 0.05.
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Discussion
In the present study we identi� ed TGFBI, TNC, and

FN1 as potential mediators of TAM-induced ovarian
cancer migration, underscoring the known role of ECM
proteins in tumor progression. A clinical importance of all
three proteins is supported by our� nding that increased
ascites level is associated with a short RFS (Fig.4a–c).
Consistent with this observation, we found a similar
association of FN1, TGFBI, and TNC gene expression in
solid tumor tissue with a poor clinical outcome (Fig.4d).
These � ndings are in line with studies on colorectal
cancer and esophageal squamous cell carcinoma where a
poor prognosis correlates with TGFBI expression in
tumor stroma40,41. For TNC, similar clinical associations
have been reported for different tumor entities42–45.
Furthermore, FN1, TNC, and TGFBI have been reported

to promote tumor migration, invasion, and adhesion,
which are functions facilitating metastatic spread28–30. In
this context, FN1 has been proposed as a promoter of
ovarian cancer released by CAFs45 and TAMs27, a
hypothesis our results con� rm. On the other hand, a
mechanistic link of TAM-secreted TNC and TGFBI with
tumor migration, as identi� ed in our study, has not been
described as of yet.

TGFBI often functions as a linker protein to inter-
connect ECM molecules and induces cell interactions
through integrins37,46–49. Different physiological functions
including migration and adhesion have been attributed to
TGFBI37,50–52. Previous work has shown that TGFBI is
expressed by stromal� broblasts and cancer cells53. TGFBI
upregulation in M2 macrophages has also been linked to
acute in� ammation processes and ECM remodeling51, but

Fig. 5 Upregulation of TGFBI and TNC in migration-promoting MDM subtypes. aExpression ofTGFBImRNA in asc-MDM, m1-MDM, and m2c-
MDM analyzed by RT-qPCR in� ve different donors.b Detection of TGFBI protein in cell lysates by western blotting.� -Actin was used as loading
control. Blots of three donors are shown.c TGFBI secretion of polarized MDM measured by ELISA of conditioned media (n = 4). TGFBI protein levels
are indicated as ng/ml.d Expression ofTNCmRNA was analyzed in asc-MDM, m1-MDM, and m2c-MDM by RT-qPCR in� ve different donors.
e Detection of TNC protein in cell lysates by western blotting.� -Actin was used as loading control (same blot as inb, since both TGFBI and TNC were
analyzed in the same experiment) (n = 3).f Western blot of TNC protein in the conditioned media. The analysis was carried out with tenfold
concentrated conditioned media from equal numbers of different MDM subtypes.g Quanti� cation of TNC secretion by different MDM subtypes was
performed using the Image LabTM 5.0 software in� ve different donors. TNC protein levels were normalized to 1 for asc-TAM.p Values were
determined by pairedt test (*p< 0.05, ***p< 0.001).
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TAMs have not been identi� ed as producers of TGFBI
to date.

In ovarian cancer and esophageal squamous cell carci-
noma, a dual function of TGFBI depending on its cellular

origin has been discussed38,41,54. Here TGFBI has been
proposed to act as tumor suppressor as it is down-
regulated in tumor cells and as tumor promoter when
expressed by peritoneal stroma cells. In accordance with

Fig. 6 Inhibition of migration-promoting activity of TGFBI and TNC in asc-MDM and m2c-MDM secretomes by neutralizing antibodies.
a Adhesion of OCMI cells (OC_58) to plastic-coated rTGFBI and rTNC (full-length and EGFL repeat) (or PBS as uncoated control) was analyzed after 1 h.
Bound cells were stained with crystal violet, and color development was measured at 560 nm. Adhesion was calculated relative to the uncoated
control for each ofn = 4 experiments.b Transwell migration assay format using OCMI cells (OC_58) pretreated with rTGFBI and rTNC (full-length and
EGFL repeat) for 17 h. In� uence of recombinant proteins on tumor migration was subsequently measured using FCS as chemoattractant for 2 h. As
controls, untreated tumor cells were allowed to migrate in the presence (Ctr+ ) and absence of FCS (Ctr� ). Five experiments were performed.
Migration of pretreated tumor cells was expressed relative to untreated cells in the presence of FCS.c–f Neutralization of TGFBI (c,d) and TNC (e, f) in
conditioned media (CM) of m2c-MDM and asc-MDM (n = 5) was performed as described for the recombinant proteins in Supplementary Fig. S1. As a
control, the cells were either left untreated or treated with CM without adding the antibodies. Migration was analyzed in the transwell format
described above using FCS as chemoattractant. Migration is expressed relative to the migration induced by the CM alone. Horizontal bars show the
mean.p Values were determined by two-sided, pairedt test (*p < 0.05, **p < 0.01, ***p< 0.001). Representative microscopic pictures of migrated cells
induced by MDM secretomes in the presence and absence of neutralizing anti-TGFBI antibody (d) and anti-TNC antibody (f) are shown.
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these reports, we demonstrated that TAM secrete higher
amounts of TGFBI compared to other cell populations in
the ascites, e.g., tumor cells or TATs (Fig.3), and that TGFBI
in the TAM secretome enhances tumor migration proven by
neutralizing antibodies (Fig.6) and RNA silencing (Fig.7).

Both anti- and pro-adhesive features have been attrib-
uted to TGFBI affecting cell motility and invasion. In the
case of melanoma, TGFBI exhibits anti-adhesive proper-
ties concomitant with anti-migratory activity55,56, whereas
TGFBI mediates adhesion and migration in renal cell
carcinoma57. Judging from our data, TGFBI seems to have
a pro-adhesive effect in HGSC, since primary OCMI cells
adhere strongly to rTGFBI, which is accompanied by
enhanced tumor motility (Fig.6).

Similar to TGFBI, TNC also functions as a modulator of
cell adhesion and migration, but a broad range of func-
tions linked to different TNC isoforms (180–330 kDa)
have been reported beyond these58,59. TNC is

downregulated in healthy tissue but transiently re-
expressed under pathological conditions like in� amma-
tion, wound healing, and cancer58,60. Moreover, TNC was
found at the invasive front of different tumors with CAFs
being the main producers61–63. For macrophages, TNC
secretion has so far only been shown in atherosclerotic
plaques64. In the present study, we identify TAM as a
cellular origin of TNC in the ovarian TME supporting
tumor migration. As shown by western blot, migration-
promoting macrophages predominantly secrete large
TNC variants of about 200–250 kDa (Fig.5f), which have
been proposed to promote a tumor-supporting TME59.
Interestingly, a number of studies point to an association
between cancer progression and the occurrence of large
TNC isoforms harboring alternatively spliced FNIII
repeats59,65. Alternatively spliced FNIII repeats as well as
the RGD-containing FNIII 3 repeat present in TNC iso-
forms mediate cell adhesion via interaction with different

Fig. 7 Impact of TGFBI silencing on the migration-promoting potential of asc-MDM and m2c-MDM secretomes. aTGFBI secretion by m2c-
MDM and asc-MDM after siRNA-mediated TGFBI silencing. TGFBI concentration in the conditioned media of MDM transfected with control siRNA and
TGFBI siRNA (pool of three siRNAs) was determined by ELISA and normalized to the untransfected control. Depicted are the data of� ve different
macrophage preparations. Additional data of TGFBI gene expression and intracellular protein levels in TGFBI siRNA-transfected macrophages are
shown in Fig. S3.b In� uence of TGFBI knockdown on the migration-promoting potential of asc-MDM and m2c-MDM. OCMI tumor cells (OC_58) were
pretreated with conditioned media of the untransfected and siRNA-transfected cells before applied to a transwell migration assay with FCS as
attractant, as described in the legend of Fig.6. Migration was expressed relative to the untransfected control for each of the four different
macrophage preparations. Horizontal bars show the mean and two-sided, pairedt test was calculated (*p< 0.05, **p< 0.01).
c Representative microscopic pictures of tumor cell migration induced by conditioned media from m2c-MDM (donor 11) untransfected or
transfected with control siRNA or TGFBI siRNA.
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integrins expressed on the surface of tumor cells58,66–68.
Our data showing that only a full-length rTNC promoted
cellular attachment, whereas a smaller fragment lacking
integrin-binding sites exhibited anti-adhesive properties
(Fig. 6a) may be considered to generally support that
assumption. By contrast, both rTNC equally induced
tumor migration indicating that the EGFL repeats present
in both TNC forms might be involved in tumor migration
through activation of EGF receptor signaling.

TGFBI and TNC are both induced by TGF� signaling
and share common binding partners like� bronectin,
collagen, and proteoglycans37,69. Moreover, both proteins
bind to integrins expressed on tumor cells and mediate
their function via the integrin signaling pathway67. These
similarities may contribute to a functional cooperation of
TGFBI and TNC in mediating tumor migration, when
secreted by TAMs and other cells in the TME.

Other factors, including EGF, IGF1, and CHI3L1, have
been proposed to be involved in the migration-promoting
function of macrophages22–24, but these mediators are not
among the proteins upregulated in the pro-migratory
MDM secretomes identi� ed by our approach. Several
reasons are likely to contribute to these differences.

(i) Our strategy was to identify proteins that are
selectively secreted by migration-promoting asc-
MDM and m2c-MDM relative to m1-MDM,
which do not impact tumor migration. CHI3L1 is
actually present in the secretomes from all three
MDM subtypes, albeit with elevated levels for m1-
MDM (Table S2), which, however, does not
preclude a contribution of CHI3L1 to tumor cell
migration as seen in other studies24.

(ii) The published studies differ from ours in that they
use either the THP1 macrophage cell line or MDM
differentiated to M2a cells by IL-4, which are likely
to secrete different factors.

(iii) We consider only proteins to be relevant that are
produced by TAM in vivo. EGF and IGF1 are both
not expressed by TAM from HGSC ascites (median
transcripts per kilobase million (TPM) < 0.1) or at
very low levels (median TPM= 1), respectively
(https://www.ovara.net/resources)7. Both proteins
were neither detectable in the intracellular
proteome of TAM nor in their secretome7 and
were not found in the conditioned medium from asc-
TAM (and this study, Table S2). It therefore appears
unlikely that EGF and IGF1 play a role in the HGSC
TME as proteins secreted by TAMs. However, both
proteins are present in the ascites proteome of HGSC
patients31, pointing to other cell types as producers of
EGF and IGF1. Therefore, a role of these proteins in
tumor migration and HGSC metastasis cannot be
ruled out.

In conclusion, TGFBI, TNC, and FN1, predicted by our
experimental model as migration-promoting proteins
secreted by TAMs were validated to be (i) present in the
HGSC ascites, (ii) secreted by TAMs derived from ascites,
(iii) associated with a poor clinical outcome, and (iv)
promote tumor migration as part of the TAM secretome.
These� ndings provide further evidence for the essential
role of TAMs and the ECM in HGSC metastasis.

Materials/subjects and methods
Ascites and cells isolated from ovarian cancer patients

Ascites was collected from untreated patients with
HGSC prior to surgery at Marburg University Hospital.
The collection and analysis of human material were
approved by the ethics committee at Philipps University
(reference number 205/10). Donors provided written
consent in accordance with the Declaration of Helsinki.
TAMs, TATs, and tumor cells were isolated from ascites
as previously described7,33. Brie� y, mononuclear cells
were separated by Lymphocyte Separation Medium 1077
(PromoCell, Heidelberg, Germany) density gradient cen-
trifugation followed by MACS separation of CD14+
TAMs and CD3+ TATs and puri� cation of tumor
spheroids by size exclusion. Cell-free ascites was cryo-
preserved at� 80 °C. Permanent primary tumor cell cul-
tures (termed OCMI tumor cells) were established from
ascites tumor spheroids according to Ince et al.70 with
modi� cations, as previously reported71. This culture sys-
tem allows for the propagation of ovarian cancer cells
over long periods of time in the absence of culture-
induced crisis or genetic alterations as compared to the
original tumor. Cultured HGSC patient-derived OCMI
cell lines (OCMI OC_37, OC_38, OC_58, OC_92, and
OC_108) were tested for mycoplasma contamination
before use for functional analysis.

Isolation and culture of MDMs from healthy donors
Buffy coats from healthy adult volunteers were kindly

provided by the Center for Transfusion Medicine and
Hemotherapy at the University Hospital Gießen and Mar-
burg, and mononuclear cells were isolated by Ficoll density
gradient centrifugation. CD14+ monocytes were puri� ed by
adherence selection and used for subsequent differentiation
at a concentration of approximately 2.5 × 106 cells per 6-well
plate. For differentiation into TAMs like asc-MDM, mono-
cytes were cultured in cell-free ascites pool derived from 5
patients for 7 days. m1-MDM and m2c-MDM were gener-
ated by culturing monocytes in RPMI1640 (Life Technolo-
gies, Darmstadt, Germany) supplemented with 5% human
AB serum (Sigma), 1% sodium pyruvate (Sigma Aldrich,
Taufkirchen, Germany), and 100 ng/ml granulocyte macro-
phage colony-stimulating factor (CSF) (Peprotech, Hamburg,
Germany) for m1-MDM or 20 ng/ml macrophage CSF (M-
CSF; Biolegend, San Diego, CA, USA) for m2c-MDM25.
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After 5 days, 100 ng/ml LPS (Sigma Aldrich, Taufkirchen,
Germany) and 20 ng/ml IFN� (Biozol, Echingen, Germany)
was added for m1-MDM and 20 ng/ml IL-10 (Biozol,
Echingen, Germany) for m2c-MDM activation for 2 days.

Flow cytometry
The differentiation phenotype of MDM was characterized

by � ow cytometry (FACSCanto II BD Biosciences) as
described previously8 using the following antibodies for
surface staining: anti-human CD14-FITC (5170518160,
Miltenyi Biotec, Bergisch Gladbach, Germany), CD86-FITC
(5170620163, Miltenyi Biotec), CD16-PE-Cy7 (4273442,
eBioscience, Frankfurt, Germany), CD163-PE (4303842,
eBioscience), HLA-DR-APC (4330406, eBioscience), CCR7-
PE (5247917, BD Biosciences, Heidelberg, Germany), and
CD206-APC (B202691, Biolegend). Corresponding isotype-
matched controls were purchased from Miltenyi Biotec
(5161221581; 5161017246) and BD Biosciences (6286946;
25471442). The gating for macrophages was performed
based on the surface expression of CD14 marker. Results
were calculated as the percentage of positive cells and mean
� uorescence intensities.

Generation of conditioned media
For the proteomic analysis in Fig.3, conditioned media

from ascites-derived tumorspheroids, TAMs, and TATs
were generated as described by Worzfeld et al.7. Conditioned
media of TAMs were also used for tumor migration assays
(Fig.1). Therefore, freshly prepared TAMs were cultured in
autologous cell-free ascites (or ascites pool of� ve patients) at
a density of 2.5 × 106 cells per 6-well plate for 16 h at 37 °C
and 5% CO2. Thereafter, the ascites was aspirated, and the
cells were washed three times in phosphate-buffered saline
(PBS) and twice in serum-free media M199 (Gibco, Thermo
Fisher Scienti� c, Schwerte, Germany) mixed 1:2 with Dul-
becco’s Modi� ed Eagle’s Medium/Ham’s F-12 (1:1 Bio-
chrom, Berlin, Germany). TAMs were cultured in medium
(750� l per 6-well) without ascites or serum for another 5 h at
37 °C and 5% CO2 before collecting the conditioned media
for secretome analysis and functional testing. This time point
was chosen as prolonged incubation of TAMs resulted in
increased cell death as shown by lactate dehydrogenase
release. Conditioned media from differentiated MDM were
obtained analogously, except that MDM were cultured for
18 h in serum-free medium. For immunoblotting, condi-
tioned media were concentrated tenfold using a vacuum
concentrator.

Proteomic and transcriptomic analyses
Cell culture supernatants from MDM cultures was

obtained as described above. Up to 40 µg of proteins were
loaded on a gradient gel (NuPAGE 4–12% Bis-Tris gel,
Invitrogen, Carlsbad, CA, USA), separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis prior

to in-gel digestion72 and analyzed by liquid chromato-
graphy tandem MS/MS as previously reported7. The
proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner reposi-
tory73 at www.ebi.ac.uk/pride/archive(dataset identi� er
PXD016555). Data were processed as described7 using the
human uniProt database (canonical and isoforms, down-
loaded on 02/09/2018, 183579 entries). Relevant para-
meters for instrumentation extracted using
MARMoSET74 and are, along with MaxQuant75–77 (v.
1.6.1.0) parameters, included in Supplementary Materials.
Transcriptomic and proteomic data for TAMs, TATs and
tumor cells from ascites were derived from our published
datasets7,33.

Identi� cation of secreted proteins selective for MDM
subtypes

MS data were� ltered to include only proteins detected
in at least 1 of the 5 asc-MDM samples with a minimum
log2 LFQ of 22 (corresponding to the median of the entire
dataset with missing values replaced by imputation).
Differences between asc-MDM, m1-MDM, and m2c-
MDM were determined for each protein and triplet.
Proteins were considered subtype-selective if they were
present in the medium from one MDM subtype at a
higher level than in the culture supernatant from another
subtype in at least four out of the� ve triplets.

Tumor cell migration
Transwell migration assays were performed using two

different formats. In a� rst approach, the migration of pri-
mary OCMI tumor cells was determined in the presence of
conditioned media of macrophages or recombinant human
rTGFBI (R&D Systems, Wiesbaden, Germany) and rTNC
(fragment containing the EGFL repeats: R&D Systems; full-
length protein: Merck, Darmstadt, Germany) as chemoat-
tractant. 50,000 tumor cells were seeded in 300 µl serum-free
OCMI medium per transwell insert (8.0 µm pore size; BD
Biosciences). Conditioned media of macrophages (1:3 diluted
in serum-free OCMI) and rTGFBI (0.5-5� g/ml) and rTNC
(1-10� g/ml) (or 5% FBS as positive control) in serum-free
OCMI medium were added as chemoattractants to the lower
chamber. The cells were allowed to migrate through the� lter
for 17 h at 37 °C in a 5% CO2 incubator. Filters were stained
with crystal violet solution (0.2% in 20% methanol, 1:5 dilu-
tion) for 10 min and evaluated under a Leica DMI3000B
microscope (Leica, Wetzlar, Germany). Migrated cells were
counted in seven visual� elds per � lter using the ImageJ
software. In a second setting, OCMI tumor cells were pre-
incubated with conditioned media of macrophages (1:3
diluted in OCMI medium) and recombinant proteins for
17 h at 37 °C and 5% CO2 prior to performing transwell
migration assays with 5% FCS as chemoattractant. Where
indicated, neutralizing antibodies (10 µg/ml) directed against
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TGFBI (3054632, Proteintech, Manchester, UK) and TNC
(10000035, Merck)—or equivalent amounts of species-
matched rabbit (I5006-10MG, Sigma Aldrich) and mouse
IgG (131515, Jackson Immuno Research, Cambridgeshire,
UK) as controls—were added to conditioned macrophage
medium or recombinant proteins for 1 h before applying to
the tumor cells. In each case, the pretreated tumor cells were
allowed to migrate for 2 h and analyzed as described above.

Tumor cell adhesion to TNC and TGFBI
Ninety-six-well plates were coated in triplicates with 10� g/

ml rTGFBI and rTNC in PBS (or PBS alone as negative
control) overnight at 4 °C. Wells were blocked with 1%
bovine serum albumin in PBS for 1 h at 37 °C and washed
three times with PBS. Fifty thousand tumor cells in OCMI
media were added per well and allowed to adhere for 2 h at
37 °C. The wells were washed with PBS twice to remove any
unbound cells. Adherent cells were� xed with glutaraldehyde
and stained with 0.1% crystal violet as described78. The
photometric measurement was performed at 560 nm, and
cell adhesion was expressed relative to the negative control.

TGFBI quanti� cation by ELISA
TGFBI concentrations in conditioned media of macro-

phages were quanti� ed by commercial ELISA (human
� IG-H3 ELISA duo set, R&D Systems, Wiesbaden, Ger-
many) according to the instructions of the manufacturer.

Immunoblotting and protein quanti � cation
Immunoblots were performed according to standard

western blotting protocols using the following antibodies:
� -TGFBI (5601, Cell Signaling, Danvers, MA, USA),� -
TNC (10000035, Merck), � -� -Actin (A5441, Sigma
Aldrich), � -rabbit IgG horseradish peroxidase (HRP)-
linked AB (27, Cell Signaling), and� -mouse IgG HRP-
linked AB (32, Cell Signaling). Imaging and quanti� cation
was done using the ChemiDoc MP system and Image Lab
software version 5 (Bio-Rad, Hercules, CA, USA).

RNA isolation and RT-qPCR
cDNA isolation and qPCR analyses were performed as

described previously79. L27 was used for normalization.
RT-qPCR was carried out using the following primers:
RPL27, AAAGCTGTCATCGTGAAGAAC and GCTGT
CACTTTGCGGGGGTAG; TGFBI, AAAGACATCCTA
GCCACCAACG and AGCTGGCCTCTAAGTATCTG
TACC; and TNC, GCCTCCACAGCCAAAGAACC and
TCTGGTGCTGAACGAACTGC. Raw data were eval-
uated with the Cy0 method80.

siRNA transfection of macrophages for transient TGFBI
knockdown

siRNA transfection was performed in m2c-MDM and
TAM-like differentiated asc-MDM as well as ascites-

derived TAMs according to the manufacturer’s protocol
using the TransIT-X2 reagent from Mirus (Madison, WI,
USA). The following equimolar mixtures of three siRNA
oligonucleotides each from Sigma Aldrich (Taufkirchen,
Germany) were used for transfection: siRNA TGFBI #1
(HA12627314; HA12627315), siRNA TGFBI #2
(HA12627318; HA12627319), and siRNA TGFBI #3
(HA12627316; HA12627317). MISSION siRNA Universal
Negative Control # 2 from Sigma Aldrich was used as a
control siRNA (si-ctrl). For m2c-MDM, transfection was
performed in RPMI/5% AB-media containing M-CSF and
IL-10. Since ascites interferes with siRNA transfection,
ascites-containing culture medium in asc-MDM or TAM
was replaced by RPMI/5% AB-media during transfection.
In this case, after 6 h transfection medium was changed
and ascites was added again to maintain the TAM-like
phenotype. Cells were harvested 48 h after transfection for
analysis of RNA/protein expression and generation of
conditioned media for functional assays.

