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TRAIL-dependent apoptosis of peritoneal
mesothelial cells by NK cells promotes
ovarian cancer invasion

Anna Mary Steitz,! Clarissa Schréder, " Isabel Knuth,” Corinna U. Keber,? Leah Sommerfeld,’ Florian Finkernagel,’
Julia M. Jansen,® Uwe Wagner,® Sabine Miiller-Briisselbach,” Thomas Worzfeld,* Magdalena Huber,>

Vanessa M. Beutgen,®” Johannes Graumann,®’ Elke Pogge von Strandmann,® Rolf Miiller,’.7*

and Silke Reinartz!-*

SUMMARY

A crucial requirement for metastasis formation in ovarian high-grade serous carcinoma (HGSC) is the
disruption of the protective peritoneal mesothelium. Using co-culture systems of primary human cells,
we discovered that tumor-associated NK cells induce TRAIL-dependent apoptosis in mesothelial cells
via death receptors DR4 and DR5 upon encounter with activated T cells. Upregulation of TRAIL expression
in NK cells concomitant with enhanced cytotoxicity toward mesothelial cells was driven predominantly by
T-cell-derived TNF«, as shown by affinity proteomics-based analysis of the T cell secretome in conjunction
with functional studies. Consistent with these findings, we detected apoptotic mesothelial cells in the peri-
toneal fluid of HGSC patients. In contrast to mesothelial cells, HGSC cells express negligible levels of both
DR4 and DRS and are TRAIL resistant, indicating cell-type-selective killing by NK cells. Our data point to a
cooperative action of T and NK in breaching the mesothelial barrier in HGSC patients.

INTRODUCTION

Extended peritoneal metastasis is one of the central clinical hallmarks of high-grade serous ovarian carcinoma (HGSC) contributing to an over-
all poor prognosis of the disease. A prerequisite for metastatic spread is the invasion of cancer cells through the mesothelium covering peri-
toneal organs. It is generally believed that the mesothelial lining acts as a barrier against tumor cell invasion.” This is supported by the pres-
ence of lesions in the mesothelial cell layer at metastatic sites.” It is hypothesized that formation of such gaps precedes adherence of tumor
cells from the malignant ascites to the submesothelial basement membrane, followed by its disruption.

The mechanisms underlying the cellular interactions in the tumor microenvironment (TME) that affect the integrity of the mesothelial cell
layer and thereby enable tumor invasion, are only partly understood. Several factors are assumed to be involved, including changes in the
mesothelial cell architecture due to mesothelial-mesenchymal transition (MMT) induced by ascites-derived mediators,*” induction of meso-
thelial cell senescence,® and mesothelial clearance by myosin-dependent mechanical forces exerted by tumor cells.” Apart from this, gastro-
intestinal and ovarian tumor cells are able to induce apoptosis in human peritoneal mesothelial cells (HPMC) by different mechanisms
including Fas/FasL interaction,” activation of the TGFB signaling pathway”'° or release of extracellular vesicles.'"? Mesothelial injury caused
by increased cell death has also been observed in the context of inflammation after long-term peritoneal dialysis or acute peritonitis."* "% In
explanation, a Fas/FasL dependent action was postulated, while other cytotoxic ligands like tumor necrosis factor a (TNFa) and tumor necro-
sis factor related apoptosis inducing ligand (TRAIL) did not appear to be relevant.'” Since acute peritonitis is accompanied by a sudden in-
crease of peritoneal leukocytes, it was suggested that immune cells may play a role in regulating HPMC survival.*

Inview of a general apparent susceptibility of mesothelial cells toward apoptosis in the context of pathological conditions including inflam-
mation, we asked (i) if tumor-associated lymphocytes (TAL) exhibit selective cytotoxicity directed against HPMC in HGSC patients, (i) whether
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this phenomenon persists in the presence of immunosuppressive ascites mimicking the HGSC TME, and may (iii) support peritoneal tumor
invasion and metastasis as a consequence.

RESULTS

Activated tumor-associated NK cells induce apoptosis in HPMC from HGSC patients

A monolayer of omental HPMC was subjected to co-culture with TAL isolated from malignant ascites for 6 h at an HPMC:TAL ratio of 1:10
(determined as optimal conditions in preliminary experiments) prior to annexin V/Pl staining (schematic overview see Figure 1A). Intriguingly,
TAL from different patients were generally able to attack HPMC, but apoptosis levels were significantly enhanced when TAL were activated by
o-CD3 Ab stimulation prior to co-culture with HPMC (Figure 1B). This effect was maintained in a completely autologous setting using matched
pairs of TAL and HPMC from the same patient (Figure 1B, blue dots; example dot plots of flow cytometric evaluation are given in Figure 1C).
To address the question, which immune cells were responsible for the HPMC killing observed, TAL from ascites were fractionated by magnetic
activated cell sorting (MACS) sorting into CD3" T cells and CD3CD56" NK cells prior to co-culture with HPMC. As depicted in Figure 1D,
neither CD3" T cells subjected to a-CD3 Ab activation nor NK cells alone induced apoptosis in HPMC, whereas mixtures (1:1) of both cellular
fractions yielded effects similar to those observed with unfractionated TAL (Figure 1B).