Statistical analysis
Comparative data were statistically analyzed by

unpaired (Fig.3) or paired Student’s t test (Figs.1, 2, 5–7)
(two-sided, equal variance). Signi� cance levels are indi-
cated as four (****), three (***), double (**) and single (*)
asterisks forp < 0.0001,p < 0.001,p < 0.01, andp < 0.05,
respectively. Box pots in Fig.3 depicting medians (line),
upper and lower quartiles (box), range (whiskers), and
outliers/� iers (diamonds) were constructed using the
Seaborn boxplot function with Python. Associations with
RFS (logrank test), HR, and median survival times were
analyzed using the Python Lifelines KaplanMeierFitter
and CoxPHFitter functions. All logrank test results are
presented as nominalp values. The data in Fig.4d were
obtained from the PRECOG and KMP meta-analysis
databases35,36 and TCGA34.
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Figure S1. Representative microscopic pictures of tumor cell migration induced by MDM 
secretomes as chemoattractant.  Conditioned media of m1-MDM, m2c-MDM and asc-MDM 
(donor 3) were applied as attractants for migration of OCMI tumor cell line OC_58 as described 
in Fig. 1D. Background migration in the absence of any attractant (Ctr-) as well as for FCS-
induced migration (Ctr+) are included. 

Figure S 2. Phenotypic characterization of MDM differentiation.  M1-MDM, m2c-MDM and 
asc- MDM from 6 donors were stained with antibodies to surface markers CD14 (A), CD163 
(B), CD206 (C), CD16 (D), CD86 (E) and CCR7 (F) before used to study their impart on tumor 
migration (see Fig. 1). Expression was analyzed by flow cytometry to determine the percentage 
of positive cells and the mean fluorescence intensity (MFI). Depicted are expression data of 
donor-matched m1-MDM, m2c-MDM and asc- MDM. Horizontal lines indicate mean values. P-
values were determined by two-sided, paired t-test (*p<0.05, **p<0.01, ***p<0.001). 

Figure S 3. Inhibition of tumor migration -promoting activity of recombinant TGFBI and 
TNC by neutralizing antibodies.  Neutralization of tumor migration induced by rTGFBI (A, B) 
and rTNC (C, D). rTGFBI (0.5 µg/ml) and rTNC (EGFL repeat; 1µg/ml) were pre-incubated with 
10µg/ml neutralizing anti-TGFBI and anti-TNC antibodies or species-matched IgG as controls 
for 1h before adding to OCMI cells (OC_58) for 17h. As a control, the cells were either left 
untreated or treated with the recombinant proteins without adding the antibodies. The OCMI 
cells were then allowed to migrate for 2h using FCS as chemoattractant in a transwell format. 
Migration is expressed relative to the migration induced by rTGFBI or rTNC alone. Depicted 
are the data of 5 experiments. Horizontal bars show the mean. P-values were determined by 
two-sided, paired t-test (*p<0.05, **p<0.01, ***p<0.001). Representative microscopic pictures 
of migrated cells induced by recombinant proteins in the presence and absence of neutralizing 
anti-TGFBI antibody (B) and anti-TNC antibody (D) are shown. 

Figure S 4. Detection of TGFBI siRNA -mediated knockdown in macrophages on RNA and 
protein level. (A) TGFBI transcripts were analyzed in m2c-MDMs and asc-MDM 48h after 
transfection with either control siRNA or TGFBI siRNA (pool of 3 siRNAs) by RT-qPCR with 
Cy0 values normalised to L27. The graph shows the results of 5 different experiments. 
Horiziontal lines indicate means. Two-sided, paired t-test was calculated for each TGFBI 
siRNA transfection (**p<0.01, ***p<0.001). (B) Detection of TGFBI expression in cell lysates 
of m2c-MDM transfected control siRNA or TGFBI siRNA (3 individual and pooled siRNAs) by 
Western Blot using anti-TGFBI antibody. ß-Actin was used as loading control. Untransfected 
m2c-MDM and CAFs known to express high levels of TGFBI were used as controls. Cell lysate 
from m1-MDM not secreting TGFBI was used as negative control. One representative Blot is 
shown for one knockdown experiment in m2c-MDM.  
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Graphical Abstract

Besides macrophages, omental adipocytes, mesothelial cells and fibroblasts play

an unexpectedly prominent role in the pro-metastatic signaling network of ovar-

ian carcinoma, encompassing clinically relevant pathways and potential ther-

apeutic targets. The central role of stroma-derived mediators is exemplified

by (i) WNT
 stimulating tumour cell adhesion and migration, (ii) activation

of pro-inflammatory signaling by extracellular HSP�� and (iii) CSF� inducing

macrophage proliferation.
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Abstract

Background: Transcoelomic spread is the major route of metastasis of ovar-

ian high-grade serous carcinoma (HGSC) with the omentum as the major

metastatic site. Its unique tumour microenvironment with its large populations

of adipocytes, mesothelial cells and immune cells establishes an intercellular sig-

naling network that is instrumental for metastatic growth yet poorly understood.

Methods: Based on transcriptomic analysis of tumour cells, tumour-associated

immune and stroma cells we defined intercellular signaling pathways for ��


cytokines and growth factors and their cognate receptors after bioinformatic

adjustment for contaminating cell types. The significance of individual com-

ponents of this network was validated by analysing clinical correlations and

potentially pro-metastatic functions, including tumour cell migration, pro-

inflammatory signal transduction and TAM expansion.

Results: The data show an unexpected prominent role of host cells, and in partic-

ular of omental adipocytes, mesothelial cells and fibroblasts (CAF), in sustaining

this signaling network. These cells, rather than tumour cells, are the major source

of most cytokines and growth factors in the omental microenvironment (n = ���

vs.n = �	). Many of these factors target tumour cells, are linked to metastasis and

are associated with a short survival. Likewise, tumour stroma cells play a major

role in extracellular-matrix-triggered signaling. We have verified the functional

significance of our observations for three exemplary instances. We show that the

omental microenvironment (i) stimulates tumour cell migration and adhesion

via WNT
 which is highly expressed by CAF; (ii) induces pro-tumourigenic TAM

proliferation in conjunction with high CSF� expression by omental stroma cells

and (iii) triggers pro-inflammatory signaling, at least in part via a HSP��…NF-� B

pathway.

This is an open access article under the terms of theCreative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Conclusions: The intercellular signaling network of omental metastases is

majorly dependent on factors secreted by immune and stroma cells to provide an

environment that supports ovarian HGSC progression. Clinically relevant path-

ways within this network represent novel options for therapeutic intervention.

K E Y WO R D S

adipocyte, carcinoma-associated fibroblast, HSP��, mesothelial cell, metastasis, omentum,
ovarian carcinoma, signaling network, tumour microenvironment, WNT


� INTRODUCTION

High-grade serous carcinoma (HGSC) is the most fre-
quent and fatal of all gynaecologic cancers, mainly due
to its early and widespread transcoelomic dissemination
to peritoneal surfaces in abdominal and pelvic cavities.
Transcoelomic spread is enabled by the peritoneal fluid
which provides a carrier for tumour cells that are shed
from solid tumour lesions.� At advanced stages of HGSC
the peritoneal fluid increases to large volumes, referred to
as malignancy-associated ascites. Ascites not only serves
as a passive carrier, but also provides a tumour-promoting
and immune suppressive environment mediated by solu-
ble mediators as well as extracellular microvesicles.�,	 Due
to its high content in bioactive compounds and its active
role in peritoneal dissemination, HGSC ascites function-
ally differs from other human cancers, where effusions are
usually reactive or represent an epiphenomenon.

The most frequent metastatic site for HGSC is the
omentum,
 a specialised adipose tissue connected by a
mesothelial layer to other intraperitoneal organs.� A spe-
cific feature of the omentum are regions referred to
as milky spots, which mainly consist of macrophages
and lymphocytes, which contribute to peritoneal immune
surveillance.�…� Besides immune cells other cell types
of the omentum have been reported to promote ovar-
ian cancer growth and metastatic spread. Thus, hypoxic
mesothelial cells (MESO) at milky spots secrete vascu-
lar endothelial growth factor (VEGFA), thereby poten-
tially inducing neo-angiogenesis.� Another example are
omental adipocytes (ADI), which promote the homing
and invasion of ovarian cancer by multiple mechanisms,
including the secretion of adipokines, the promotion
of tumour cell metabolism through the direct transfer
of lipids to cancer cells�…�� and the ADI-induced phos-
phorylation of salt-inducible kinase � (SIK�), mediating
AMPK-dependent acetyl-CoA carboxylase phosphoryla-
tion and PI	K/AKT activation in tumour cells. �� Further-
more, cancer-associated fibroblasts (CAF), derived from
omental fibroblasts and mesenchymal stem cells under the
influence of the tumour microenvironment,�,�	 produce

numerous factors imping on cancer cells to promote gly-
colytic metabolism, proliferation, invasion, angiogenesis
and metastatic colonisation.�,�
,��

Besides these omental cell types, tumour-associated
macrophages (TAM) clearly are instrumental in metas-
tasis, in particular the CD��	 + Tim
 + subset, which pro-
motes the stemness, invasive properties and epithelial
to mesenchymal transition (EMT) of tumour cells by
paracrine mechanisms.�� While omentectomy or deple-
tion of CD��	 + Tim
 + cells prevented metastatic dissemi-
nation in a mouse model of ovarian cancer, depletion of
monocyte-derived TAM had little impact, emphasising the
role of resident omental macrophages. In keeping with
these findings, TAM from HGSC patients show a high
degree of phenotypic, ontogenetic and tumour-promoting
heterogeneity, reflected, for example, by the differential
expression of CD��	 and cytokines associated with tumour
progression.��,��

Recent progress in single-cell RNA sequencing (scRNA-
Seq) confirmed the intra- and inter-patient heterogeneity
of TAM in HGSC ascites.�� The authors identified four
clusters characterised by genes associated with divergent
phenotypes and functions, including immune stimulation
(HLA genes,IFNGR�, CD�D), complement factor compo-
nents and cathepsins, and markers of M� and M� differ-
entiation. Likewise, CAF from ascites were similarly het-
erogeneous with four clusters defined by immune-related
genes, complement factors, chemokines (CXCL�/�/��/��)
and cytokines (IL�, IL�� ). Previous work had identified
four subtypes of HGSC, that is differentiated, prolifer-
ative, mesenchymal and immunoreactive, of which the
latter two are linked to a poor or favourable outcome,
respectively.��,�� Intriguingly, scRNA-Seq�� showed weak
or no expression of mesenchymal and immunoreactive sig-
natures by HGSC cells, but high expression by CAF and
TAM clusters, respectively. This strongly suggests that the
mesenchymal and immunoreactive subtypes are defined
by the abundance of CAF and TAM rather than by can-
cer cell subpopulations, providing further evidence for the
crucial role of tumour-associated host cells. Interestingly,
the fraction of TAM and CAF in tumour tissue appears
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F I G U R E � Workflow and conception of the present study.n: number of independent samples (different patients); vivo: samples directly
used after isolation from clinical material; cu: cells cultured for xxx passages after isolation from omental metastases (CAF only). RNA-Seq
samples with contaminating samples of> �% were excluded from further analyses and the remaining samples were adjusted for minor
contaminations by a bioinformatic approach

to increase during progression, as suggested by a previ-
ous scRNA-Seq study.�� Other scRNA-Seq studies also con-
firmed a substantial heterogeneity among tumour cells�	,�


and lead to the proposal that HGSC is defined by con-
tinuous tumour evolution with mixtures of subclones and
stage-dependent infiltration of host cells rather than by dis-
crete transcriptome subtypes.�	

Despite considerable progress over the past years, our
knowledge of the intercellular signalling network operat-
ing in HGSC metastases remains fragmentary. Published
systematic transcriptomic studies suitable for the develop-
ment of signalling networks are limited to ascites cells,��,��

and were partly performed by scRNA-Seq,��,��,�	,�� which
is not informative for a subset of weakly expressed genes
and possesses a limited power for differential expres-
sion studies compared to bulk analyses.��…	� It is also
currently unclear, to which extent ascites-derived cell
types resemble their counterparts in solid tumour lesions,
since unbiased omics analysis have not been described
for tumour-associated non-immune cells from HGSC
patients.

In the present study, we have performed systematic tran-
scriptomic bulk analyses of all major cell types from omen-
tal HGSC metastases, supported and extended by pro-
teomic and functional studies to (i) construct a compre-
hensive network of cytokines, growth factors and ECM
components and their cognate receptors and (ii) compare
the expression of these proteins in omental versus ascites-
derived TU and TAM. The workflow and general strat-
egy of our study in schematically summarised in Figure� .
We will refer to TAM and TAT collectively as tumour-
associated •immune cells• and to the compartment of ADI,
MESO and fibroblasts (CAF) as tumour-associated •stroma
cells• throughout this manuscript.

� METHODS

�.� Patient samples

Ascites and greater omentum tissue with metastatic
lesions were collected from patients with ovarian HGSC
undergoing primary surgery at the University Hospital
in Marburg. Patient characteristics are summarised in
Table S�. Clinical courses were evaluated by RECIST
criteria		 in patients with measurable disease or profiles
of serum CA��� levels according to the recommenda-
tions by the Gynecologic Cancer InterGroup (GCIG). Only
patients with observations periods� �� months after first-
line surgery were included in the survival analysis.

�.� Isolation of cells from HGSC ascites

Tumour cell spheroids, TAM and TAT were isolated from
ascites essentially as described.��,�� Briefly, mononuclear
cells were isolated from ascites by density gradient cen-
trifugation (Lymphocyte Separation Medium ����; Pro-
moCell). Medium size (•M•) and large (•L•) tumour cell
spheroids were obtained by filtration using 	� and ��� µm
cell strainer (Miltenyi Biotech). Smaller tumour spheroids
(< 	� µm; •s•) and single tumour cells (sc) were further
enriched by depletion of CD
� + leukocytes by magnetic
cell sorting (MACS; Miltenyi Biotech, Bergisch Gladbach,
Germany). TAM were purified by selection for CD�
+ cells
on MACS microbeads. TAT were isolated from ascites as
CD	 + cells by MACS. All microbeads for MACS (CD	,
CD�
, CD
�) were obtained from Miltenyi Biotech. Cell
populations with a purity of > ��%, as determined by flow
cytometry, were used for subsequent analysis.

������
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�.� Isolation of tumour and host cells
from omentum

Prior to enzymatic digestion, omentum tissue without
visible metastatic lesions was dissected from omentum
tumour tissue. ADI were obtained from omental tissue by
digestion with 	�� U/ml collagenase (Sigma Aldrich) in
�� ml adipocyte digestion buffer (� mM D-Glucose, �.�%
BSA in PBS) per � g tissue for � h at 	�� C under continuous
shaking. The disaggregated cell suspension was filtered
through a 
�� µm filter and centrifuged (� min, ��� × g) to
separate ADI by density. The supernatant containing ADI
was gently washed twice with PBS. During the washing
steps, contaminating cells were separated from the floating
ADI layer by gravity for � min. This process normally yields
ADI fractions with a purity of > ��% which were directly
used for secretome cultures or lysed in PeqGold TriFastTM
(Peqlab, Erlangen, Germany) for RNA isolation. Contami-
nation of ADI with leukocytes or omTU was determined by
fluorescence microscopy using FITC-labelled anti-human
CD
� and PE-labelled anti-human EpCAM (both Miltenyi)
combined with Hoechst 			
� staining (Thermo Fisher
Scientific, Schwerte, Germany).

For the isolation of MESO, omental tissue was washed
with PBS, minced into small pieces (approx. � mm diam-
eter) and subsequently digested with trypsin (�� ml �.��%
Trypsin/�.��% EDTA per �� g tissue) for 	� min at 	� � C.
The digested tissue was passed through a ���µm nylon fil-
ter and centrifuged (�� min at 	�� g). This MESO-enriched
fraction was cryopreserved for later purification my MACS.

To isolate tumour cells, CAF and omTAM, omental
tumour tissue was treated as described for MESO, except
that trypsin digestion was performed for � h at 	� � C. The
dissociated cell suspension was cryopreserved for later
purification of omTU and omTAM by MACS. The resid-
ual tissue was consecutively treated with a mixture of
��.� U/ml collagenase and �.� µg/ml hyaluronidase (Sigma
Aldrich, Taufkirchen, Germany) in �� ml fibroblast culture
medium [DMEM/HAMs F�� (�:�), ��% FCS, �� ng/ml EGF,
�% Pen/Strep] overnight at 	� � C, filtered through a ��� µm
mesh and washed as described above to yield a cellular
fraction enriched for tumour cells, omTAM and CAF for
cryopreservation.

The isolation of omTU, omTAM, MESO and CAF was
achieved by different MACS sorting strategies. Cryopre-
served cellular fractions after enzymatic digestion were
thawed and processed over a Ficoll gradient to eliminate
dead cells. omTUs were purified from tumour-enriched
fractions (after overnight digestion with trypsin, collage-
nase and hyaluronidase as described above) by MACS
depletion of CD
� + leucocytes in combination with posi-
tive MACS selection for EpCAM+ cells (Miltenyi Biotech).
CD�
 + microbeads were used to isolate omTAM from the
tumour fractions (after �-h digestion with trypsin, colla-

genase and hyaluronidase as described above) by posi-
tive MACS selection. CAF were obtained from the collage-
nase/hyaluronidase fraction (described above) after initial
preculture in fibroblast medium [DMEM/Ham•s F�� (�:�)
+ ��% FCS + � ng/ml EGF + �% penicillin/streptomycin]
and subsequent MACS depletion of CD
�+ leucocytes and
EpCAM+ tumour cells. If necessary, a positive selection
using anti-fibroblast beads (Miltenyi Biotech) was addi-
tionally applied to yield sufficiently pure CAF. The same
purification strategy using CD
� and EpCAM depletion
was used in parallel to isolate MESO from the 	� min
trypsin digest fraction obtained from macroscopic tumour-
free omentum tissue.

RNA was isolated from all cell types directly after purifi-
cation (ex vivo) except for CAF, which were cultured in
OCMI medium	
 supplemented with ��% ascites for a
maximum of three passages.

�.� Flow cytometry analyses

Cells isolated from ascites or omentum were analysed by
flow cytometry performed on a FACS Canto II instrument
using Diva Software (BD Biosciences, Heidelberg, Ger-
many) using the following staining protocol. Tumour cells
were identified with Vioblue-labelled anti-human EpCAM
(Miltenyi Biotech), TAM with FITC-labelled anti-human
CD�
 (Miltenyi Biotech) and TAT with APC-labelled
anti-human CD	 (Biolegend, Koblenz, Germany). MESO
and CAF were characterised by negative staining with
Vioblue-labelled anti-EpCAM and further discriminated
using fibroblast markers like PE-labelled anti-human
CD�
�a (eBioscience/Thermo Fisher Scientific) and FAP
(R&D Systems//Thermo Fisher Scientific) in combination
with APC-labelled anti-human mesothelin (R&D Systems)
and intracellular staining with APC-labelled anti-human
cytokeratin and FITC-labelled anti-human vimentin (both
from Miltenyi). In some cases, anti-human MUC�� anti-
body (clone OC���, Sigma Aldrich) combined with sec-
ondary FITC-labelled anti-mouse IgG (eBioscience) was
included. Isotype control antibodies were purchased from
BD Biosciences, Miltenyi Biotech and eBioscience. Results
were calculated as percentage of positive cells and mean
fluorescence intensities (MFI). Cell death was assessed by
propidium iodide staining. Proliferation of TAM was anal-
ysed by staining with anti-human CD�
 FITC (Miltenyi)
and intracellular staining with anti-Ki�� APC (Biolegend).

�.� Protein mass spectrometry (MS) of
conditioned media from CAF

For proteomic analyses of conditioned media, omental
CAF or ascTU were first propagated in OCMI medium
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with ��% pooled ascites. After �� h at 	� � C and �% CO� ,
the cells were washed three times in PBS and twice in
serum-free medium M��� (Gibco, Thermo Fisher Scien-
tific) mixed with an equal volume of DMEM/Ham•s F-
�� (Biochrom, Schaffhausen, Germany) and cultured in
serum-free medium for another � or �� h before har-
vesting the supernatants for MS-based proteomic anal-
ysis. Following acetone precipitation from supernatants,
up to 
� µg of proteins were loaded on a gradient
gel (NuPAGE 
…��% Bis-Tris gel, Invitrogen) and sep-
arated by SDS-PAGE prior to in-gel digestion.	� Anal-
ysis by liquid chromatography/tandem mass spectrom-
etry (LC/MS�) was performed as described�� and pep-
tide/spectrum matching as well as label free quantitation
used the MaxQuant suite of algorithms	�…	� against the
human Uniprot database (canonical and isoforms; down-
loaded on ����/��/��; ����	
� entries). Relevant instru-
ment parameters were extracted and summarised using
MARMoSET (see Supporting Information MS settings).
Protein-specific signals were calculated by subtracting the
�-h LFQ value from the ��-h LFQ log�� value. Data in Fig-
ures�D and �D are represented as LFQ/��.� For Figure �C,
proteins were considered •in secretome• if there was a pep-
tide group (identified in any sample by MaxQuant) associ-
ated to them and a higher median signal in ��-h samples
compared to � h.

�.� Transient WNT� knockdown in
CAF by siRNA transfection

siRNA transfection was performed in CAF from omen-
tal metastasis cultured in OCMI plus �% FCS using the
TransIT-X� reagent from Mirus (Madison, WI, USA) or
lipofectamine 	��� (Invitrogen, Thermo Fisher Scientific),
according to the manufacturer•s protocol. siWNT
 ON-
Target plus smartpool from Dharmacon (Horizon Discov-
ery, Cambridge, UK) and MISSION siRNA Universal Neg-
ative Control # � (Sigma Aldrich) as a control siRNA were
used. Untransfected CAF were included as controls. Cells
were harvested 
� h after transfection for RNA and pro-
tein expression analyses and for generation of conditioned
media.

�.	 Transient WNT� overexpression in
LP
 cells

The human MESO line LP� (AG�����, Coriell Insti-
tute, Camden, NJ) with low basal WNT
 expression level
was chosen to induce WNT
 overexpression by transient
transfection with WNT
_pCDNA	.� vector (WNT
_OE)
or empty pCDNA	.� control (pCDNA	.�_Ctrl) (GenScript
Biotech, Piscataway, NJ) using Lipofectamine 	��� (Invit-

rogen, Thermo Fisher Scientific) according to the man-
ufacturer•s instructions. WNT
 expression was validated

� h after transfection by RT-qPCR (primers in TableS�).
WNT
 secretion was determined in conditioned media by
Western Blot analysis.

�.� Tumour cell migration

The impact of WNT
 secretion on tumour migration
was evaluated in two Transwell assay formats using the
WNT
 low ovarian cancer cell line OVCAR-
 (NIGMS
Human Genetic Cell Repository of the NIH), which
express the main WNT
 receptor FZD� and coreceptors
LRP�/�. In the first setting, tumour migration was deter-
mined in the presence of conditioned medium (CM) from
LP� cells transiently transfected with WNT
_pCDNA	.�
for overexpression of WNT
 as chemoattractant. CM from
LP� cells transfected with empty vector pCDNA	.� and
untransfected LP� cells were included as controls. Briefly,
�� ��� OVCAR-
 cells were seeded in 	�� µl serum-free
RPMI ��
� medium (Life Technologies, Darmstadt, Ger-
many) per transwell insert (�.� µm pore size; BD Bio-
sciences). CM from LP� cells (�:
 diluted in serum-free
medium) or ��% FCS as positive control were added as
chemoattractant to the lower chamber. The cells were
allowed to migrate through the filter for �� h at 	� � C in
a �% CO� incubator. Filters were stained with crystal vio-
let (�.�% in ��% methanol, �:� dilution) for �� min and
evaluated under a Leica DMI	���B microscope (Leica,
Wetzlar, Germany). Migrated cells were counted in> �
visual fields per filter using the ImageJ software. In
an alternative approach, OVCAR-
 cells or CellTracker
green CMFAD-labelled primary ascites-derived tumour
cells (ascTu OC_���, OC_���, see Section �.��) were pre-
incubated with �:	 diluted CM of LP� cells transiently over-
expressing WNT
 or control CM (see above) for �
 h at
	� � C and �% CO� prior to performing transwell migra-
tion assays with ��% FCS as chemoattractant as described
above.

�.
 Wound healing assay

Forty thousand OVCAR-
 cells were grown in culture
chambers with 
-well silicone inserts (Cat# ��
��; IBIDI,
Gräfelfing, Germany) for �
 h. After serum starvation
in RPMI���� with �% FCS for �
 h, cells were treated
with conditioned media (�:	 diluted) from transiently
transfected LP� cells (WNT
_pCDNA	.� or empty vector
pCDNA	.�) or from untransfected LP� cells for additional
�
 h. Silicon Inserts were removed and gap closure by cell
migration was monitored by microscopy at time points �,
� and �
 h and analysed using ImageJ software.
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(A)

(B) (C) (D)

(E) (F)

F I G U R E � Validity of RNA-Seq data. (A) Heatmap depicting relative cell type-specific marker gene expression (TPM) in samples
isolated from HGSC ascites and omentum after bioinformatic adjustment for contaminating cells. Samples with> �% of any contaminating
cell type were excluded prior to adjustment. TPM values were gene-wise normalised across all samples (highest expression level= �� � ). Each
datapoint represents an independent sample. The corresponding non-adjusted data is shown in FigureS�. See FigureS� for further details. (B)
Venn diagram depicting the number of cytokines and growth factors identified in the CAF secretome and transcriptome (TPM> �.	). (C)
Presence of cytokines and growth factors in the CAF secretome (n = �; determined by MS-based proteomics of CM) in relation to the level of
RNA expression (TPM). Details are shown in TableS�. (D) Correlation of signals obtained by RNA-SEquation (median TPM) and MS-based
proteomics (median LFQ) for all proteins found in the CAF secretome. (E, F) Assessment of cell-type-dependent RNA content. RNA from
equal numbers of omTU, omTAM and CAF (n = 	� ��� cells) was analysed using primers for NDUFS� and NFSL�CmRNA without
normalisation. NDUFS� and NFSL�Cwere chosen due to a very low variance across all samples and cell types. Each symbol indicates an
individual patient. If possible, samples of different cell types were matched (i.e. from the same patient). *p < .��; ** p < .��; ns, not significant
by unpaired t-test

�.�� Tumour cell attachment to
mesothelial cells

Omentum-derived MESO (OC_�
�; OC_���) were plated
in collagen-I-coated (� µg/cm� ; Gibco/Thermo Fisher Sci-

entific) ��-well plates (�� ��� cells/well) and grown to con-
fluency in OCMI/�% FCS for 	 days at 	� � C, �% CO� . The
integrity of the MESO layer was evaluated by microscopy
(Figure S��C). OVCAR-
 cells or primary ascites-derived
tumour cells (ascTu OC_���) were pre-incubated with
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�:	 diluted CM of LP� cells transiently overexpressing
WNT
 or control CM (see above) for �
 h. Tumour cells
were harvested, labelled with �� µM CellTracker green
CMFDA (Invitrogen/Thermo Fisher Scientific) for 	� min
and washed with OCMI/�%FCS. Five thousand labelled
tumour cells were added to MESO monolayers for � h
(OVCAR
) or � h (ascTU), at 	� � C. Plates were washed
and attached tumour cells were evaluated under a Leica
DMI	���B fluorescence microscope (Leica, Wetzlar, Ger-
many). Cells were counted in � visual fields per prepara-
tion (	 × �� wells per preparation were evaluated) using
the ImageJ software.

�.�� Treatment of TAM with rhHSP	�

Cryopreserved primary ascTAM derived from different
ovarian cancer patients were cultured in ascites (pool of
�� different patients) for � days followed by overnight star-
vation in RPMI���� medium supplemented with � mM
sodium pyruvate (Sigma Aldrich). Cells were treated with
� µg/ml recombinant human Hsp�� protein (rhHsp��,
low endotoxin; Enzo Life Sciences, Lörrach, Germany).
A control (Ctrl low) containing �.��� ng/ml LPS from
E. coli (Sigma Aldrich) corresponding to the endotoxin
level of the rhHSP�� (indicated by the manufacturer)
was included. To further address the potential effect of
endotoxin contaminations of rhHSP��, TAM were pre-
incubated with �� µg/ml polymyxin B (PMB, Sigma
Aldrich) for � h prior to stimulation.

�.�� IL-� quantification by ELISA

IL-� in culture supernatants of ascTAM after stimulation
with rhHSP�� in the presence and absence of Polymyxin
B (Sigma-Aldrich) was quantified by ELISA (Invitro-
gen/Thermo Fisher Scientific) according to the manufac-
turer�s instructions.

�.�� Immunoblotting and
quantification

Immunoblots were performed according to standard
western blotting protocols using the following antibodies:
� -p�� monoclonal antibody (Cell Signaling Technology,
Frankfurt, Germany; Cat# ��
�, RRID:AB_�����	��);
� -GAPDH polyclonal antibody (Sigma-Aldrich; Cat#
G��
�, RRID:AB_������); � -WNT
 (Clone �����)
monoclonal antibody (R&D Systems; Cat# MAB
���,
RRID:AB_����

�); � -Lamin B� polyclonal antibody
(MyBioSource, San Diego, CA; Cat# MBS
����	); � -

IKKalpha/beta (H-
��) polyclonal antibody (Santa
Cruz Biotechnology, Heidelberg, Germany; Cat# sc-
����, RRID:AB_������); � -rat IgG horseradish perox-
idase (HRP)-linked AB (R&D Systems; Cat# HAF���,
RRID:AB_�������), � -goat IgG HRP-linked polyclonal
antibody (Jackson ImmunoResearch Labs/Dianova, Ham-
burg, Germany; Cat# ���-�	�-��	, RRID:AB_�	
�	��),
� -rabbit IgG HRP-linked polyclonal antibody (Cell Sig-
naling Technology; Cat# ���
, RRID:AB_�����		) and
� -mouse IgG HRP-linked polyclonal antibody (Cell
Signaling Technology; Cat# ����, RRID:AB_		���
).
For validation of WNT
 secretion, conditioned media
of transiently transfected LP� cells were concentrated
��-fold using a vacuum concentrator. To determine
HSP��-dependent nuclear translocation of p��, subcel-
lular fractionation of stimulated TAM was performed as
previously described.	� Imaging and quantification were
carried out using the ChemiDoc MP system and Image
Lab software version � (Bio-Rad, Feldkirchen, Germany).
The signals of the phosphorylated forms were normalised
against the respective protein signals.

�.�� RT-qPCR

cDNA isolation and qPCR analyses were performed as
described,��,	� using RPL�� for normalisation, except for
NDUFS� and NFSL�C which were analysed without nor-
malisation (Figure �E and F). Raw data were evaluated by
the Cy� method.
� Primer sequences are listed in TableS�.

�.�� RNA-Seq

RNA-Seq was carried out on an Illumina NextSeq
��� as described. 
� Data were aligned to the human
genome retrieve from Ensembl using STAR (version
STAR_�.�.�d). 
� Gene read counts were established as read
count within merged exons of protein coding transcripts
(for genes with a protein gene product) or within merged
exons of all transcripts (for non-coding genes) and nor-
malised to TPM (transcripts per million) or CPM (counts
per million) as appropriate for the library type (see below).
TPM were calculated based on the total exon read counts
and length of merged exons. All genomic sequence and
gene annotation data were retrieved from Ensembl release
��, genome assembly hg	�.

RNA quality was assessed using the Experion RNA Std-
Sens Analysis Kit (Bio-Rad). Only samples with a RNA
quality index � �.� were included in this study. RNA-
Seq libraries were constructed using •Illumina Truseq
Stranded total RNA• (Illumina, Berlin, Germany) for
ascites cells (previously published datasets E-MTAB-	���,
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E-MTAB-
���, E-MTAB-����, E-MTAB-�
��), •Illumina
Truseq Stranded mRNA• for ascites and omentum cells
(deposited as E-MTAB-����� at EBI ArrayExpress) and
•Lexogen Quantseq 	�mRNA-seq Libarry Prep Kit FWD
for Illumina• (Lexogen, Vienna, Austria) in combination
with the •Lexogen UMI Second Strand Synthesis Module
for QuantSeq FWD (Illumina, Read �)• for CAFs (E-MTAB-
�����), according to the manufacturer•s instructions. Qual-
ity of sequencing libraries was controlled on a Bioanalyzer
���� using the Agilent High Sensitivity DNA Kit (Agilent,
Waldbronn, Germany). Pooled sequencing libraries were
quantified and sequenced on the Illumina NextSeq���
platform with �� base single reads.

To test the possibility to use these datasets in com-
parative analyses, we determined the impact of the two
Illumina methods on TPM values by direct comparison
of datasets obtained for the same samples with both
approaches. Apart from all histone-encoding RNAs, we
found only few transcripts of annotated coding genes
with significant differences among paired samples. These
genes were all excluded from further analyses (CCR�,
CD�	, CD	
, MALAT�, PLCG�, RMRP, TERC, WDR�
 and
ZNF
�� significantly lower or missing in poly(A)-RNA
based libraries;CCN�, S���A�
, SAA�, SAA�-SAA
 and
SNCGsignificantly lower or missing in total RNA-based
libraries). We also excluded all mitochondrial genes, mito-
chondrial ribosomal genes, ribosomal (
�S/��S) genes and
non-protein-coding genes (MIR, LINC). After exclusion of
these genes the data for all samples were renormalised.
Comparability of Illumina full-length mRNA data in TPM
and Lexogen Quantseq 	� focused data in CPM was ascer-
tained by quantile…quantile plot.

�.�� Adjustment of RNA-Seq data for
contaminating cells

To adjust RNA-Seq data for contaminating cells we used
our previously published approach�� consisting of two con-
secutive steps: (i) estimation of the extent of contamina-
tion and exclusion of highly contaminated samples, and
(ii) based on this estimation, adjustment of the remain-
ing RNA-Seq dataset by a linear model. To avoid •false-
positive• results for genes highly expressed in a particular
cell type we modified the original approach by omitting
the previously introduced bias towards an underestima-
tion of contaminations.�� In addition, we assumed a min-
imal percentage of contaminating cells as detailed further
below.

In the first step, we manually identified references sam-
ples, that is samples with the lowest levels of contami-
nating marker RNAs. For this purpose, we defined cell-

type-specific marker genes by applying the following cri-
teria: (i) high expression of the marker gene in the tar-
get cell type (median TPM> ��� for TU, TAM and TAT;
TPM > ���� for ADI and MESO; TPM > �� for CAF); (ii)
maximum ��-fold difference between minimum and max-
imum expression (median TPM) in any sample of the tar-
get cell type; and (iii) a ratio> �� between the minimum
TPM value in the target sample set and the minimum TPM
values of all other sample sets. Markers were ranked by
the latter parameter and the top two marker genes from
different gene families were selected (TableS	). These
markers wereEPCAM and CLDN
 for TU, FCER�G and
FCGR�A for TAM, TRAT� and THEMIS for TAT, LPL and
ADIPOQfor ADI, ITLN� and HAS� for MESO andRAB�B
and CDH
 for CAF. Most of these are either well estab-
lished cell-type-selective markers, such as EPCAM, LPL
and ADIPOQ, or have previously been mentioned in the
context of the cell-type-specific functions, e.g., CLDN
,
	

TRAT�,

 THEMIS,
� ITLN�, 
�,
� HAS�
�…�� and RAB	B,��

while CDH
 has not been described as a mesenchymal
marker to date.

Using these markers, we defined reference samples as
indicated in TableS	 and identified the following contam-
inating cells types to be the most relevant depending on the
cell type of interest:

� ascTAM and ascTAT in samples of ascTU,
� ascTU and ascTAT in samples of ascTAM,
� ascTU and ascTAM in samples of ascTAT,
� omTAM, ascTAT, MESO and CAF in samples of omTU

(ascTAT were used in place of omTAT which were not
available in sufficient quantities),

� omTU, ascTAT and MESO in samples of omTAM,
� omTU, omTAM, MESO (and to lesser extent TAT) in

samples of ADI,
� omTU, omTAM, ADI in samples of MESO,
� omTU, omTAM, ADI and MESO in samples of CAF.

To be able to determine the fraction of RNA from con-
taminating cells more precisely, we identified large marker
gene sets composed of genes with (i)> ��-fold median fold
change between the cell type of interest and the contami-
nating cell type and (ii) a median expression of> �� TPM
in the contaminating cell type. Fold changes were calcu-
lated with an offset of �.��� from � to avoid infinite values
and enable ranking. Candidate genes were ranked by fold
change, and the top �� were chosen to determine the extent
of contamination. This automated procedure selected the
marker gene sets listed in TableS
 for all relevant combi-
nations (see preceding paragraph) of cell types of interest
and contaminating cell types.
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Contamination (%) was then assessed for each marker
gene in the respective ��-marker gene set (as defined
above) as

(��� �� 	
��
	 �
���
 ) � (��� �� 	
��
	 �
�
�
��
 �
���
 )
(��� �� �
�
�
��
 �
���
 �� ���	
���
	��� �
�� 	��
 )

× 100

and the median of the resulting �� values was considered
the percentage of contaminating cells in the sample anal-
ysed.

The outcome of this assessment is shown in TableS� for
ascites cells and in TableS� for cells isolated from omen-
tum. Assumed minimum contaminations (see above) are
indicated by •< . . . • in bothTables S�andS�. TU, TAM and
TAT samples with � 
% contamination and ADI samples
with � �% contamination with any cell type were excluded
from all subsequent analyses. None of the MESO and CAF
samples were excluded. This revised set of samples was
then subject to adjustment of TPM values using an algo-
rithm based on our previously described linear model�� :

(��� �� 	
��
	 �
���
 ) � (��
� × ��� �� ���	
���
	��� �
�� 	��
 )
(1 � ��
� )

where frac is the fraction of the contaminating cell type,
and TPM in contaminating cell typeis the median calcu-
lated for the sample set of the contaminating cell type,
or, if patient-matched samples were available, the expres-
sion in those. Adjustments were performed iteratively for
each contaminating cell type. Instances of negative cor-
rected TPM values were set to �. The complete adjusted
and renormalised dataset is shown in TableS�.

�.�	 Functional annotations

Functional annotations were performed by PAN-
THER gene ontology (GO) enrichment analysis
(www.geneontology.org) to reveal associations of gene sets
with biological functions. In case of redundancies in the
search results only the term with the highest enrichment
and significance was included. For gene upregulated in
omTU cells the following specific terms were signifi-
cantly enriched: •response to lipid• (GO:��		��	; fold
enrichment = �.�; FDR = �e-�), •regulation of response to
stress• (GO:�����	
; fold enrichment = 
.�; FDR = �e-�),

•apoptotic process• (GO:�������; fold enrichment = �.	;
FDR = �e-
) and •regulation of cell differentiation•
(GO:��
����; 	.�-fold; FDR = �e-
). For gene upregulated

in ascTU cells •mitotic cell cycle process• (GO:���	�
�;
fold enrichment = �.�; FDR = 
.�e-	�) and related terms
were the most significant hits by far, followed by •cellular
response to stress• (GO:��		��
; fold enrichment = �.
;
FDR = �.	e-�	) on rank �� and •regulation of pro-
grammed cell death• (GO:��
	���; fold enrichment = �.�;
FDR = �.�e-�) on rank ���. Upstream regulators analyses
were performed using the Ingenuity Pathway Analysis
(IPA) database.

Lists of previously published compilations of all growth
factors/cytokines and their cognate receptors�� were
updated using the information the GeneCards database
(http://www.genecards.org) and PubMed (TableS�). Selec-
tive ligand…receptor interaction within the EGFR, FGFR,

TGF� , SEMA and WNT families were derived from pub-
lished studies and reviews.�	…�� Based on these updated
data we redefined groups of growth factor/cytokine recep-
tors and their interacting ligands. A list of ��� proteins
associated with ECM reorganisation (TableS�) was assem-
bled by using the Ensembl database and searching for
genes with the terms •extracellular matrix•, •collagen•, •inte-
grin• and •adhesion• in their name or descriptions, anno-
tated as secreted or membrane proteins in the Human Pro-
tein Atlas as previously described�� and not overlapping
with lists of growth factors, cytokines and their receptors
in Table S�.

�.�� Statistical analysis of experimental
data

Comparative data were statistically analysed by paired
or unpaired Student•s t-test (two-sided, unequal vari-
ance), as indicated in the figure legends. False discovery
rate (FDR) was determined by applying the Benjamini…
Hochberg method to nominal p values determined by
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t-test. Results were expressed as follows: *p < .��; ** p < .��;
***p< .���; **** p< .����. Box plots were constructed using
the Seaborn boxplot function with Python.

�.�
 Survival-associated gene
expression analysis

Associations between gene expression and relapse-free
survival (RFS) of ovarian cancer patients were analysed
using the KM Plotter meta-analysis database�� retrieved
from http://kmplot.com (���� version; serous OC; JetSet
best probe), which contains the following �	 datasets:
GSE�
��
 ( n = ��), GSE����� ( n = 	�), GSE����� ( n = �	),
GSE����� ( n = ��), GSE�	��
 ( n = ��), GSE����	 ( n = ���),
GSE����� ( n = ���), GSE����� ( n = 
�), GSE	���� ( n = ��),
GSE	�
� ( n = ���), GSE��	�	 ( n = ��), GSE���� ( n = ���)
and TCGA (n = ���). Associations with overall survival
(OS) were derived from the PRECOG database (https://
precog.stanford.edu).��

� RESULTS

�.� Validity of RNA-Seq data

According to our experience small fractions of contami-
nating cells are present even in samples with the highest
enrichment, which is of particular concern where contam-
inating cell types have a much higher RNA content per
cell, as may be the case, for instance, for tumour cells com-
pared to host cells. Thus, a low percentage of contaminat-
ing cells could easily result in a high content of cell-type
specific RNA, and thus in •false-positive• results for genes
highly expressed in contaminating cells. Besides excluding
highly contaminated samples we adjusted the RNA-Seq
data for contaminating cells by making use of our previ-
ously published method,�� which uses estimated fractions
of contaminating cells in linear modeling. To avoid the
•false positives• alluded to above, we omitted the previously
introduced bias towards an underestimation of contamina-
tions. We also assumed a minimal percentage of contami-
nating cells, since ���% purity cannot be achieved and min-
imal contaminations are extremely difficult to determine
(see Section �). By applying this adapted procedure weakly
expressed genes are likely missed in cases where expres-
sion is orders of magnitude higher in another cell type.
However, in view of the goal of the present study, we view
such •false negatives• as less concerning than the introduc-
tion of •false positives•, as low expressors are likely to have
a limited impact within the tumour microenvironment in
the presence of the high expressors.

Figures�A and S� illustrate the results of this approach.
In the original dataset (FigureS�A), marker gene expres-
sion analysis showed no clear separation between the
sample sets, indicating frequent cross-contamination, for
example contamination of omTAM and ADI samples
with TU, of ADI samples with TAM and MESO and of
omTU samples with TAM, MESO and CAF. This prob-
lem was completely abolished (relative expression in Fig-
ure �A ; TPM values in FigureS�B) by exclusion of heav-
ily contaminated samples (> �% of any contaminating cell
type) and adjustment for contaminating cells as described
above. This adjusted dataset was used for all subsequent
analyses.

We next addressed the question whether RNA expres-
sion of cytokine and growth factor genes is a suitable
parameter to predict the secretion of the correspond-
ing proteins. Towards this goal we determined the pro-
teome of conditioned medium (CM) from CAF by mass-
spectrometry-based proteomics and compared the num-
ber of cytokines and growth factors found in the pro-
teomes with the corresponding RNA-Seq data. We chose
CAF for this analysis, because CAF represent the least
contaminated cell type. We detectedn = �� growth fac-
tors in the secretome andn = ��� in the transcriptome
(TPM > �.	), with an overlap of n = �� (Figure �B ). The
detection of these proteins in the secretome strongly cor-
related with the strength of RNA expression (Pearson•s
r = .��; Figure �C and Table S�), which increased from
		% for weakly expressed genes (�.	 TPM) to ���% for
strongly expressed genes (� ��� TPM), reflecting the pre-
viously reported different sensitivity of both methods.��

Furthermore, we observed a good correlation (Spearman•s

 = .��) between TPM values obtained by RNA-Seq and
LFQ values derived from MS-based proteomics for all pro-
teins in the CAF secretome (Figure�D ). Importantly, the
observed clear correlation between RNA expression and
the detection of secreted proteins provides strong evidence
that RNA-Seq data are a valid source for predicting the syn-
thesis of cytokines and growth factors, and thus for the pur-
pose of the present study.

�.� Assessing the impact of
cell-type-selective differences in mRNA
content

Since tumour cells possibly contain higher amounts of
RNA per cell than other cell types, their contribution to
the HGSC secretome may be underestimated using nor-
malised RNA-Seq data. To address this issue we took the
following approach: First, we identified genes with sim-
ilar normalised TPM values across all tumour and host
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cell samples analysed. Among the genes with the low-
est variance wereNDUFS� and NFSL�C with a variabil-
ity of < �-fold across all samples and cell types. We then
prepared RNA from equal numbers of TU and different
host cells, and analysedNDUFS� and NFSL�CmRNA lev-
els in these samples by RT-qPCR without normalisation,
so that differences in PCR signals directly reflect differ-
ences in mRNA content per cell. As shown in Figure�E
and F, mean Cy� values for tumour cells were �.� higher
in omTU compared to omTAM for NDUFS� and �.�…�.�
for NFSL�C, indicating a maximally �-fold (�.� Cy�) higher
signal for omTU. For CAF, an approximately �-fold higher
signal was observed compared to omTU. FigureS	 shows
that signals increase linearly to input, thus validating the
data shown in Figure�E and F. Taken together, these find-
ings suggest that differences in mRNA content are� �-
fold and therefore unlikely to exert a substantial influ-
ence on the interpretation of the RNA-Seq data for the
purpose of the present study, which focuses on markedly
higher cell-type-selective differences in expression (see
below).

�.� The secretome of tumour and
tumour-associated host cells in HGSC

As the first step to decipher the signalling network of
the TME of HGSC we determined which cytokine and
growth factor genes are expressed by tumour cells and
the most prominent host cell types in ascites and omen-
tum. In total, we found n = ��
 expressed cytokine and
growth factor genes (TPM> �). Unexpectedly, the majority
of these genes (n = ���) were selectively (FC > �) expressed
in host cells (tumour-associated immune cells and stro-
mal cells of the omentum), whereasn = �	 genes were
tumour-cell-selective andn = �� genes were expressed
in tumour and host cells with a less than �-fold differ-
ence (Figure	A ). Among host cells, omental stromal cells
expressed a greater number of cytokine and growth fac-
tor genes than immune cells (n = �� vs. n = 

; FC > �;
Figure 	B ). Among stromal cells, ADI, MESO and CAF
expressed similar numbers of genes in a cell-type-selective
fashion (n = ��, n = �� and n = �
, respectively), but
also common sets of genes (e.g.,n = �	 genes in all three
cell types;n = �� genes shared by MESO and CAF; Fig-
ure 	C ). Figures 	D and S
 illustrate the expression pat-
terns of compartment- or cell-type-selective genes in cell
types of the omental TME based on the values in TableS�� .
These observations suggest that stromal cells of the omen-
tum make a major contribution to the HGSC TME, in par-
ticular in view of the large number of ADI and MESO in
the omentum or peritoneum.

�.� Association of stroma-selective
cytokine and growth factor genes with
patient survival

To assess the potential clinical relevance of the stroma-
selective cytokine and growth factor genes identified above
we analysed their association with the relapse-free sur-
vival (RFS) and the overall survival (OS) of ovarian
cancer patients by interrogating two meta-analysis-based
databases, the Kaplan-Meier-Plotter (KMP) database�� for
RFS and the PRECOG database�� for OS. As shown in
Table � , 	� stroma-selective genes showed a significant
association with both RFS and OS [|z-score| > �.��].
Intriguingly, 	� of these genes were associated with a short
RFS and OS. OnlyBDNF showed a significant associa-
tion with a longer survival (HR < �, z-score� �.��). This
result clearly points to a strong tumour-promoting role
for cytokines and growth factors produced by the stromal
compartment of the omentum.

�.� Target cells of the HGSC secretome

We next sought to define the targets of cell-type-selective
ligands of the omental TME. As many ligands bind to
more than one receptor, the signalling network of the
HGSC TME is extremely complex (FigureS�). To visu-
alise the network for the ligands identified in Figure 	D
in a comprehensible way we reduced its complexity by
determining a normalised value for each ligand reflecting
the relative expression of all receptor genes among differ-
ent cell types (see legend to Figure
 for details; complete
dataset in TableS�� ). The heat maps (Figure
 ) constructed
from this dataset illustrate that many of these cell-type-
selective ligands also display considerable target cell type
selectivity

�.� The metastasis-associated signalling
network of HGSC

Next, we directed our attention to intercellular signalling
pathways targeting tumour cells and potentially linked
to the metastatic spread of HGSC. To this end, we first
retrieved all cytokine and growth factor genes previously
mentioned in the literature in the context of both metas-
tasis and ovarian cancer from the genecards.org database.
Next, we identified a subset (n = ���) of these genes
expressed in at least one cell type of the HGSC TME. For
n = ��� of these genes cognate receptors were expressed
by omTU cells (TPM > �; Table S�� ). This dataset was
used to construct the signalling map in Figure� , ordered
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F I G U R E � Expression of cytokine and growth factor genes in the omental TME. (A) Venn diagram showing the number of cytokine and
growth factor genes expressed selectively in TU, selectively in stroma and immune cells or in all cell types (FC> �). (B) Genes expressed
selectively in stroma cells, selectively in immune cells or in both. (C) Genes expressed selectively in ADI, MESO, CAF or in combinations of
these. (D) Expression patterns of compartment- or cell-type-selective genes in � different cell types of the omental TME. Expression levels are
categorised (see bottom right) based on the values in TableS��

by ligands synthesised by single cell types or by groups of
�, 	, 
 or all � cell types. Notably, a substantial number
of these gene is associated with a short survival, includ-
ing ADIPOQ, BMP�, CXCL��, EFEMP�, EFNA�, FGF�, FST,
FSTL�, GREM�, IGF�, IGFBP�, IGFBP�, INHBA, SEMA�C,

SFRP�, SFRP
, SLIT�, TGFB�and VEGFC(Table � ). The
data clearly underscore the prominent role of the tumour-
associated host cells, and in particular of omental stro-
mal cells, in establishing a pro-metastatic cytokine- and
growth-factor-driven signalling network in HGSC.
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F I G U R E � Targets of cell-type-selective ligands of the omental TME. The figure illustrates the expression of genes encoding receptors
for the cell-type-selective ligands identified in Figure�D . To take into account that numerous ligands bind to more than one receptor, we
designed an algorithm that yields a normalised value for each ligand reflecting the relative expression of all receptor genes among different
cell types. This was achieved by the following three consecutive steps: (i) TPM values were gene-wise normalised for each cell type, (ii)
normalised TPM values for all receptors of a given ligand were added up and (iii) the resulting values were normalised to cell type (scale bar
top center; TableS�� ). *Wnt ligands and receptors constitute a highly complex relationship which obscure a simplified representation of the
data. Therefore, data shown for WNTs are presumably skewed and should be treated with caution. Some of the genes in Figure
 do not
appear in this figure because their expression falls below the cut-off of � TPM (e.g.,SPP�from TAM)
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F I G U R E � Schematic illustration of intercellular signalling pathways associated with metastasis and impinging on tumour cells. The
figure incorporates all selectively expressed cytokines and growth factors previously linked to metastasis and ovarian cancer with receptors on
omTU cells (TPM> �; cell-type-selectivity threshold �-fold; as in Figures� and 	 ; TableS�� )

�.	 WNT�-mediated cross-talk in the
omental TME

We chose WNT
 as an example to study the func-
tion of a highly cell-type-selective ligand in the cellu-
lar crosstalk within the HGSC TME. WNT
 is expressed
at > ��-fold higher levels in CAF compared to all
other cell types (see black arrow in Figure�A ). The
main receptor for WNT
 is FZD�, which form trimeric
ligand…receptor complexes with the coreceptors LRP�
or LRP� to initiate signal transduction.�� The expres-
sion pattern of these receptors (red arrows in Fig-
ure �A ) suggests that tumour cells are a prime tar-
get of WNT
, which could play a role in metastasis-
associated signal transduction pathways and biological
processes.

This hypothesis was confirmed by the data in Fig-
ure �B (representative microscopic pictures in FigureS�),
which shows a reduced migration-inducing potential of
CM from CAF after transfection with a siRNA against
WNT
 compared to control siRNA (siRNA FigureS�). To
obtain direct evidence for the migration-promoting func-
tion of WNT
, we established a WNT
 overexpression
model by transiently transfecting the WNT
low human
MESO line LP� with a WNT
 expression vector or empty
pCDNA	.� as control. As shown in Figure S�, WNT

expression and secretion were significantly increased 
� h
after transfection in WNT
-transfected cells compared to
both pCDNA	.� and non-transfected LP� cells. Using con-
ditioned media (CM) from these cells, we investigated the
impact of WNT
 on tumour cell motility and migration
as well as tumour cell adhesion to the mesothelial layer.
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F I G U R E � WNT
 signalling pathway and function. (A) Expression of the genes coding for WNT
, the major WNT
 receptor FZD� and
the FZD� coreceptors LRP� and LRP� in different cell types from HGSC ascites and omentum. The same samples as in Figure�A were
analysed. The arrows indicate the selective expression ofWNT
 in CAF and the main WNT
 receptors in tumour cells. (B) Promotion of
tumour cell (OVCAR
) migration by CM from CAF and inhibition by siRNA-mediated interference with WNT
 expression by CAF. Ctrl: no
conditioned medium. CM was harvested from cultured CAF isolated from four different patients used as chemoattractant for OVCAR
 cells.
CAF CM of two patients (blue and green triangles) were tested in two independent experiments. (C) Migration of OVCAR
 cells in response
to secreted WNT
 tested in two Transwell formats. CM from WNT
-overexpressing, control-transfected (pcDNA	) or untransfected LP� cells
were either used as chemoattractant (n = �) or for pre-incubation of OVCAR
 cells prior to migration towards ��% FCS as the chemoattractant
(n = 
). Migration was calculated relative to CM from untransfected LP� cells. (D) Migration of primary ascites-derived HGSC cells (ascTU)
pre-incubated with CM from WNT
-overexpressing, from control-transfected (pcDNA	) and from untransfected LP� cells, respectively
(n = �). (E) Wound healing capacity of OVCAR
 cells after incubation with CM from WNT
-overexpressing and control-transfected (pcDNA	)
LP� cells for � or �
 h ( n = �). Results are expressed as percentage of wound closure. Adhesion of OVCAR
 cells (F) and primary ascTU cells
(G) to a confluent monolayer of peritoneal mesothelial cells (MESO). Tumour cells were pre-incubated with CM from WNT
-overexpressing,
from control-transfected (pcDNA	) and from untransfected LP� cells, respectively, and labelled with CellTracker Green. Adhesion of tumour
cells to the MESO layer was evaluated in comparison to CM from untransfected LP� cells after � hr of coculture (OVCAR
n = �) or � h of
coculture (ascTUn = �). Columns in panels B-G represent the mean. Standard deviations are shown as error bars. Asterisks indicatep values
determined by two-sided, pairedt-test. *p < .��, ** p < .��, *** p < .���. Representative images are shown in FiguresS�…S��
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TA B L E � Association of stroma-selective cytokine and growth
factor gene expression with RFS (KMP data base,p-value and
hazard ratio) and OS (PRECOG data;z-score)

Gene

KMP
(RFS)
p-value

KMP
(RFS)
HR

PRECOG
(OS)
z-score Cell type

PDGFD .������ �.�� �.�	 MESO, CAF

FSTL� .�	�
�
 �.�� �.�� ADI, MESO, CAF

IGFBP� .��
��� �.�� 
.�� MESO, CAF

THBS� .������ �.�� 
.�� CAF

FGF� .������ �.�� 
.
	 MESO

WNT�� .���
	� �.�� 
.
� ADI

CXCL�� .������ �.�� 
.	� ADI, CAF

ANGPTL� .���
�� �.	� 
.	� ADI, MESO

CXCL�
 .�����	 �.	� 
.�� ADI, MESO, CAF

SPARC .������ �.
� 
.�� ADI, MESO, CAF

SEMA�C .������ �.	� 	.�� ADI, MESO, CAF

SFRP
 .������ �.�� 	.�� ADI, MESO, CAF

FSTL� .����	� �.	� 	.�� ADI, MESO, CAF

FST .������ �.
� 	.�� ADI, MESO, CAF

ADIPOQ .������ �.
	 	.�� ADI

THBS� .������ �.
� 	.�� ADI, MESO

VEGFC .����	� �.�� 	.�� ADI, MESO, CAF

ANGPT� .������ �.	� 	.�� ADI

SLIT� .������ �.
� 	.�	 ADI, MESO, CAF

IGF� .������ �.�� 	.�� ADI

EFEMP� .������ �.�� 	.�� ADI, MESO, CAF

GREM� .������ �.	� 	.�� ADI, CAF

BMP� .������ �.�� 	.�	 ADI, MESO, CAF

SEMA�A .������ �.�� �.�� MESO, CAF

OGN .��

�� �.	� �.�� MESO

INHBA .������ �.
	 �.�
 CAF

IGFBP� .������ �.�� �.
� ADI, MESO, CAF

TGFB� .������ �.	� �.	� ADI, MESO, CAF

EFNB� .�
���� �.�� �.	� MESO

EFNA� .������ �.�� �.�� ADI, MESO, CAF

SFRP� .����	� �.�� �.�	 ADI

BDNF .��
��� �.�� � 	.�� CAF

A positive z-score indicates a hazard ratio> �, a negative z-score a hazard
ratio < �; | z| = �.�� corresponds to p = .��. The right-most column indicated
the main expressor cell type(s) among omental stromal cells based on the data
in Figure 	 . The Table shows only significant instances (p < .�� and | z| > �.��)

For these assays we used the HGSC cells line OVCAR-
,
which strongly expresses the WNT
 receptor FZD� and
coreceptors LRP�/�, but low levels of the WNT
 ligand.
The data in Figure�C (representative microscopic pictures
in Figure S�) show that CM from WNT
-overexpressing
cells significantly enhanced the migration of OVCAR-

compared to CM from pCDNA	.� control cells. This effect

of WNT
-CM was observed in two different experimen-
tal setups, that is when used as chemoattractant or for
pre-incubation of OVCAR-
 cells to stimulate subsequent
migration towards FCS. In line with these observations,
CM of WNT
-overexpressing cells increased the motility
of OVCAR
 cells leading to faster gap closure in a wound
healing assay (Figures�E and S�� ).

As the attachment of tumour cells to a mesothelial cell
layer is thought to represent an important step for trans-
mesothelial migration and subsequent metastasis forma-
tion, we investigated whether WNT
 max play a role in
this context. As demonstrated by the data in Figures�F and
S�� , pre-treatment of OVCAR
 cells with WNT
 enhanced
their attachment to a mesothelial cell layer. Due to the lim-
ited biological significance of results obtained with estab-
lished cell lines, we additionally tested the effects of WNT

on primary HGSC tumour cells directly obtained from
ascites, which confirmed our findings with OVCAR
 cells,
as CM from WNT
-overexpressing cells induced stronger
tumour cell migration (Figures �D and S�B) and adhesion
to mesothelial cells (Figures�G andS��B) compared to CM
from control transfected cells . These data are consistent
with a pro-metastatic function of WNT
 in HGSC via a
direct communication between CAF and tumour cells.

�.� A major contribution by omental
stroma cells to ECM-associated signalling
and reorganisation

The ECM plays a pivotal role in biological and molec-
ular events linked to HGSC metastasis, such as cancer
cell adhesion, migration and ECM-mediated signalling.
We therefore analysed the expression of ECM-associated
genes. For this purpose, we compiled a gene list from the
Ensembl and Human protein Atlas databases (see Sec-
tion � for details) and analysed the expression of these
genes in our RNA-Seq dataset (TableS�	 ). The data for
genes of particular relevance with respect to metastasis,
that is ECM components, ECM-remodeling proteins, cell
adhesion molecules (CAMs) and integrins as ECM signal
transducers, is summarised in Figure�A (TPM > �). It is
obvious that omental stroma cells are the main producers
of most collagens and, together with tumour cells, other
ECM components (fibronectin, laminins, vitronectin). A
different pattern was observed for ECM-associated pro-
teases and protease inhibitors, which are expressed by all
cell types except TAT, but with clear gene-selective pat-
terns. For example, matrix metalloprotease genes, except
for MMP� , are expressed at higher levels by TAM and stro-
mal cells, with a high selectivity in case ofMMP� and
MMP�
 for TAM and CAF, respectively. Similarly, sev-
eral protease inhibitors are expressed by most cell types
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F I G U R E 	 Expression of genes involved in ECM-associated signalling and reorganisation. (A) RNA expression patterns in � different
cells types categorised as indicated at the top. The figure is based on the values in TableS�	 . CAMs: cell adhesion molecules. (B…D) Schematic
representation of major cell-type-dependent integrin-mediated signalling pathways in the omental TME (examples) based on the data in
panel A and published integrin-ligand interactions.��,��� The scheme depicts the cell types showing the highest expression of the respective
gene or group of genes

(except TAT), such as SERPINH� and TIMP�/�, while other
are selective for TAM (SERPINA�), CAF (SERPINE�), ADI
(TIMP
 ) or all stromal cells (TIMP� ).

As expected, integrins interacting with ECM compo-
nents are expressed in a cell-type-selective fashion, such as

ITGA
, ITGAL and ITGB� by immune cells, while tumour
and stromal cells strongly expressedITGA� , ITGAV and
ITGB�/
/�/�/	 . Major signalling pathways regulated by the
interaction of integrins with ECM proteins or cell adhesion
molecules are depicted in Figure�B for BCAM and VCAM�
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impinging mainly on TAM and TAT, for laminins inter-
acting with tumour cells, ADI and MESO in (Figure �C ;
left panel), for collagens with receptors on ADI, MESO
and TAT (Figure �C ; right panel), or fibronectin interact-
ing with TAM and TAT (Figure �D ; left panel), and for
vitronectin preferentially signalling to immune cells, ADI
and CAF (Figure �D , right panel). Taken together, these
observations point to an essential role of omental TAM and
stromal cells in ECM-mediated signalling pathways in the
HGSC microenvironment.

�.
 Comparative analysis of tumour
cells from ascites and omentum

The differential contribution by tumour cell spheroids and
by tumour cells in solid metastatic lesions to the signalling
network of the TME has not been analysed to date. We
therefore performed a systematic transcriptomic compari-
son of matched omTU and ascTU samples from � patients.
As shown in Figure S�� , the two sample sets showed a
remarkably high correlation of 
 = .��, confirming that
ascTU cells are an excellent source to obtain large num-
bers of tumour cells to study HGSC biology. Further analy-
ses identifiedn = ��� significantly regulated genes (FC> 	;
TPM > 	; nominal p value < .�� by paired t-test), n = �	
genes with a higher expression in omTU versus ascTU
samples andn = 	� genes with a lower expression in omTU
(Figure �A ; TableS�
 ).

Gene ontology (GO) term enrichment analysis of genes
upregulated in omTU cells identified •regulation of cell dif-
ferentiation• as significantly enriched. In agreement with
this finding, we found �� out the �� genes upregulated
in omTU cells to be associated with •epithelial differenti-
ation• in the genecards.org database (FigureS�	 ). Exam-
ples of epithelial genes consistently upregulated in all six
samples include CLDN
, GJA� and GJB� (components
of epithelial cell junctions), ERBB
 and ERRFI� (EGF
signalling), KRT�� (epithelial keratin) and the epithelial
transcription factors KLF� and KLF��. These observa-
tions point to enhanced epithelial-like traits of omTU
compared to ascTU cells. No significant enrichment of
GO terms was observed with genes downregulated in
omTU samples. Therefore, these genes were not further
analysed.

Ingenuity pathway (IPA) upstream regulator analysis
identified pro-inflammatory (IRAK
, IL�) and MAPK-
associates pathways as significantly enriched in the set
of genes upregulated in omTU cells (Figure�B ). Consis-
tent with this result, we found 	� of the genes upregu-
lated in omTU cells to be associated with the term •pro-
inflammatory• in the genecards.org database. Remarkably
all 	� genes were also present in the set of epithelial-

differentiation-linked genes (marked by dots in Figure
S�	 ), pointing to a potential connection between pro-
inflammatory signalling and differentiation. Since the
growth of metastases from spheroids is believed to involve
transitions between epithelial and mesenchymal cancer
cells phenotypes, these results could be of particular inter-
est.

The genes upregulated in omTU cells comprised only
two cytokines/growth factors (CXCL�, EDN�) and two
cytokine/growth factor receptors (ERBB
, IL��RA), indi-
cating a modest effect of different environment settings
(omentum, ascites) on the contribution of TU to the sig-
nalling network of the TME (Figure �C ). Intriguingly,
the upregulated ligand-encoding genes also comprised the
HSP�� family members HSPA�A, HSPA�B and HSPA�L
(Figure �C ), which upon their release from cells are able
to act as extracellular signalling molecule.�� HSP�� pro-
teins are of particular interest in view of the highly signif-
icant association of a short RFS with high HSPA�A levels
in HGSC ascites.� In agreement with the RNA-Seq data,
the secretome of tumour cells from � different patients
contained high levels of HSPA�A after culturing in ��%
ascites for �
 h, with MS signals ranking among the top
�� cytokines (Figure �D ; TableS�� ).

�.�� Comparative analysis of TAM from
ascites and omentum

We also compared the transcriptome of matched omTAM
and ascTAM. FigureS�
 shows a similarly high correlation
(
 = .��) as observed with tumour cells, but a larger num-
ber of differentially expressed genes (n = ��
; TPM > 	;
nominal p value< .�� by paired t-test; TableS�� ). Of these,
n = ��� genes were upregulated (FC> 	) in omTAM, and
n = ��� were downregulated in omTAM (Figure �A ).

GO term enrichment analysis of genes upregulated in
omTAM cells identified •mitotic cell cycle process• and>��
other terms related to the cell cycle as highly enriched and
significant. Figure�A (examples) and FigureS�� (complete
set) illustrate a consistent upregulation of all these genes
in five out of six patient-matched omTAM versus omTAM
samples, including numerous CDKs, cyclins, E�F and its
target genes and components of the mitotic spindle check-
point. This finding clearly suggests that enhanced prolifer-
ation is a common feature of omTAM. This conclusion was
confirmed by subsequent flow-cytometric analysis of inde-
pendent matched samples of omTAM and ascTAM, which
revealed a clear increase in the fraction of KI��-postive
cells in five out of five omTAM samples analysed (Fig-
ure �C ). The main growth factor acting on macrophages is
CSF�, which is strongly expressed in omental stroma cells,
in particular in ADI and MESO (Figure �D ). In view of
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F I G U R E � Signalling pathways of omTU compared to ascTU cells. (A) Expression of differentially expressed genes in omTU versus
ascTU (FC> 	 and TPM > 	 in either cell type; nominal p < .��; Table S�
 ). (B) IPA upstream regulator analysis of genes upregulated in
omTU cells (n = ��; data points above diagonal in panel A). The plot shows the pathways with the highest significance (FDR< �.���) and
enrichment (> 
-fold) and a minimum number of enriched genes (n � �). (C) Regulation of genes coding for protein ligands in matched
samples of omTU and ascTU cells (FC= TPM in omTU/TPM in ascTU). (D) MS-based proteome analysis of conditioned medium obtained
after a ��-h culture of ascTU from � different patients. The plot shows HSPA�A (data points framed in red) and the �� cytokines with the
highest LFQ values

their abundance in the omentum it is very likely that these
cell types are responsible for inducing the proliferation of
omTAM via the secretion of CSF�.

In agreement with these observations, IPA upstream
regulator analysis identified pathways directly associated
with cell cycle progression (CDK
, CDKN�A, E�F) as well
as their upstream signalling pathways (RAS, MAPK) as
highly enriched in omTAM cells (Figure �E ). Significant
enrichment was also observed for pro-inflammatory path-
ways (IRAK
, GM-CSF; Figure�E ) similar to omTU (Fig-
ure �B ), suggesting that the omental TME represents an
inflammation-promoting environment, which would be
consistent with the presence of many pro-inflammatory
mediators (Figure	 ).

In contrast to tumour cells (see above), omTAM
expressed numerous genes encoding cytokines or growth
factors (n = ��), HSP�� family members ( n = 	),
cytokine/growth factor receptors (n = �) and ECM-
associated proteins (n = �	) at significantly higher lev-
els as their counterparts in ascites (Figure�F ), providing
further evidence for a major contribution of TAM to the
omental TME. These include several genes coding for pro-
inflammatory cytokines (e.g.,CCL�, CCL��, CCL��, IL�A,
LIF, OSM), and similar to omTU the HSP�� family genes
HSPA�A, HSPA�Band HSPA�L.

Enrichment of GO terms was low or insignificant for
genes downregulated in omTU samples. This gene set was
therefore not subject to further analyses.
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F I G U R E 
 Signalling pathways of omTAM compared to ascTAM. (A) Expression of differentially expressed genes in omTAM versus
ascTAM (FC> 	 and TPM > 	 in either cell type; nominal p < .��; Table S�� ). (B) Regulation of cell cycle genes in matched samples of omTU
and ascTU cells (FC= TPM in omTU/TPM in ascTU). (C) Flow-cytometric analysis of KI�� expression in matched omTAM and ascTAM
samples from � HGSC patients (*p < .��; paired t-test). (D) Expression ofCSF�mRNA in different cell types from HGSC ascites and omentum.
Boxplots show medians (horizontal line in boxes), upper and lower quartiles (boxes), range (whiskers) and outliers (diamonds). (E) IPA
upstream regulator analysis of genes upregulated in omTAM (n = 
��; data points above diagonal in panel A). The plot shows the pathways
with the highest significance (FDR< �.���) and enrichment ( > 
-fold) and a minimum number of enriched genes (n � �). (F) Upregulation of
genes coding for cytokines or growth factors, HSP�� family members, cytokine/growth factor receptors and ECM proteins in omTAM versus
ascTAM (matched samples as in panel B)
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F I G U R E � � HSP��-driven signalling in TAM. (A) Representative immunoblots showing induction of nuclear translocation of p�� by
rhHSP��. NE: nuclear extracts; CE: cytosolic extracts. ascTAM were pre-incubated for � h with ��µg/ml polymyxin B (PMB) before � µg/ml
low-endotoxin rhHSP�� was added for �.� h. The control (Ctrl low) was spiked with the amount of LPS present in rhHSP�� as contaminant. (B)
Quantification of nuclear translocation of p�� (relative to GAPDH, n = �). (C) Representative immunoblot of whole cell lysates showing
induction of IKK � / � (panel A) by rhHSP��. Conditions were as in panel A, except that rhHSP�� was added 	� min. (D) Quantification of
IKK � / � expression (relative to GAPDH,n = �). Each data point represents TAM from different patients. (E) Quantification of IL-� secretion
by TAM after �
 h of rhHSP�� stimulation. IL-� in culture supernatants of TAM stimulated as described above were quantified by ELISA
(n = 
 TAM). Horizontal bars indicate means. Asterisks indicatep values determined by two-sided, pairedt-test. *p < .��, ** p < .��

�.�� HSP	�-driven signalling

HSP�� can function as an extracellular ligand of toll-
like receptors (TLR�/
) and CD�
 as coreceptor to trigger
pro-inflammatory signalling transduction�� and is associ-
ated with HGSC progression.� We therefore investigated
whether pro-inflammatory NF-� B signalling is activated
by extracellular HSP�� in TAM which strongly express
TLR�/
 and CD�
 (Table S�). As shown in Figure ��A
and B, stimulation of ascTAM (n = �) with rhHSP��
resulted in significantly enhanced nuclear translocation
of the NF-� B p�� (RELA) subunit compared to a control
(Ctrl low) containing LPS at a concentration correspond-
ing to the contamination in low-endotoxin rhHSP��. A
potential contribution of endotoxin contaminations to NF-
� B activation was further minimised by treatment with
the LPS inhibitor polymyxin B.�� Basal cytosolic levels of
p�� remained unaffected indicating that only a minor frac-
tion of cytosolic p�� translocates in the nucleus. In accor-
dance with these results, increased levels of the I� B kinase
IKK � / � was observed in all rhHSP��-treated ascTAM sam-
ples tested (Figure��C and D, n = �), presumably as a

consequence of decreased ubiquitin-mediated degradation
of IKK � / � .�	 Finally, proinflammatory IL-� secretion by
HSP�� was upregulated in rhHSP��-stimulated ascTAM
compared to the low-endotoxin control Ctrllow in three out
of the four tested patients, albeit below statistical signif-
icance (Figure ��E ). Taken together, these findings sup-
port the notion that extracellular HSP�� may contribute to
metastasis by triggering the NF-� B pathway and thereby a
pro-inflammatory response.

� DISCUSSION

In the present study, we report the first intercellular sig-
nalling map for the TME of HGSC metastases, focusing
on TU, TAM, ADI, MESO and CAF from the omentum as
the primary site of transcoelomic dissemination of cancer
cells. We also compared the intercellular signalling map
of omental TU and TAM to their counterparts in ascites
to work out commonalities and differences between these
compartments. In view of the limitations of single-cell
sequencing for this purpose (see Section �), we decided to
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perform these investigations by bulk RNA-Seq analysis of
purified cell populations obtained by protocols established
and optimised as part of the present study.

�.� Potential caveats of using RNA-Seq
data for the construction of an intercellular
signalling network

A potential problem of the application of RNA-Seq data
to the construction of signalling networks is the extrapola-
tion to protein levels, in particular with respect to secreted
and membrane-associated proteins, for which correlations
with RNA levels are generally weak.�
,�� We addressed this
issue using CAF in short-term culture to obtain MS-based
secretome and RNA-Seq data under the identical condi-
tions (Figure �C; TableS�). The results of this experiment
showed a clear correlation (r = .��) between the percentage
of cytokines and growth factors detected in the CM and the
RNA-Seq signal, reaching ���% for highly expressed genes.
This correlation suggests that a fraction of secreted pro-
teins (those expressed from more weakly expressed genes)
is missing in the secretome due to a lower sensitivity of
the proteomic analysis rather than intracellular regulatory
mechanisms impinging on translation and/or secretion,
consistent with previous data.�� Furthermore, many of the
•missing• proteins are membrane-bound ligands, for exam-
ple of the SEMA and TNFSF families, which is likely to
result in low levels of soluble secreted protein (TableS�).

Another caveat potentially arises by using sample-
normalised RNA-Seq data for the comparison of different
cell types, if the latter contain highly divergent amounts of
total RNA per cell. Thus, similar (normalised) TPM values
could potentially obscure large differences in the absolute
levels of a specific RNA (and thus of the encoded secreted
protein) per cell. However, we could largely exclude this
problem for the cell types analysed in the present study,
since non-normalised data from RT-qPCR experiments
showed a low variation across all samples and cell types
for genes with a low variability (� �-fold) in the RNA-Seq
dataset (NDUFS� and NFSL�C; Figure �D ). We therefore
conclude that differences in mRNA content are unlikely to
impact the use of RNA-Seq data for the focus of the present
study.

Finally, cells isolated from omentum or ascites are
invariably contaminated with other cell types. In case
of highly expressed cell-type-specific genes contamina-
tions could result in misleading data for weakly or non-
expressing cell types. To eliminate such •false positives•,
we estimated the contamination of each sample by using
predefined marker gene sets and eliminated all sam-
ples with > 
% of any contaminating cell type (> �% for
ADI samples). RNA-Seq data for the remaining samples

were adjusted for contaminations by adapting a previously
described linear model,�� which solved the potential prob-
lem of cross-contaminations (Figure�B).

Comprehensive bioinformatic analyses of this adjusted
dataset revealed an unexpectedly strong contribution by
host cells, in particular by stromal cells, to signalling
events linked to metastatic spread and survival. To fur-
ther validate the significance of these findings, we com-
pared our results to publicly accessible scRNA-Seq data.
Very recently, data for cells from seven untreated HGSC
tumours were published, and for each cluster of tumour
and host cells, specific transcriptomic markers were
identified.�� We could verify in the scRNA-Seq dataset
the cell-type specificity of the majority of TU-selective
(�/��), immune-cell-selective (	�/
	) and CAF-selective
(�/�	) cytokine genes identified in the present study (Fig-
ure S�� ), supporting the conclusions drawn from our data.

�.� Contribution by immune cells to the
metastasis-associated intercellular
signalling pathways in the omental TME

Previous studies have shown that TAM from HGSC ascites
are characterised by a high degree of phenotypic and onto-
genetic heterogeneity,�� and comprise functionally diver-
gent subgroups.�� Of these, CD��	 high TAM are of particu-
lar relevance, as they express metastasis-promoting genes,
such asCCL�	, CCL��, KITLG and VEGFB�� and are asso-
ciated with rapid tumour progression and early relapse in
HGSC patients.�� By contrast, CD��	 low TAM are linked
to immune surveillance and a favourable clinical course,
consistent with a higher expression of T-cell-attracting
CXCR	 ligands CXCL�-��. ��,�� As indicated by the present
study, a similar diversity appears to exist among omTAM:
while TAM produce most of the immune-stimulatory or
immune-regulatory CCL- and CXCL-type chemokines and
cytokines (Figure	D ; left panel) acting on T cells (Figure
 ;
left panel), such as CXCR	 ligands, other TAM-derived
mediators possess pro-metastatic potential and primarily
address TU or stromal cells, such as HBEGF, OSM, RTN
and S���A� (Figures 	 and
 ). In this context, TAM-derived
CXCL�� deserves particular attention, since it seems to
be able to exert either pro- and anti-tumourigenic effects
dependent on its target cell. Thus, the migration of TU
cells expressing CXCR	 is stimulated by CXCL��,�� which
in view of the present data may also be applicable to the
omental TME of HGSC (Figures	 and 
 ). Intriguingly, our
data also suggest that some pro-metastatic mediators (such
as SEMA
D and WNT��B) with cognate receptors on TU
are selectively expressed by ascTAT (Figure
 ), pointing to
a potential and hitherto unrecognised role for re-educated
T cells in HGSC dissemination.
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�.� Contribution by omental ADI to
metastasis-associated pathways

Numerous studies suggest that ADI within the omental
TME may play an essential role in HGSC progression��

by promoting the homing and invasion of cancer cells,
angiogenesis and chemoresistance via the secretion of
adipokines, including IL-�, IL-�, THF, leptin, adiponectin
and resistin.��,��…�� Our study extends these previous data
by adding additional mediators to the list of adipokines
expressed by omental ADI, some of them with a high
degree of selectivity compared to other cell types, for exam-
ple, CCL�
, IGF�, PROK�, SEMA	G and THBS
 (Figure 	 ).
Our data also show that receptors for numerous adipokines
are expressed by TU and have previously been linked
to metastasis, such as ADIPOQ, FGF��, IGF�, LEFTY�,
S���B, SFRP�, VEGFB and WNT�� (Figures 
 and � ), com-
patible with a role in promoting HGSC progression by ADI-
borne mediators.

ADI have also been reported to induce CD	� on ovarian
cancer cells allowing for the uptake of fatty acids and the
formation of lipid droplets, thereby contributing to peri-
toneal metastasis.�� Our data, however, are difficult to rec-
oncile with this model, since the expression ofCD�� is
invariably extremely low in omTU (�…�.�
 TPM; Table S�),
while CD�� expression is readily detectable in omTAM (
…
	� TPM) and very high in ADI ( > ��
 TPM). It therefore
remains to be investigated whether a CD	�-mediated path-
way is relevant for the stimulation of omental metastasis in
HGSC patients.

�.� Contribution by omental MESO to
metastasis-associated pathways

Another major cell type of the peritoneal TME and the
omentum is the mesothelial cell. Gerber and colleagues
identified hypoxic MESO at milky spots secreting vascu-
lar endothelial growth factor (VEGFA) suggesting that fac-
tors produced by MESO promote the growth of metastatic
tumour cells by inducing neo-angiogenesis.� Angiogenesis
may also be promoted by senescent MESO, which secrete
elevated levels of IL-� and TGF� to stimulate the expres-
sion of pro-angiogenic CXCL�, CXCL�, HGF and VEGF
by tumour cells.�� However, comprehensive and unbiased
studies of the secretome of cancer-associated MESO ave
not been reported to date.

Our study clearly suggests that MESO play an impor-
tant role in the intercellular signalling network of the
omental TME. We have identified �� mediators selectively
expressed by MESO (Figure	 ). Of these, �� factors previ-
ously linked to metastasis directly address TU, including

BMP	, FGF�/�, IGFBP�, IL�, IL�
, LIF, PGF, RSPO� and
WNT	 (Figures 
 and � ). Furthermore, MESO and CAF
co-express several other potentially metastasis-promoting
factors with receptors on TU, that is BMP
, EFNA�, FGF�,
SEMA	A/	C/	D, SLIT�, TGFB	 and WNT�B (Figures 

and � ). MESO also share the expression of> �� other
pro-metastatic cytokine and growth factors with various
other cell types of the omental TME (Figures
 and � ).
These observations clearly support the view that factors
secreted by MESO partake in promoting the formation of
omental lesions and presumably dissemination within the
peritoneal cavity, especially considering the abundance of
MESO as major constituents of all serous membranes.

�.� Contribution by omental CAF to
metastasis-associated pathways

CAF have long been recognised as crucial components
of most solid tumours, including ovarian cancer.�
 CAF
are derived from omental fibroblasts and mesenchy-
mal stem cells, which is partly triggered by TGF� and
LPA in the tumour microenvironment. �,�	 CAF produce
numerous factors acting on cancer cells to promote gly-
colytic metabolism, proliferation, invasion, angiogenesis
and metastatic colonisation, including CCL�, CXCL��, IL-
�, TGF� , SDF and versican.�,�
,�� Our own data support the
concept of an instrumental role for CAF in HGSC metas-
tasis. Omental CAF are the main producers of �
 cytokines
and growth factors (Figure	C and D), of which at least �
of these have been associated with metastasis and possess
receptors on omTU, including CXCL��, FGF� and WNT

(Figures 
 and � ). Furthermore, CAF share many of the
mediators synthesised by other stromal cell types (n = 	�;
Figure 	C ), and also address other host cell types (such
as TAM, MESO and ADI), providing further evidence for
the relevance these stromal cell types in the pro-metastatic
HGSC secretome.

To address the functional significance of the crosstalk
of CAF and omTU we selected WNT
 as an example of
a mediator expressed by CAF with high selectivity. Sev-
eral WNT ligands have been reported to be upregulated
and associated with histological grade, EMT, chemoresis-
tance, and poor prognosis in ovarian cancer.��…�
 Moreover,
a strong inverse correlation between WNT activity and
intra-tumoural T cell infiltration resembling an immuno-
logically •cold• TME, has been demonstrated.�� WNT
 is a
highly interesting ligand due to its proposed pro-metastatic
functions in laryngeal and colorectal carcinoma,��,�� but
knowledge regarding its role in the TME of other entities,
including HGSC, is lacking. This problem is partly due to
the diversity of FZD receptor isoforms and coreceptors and
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the complexity of different canonical and non-canonical
signal transduction pathways, which in turn trigger dif-
ferent functional outcomes.�� For WNT
, reduced expres-
sion in ovarian tumour cells compared to normal ovar-
ian tissue has been observed in one study,�� which agrees
with our own data showing weak expression of WNT

in omTU (Figure �A ). Based on our observations, CAF
are highly selective producers of the WNT
 ligand in the
peritoneal TME. This is in line with previous publica-
tions reporting high expression of WNT
 and activation of
WNT
 signalling pathways in fibroblasts in wound heal-
ing and fibrosis.��,�� In contrast to WNT
, FZD recep-
tor subtypes and LRP�/� coreceptors are widely expressed
among all cell types of the omental TME (Figure
 ), indi-
cating that CAF-derived WNT
 may act on different cell
types. Tumour cells present in the TME, for example,
express FZD� and LRP�/� coreceptors (Figure�A ) known
to interact with WNT
 ligand. �� Consistently, we were able
to demonstrate that WNT
 significantly enhances HGSC
motility, migration and adhesion to a mesothelial layer
(Figure � ), which underlines a potential role of WNT

secreted by CAF in peritoneal metastasis.

�.� Invasion of tumour cells into the
mesothelium

The mesothelium consists of a single layer of MESO cov-
ering a basement membrane composed of extracellular
matrix (ECM) proteins. According to the prevailing opin-
ion, the mesothelium constitutes a barrier against the
adhesion of, and invasion by, cancer cells from the peri-
toneal fluid.�� The attachment of cancer cells is thought
to be dependent on pre-existing lesions of the mesothe-
lium to allow for an interaction of integrins on tumour
cells with the underlying ECM proteins.��,�	…�� Different
models have been proposed to explain the occurrence of
such lesions. Besides MESO senescence�� and myosin-
dependent mechanical forces exerted by tumour cells,��

cytokine-mediated MESO activation��,�� has been sug-
gested as mechanisms facilitation penetration through the
mesothelial layer. The latter is compatible with our data,
which indicate that a number of mediators with recep-
tors on MESO and the potential to activate MESO are pro-
duced by TU or host cells, including IL-�A, IL-�B, IL-��,
IL-�	A and TGF � (Figure S
). Active MESO killing by
FAS ligand�� is another mechanism proposed to enable
the penetration of cancer cells through the mesothelial
layer. According to our data, TAT express high levels of
FASLG and MESO express the corresponding receptor
gene (FigureS�), supporting the aforementioned hypoth-
esis. However, other mechanisms involving death-ligand-
mediated killing mechanisms are possible, as suggested

by the expression of several other death receptors of the
TNFSFRfamily by MESO, for exampleTNFRSF	, CD
�
(TNFRSF�) and CD�� (TNFRSF), which encode recep-
tors for CD	� (TNFSF�), CD
�LG und CD�� (Figure S�).
Future work will address the hypotheses arising from these
data.

Invasion of cancer cells is critically dependent on their
interaction with collagen fibers beneath the MESO layer,
consistent with the documented association of ECM mod-
ifiers with HGSC survival.�� As shown by our data, all
cell types contribute to ECM reorganisation, but in a cell-
type-selective manner and with a predominant role for
TAM and stroma cells (Figure� ). This is evident from the
fact that omTAM are also a major source of gene prod-
ucts involved of ECM reorganisation, including laminin,
proteases of the ADAM, cathepsin and MMP subgroups
as well as SERPIN and TIMP protease inhibitors. Stromal
cells also strongly contribute to proteolysis and its regu-
lation, but are the main producers of collagen and other
ECM components. Taken together with previous findings
that ECM remodeling is associated with ovarian cancer
survival,��,�� these observations provide further strong evi-
dence for the relevance of TAM, ADI, MESO and CAF in
the TME of HGSC.

�.	 Comparison of TU and TAM from
ascites and omentum

In the present study, we also present the first comparative
analysis of cell populations isolated from HGSC metastases
and ascites. An important conclusion derived from this
analysis is the high similarity of matched omTU/ascTU
and omTAM/ascTAM samples with correlation coeffi-
cients of �.�� and �.��, respectively (Figures S�� and S�
 ).
Many previous studies made use of ascites cells for molec-
ular and functional analyses, because these cells are avail-
able in large numbers and can be isolated as relatively pure
fractions. Our data show that HGSC ascites cells faithfully
reflect the respective cellular compartments of the TME
and therefore validate their use for studying HGSC biology.

There are, however, also clear selective differences, as
exemplified by the induction of cell cycle genes in omTAM
(Figure �B ), which we were able to confirm by flow cytom-
etry (Figure �C ). The induction of TAM proliferation is
possibly due to their spatial proximity to omental stromal
cells, which strongly express theCSF� gene (Figure�D )
encoding the essential macrophage-specific growth factor
M-CSF.�� This observation also suggests that ascTAM arise
from replicating resident macrophages (and blood mono-
cytes) rather than from their proliferation in ascites.

Another marked difference between both omental
and ascites cells is the upregulation of inflammatory
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signalling, which was seen with both TU and TAM (Fig-
ures�B and �E ). Among others, HSPA�A is one of the pro-
inflammatory genes upregulated in both omental TU and
TAM compared to their counterparts in ascites. Consistent
with this observation, we found high levels of HSPA�A in
conditioned medium of ascTU (Figure�D ). HSP�� can also
be found at high concentrations in the ascitic fluid where
its presence is linked to a poor RFS of HGSC patients.�

Besides acting as an intracellular molecular chaperone,
HSP�� can be released from cells in case of elevated cellu-
lar stress.�� Extracellular HSP�� (eHSP��) provides danger
signals to the immune system as a damage-associated
molecular pattern (DAMP) resulting in pro-inflammatory
activation of macrophages, monocytes or dendritic cells
by inducing secretion of cytokines such as IL-�, IL-�
and TNF-� .��,�	 By contrast, other studies point to an
inverse immunoregulatory role of eHSP�� that dampens
inflammation. �
,�� eHSP�� can exert cytokine regulatory
activity by engaging TLR� and 
 receptors, which in turn
activate NF-� B and MAPK signalling pathways,�� but the
precise mechanism how eHSP�� acts on TU and TAM in
the TME is unclear. Moreover, the activation of HSP��
through TLR�/
 is controversial, since contaminating LPS
in the recombinant HSP�� used in one studies may account
for its pro-inflammatory activity. �� Another study reported
that the stimulatory effect requires both, the presence of
endotoxin and structural integrity of HSP��. �� By using
highly purified, low-endotoxin rhHSP�� in conjunction
with polymyxin B treatment to suppress LPS-mediated
TLR
 activation, we were able to detect activation of the
NF-� B pathway by increased nuclear p�� translocation
and induction of IKK � / � in TAM of different patients
(Figure ��A and B), accompanied by an upregulation of
IL-� secretion (Figure ��C ). Multiple pro-tumourigenic
functions have been assigned to IL-� in ovarian cancer
including invasion, migration, EMT, proliferation, over-
expression of metalloproteases and chemoresistance.��

Thus, induction of pro-inflammatory signalling (including
IL-� secretion) via upregulation of HSP�� in omTU and/or
omTAM might be involved in promoting the peritoneal
spread of cancer cells in HGSC patients.

�.� Conclusions

Factors secreted by immune and stroma cells contribute to
an unexpected large extent to the intercellular signalling
network of omental metastases and establish an envi-
ronment that supports HGSC progression. Intriguingly,
the expression of numerous genes coding for cytokines,
growth factors and ECM remodeling proteins within this
network are associated with tumour progression, metas-
tasis and survival, pointing to their relevance as poten-

tial biomarkers and/or targets for therapeutic interven-
tion. As proof of principle, we demonstrate a tumour-
promoting function of the highly cell-selective media-
tor WNT
 produced by CAF and acting on tumour cells
to induce their migration. In spite of a generally high
similarity between ascites-derived cell types and their
counterparts in solid tissue, a selective shift towards a
pro-inflammatory gene expression pattern is activated
in omTAM and omTU, probably triggered by interac-
tion with adjacent stroma cells in the metastatic niche.
Our data suggests that the omental TME represents an
inflammation-promoting environment which might be
linked to transitions between epithelial and mesenchy-
mal cancer cell phenotypes as a prerequisite of metastatic
growth.
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Simple Summary: Reciprocal interactions between tumor and host cells in the tumor microen-

vironment critically in�uence the clinical outcome in ovarian carcinoma patients. Therefore, the

identi�cation of factors triggering central communication pathways controlling tumor growth and

metastasis is highly relevant. This study was conducted to uncover the contribution of lipid mediators

to this signaling network by different cell types in the tumor microenvironment and subsequent func-

tional evaluation of clinically relevant candidates. We found that prostacyclin is mainly secreted by

cancer-associated �broblast and selectively acts on prostacyclin receptor-expressing macrophages to

induce pro-tumorigenic and immunosuppressive features. Our �ndings improve the understanding

of the tumor-promoting role of prostacyclin in ovarian carcinoma and identify prostacyclin synthesis

in cancer-associated �broblast as a potential target for improved treatment approaches.

Abstract: Metastasis of high-grade ovarian carcinoma (HGSC) is orchestrated by soluble mediators of

the tumor microenvironment. Here, we have used transcriptomic pro�ling to identify lipid-mediated

signaling pathways encompassing 41 ligand-synthesizing enzymes and 23 cognate receptors in

tumor, immune and stroma cells from HGSC metastases and ascites. Due to its strong association

with a poor clinical outcome, prostacyclin (PGI 2) synthase (PTGIS) is of particular interest in this

signaling network. PTGIS is highly expressed by cancer-associated �broblasts (CAF), concomitant

with elevated PGI 2 synthesis, whereas tumor-associated macrophages (TAM) exhibit the highest

expression of its surface receptor (PTGIR). PTGIR activation by PGI2 agonists triggered cAMP

accumulation and induced a mixed-polarization macrophage phenotype with altered in�ammatory

gene expression, including CXCL10and IL12A repression, as well as reduced phagocytic capability.

Co-culture experiments provided further evidence for the interaction of CAF with macrophages via

PGI2, as the effect of PGI2 agonists on phagocytosis was mitigated by cyclooxygenase inhibitors.

Furthermore, conditioned medium from PGI 2-agonist-treated TAM promoted tumor adhesion to

mesothelial cells and migration in a PTGIR-dependent manner, and PTGIR activation induced the

expression of metastasis-associated and pro-angiogenic genes. Taken together, our study identi�es a

PGI2/PTGIR-driven crosstalk between CAF, TAM and tumor cells, promoting immune suppression

and a pro-metastatic environment.

Keywords: high-grade serous ovarian carcinoma; prostacyclin; carcinoma-associated �broblasts;

tumor-associated macrophages; signaling network; pro-metastatic phenotype
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1. Introduction

The dynamic crosstalk between host and tumor cells within the tumor microenvi-
ronment (TME) creates a milieu that is bene�cial for tumor growth and metastasis. In
high-grade serous ovarian carcinoma (HGSC), the transcoelomic spread of tumor cells via
the peritoneal �uid (or malignant ascites in advanced stages) to visceral organs, in particu-
lar the omentum, is the primary route of peritoneal metastasis, which contributes to the
fatal prognosis of this disease. A plethora of different tumor-promoting factors are released
by various cell types in ascites, solid tumor and metastases. Among these, not only cy-
tokines and growth factors but also bioactive lipids including lysophosphatidic acids (LPA),
arachidonic acid (AA) and other polyunsaturated fatty acids, as well as prostanoids have
been associated with pro-tumorigenic functions and clinical outcome [ 1–6]. Prostanoids
are downstream synthesis products of the cyclooxygenase-1/-2 (COX1/2) pathway, which
converts AA to prostaglandin H 2 (PGH2) by COX1 or COX2 followed by the action of
prostanoid-speci�c synthases.

Prostacyclin (PGI2) is synthesized from PGH 2 by prostaglandin I2 synthase (PTGIS)—a
member of the cytochrome P450 superfamily. Two main signaling pathways have been
proposed for PGI 2 which are triggered by binding to cell surface PGI 2 receptor (PTGIR)
or by activation of nuclear peroxisome-proliferator-activated receptor � / � (PPAR� / � ) [7].
PTGIR belongs to the group of G-protein-coupled transmembrane receptors that modulate
second messenger systems [8]. Binding of PGI 2 to PTGIR can lead to activation of Gs protein
and adenylate cyclase resulting in cAMP production and subsequent PKA activation [ 9].
Additionally, Gq-dependent PGI 2 signaling through the PKC pathway has been reported
for PTGIR [10]. Physiologically, PGI 2 exerts important functions in vascular homeostasis by
mediating vasodilative effects and inhibiting platelet aggregation [ 11]. Moreover, signi�cant
anti-in�ammatory and anti-�brotic affects are attributed to PGI 2, but, paradoxically, PGI 2
can also act as a pro-in�ammatory mediator [ 12]. With respect to its role in cancer, the
data from previous studies are contradictory. PGI 2 has been described to act as an anti-
metastatic mediator in lung cancer mouse models [ 13,14] and to suppress ovarian cancer cell
invasion by MMP2/MMP9 downregulation in vitro [15], whereas other studies reported
an association of PTGIS expression with reduced survival of breast and ovarian cancer
patients [2,16].

Macrophage polarization is an essential factor accelerating tumor aggressiveness
by promoting angiogenesis, immune suppression, tumor migration and invasion [ 17],
thereby providing a potential target for therapeutic intervention. In fact, tumor-associated
macrophages (TAM) are prominent members of the HGSC TME, encompassing a broad
spectrum of different polarization states with distinct clinically relevant functions [ 18,19].
For example, TAM exhibiting high expression of the mannose and scavenger receptors
CD206 and CD163 are linked to tumor progression and poor clinical outcome [ 20], while
TAM characterized by a transcriptional signature associated with interferon signaling
correlates with a favorable clinical course [ 21].

PGI2 appears to be able to regulate the innate and acquired immune response. Thus,
it has been reported that forced PTGIS expression promoted an alternative activation of
macrophages, which in turn alleviated the in�ammatory response in alcohol-induced liver
injury [ 22]. In another study, PGI 2 analogs inhibited bacterial killing and phagocytosis by
rodent macrophages, closely resembling prostaglandin E2 (PGE2)-mediated effects [23].

In the present study, we performed a comparative transcriptomic analysis of differ-
ent cell types of the HGSC TME, and identi�ed cancer-associated �broblasts (CAF) as
a central cellular source of PGI2 synthesis, while the highest expression of the cognate
receptor PTGIR was found in ascites-derived TAM (ascTAM). We therefore postulated that
CAF-derived PGI 2 targets PTGIR expressing TAM, thereby altering macrophage polariza-
tion and modulating their pro-tumorigenic potential. As described below we performed
various biochemical, immunological and cell-based functional assays, which con�rmed
this hypothesis. Elucidating the contribution of PGI 2 in CAF–TAM crosstalk to promote
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immune suppression, tumor growth and metastasis of HGSC, may pave the way for the
development of novel therapeutic regimens.

2. Materials and Methods
2.1. Patient Samples and Isolation of Cell Types

Ascites and greater omentum tissue with metastatic lesions were collected from pa-
tients with ovarian carcinoma undergoing primary surgery at the University Hospital in
Marburg. The collection and analysis of human material were approved by the ethics
committee at Philipps University (reference number 205/10). Donors provided written
consent in accordance with the Declaration of Helsinki. A summary of the patient char-
acteristics is given in Supplementary Table S1. The isolation of tumor cells, TAM and
tumor-associated T cells (ascTU, ascTAM, ascTAT) from ascites was performed by density
gradient centrifugation followed by �ltration using 30 � m and 100 � m cell strainer and
magnetic cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) as previ-
ously described [2,20]. Cell populations with a purity of >95%, as determined by �ow
cytometry, were either used directly for subsequent analysis or cryopreserved. Cell-free
ascites was cryopreserved at� 80 � C. Separation of host and tumor cells from the omentum
was conducted essentially according to Sommerfeld et al. [24]. Brie�y, ADI were isolated
from omentum tissue without macroscopic metastatic lesions by digestion with 370 U/mL
collagenase (Sigma Aldrich, Taufkirchen, Germany) in adipocyte digestion buffer (5 mM
D-Glucose, 1.5% BSA in PBS for 1 h at 37� C). ADI were further enriched by �ltration
(400� m �lter) and centrifugation (5 min, 150 � g). Contaminating cells were eliminated
from the �oating ADI layer by washing with PBS, which yields highly pure ADI fractions
(>95%) used for secretome cultures or for preparation of lysates in PeqGold TriFastTM

(Peqlab, Erlangen, Germany) for RNA isolation. Isolation of MESO was achievedfrom the
tumor-free tissueby incubation with trypsin (0.05% Trypsin/0.02% EDTA for 30 min at
37 � C)followed by �ltration (100 � m �lter) and centrifugation (10 min at 300 � g). Omental
tumor cells (omTU), CAF and omental TAM (omTAM) were separated from omental tumor
tissue by trypsin digestion (2 h at 37 � C). For CAF isolation, the trypsin-digested tissue
was further incubated with 18.5 U/mL collagenase and 2.5 � g/mL hyaluronidase (Sigma
Aldrich) in �broblast culture medium (DMEM/HAMs F12 (1:1), 10% FCS, 10 ng/mL EGF,
1% Pen/Strep) overnight at 37 � C. Different MACS sorting strategies were applied to further
purify omTU, omTAM, MESO and CAF: MACS depletion of CD45+ leucocytes combined
with EpCAM positive selection was performed to yield highly pure omTU. omTAM were
puri�ed from tumor fractions by CD14 + positive MACS selection. CAF enriched fractions
were initially precultured in �broblast medium before CD45 + leucocytes and EpCAM+

tumor cells were depleted by <MACS. In some cases CAF were enriched by positive selec-
tion with anti-�broblast beads (Miltenyi Biotec). CD45 and EpCAM depletion by MACS
were likewise applied to purify MESO after trypsin digestion of macroscopic tumor-free
omentum tissue. RNA was obtained from all cell types without further cultivation, except
for CAF which were maintained in OCMI medium supplemented with 50% ascites for
maximum three passages [1].

2.2. Differentiation of Monocyte-Derived Macrophages (MDM) from Healthy Donors

Leucoreduction system chambers from healthy adult volunteers were kindly pro-
vided by the Center for Transfusion Medicine and Hemotherapy at the University Hospital
Gießen and Marburg. Monocytes were isolated by Ficoll density gradient centrifugation
and subsequent puri�cation by adherence selection or using CD14+ MACS microbeads.
Differentiation of monocytes was performed as described previously [ 25]. Approximately
3 � 106 monocytes per 6-well were either cultured for 7 days in cell-free ascites pool
derived from 10 patients to generate TAM-like asc-MDM. For m1-MDM, monocytes
were differentiated in RPMI1640 (Life Technologies, Darmstadt, Germany) supplemented
with 5% human AB serum (Sigma Aldrich), 1% sodium pyruvate (Sigma Aldrich), and
100 ng/mL granulocyte macrophage colony-stimulating factor (CSF) (Peprotech, Hamburg,
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Germany) for 5 days followed by activation with 100 ng/mL LPS (Sigma Aldrich) and
20 ng/mL IFN 
 (Biozol, Echingen, Germany) for 2 days. M0 MDM were generated accord-
ing to m1-MDM but omitting the �nal LPS/IFN 
 stimulation step.

2.3. Primary Cell Culture and Preparation of Conditioned Media for Lipid-MS

CAF were cultured in 6-well plates in OCMI/50% ascites pool. For ex vivo ascTAM,
3 � 106 cells from frozen stocks were plated per 6-well in ascites pool for 5–7 days be-
fore used for further experiments. Primary ascTU (7.5 � 105/6 well) were cultured for
24 h in ascites pool. In order to obtain conditioned media (CM) for lipidomics, cultures
at 70–80% con�uency were washed twice with PBS and twice with serum-free OCMI
basal medium (M199/DMEM F12 1:1) before 760 � L serum-free OCMI basal medium
+/ � 50 � M arachidonic acid (AA) (Cayman Chemicals, Hamburg, Germany) was added.
1 � M COX1 inhibitor SC-560 (Cayman Chemicals) and 10 � M COX2 inhibitor celecoxib
(Tocris Bioscience, Bristol, UK) were included where indicated. After 24 h, cell-free CM
were harvested from each cell type for lipidomic analysis.

2.4. Treatment of Cells with PGI2 Analogs

asc-MDM, ascTAM, ascTU or CAF were serum-deprived for 24 h in serum-free OCMI
basal medium prior to stimulation with PGI 2 analog MRE-269 (selexipag-active metabolite,
Cayman Chemicals), Iloprost or Treprostinil (both Sigma Aldrich) for the indicated time
points and concentrations. We have chosen these analogs due to different af�nities to
PTGIR and prostaglandin receptors, with MRE-269 as the most speci�c for PTGIR [ 26]. In
individual experiments, cells were pretreated with 1 � M PTGIR antagonist CAY10449 or
CAY10441 (both Cayman Chemicals) for 1 h before addition of PGI 2 analog. PPAR� / � ago-
nist L165041 (Biozol) was applied at 1 � M concentrations where indicated. For generation
of CM, asc-MDM or ex vivo TAM were stimulated with PGI 2 analog under serum-free
conditions for 0 or 24 h, 37 � C, 5% CO2.

2.5. Co-Cultivation of Asc-MDM and CAF

Co-culture experiments were performed to evaluate the effect of CAF-derived PGI 2
on biological features of asc-MDM. Therefore, asc-MDM were differentiated in ascites pool
in 24 well plate and CAF were cultured separately on top of a 24 transwell insert with
4 � m pore size (BD Biosciences, Heidelberg, Germany) in OCMI/50% ascites pool until
con�uency was reached. After replacing the culture medium by serum free DMEM/M199
medium supplemented with 50 � M AA as a substrate for PGI 2 biosynthesis, the transwell
inserts were placed inside the wells containing the asc-MDMs. Co-culture was conducted
in the presence or absence of COX1 and COX2 inhibitors SC-560 (1� M) and celecoxib
(10 � M) for 24 h, 37 � C. Additional controls include similarly treated asc-MDM without
CAF co-culture.

2.6. Quanti�cation 6k-PGF1� and PGE2 by Lipid-MS

6k-PGF1� and PGE2 in CM of ascTAM, ascTU and CAF were quanti�ed as described
previously [ 27] with slight modi�cations. Samples (1 mL) were spiked with 100 � L internal
standard (PGE2-d4 and 6k-PGF1� -d4, each 9.8 ng/mL) in methanol and extracted using
solid reverse phase extraction columns (Bond Elut Plexa, Agilent, Santa Clara, CA, USA).
After elution and lyophilization, samples were resuspended in water/acetonitrile (70:30)
with 0.02% formic acid (solvent A). Analysis was performed by LC-MS/MS on an Agilent
1290 device coupled to a QTrap 5500 mass spectrometer (AB Sciex, Darmstadt, Germany).
Samples were separated at a �ow rate pf 0.3 mL/min on a Synergi reverse-phase C18 col-
umn (2.1 � 250 mm; Phenomenex, Aschaffenburg, Germnay) using the following gradient:
1 min (0% solvent B: acetonitrile/isopropyl alcohol, 50:50, v/ v), 3 min (25% B), 11 min
(45% B), 13 min (60% B), 18 min (75% B), 18.5 min (90% B), 20 min (90% B), 21 min (0% B),
26 min (0% B). 6k-PGF1� and PGE2 were detected in scheduled multiple reaction moni-
toring mode (transitions: PGE 2 351 ! 271, PGE2-d4 355 ! 275, 6k-PGF1� 369 ! 163,
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6k-PGF1� -d4 373 ! 167). For quanti�cation, a 11-point calibration curve was used
(0.06–60 ng/mL). Data analysis was performed using Analyst 1.7.2 and MultiQuant 2.1.1
(AB Sciex, Darmstadt, Germany).

2.7. Flow Cytometric Analysis of Cell Phenotypes

Flow cytometric phenotyping of ascites and omentum cells was performed on a FACS
Canto II instrument using Diva Software (BD Biosciences, Heidelberg, Germany) and
analysis by FlowJo™ v10.8 Software (BD Life Sciences, Ashland, OR, USA) as already de-
scribed [24]. Brie�y, tumor cells were stained with anti-human EpCAM-Vioblue (Miltenyi
Biotech), TAM with anti-human CD14-FITC (Miltenyi Biotech, Bergisch Gladbach, Ger-
many) and TAT with anti-human CD3-APC (Biolegend, Koblenz, Germany). The following
antibody combinations were used to characterized MESO and CAF: anti-human CD140a-PE
(eBioscience/Thermo Fisher Scienti�c, San Diego, CA, USA), anti-human FAP-PE (R&D
Systems, Minneapolis, MN, USA), anti-human mesothelin-APC (R&D Systems, Minneapo-
lis, MN, USA), anti-EpCAM-Vioblue for surface staining and anti-human cytokeratin-APC
and anti-human vimentin-FITC (both from Miltenyi Biotec, Bergisch Gladbach, Germany)
for intracellular staining.

Surface expression of CD86 and CD206 in CD14+ MDM was determined using estab-
lished staining protocols [ 19] with anti-human CD14-FITC, CD86-FITC (both from Miltenyi
Biotec), and CD206-APC (Biolegend, Koblenz, Germany). Isotype controls were derived
from BD Biosciences, Miltenyi Biotec and eBioscience.

The analysis of PTGIR surface expression in different cell types was performed us-
ing anti-PTGIR antibody (ab196653; Abcam, Cambridge, UK) for 1 h, 4 � C, followed by
detection with anti-rabbit-FITC secondary antibody (eBioscience, San Diego, CA, USA) for
30 min at 4 � C. Results were calculated as percentage of positive cells and mean �uorescence
intensitiy (MFI).

2.8. Macropinocytosis Assay

To determine the phagocytic capacity of MDM and ascTAM pretr eated with or without
PGI2 analogs (30 min, 37 � C) or derived from CAF co-culture experiments, 0.5 mg/mL
FITC-Dextran (70 kDa, Sigma Aldrich, Taufkirchen, Germany ) was added to macrophages
under standard culture conditions for 1 h at 37 � C. Incubation of cells for 1 h at 4 � C was
included as negative control for detection of FITC dextran b inding. Cells were then washed
three times and analyzed by flow cytometry. The MFI of each sa mple was calculated and the
value of the corresponding FITC dextran binding control was subtracted. To verify PTGIR
signaling, macrophages were treated with PTGIR antagonist CAY10449 prior to stimulation
with PGI 2 analog in additional experiments or with PPAR � / � agonist L165 alone.

2.9. cAMP Assay

The intracellular accumulation of cAMP upon stimulation by PGI 2 analogs was mea-
sured in different cell types using a commercial competitive cAMP parameter assay kit
(R&D Systems, Minneapolis, MN, USA). Therefore, m1-MDM, asc-MDM, ascTAM, ascTU
and CAF cultured on a 6 well plate were serum-starved for 24 h before adding 0.1 mM
phosphodiesterase (PDE) inhibitor isobutylmethylxanthine (IBMX) for 15 min to block
inactivation of cAMP. The cells were then stimulated with MRE-269, Iloprost or Treprostinil
for 15 min. A pre-incubation with PTGIR antagonist CAY10449 (1 � M) for 1 h was included
where indicated. After treatment, cells were washed in cold PBS and lysed in 250 � L lysis
buffer. The assay was performed with frozen cell lysates in duplicates according to the
manufacturer's instructions.

2.10. Tumor Cell Migration Assay

The effect of soluble mediators secreted by ascTAM after stimulation with PGI 2 analog
MRE-269 on tumor migration was evaluated in a Transwell assay format using primary
ascTU cells, which lacks PTGIR surface expression [24]. Brie�y, CellTracker green CMFAD-
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labelled ascTU were preincubated with 1:3 diluted CM of MRE-269-stimulated ascTAM for
24 h at 37� C and 5% CO2 before tumor cell migration was measured in a Transwell system
using10% FCS as chemoattractant for 24 h. CM derived from untreated or PPAR� / � agonist
L165 treated ascTAM as well as from ascTAM stimulated with MRE-269 in the presence of
PTGIR antagonist CAY10449 (1� M) were used as additional controls. Migrated cells were
stained with crystal violet (0.2% in 20% methanol, 1:5 dilution) for 10 min and evaluated
under a Leica DMI3000B microscope (Leica, Wetzlar, Germany). Migrating tumor cells were
counted in >7 visual �elds per �lter using the ImageJ software (version 1.52n/1.8.0_201,
Bethesda, MD, USA).

2.11. Tumor Cell Attachment to Mesothelial Cells

To determine the in�uence of the secretome of PGI 2 analog-treated ascTAM on tumor
cell adherence to mesothelial layer, we conducted an attachment assay as previously de-
scribed [24]. Brie�y, a con�uent monolayer of omentum-derived MESO was generated on
collagen-I-coated (5 � g/cm 2; Gibco/Thermo Fisher Scienti�c, Waltham, MA, USA) 96-well
plates by culturing in OCMI/5% FCS.MESOcon�uency was evaluated by microscopic
imaging (Supplementary Figure S1). After preincubation of primary ascTU with 1:3 diluted
CM of stimulated ascTAM for 24 h and labeling with CellTracker green CMFDA (Invit-
rogen/Thermo Fisher Scienti�c, Carlsbad, CA, USA), ascTU were applied to the MESO
monolayer (2 h at 37 � C). Controls were included as described for the tumor migration
assays. Tumor cell adhesion was detected by microscopic evaluation of 9 visual �elds per
preparation (DMI3000B �uorescence microscope; Leica, Wetzlar, Germany) and subsequent
counting using the ImageJ software.

2.12. VEGF-A Quanti�cation by ELISA

VEGF-A levels in CM of ascTAM or asc-MDM stimulated with PGI 2 analog or solvent
control (DMSO) were quanti�ed by ELISA (Human VEGF DuoSet ELISA, R&D Systems)
according to the manufacturer's instructions.

2.13. Transient PTGIR Knockdown in ascTAM and Asc-MDM by RNA Interference

To verify the speci�city of PTGIR surface staining, siRNA transfection was performed
in ascTAM or MDM differentiated in ascites (asc-MDM) with lipofectamine 3000 (Invitrogen,
Thermo Fisher Scienti�c, Carlsbad, CA, USA) as described by the manufacturer. siPTGIR
ONTarget plus smartpool from Dharmacon (Horizon Discovery, Cambridge, UK) and
MISSION siRNA Universal Negative Control # 2 (Sigma Aldrich) were included as control
siRNA. Additional controls were untransfected ascTAM or asc-MDM. RNA and protein
expression was analyzed in cells 48 h after transfection.

2.14. Immunoblotting

The following antibodies were used for staining of immunoblots according to estab-
lished protocols: � -GAPDH polyclonal antibody (Sigma-Aldrich, Cat# G9545), � -ß-actin
monoclonal antibody (Sigma-Aldrich, Cat# A5441), � -hPTGIR (Abcam, Cat# ab196653),� -
hPTGIS (R&D Systems, Cat# MAB7788),� -rabbit IgG HRP-linked polyclonal antibody (Cell
Signaling Technology, Cat# 7074), and� -mouse IgG HRP-linked polyclonal antibody (Cell
Signaling Technology, Cat# 7076). Blots were imaged and quanti�ed using the ChemiDoc
MP system and Image Lab software version 5 (Bio-Rad, Feldkirchen, Germany).

2.15. RT-qPCR

cDNA isolation and RT-qPCR analyses were performed as described [2,28] using
RPL27 for normalization. Raw data were evaluated by the Cy0 method [ 29]. Primer
sequences are listed in Supplementary Table S2.
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2.16. RNA Sequencing

RNA-Seq datasets for ascites cells (ascTAM, ascTU, ascTAT) and omental cells (om-
TAM, omTU, CAF, MESO, ADI) were retrieved from Sommerfeld et al. [ 24] and used for
Figure 1, Supplementary Figure S2 and Supplementary Tables S3–S5 (accession numbers
E-MTAB-3167, E-MTAB-4162, E-MTAB-10611). MDM, ascTAM and CAF were treated with
1 � M MRE-269 or solvent control (DMSO) for 5 h and total RNA was isolated using the
NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany). RNA-Seq was carried out
on by Novogene (Cambridge, UK; full-length ligation based protocol on mRNA enriched
using poly-T oligo magnetic beads; datasets used for Supplementary Tables S6–S9), or
on an Illumina NextSeq 550 using “QuantSeq 30 mRNA-Seq Library Prep Kit FWD for
Illumina” (Lexogen, Vienna, Austria) for library preparation (datasets used for Supplemen-
tary Table S10). RNA-Seq data were deposited at EBI ArrayExpress (accession numbers
E-MTAB-12437 and E-MTAB-12441) and processed as described previously [2,20] using
Ensembl 96 [30]. Only protein-coding genes were considered for further analyses.

��

 

Figure 1. Cell-type-selective biosynthesis of lipid mediators and their targets in the omental TME.
(A) Schematic representation of expression patterns of genescoding for key enzymes involved
in lipid mediator synthesis or encoding lipid receptors in 8 different cell types as indicated (red:
ascTU; pink: omTU; blue: ascTAM; cyan: omTAM; green: ascTAT; yellow: adipocytes; brown:
mesothelial cells; black: CAFs after short-term culture in the presence of ascites). The sizes of the
filled squares indicate the level of expression determined by RNA-Seq (high: median TPM > 100;
intermediate: median TPM 10–100; low: median TPM 0.3–10). ENPP: autotaxin; FFAs: free fatty
acids; LIPE: lipase E; LPA: lysophosphatidic acid; PLA 2: phospholipase A2; PTG: prostaglandin;
PGI2: prostacyclin. (B) Schematic summary of cell-type-selective steps in the biosynthesis of lipid
mediators. The AA-PGH 2-PGI2 pathways driven by COX1/2 and PTGIS is highlighted as green
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shaded areas. (C) Cell-type-selectivity of PGI 2 receptor gene (PTGIR) expression. (D) Expression
of genes involved in PGI 2/prostacyclin synthesis ( PTGS1, PTGS2, PTGIS) and signaling ( PTGIR)
based on RNA-Seq data. Protein names are shown at the top. The same samples as in Figure1A were
analyzed. The arrows indicate the selective expression of PTGIS in CAF and MESO, and the elevated
expression of PTGIR in ascTAM.

2.17. Statistical Analysis

Statistical evaluation of RNA-Seq data paired on donor was performed with EdgeR [ 31].
Paired or unpaired Student's t-test (two-sided, unequal variance) was used for comparative
analysis of all other data and indicated in the �gure legends. Results were expressed as
follows: * p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Box plots were constructed
using Matplotlib. Functional annotation of regulated genes identi�ed by RNA-Seq was
performed using the online tool of ConsensusPathDB [ 32], which uses 32 different public
repositories for data analysis (http://consensuspathdb.org ; accessed on 7 November 2022).
Progression-free survival data for HGSC patients were obtained from the Kaplan–Meier
Plotter meta-analysis database (version 06/2020 with data for 2.190 OC patients) [33].
Associations with overall survival (OS) were derived from the PRECOG database [ 34].

3. Results
3.1. A Crucial Role for Tumor-Associated Host Cells in Lipid-Mediated Signaling

We first analyzed our previously published RNA-Seq dataset [24] to identify cell types in
ascites [ascTAM, T cells (ascTAT), ascTU] or in omental metastasis [omTU, omTAM, adipocytes
(ADI), mesothelial cells (MESO), CAF] involved in the gener ation of lipid mediators, i.e.,
expressing key enzymes required for their biosynthesis (Supplementary Table S3).

As illustrated by the data in Figure 1A, Supplementary Table S4, and the schematic
summary in Figure 1B, some steps of the biosynthetic pathways were clearly cell-type-
selective, including the cleavage of acylglycerols by LIPE (lipase E) from ADI, the generation
of LPA by ENPP2 (autotaxin) from stromal cells, the synthesis of lipoxygenase products
by TAM (ALOX5) and MESO (ALOX15) and the production of PGI 2 by MESO and CAF
(PTGIS), while other steps are catalyzed by enzymes in several cell types, albeit with some
isoform selectivity.

Some lipid mediators also target selective membrane receptors, such as the free fatty
acids receptorsFFAR2/3/4expressed by TAM and ADI, and the PTGI 2 receptor PTGIR pre-
dominantly by ascTAM (Figure 1A,C; Supplementary Figure S2; Supplementary Table S5).
Since PTGIS synthesis is also cell-type-selective as alluded to above, the PGI2—PTGIR
pathway seems to be of particular interest with respect to intercellular communication. This
is documented in detail in Figure 1D, showing a low median expression of PTGISby all cell
types except for MESO and CAF, and the highest expression of PTGIR in ascTAM followed
by CAF. The data also indicate that PTGS1is expressed at high levels in MESO and CAF
(and to a lower extent PTGS2), which is relevant as cyclooxygenases generate the PTGIS
substrate (PGH2) from arachidonic acid (AA). Both consecutively acting enzymes, PTGS1
and PTGIS, are highly expressed in MESO and CAF, suggesting an ef�cient production of
PGI2 by these cell types. The COX/PTGIS-driven synthetic pathway AA—PGH 2—PGI2 is
highlighted in Figure 1B (green boxes).

The potential relevance of this signaling pathway is underlined by the association
between PTGIS expression in tumor tissue and progression-free survival (PFS) of HGSC pa-
tients (KM plotter database [ 33]: logrank p = 0.00016, HR = 1.33;Supplementary Figure S3).
Furthermore, PRECOG [34] data analysis of overall survival across different cancer entities
revealed an association of high PTGIS expression with a short survival for HGSC (z-score:
1.99), whereas opposite associations (z-score < 0) were found for other entities (Figure2A),
pointing to a tumor-type-selective adverse effect in HGSC.
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Figure 2. Validation of cell-type-selective PTGIS expression and PGI2 synthesis. (A) Association
of PTGISexpression with overall survival (OS) for different cancer entities based on the PRECOG
database [34]. Red: positive z-scores (hazard ratio > 1); blue: negative z-scores (hazard ratio < 1).
A z-score of |1.96| equals a p value of 0.05. Signi�cance thresholds are indicated by dashed blue
and red lines. (B) RT-qPCR analysis ofPTGISmRNA expression in CAF, TAM (ascTAM, omTAM)
and tumor cells (ascTU, omTU) from n = 3 different patients (patients are distinguished by different
symbols). *** p < 0.001; ****p < 0.0001 by unpaired t test. (C) Detection of PTGIS protein in CAF,
ascTAM and ascTU by immunoblot (n = 3; patient; OC . . .: patient identi�ers). � -actin was used as
loading control. ( D) MS-based quanti�cation of 6k-PGF 1� (stable degradation product of PGI 2) in
conditioned media (CM) from CAF, ascTAM, and ascTU after serum deprivation in the presence
of 50 � M AA for 24 h. Controls without AA are included for each cell type. * p < 0.05; **p < 0.01
by unpaired t test (Comparison of different cell types) and paired t test (Ctrl vs. AA-treated cells).
(E) Effect of COX1/2 inhibitors on PGI 2 biosynthesis by CAF. Concentrations of 6k-PGF1� were
measured by MS in CM of CAF under serum-free conditions in the presence of 50 � M AA and either
1 � M COX1 inhibitor SC-560 and/or 10 � M COX2 inhibitor celecoxib for 24 h. * p < 0.05; **p < 0.01
by paired t test. Horizontal bars show the mean.

3.2. Validation of PGI2 Synthesis by Cells of the HGSC TME

In view of the data discussed above, we focused our study on the PGI 2-mediated
crosstalk of PTGIS-expressing CAF with PTGIR-positive ascTAM and its potential role in
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HGSC progression. We therefore sought to con�rm the RNA-Seq data by antibody-based
methods and mass spectrometry (MS). The RT-qPCR analysis in Figure2B con�rmed a high
expression of PTGISin CAF, whereas TAM and tumor cells from both TME compartments
(ascites and omentum) expressedPTGISat low levels. Furthermore, in agreement with the
RNA-Seq data, PTGIS protein was strongly expressed in CAF, but undetectable in ascTAM
and ascTU (Figure 2C). PTGISRNA expression was low, and PTGIS protein undetectable,
in macrophages independent of their polarization state, i.e., MDM differentiated in either
ascites to assume a TAM-like phenotype (asc-MDM) or classically activated by IFN 
 /LPS
(m1-MDM) (Supplementary Figure S4).

To determine whether PTGIS expression in CAF resulted in higher PGI 2 synthesis
rates, we quanti�ed the stable degradation product of PGI 2, 6k-PGF1� released into the
culture supernatant. LC-MS/MS-analysis clearly con�rmed a strong PGI 2 production
selectively by CAF compared to ascTAM and ascTU (Figure 2D). Moreover, PGI2 synthesis
by CAF could be ef�ciently blocked by the COX1 inhibitor SC-560 alone or in combination
with the COX2 inhibitor celecoxib. Celecoxib alone was less effective (Figure 2E), which
is likely due to the lower PTGS2expression level in CAF relative to PTGS1(Figure 1D).
For comparison, we also analyzed PGE2, which was produced mainly by CAF and ascTU
(Supplementary Figure S5), consistent with the expression pattern of PTGES(Figure 1A).
Therefore, we conclude that in contrast to other prostanoids, PGI 2 released into the TME of
HGSC mainly originates from CAF (and probably MESO as suggested by Figure 1).

3.3. PTGIR Expression by Cells of the HGSC TME

To de�ne PGI 2-responsive cell types in the TME, we followed up on the PTGIR
expression pattern identi�ed by the RNA-Seq analysis in Figure 1D. RT-qPCR con�rmed
low PTGIRexpression in all cell types, with the highest levels observed in ascTAM and CAF
(Figure 3A), consistent with the RNA-Seq data (Figure 1D). To validate surface expression
of PTGIR protein, we performed �ow cytometric analysis. The speci�city of PTGIR staining
was con�rmed in siRNA-treated macrophages (Supplementary Figure S6). In agreement
with the RNA expression data, ascTAM exhibited a clear, but variable surface expression of
PTGIR that was signi�cantly higher compared to ascTU (Figure 3B,C). PTGIR protein was
not detectable on CAF (Figure 3B,C), which cannot be fully explained by a lower mRNA
expression (Figures1D and 3A), suggesting additional regulatory mechanisms. In line with
this hypothesis, PTGIR surface expression was comparable in asc-MDM and m1-MDMs in
spite of differences in PTGIRmRNA expression (Supplementary Figure S7).

3.4. Intracellular cAMP Accumulation by PGI2 Receptor Signaling in ascTAM

We next investigated whether binding of PGI 2 to its Gs-coupled receptor PTGIR acti-
vates adenylate cyclase to mediate intracellular cAMP-accumulation in macrophages. Using
the PTGIR-speci�c PGI2 analog MRE-269 [26,35], we observed strong cAMP accumulation
in ascTAM, and to a lesser extent in ascTU and CAF samples (Figure3D), in accordance
with their lower PTGIR surface expression. Levels of cAMP were highly variable among
patients (Figure 3D), presumably re�ecting the inter-patient variability of PTGIR expression
(Figure 3B). A similar increase in cAMP levels were also observed in MRE-269-treated
asc-MDM (Figure 3E). These results were con�rmed for the PGI 2 analogs iloprost and
trepostinil [ 26,35] (Supplementary Figure S8). Addition of the PTGIR antagonist CAY10449
reduced the MRE-269-mediated cAMP accumulation in 4 of 6 samples (Figure 3E), but
did not reach statistical signi�cance due to high donor-speci�c variability. Based on these
�ndings we conclude that ascTAM represent a major target for PGI 2 derived from CAF
(and MESO) in the TME.
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Figure 3. PTGIR expression and signaling in cell types of the HGSC TME. (A) RT-qPCR analysis of
PTGISmRNA expression in CAF, TAM (ascTAM, omTAM) and tumor cells (ascTU, omTU) from
n = 3 different patients (patients are distinguished by different symbols). * p < 0.05; **p < 0.01 by
unpaired t test (Comparison of different cell types) and paired t test (matched pairs of omental
and ascites-derived cells). (B) Detection of surface expression of PTGIR by �ow cytometry in CAF,
ascTAM and ascTU. Percentage of positive cells are indicated. Symbols represent different patients
(n = 8 for CAF; n = 10 for ascTAM; n = 9 for ascTU). * p < 0.05; **p < 0.01, ****p < 0.0001 by unpaired t
test. (C) Exemplary histograms of PTGIR staining. ( D) Analysis of intracellular cAMP accumulation
upon stimulation of CAF, ascTAM and ascTU with 100 nM MRE-269 for 15 min under serum-free
conditions. Untreated cells and solvent-treated cells (DMSO) were included as controls. Symbols
represent different patients (n = 4 for CAF; n = 6 for ascTAM; n = 3 for ascTU). * p < 0.05 by paired
t test. (E) Repression of cAMP accumulation in asc-MDM pretreated with 1 � M PTGIR antagonist
CAY10449 (1 h) before stimulation with MRE-269. Symbols represent different patients (n = 6).
* p < 0.05 by paired t test. Horizontal bars show the mean.

3.5. PGI2 Analogs Shift the Differentiation, Transcriptional Pro�le and Secretome of Macrophages
towards a Pro-Tumorigenic Phenotype

To elucidate the functional impact of PGI 2 on ascTAM we determined alterations in
the global gene expression pro�le in response to highly selective PGI 2 analog MRE-269.
EdgeR paired test [31] of RNA-Seq data identi�ed n = 1495 signi�cantly upregulated genes,
and 1801 downregulated genes (FDR < 0.05); Figure4A; Supplementary Table S6). Of
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these, n = 669 were upregulated with a fold change (FC) > 2 (Supplementary Table S7) and
n = 588 were downregulated (Supplementary Table S8). Both M1 and M2 marker genes
were affected by MRE-269, but without direction of polarization (Figure 4B). Thus, both
M1 (CCR7, CD86, ITGAX) and M2 (VEGFA) marker genes were increased by MRE-269,
and, conversely, expression of both M1 (CD80, FCGRs, TNF) and M2 (CD163, MRC1/CD206,
MSR) genes were inhibited. This pattern is consistent with our previous work showing
that ascTAM are characterized by a mixed-polarization phenotype [ 19].

Figure 4. Regulation of the transcriptome and polarization state of macrophages by PGI 2 analogs.
(A), Volcano plot depicts genes regulated by MRE-269. ascTAM were treated with 1 � M MRE-269
or solvent control (DMSO) for 5 h and analyzed by RNA-Seq. Red: sites upregulated by MRE-
269 relative to solvent control (FC > 1 and FDR < 0.05). Blue: downregulated sites (FC < 1 and
FDR < 0.05). Grey: FDR� 0.05. (B) Expression of M1 and M2 marker genes, expressed as the fold
change of MRE-269-treated cells relative to solvent control (RNA-Seq data; n = 4 biological replicates).
Boxplots show the median (line), upper and lower quartiles (box), range (whiskers) and outliers
(circles). * FDR < 0.05; ** FDR < 0.01; *** FDR < 0.001; **** FDR < 0.0001; ns, not signi�cant by EdgeR
paired test. (C) Venn diagrams illustrating the overlaps of gene sets upregulated by MRE-269 in
ascTAM, TAM-like MDM differentiated in the presence of ascites (asc-MDM) and M1-polarized
MDM (top 100 genes by FDR in each case). (D) Secretion of VEGF by ascTAM and asc-MDM after
stimulation with 100 nM MRE-269 under serum-free conditions measured by ELISA. DMSO: solvent
control. Horizontal bars indicate the mean. * p < 0.05 by paired t test. (E,F) Flow cytometry analysis
CD86 (E) and CD206/MRC1 ( F) on asc-MDM treated with 100 nM of the PGI 2 analogs MRE-269,
iloprost or trepostinil for 24 h. MFI was expressed relative to untreated controls. Horizontal bars
show the mean. * p < 0.05; ns: non-signi�cant by paired t test.
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To investigate the effects of PGI2 on macrophages in more detail, we used TAM-like
asc-MDM, which show low expression of PTGIS (see Section 3.2) and high expression of
PTGIR (see Section3.3) comparable to ascTAM. The Venn diagram in Figure 4C (top left)
demonstrates a strong overlap of 90.5% for the top MRE-269-upregulated genes in TAM
and asc-MDM, which was slightly less for MRE-269-upregulat ed genes in TAM versus M1-
polarized MDM with 83.5% (Figure 4C, top right), but low in TAM versus CAF with 11.7%
(Figure 4C, bottom). These observations indicate clear cell-type-selective differences in the
action of PGI2, and validate asc-MDM as a suitable model emulating ascTAM. Consistent
with this conclusion and the RNA-Seq data, we found a signifi cant induction of VEGFA
secretion by MRE-269 in both asc-MDM and ascTAM (Figure 4D). Likewise, flow cytometry
confirmed the upregulation of CD86 (Figure 4E) and the downregulation of CD206 (Figure 4F)
in ascTAM by MRE-269 as well as two other PGI2 analogs, Iloprost and Trepostinil.

Functional annotation analysis of the MRE-269-regulated genes by ConsensusPathDB [32]
yielded over-represented terms mainly falling into 4 groups (Figure 5A; Supplementary
Table S9): (i) GPCR signaling, which is consistent with PTGIR being a GPCR; (ii) Rac/Rho
GTPase signaling, which impacts actomyosin-controlled processes; (iii) phagocytosis, which
is dependent on Rho GTPases and actomyosin contraction [36]; and (iv) immune cell
regulation, including chemokine signaling. Rac/Rho signaling plays a key role in tu-
mor cell adhesion, motility and invasion [ 37], pointing to a role for PGI 2 in metastasis-
associated processes. Consistent with this notion, we found 34 MRE-269-upregulated
cytokine genes associated with the term “metastasis” in the genecards.org database, in-
cluding ANGPTL4, AREG, BMP6, CXCL2, CXCL3, CXC6, EREG, TGFB3, VEGFA, WNT1,
WNT5B and WNT7B (Figure 5B; Supplementary Table S7). Furthermore, MRE-269 induced
multiple genes coding for extracellular matrix (ECM) proteins and proteases involved
in metastasis-associated ECM remodeling (Figure 5C; Supplementary Table S7). Intrigu-
ingly, MRE-269 signi�cantly inhibited the expression of 22 cytokine genes, among these
CXCL10 and IL12A with pivotal functions in T/NK cell recruitment and activation [ 38,39]
(Figure 5D; Supplementary Table S8). Immune suppression and tumor angiogenesis may
also be supported by PGE2, [40] as the genes involved in its synthesis (PGES, PTGS2/COX2)
were also induced by MRE-269 (Figure 5E; Supplementary Table S7).

Since PGI2-mediated signaling can not only be mediated via PTGIR, but also by
binding to nuclear PPAR � / � , we analyzed potential effects on known PPAR � / � target
genes. As can be seen in Supplementary Table S6, expression of the well-known PPAR� / �
target gene PDK4 was not upregulated by MRE-269, arguing against a role for PPAR � / �
in mediating the MRE-269 effects observed above. As reported previously [ 41], ascites
contains a high level of endogenous PPAR� / � ligands blunting the effect of synthetic
agonists, consistent with the observed high basal expression of PDK4 in untreated asc-
MDM and ascTAM (Supplementary Table S6).

Taken together, our �ndings indicate that PGI 2 triggers a shift to a mixed-polarization,
immunosuppressed TAM phenotype with angiogenesis- and invasion-promoting features,
which is mediated by its membrane receptor PTGIR without contribution by PPAR � / � .
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Figure 5. Functions of genes regulated by the PGI2 analog MRE-269. (A) Functional annotation
of MRE-269-regulated genes (as in Figure4A) using the over-representation tool of Consensus-
PathDB [32]. The plot depicts the top 12 (by FDR) speci�c terms. Overlap: percentage of genes in
the query set compared to the set representing the respective term. (B) Cytokine genes associated
with the term “metastasis” in the genecards.org database and upregulated by MRE-269 (FDR < 0.05).
(C) Metastasis-associated genes coding for ECM components and proteases of the TME signi�cantly
upregulated by MRE-269. (D) Cytokine genes signi�cantly downregulated by MRE-269. ( E) Genes
involved in prostaglandin synthesis signi�cantly upregulated by MRE-269. Boxplots show the me-
dian (line), upper and lower quartiles (box), range (whiskers) and outliers (circles). * FDR < 0.05;
** FDR < 0.01; *** FDR < 0.001; **** FDR < 0.0001; ns, not signi�cant by EdgeR paired test.

3.6. PGI2 Decreases the Phagocytic Capability of Macrophage

In view of the functional annotation of genes regulated by MR E-269, we sought to
investigate its effect on the phagocytic capability of macr ophages. Toward this goal, asc-
MDM were treated with PGI 2 analogs, and macropinocytosis was quantified by FITC dextr an
uptake. Compared to m1-MDM, asc-MDM displayed a strong macr opinocytotic activity
(Supplementary Figure S9A,B), which was significantly dim inished by all three PGI 2 analogs
(Figure 6A). Furthermore, two different PTGIR antagonists (CAY1044 9 and CAY10441) could
partially reverse the effect of MRE-269 (significant with C AY10441; Figure6B), indicating a
role for PTGIR signaling. A potential contribution of PPAR � / � activation by PGI 2 analogs
in TAM could be ruled out, since macropinocytosis by asc-MDM were not affected by
the synthetic PPAR� / � agonist L165041 (Figure6B). In contrast, L165041 suppressed the
macropinocytotic potential of M0-differentiated MDM (Sup plementary Figure S9C). As these
cells were not exposed to ascites, they do not accumulate endogenous PPAR� / � ligands and
thus remain responsive to synthetic PPAR� / � ligands. Our findings therefore support the
previously observed inhibition of macropinocytosis by L16 5041 [42], which does not appear
to be relevant for macrophages exposed to HGSC micronevironment.
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Figure 6. In�uence of PGI 2 analogs on macropinocytotic activity of asc-MDM. ( A) Macropinocytosis
was determined by FITC-dextran uptake by asc-MDM after stimulation with 100 nM MRE-269,
iloprost or trepostinil or DMSO (solvent control) for 30 min (n = 5; donors are distinguished by
different symbols). Results were normalized to untreated controls. ( B) Macropinocytosis of asc-MDM
treated with 1 � M PTGIR antagonist (CAY10449 or CAY10441) prior to stimulation with MRE-269 or
DMSO. To test for a role of PPAR� / � in inhibiting macropinocytosis, asc-MDM were stimulated with
1 � M L165041. *p < 0.05, **p < 0.01 by paired t test. Horizontal bars show the mean.

We next asked whether CAF could alter the phagocytic potential of macrophages
by releasing PGI2 in a similar way as synthetic PGI 2 analogs. Because of the very short
half-life of PGI 2 (<10 min at physiological pH [ 43]) we used a transwell co-culture system
as illustrated in Supplementary Figure S10A. In this experimental setup, asc-MDM and
CAF were co-cultured in the presence of exogenous AA as substrate for PGI2 synthesis,
thereby mimicking the situation in HGSC ascites [ 41]. asc-MDM co-cultured with CAF
showed a signi�cant reduction of macropinocytotic activity compared to asc-MDM alone
(Supplementary Figure S10B), which was observed with CAF from different HGSC patients.
Inclusion of the COX1/2 inhibitors SC-560 and celecoxib to block CAF-derived PGI 2 supply
resulted in partial restoration of the macropinocytotic capacity in the presence of CAF
(Supplementary Figure S10B). Thus, we conclude that PGI2 released by CAF can affect the
phagocytic potential of TAM via PTGIR signaling.

3.7. Triggering Tumor Migration and Adhesion by Factors Secreted by PGI2-Treated TAM

Since transcriptomic pro�ling of ascTAM indicated alterations in the expression of
metastasis-associated cytokines and proteins involved in ECM remodeling (Figure 5B,C,
Supplementary Table S7), we asked if factors secreted by ascTAM in response to PGI2 could
impact tumor cell migration. We chose primary tumor cells (ascTU) for this purpose, which
express very low levels of PTGIS and PTGIR (Figures2 and 3), so that autocrine effects are
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negligible. Tumor migration was studied in a transwell setting, where ascTU from different
patients were pre-incubated with conditioned media (CM) from MRE-269-treated ascTAM.
As illustrated in Figure 7A,B, the migration of primary tumor cells was signi�cantly en-
hanced by the conditioned medium from MRE-269-treated compared to untreated TAM,
which was partially blocked by the PTGIR antagonist CAY10449, suggesting an involve-
ment of PTGIR signaling. By contrast, CM from ascTAM stimulated with the PPAR � / �
agonist L165041 did not affect tumor cell migration (Figure 7A,B).

�† �ˆ

�†�ˆ

 

�† �ˆ

Figure 7. Pro-tumorigenic functions of PGI 2-induced TAM secretomes. (A) Migration of primary
ascTU pretreated for 24 h with conditioned media (CM) from ascTAM stimulated with MRE-269
(100 nM), MRE-269 (100 nM) + CAY10449 (1� M) or PPAR� / � agonist L165041 (1� M). CM from
ascTAM treated with DMSO was included as control. Migration was assessed in a Transwell format
with 10% FCS as chemoattractant after 24 h and quanti�ed relative to CM from DMSO control with
primary ascTU from n = 2 patients (different colors) and TAM-conditioned medium from n = 6
patients (different symbols). ( B) Representative microscopic pictures of migrated tumor cells after
24 h exposure to CM from ascTAM. ( C) Adhesion of primary ascTU cells to a con�uent monolayer of
peritoneal mesothelial cells (MESO). ascTU (from n = 2 patients, indicated by different colors) were
preincubated with CM from ascTAM (from n = 6 patients) stimulated as described above and labeled
with CellTracker Green. Adhesion of ascTU to the MESO layer was evaluated in comparison to CM
from ascTAM stimulated with DMSO as solvent control after 2 h of co-culture. ( D) Representative
microscopic pictures of tumor cell adhesion to MESO monolayer after 2 h exposure. Tumor cells
were pretreated with CM from ascTAM pretreated with different ligands as indicated. Intactness
of the MESO monolayer was veri�ed by staining for the tight junctions scaffolding protein zonula
occludens 1 (ZO1) (Supplementary Figure S1). One of the samples analyzed was a low-grade
mucinous carcinoma (black triangles in A and C), which was not known at the time of the analysis
(OC233 in Table S1). All other samples were isolated from HGSC patients. The data suggest that the
effect of MRE-269 is not limited to HGSC. * p < 0.05, **p < 0.01, by paired t test. Horizontal bars show
the mean.
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Finally, we investigated whether PGI 2-induced mediators in the TAM secretome
impact tumor cell adhesion to MESO as an early step of tumor invasion. As shown in
Figure 7C,D, ascTU pretreated with CM from MRE-269-stimulated ascTAM showed a
higher adhesive potential to MESO compared to ascTU incubated with CM from untreated
ascTAM. The secretion of adhesion-promoting mediators by ascTAM in response to PGI 2
was dependent on binding to PTGIR as suggested by the inhibitory effect of the PTGIR
antagonist CAY10449. Participation of PPAR� / � was excluded, as the PPAR� / � agonist
L165041 had no effect (Figure7C,D). In view of these results, we postulate that PGI 2 in the
TME promotes tumor migration and invasion by stimulating TAM to secrete pro-migratory
and pro-adhesive factors.

4. Discussion

Bioinformatic analysis of global transcriptome for different cell types in malignant as-
cites and omental metastases of HGSC patients was conducted to de�ne the lipid-mediated
intercellular crosstalk as a basis for functional analyses in the context of tumor progression
and metastasis. In this network, COX1, COX2, PTGES and PTGIS, which convert AA to
bioactive prostanoids, play a pivotal role. In contrast to most other malignancies, COX1
has been reported to be expressed at higher levels than COX2 in HGSC [44], which is
consistent with our data for ascTU, omTU and CAF from omental metastases (Figure 1D).
Both, COX1 and COX2 overexpression have been strongly implicated in the progression
of numerous tumors, including ovarian cancer [ 45], but the clinical utility of available
COX2 inhibitors is limited due to their cardiotoxicity. There is accumulating evidence that
the intake of nonsteroidal anti-in�ammatory drugs (NSAIDs), in particular acetylsalicylic
acid, may be associated with a reduced incidence of ovarian cancer among other tumors,
probably via irreversible COX1 inactivation [ 46–50]. However, data regarding the in�uence
of acetylsalicylic acid on the mortality of ovarian cancer are inconsistent, making further
clinical evaluation necessary to be able to draw de�nitive conclusions [ 51,52].

Our study provides strong evidence for CAF as an essential producer of PGI 2 in
the HGSC TME due to selective upregulation of PTGIS expression (Figure 2). A similar
observation was reported for pancreatic ductal adenocarcinoma based on single-cell RNA-
Seq data [53]. Physiologically, PGI 2 is synthesized by �broblasts and is enhanced during
wound healing [ 54]. This is of particular interest, since activated �broblasts in healing
wounds and CAF share many features, which strengthens the evolving concept of cancer as
a wound that does not heal [ 55]. According to our RNA-Seq data (Figure 1), MESO are the
only cell population expressing PTGIS at a level similar to CAF which could be explained
by the high degree of similarity between these cell types. Due to their plasticity, MESO
can acquire a CAF-like state upon stimulation by cytokines present in ascites that have
the potential to induce a mesothelial-mesenchymal transition (e.g., TGF � , IL-1� ) [56]. It
is therefore likely that MESO also signi�cantly contribute to PGI 2-driven signaling in the
HGSC TME.

Even though anti-tumorigenic functions [ 57] and a favorable clinical outcome have
been linked to PGI2 in several cancers, increased intra-tumoral PTGIS expression derived
from stroma cells is associated with poor clinical outcome in HGSC (Figure 2A) suggesting
an entity-speci�c role for PTGIS and its product PGI 2. We have identi�ed TAM in HGSC
ascites as an essential target for CAF-derived PGI2. ascTAM show the highest expression of
the PGI2 receptor PTGIR among cells in the TME, consistent with a strong activation by
PGI2 analogs (Figure 3). CAF also respond to PGI2 analogs by cAMP accumulation, albeit
to a far lesser extent compared to ascTAM, which we attribute to the considerably lower
level of PTGIR expression on CAF (Figure 3B,C). Nevertheless, the observed stimulation
of cAMP in CAF is in agreement with published data on PGI 2-mediated alterations of
�broblast functions via activation of the cAMP-PKA pathway [ 58].

Transcriptional pro�ling and functional analyses suggest that TAM adopt an im-
munosuppressed phenotype both M1- and M2-like features upon stimulation with the
PGI2 analog MRE-269. For example, MRE-269 treatment inhibited the expression of the
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pro-in�ammatory TNF gene and M1 surface marker genes (FCGRs), while increasing the
surface expression of the M1-related markers CD86 and secretion of M2-assocuated VEGF
(Figure 4). Furthermore, CXCL10and IL12A. which play essential roles in the recruitment
and activation of T and NK cells [ 38,39] were repressed by MRE-269 (Figure5D; Supple-
mentary Table S8). Consistent with these observations, inhibition of pro-in�ammatory
genes by forced PTGIS expression in macrophages has also been described in a recent
study and linked to altered JAK/STAT signaling [ 22]. Furthermore, CREB target genes
(CEBPB, SOCS3) have been associated with macrophage polarization [59,60], and cAMP
was found to exert anti-in�ammatory activity by suppressing macrophage functions [ 61,62].
Consistent with these �ndings, we observed an upregulation of KLF4 and the CREB target
geneSOCS3in the transcriptome of MRE-269-treated TAM, indicative of an involvement
of the cAMP-triggered CREB pathway (Supplementary Table S6). PGE2 has also been
reported to promote M2 polarization through activation of the cAMP pathway via cyclic
AMP responsive element binding (CREB)-mediated induction of KLF4 [63].

As of yet, our knowledge regarding the control of macrophage functions by PGI 2—
especially in the context of cancer—is limited. Nonetheless, published data showing
that PGI2 analogs inhibit phagocytosis, bacterial killing and secretion of in�ammatory
cytokines by rat macrophages, point to a role of PGI 2 in immune regulation similar to that
of PGE2 [23]. These authors observed different ef�cacies of PGI 2 analogs in peritoneal and
resident alveolar macrophages, which correlated with their PTGIR expression pro�le. Our
own observations in human TAM fully agree with these data on rodent macrophages. First,
we determined a difference in PTGIR expression in TAM subpopulations dependent on
their anatomic site, as ascTAM display higher PTGIR expression compared to omTAM
(Figure 3A). Second, the phagocytic capacity of asc-MDM was suppressed by PGI2 analogs,
accompanied by downregulation of the phagocytosis-related marker CD206 by MRE-269
and iloprost (Figure 4B,F and Figure 6A). Our data further suggest a direct implication
of PTGIR signaling in this process, as the phagocytic potential was partially restored by
PTGIR antagonists (Figure 6B). At least for the most speci�c analog MRE-269, signaling via
PGE2 receptors (PTGER1–4) can be neglected due to a lack of binding af�nity [ 26]. Likewise,
signaling via nuclear PPAR receptors has not been reported for MRE-269 in contrast to PGI2
and some of its analogs such as iloprost and trepostinil which bind directly to PPAR � and
� / � [64,65]. Importantly, even the use of the potent synthetic PPAR � / � agonist L165041
could not alter the phagocytic capability of asc-MDM, although it was effective in M0 MDM
(Figure 6B, Supplementary Figure S9C), which, however, have a low relevance, if any, in
the TME. This unresponsiveness of ascTAM is in line with our previous �ndings showing
that PPAR� / � target genes in ascTAM are upregulated in comparison to M0-MDM due to
high levels of fatty acid ligands in HGSC ascites, and therefore are refractory to synthetic
PPAR agonists [41]. Based on these data we assume that PGI2 suppresses phagocytosis by
macrophages in the ascites milieu without direct participation of PPARs.

Our results further support a previously unknown link between PGI 2 activation of
TAM and the secretion of factors that enhance tumor migration as well as adhesion of
primary tumor cells to MESO as a �rst step of tumor cell invasion (Figure 7). Our data
indicate that the secretion of adhesion- and migration-promoting factors by ascTAM is
mediated by activation of PTGIR signaling pathways (Figures 6 and 7). This conclusion is
in line with the observed upregulation of several genes involved in differentiation, motility
and tissue development in MRE-269-stimulated TAM (Figure 5). Macrophages are known
to promote tumor cell migration through the secretion of proteins, such as EGF, CHI3L1,
IGF1, FN1, TNC and TGFBI [25,66–68]. TGFBI was also found among the upregulated
genes by MRE-269 in TAM (Supplementary Table S6). We have previously shown that
TAM promote HGSC cell migration by secreting TGFBI [ 25], linking the PGI 2 -triggered
signaling in TAM to altered tumor cell properties. Our observations also suggest that
PGI2-activated TAM contribute to tumor angiogenesis by upregulating VEGF (Figure 4D)
and PGE2 synthesis (Figure 5E). This is in line with data from a murine breast cancer model
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demonstrating that upstream inhibition of COX2 in macrophage leads to downregulation
of VEGFA, VEGFC and MMP9 associated with reduced metastasis [69].

CAF express high levels of PTGIS resulting in elevated PGI2 synthesis. PGI2 re-
leased into the TME binds to its surface receptor PTGIR on ascTAM to trigger signaling
transduction, including cAMP accumulation. PTGIR activation skews TAM to an immuno-
suppressed and pro-tumorigenic TAM phenotype, characterized by reduced phagocytic
capacity, decreased secretion of immune-stimulatory cytokines and enhanced release of
molecules (cytokines and growth factors, ECM components and proteases, PGE2) promot-
ing pro-metastatic processes, like cell migration, adhesion and angiogenesis.

5. Conclusions

As illustrated by the schematic summary in Figure 8, our results provide strong evi-
dence (i) that CAF are main producers of PGI 2 due to high PTGIS expression, (ii) that PGI2
predominantly targets PTGIR-positive ascTAM to trigger signaling via the PTGIR-cAMP
axis and (iii) that PGI 2 triggers a switch towards a pro-tumorigenic and immunosuppressed
TAM phenotype with both M1 and M2-like features. These reeducated TAM exhibit low
phagocytic capability and reduced expression of immune-stimulatory cytokine genes as
well as enhanced secretion of pro-metastatic mediators impacting tumor cell adhesion, mi-
gration and angiogenesis. In view of the association of PTGIS with a poor clinical outcome
of ovarian cancer, targeting PGI2 synthesis either directly, or indirectly via COX inhibition,
may be a promising option to improve the treatment of HGSC patients.

Figure 8. Schematic summary of the PGI2-mediated crosstalk in the OC microenvironment.
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Supplementary Figures S1-S11 

 

Prostacyclin released by cancer-associated fibroblasts promotes 
immunosuppressive and pro -metastatic macrophage polariza-
tion in the ovarian cancer microenvironment  
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Supplementary  Figure S1. Evaluation of the integrity of MESO monolayers for tumor cell adhesion assay. Microscopic evaluation 
(wells of 96-well plate) showing the integrity of ME -SO monolayers after staining for the tight junctions scaffolding protein zonula 
occludens 1 (ZO1). 
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Supplementary  Figure S2. Cell-type-selectivity of genes coding for receptors of lipid  mediators. The figure is based on the data in 
Figure 1A and shows the cell types with the highest level of receptor expression. 
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Supplementary  Figure S3. Inverse association of PTGIS expression with relapse-free survival in HGSC patients. Kaplan -Meier plot 
showing the association between relapse-free survival (RFS) and PTGIS expression in tumor tissue (KM plotter: logrank P = 0.00016, 
HR = 1.33). The plot was generated by KM Plotter [33]. 
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Supplementary Figure S4. PTGIS expression in differently polarized macrophages. (A) Expression of PTGIS mRNA in m1-MDM 
and asc-MDM analyzed by RT -qPCR in n = 6 matched paires of different donors (donors are distinguished by different symbols). p 
values were de-termined by paired t test. Horizontal bars show the mean. ( B) Detection of PTGIS protein in m1-MDM and asc-MDM 
by immunoblotting (n  = 4; donor d1-d4). b-actin was used as loading control. A representative blot is shown. 
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Supplementary Fi gure S5. PGE2 synthesis in different cell types of the HGSC TME. MS-based quantification of PGE2 in conditioned 
media (CM) from ascTAM, ascTU and CAF after serum deprivation in the presence of 50 µM AA for 24 hours. Controls without AA 
are included for each cell type. * p < 0.05; ** p < 0.01 by paired t test (Ctrl vs. AA-treated cells). Horizontal bars show the mean. 
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Supplementary Figure S6. Validation of PTGIR staining in macrophages. (A) Surface ex-pression of PTGIR in asc-MDM and ascTAM 
analyzed by flow cytometry after transient trans -fection with siPTGIR or control siRNA (siCtrl). Untreated macrophages were in-
cluded as con-trols (n = 6 each). ** p < 0.01 by paired t test. Horizontal bars show the mean. (B) Representative histograms of PTGIR 
staining for untransfected, siPTGIR- and siCtrl -transfected asc-MDM. ( C) Immunoblot for PTGIR detection in untransfected, siPT-
GIR- and siCtrl -transfected asc-MDM of two donors (day 5 and day 6). GAPDH was used as loading control. Quantifications of 
PTGIR expression relative to GAPDH are indicated.  
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Supplementary Figure S7. PTGIR expression in differently polarized macrophages. (A) Expression of PTGIR mRNA in m1-MDM 
and asc-MDM analyzed by RT -qPCR in n = 7 matched pairs of different donors (donors are distinguishe d by different symbols). ****  
p < 0.0001 by paired t test. (B) Detection of PTGIR expression in m1-MDM and asc-MDM by flow cytometry (n  = 5). p values were 
determined by paired t test. Horizontal bars show the mean. ( C) Repre-sentative histograms of PTGIR staining in asc-MDM and m1 -
MDM. Blue: Isotype control; red: PTGIR.  
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Supplementary Figure S8. Induction of PTGIR signaling by different PGI2  analogs. Comparative analysis of intracellular cAMP 
accumulation in asc-MDM, asc-TAM and CAF up -on stimulation with 100 nM MRE -269, iloprost or trepostinil for 15 min under 
serum-free condi-tions. Solvent-treated cells (DMSO) were included as controls. Horizontal bars show the mean. 
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Supplementary Figure S9. Impact of PGI2 analogs on macropinocytosis in differently  polarized macrophages. (A) Macropinocytosis 
was determined by FITC-dextran uptake of untreated asc-MDM and compared to m1 -MDM (n  = 4 matched donors). * p < 0.05 by 
paired t test. (B) Representative histograms of FITC-dextran uptake in asc-MDM versus m1 -MDM. Red: FITC internalization (37  °C); 
blue FITC binding control (4  °C). (C) Macropinocytosis of M0 MDM (n  = 6) stimulated with MRE -269 (100 nM) or PPARb/d agonist 
L165 (1 µM). DMSO treated M0 MDM were included as controls. *  p < 0.05 by paired t test. Horizontal bars show the mean. 
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Supplementary Figure S10. Influence of CAF on macropinocytotic activity of TAM.  (A) Schematic overview of the experimental 
setup of CAF / asc-MEM co-culture for evaluation of macropinocytosis. ( B) Macropinocytosis of asc-MDM after co -culture with CAF. 
Continuous PGI2 production by CAF in serum -free co-culture was maintained by adding exogenous AA (50 µM) as a substate for 
PGI2 biosynthesis. For COX1/2 blockade, 1 µM SC-560 and 10 µM celecoxib were added to co-cultures for 24 hours. Solvent controls 
(DMSO) were included. asc-MDM in the absence of CAFs were equally treated. Green dots represent donors responding to COX1/2 
inhibitors in co -cultures. * p < 0.05by paired t test. Horizontal bars show the mean. 
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Supplementary Figure S11 . A. Original image (full immunoblot) of Fig ure 2C. 
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Supplementary Figure S11. B. Original image (full immunoblot) of Fig ure S4B. 
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Supplementary Figure  S11. C. Original image (full immunoblot) of Fig ure S6C. 
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