To shed light onto the underlying killing mechanism, we next investigated the contribution of granzyme B (GrB)/perforin degranulation,
in terms of HPMC killing by TAL subpopulations including T and NK cells. Increased expression of the degranulation marker CD107a was
observed on CD335+ NK cells (within the a-CD3-activated TAL population) in response to HPMC co-culture (Figure 1E), whereas no
induction of CD107a was observed on CD3" T cells under those conditions (Figures 1F and 1G shows examples of flow cytometric eval-
uation of CD107a expression). Positive controls for degranulation of CD3" T cells (in response to PMA/ionomycin stimulation) and of NK
cells (in response to K562 cells) are presented in Figure S1. In accordance with the annexin V/PI measurement in Figure 1D, isolated T and
NK cell fractions alone did not yield significant degranulation following HPMC co-culture, whereas CD107a+ NK cells were detected when
NK cells were mixed with a-CD3 Ab-activated T cells prior to the co-culture (Figure TH). Based on these data, we conclude that ascites-
associated NK cells can acquire cytolytic activity targeting HPMC, but that a prior interaction with activated T cells is a prerequisite for
HPMC killing. We further demonstrated that the pro-apoptotic activity of activated NK cells was clearly related to increased GrB/perforin
degranulation.

TRAIL-dependent killing of HPMC by NK cells in contrast to GrB/perforin pathway is active in ascitic fluid

We next addressed the question if the cytolytic activity of NK cells toward HPMC persists in the presence of immunosuppressive ascitic fluid.
To that end we compared induction of apoptosis in HPMC by a-CD3-activated TAL in the presence of cell-free malignant ascites or 5% AB
serum. As depicted in Figure 2A, the fraction of apoptotic HPMC was not significantly altered in the presence of ascites. GrB/perforin degran-
ulation of activated NK cells in response to HPMC was, however, almost completely blocked, when TALs were pre-cultured in cell-free ascites
during activation with a-CD3 Ab (Figure 2B). Based on these data we concluded that T cell activated NK cells are generally able to kill HPMC in
ascites, but that cytotoxic mechanisms other than the GrB/perforin pathway might be more relevant in the presence of ascites.

Since HPMC from the omentum of HGSC patients strongly express Fas when cultured in serum-containing medium or under ascites con-
ditions (Figure S2A), we investigated a Fas/FasL-dependent mechanism for induction of apoptosis. HPMC were found to be generally prone
to apoptosis induced by crosslinked sFasL, an effect blocked completely by anti-FasL blocking antibody, but HPMC were clearly less respon-
sive as compared to the Fas-sensitive cell line Jurkat (Figures S2B and S2C). Furthermore, despite a strong expression of FaslL on ascites-
derived TAL (Figure S2D), induction of apoptosis by TAL does not seem to be Fas/FasL-dependent, as a validated neutralizing a-FasL anti-
body failed to prevent TAL-induced apoptosis in HPMC (Figure S2E). Additionally, direct cytotoxic activity of the NK cell-derived cytokines
TNFa and IFNy on HPMC does not appear essential, as suggested by the inefficacy of supplementing HPMC culture with the recombinant
cytokines (Figure S3).

We next investigated a potential impact of TRAIL-dependent cytotoxicity by using a pathway-blocking a-TRAIL Ab. As depicted in Fig-
ure 2C, TAL-mediated induction of apoptosis was blocked in HPMC, at least partially, by this intervention, whereas an isotype-matched con-
trol mouse IgG was ineffective. Importantly, the specific blockade of HPMC apoptosis by a-TRAIL Ab was independent of the presence of
ascites (Figure 2D). Beyond this, HPMC showed an increased sensitivity for killing by crosslinked rh-TRAIL in the presence of ascites versus
serum-containing medium, which in both cases was selectively blocked by o-TRAIL Ab (Figures S4A and S4B). These observations demon-
strate a likely relevance of a TRAIL-dependent mode of killing by NK cells in the HGSC TME.

T- NK cell crosstalk via soluble factors enhances TRAIL-mediated cytotoxicity against HPMC

Identifying TRAIL as a key mechanism by which NK cells kill HPMC in the presence of ascites raised the question as to how NK cells are acti-
vated by T cells in an immunosuppressive environment. To investigate the relevance of a cell contact-dependent crosstalk between T and NK
cell subsets, we used conditioned media (CM) from T cells after stimulation with a-CD3 Ab to activate NK cells prior to HPMC encounter as
outlined schematically in Figure 2E. Additionally, we examined the influence of different T cell subsets on the activation of NK cell cytotoxicity.
Our findings indicate that CM of activated T cells was sufficient to induce NK cell cytotoxicity against HPMC as detected by annexin V staining,
and point to a prominent role of soluble factors rather than cell-contact dependent signaling (Figure 2F). Furthermore, the CM from either
activated CD4" or CD8" T cells stimulate the killing potential of ascites-associated NK cells in equal measure, indicating a prevalence of
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Figure 1. T cell-activated NK cells induce HPMC apoptosis

(A) Schematic overview of the experimental setting. (A) Experimental setup. TAL derived from HGSC patient ascites were cultured +/— a-CD3 Ab stimulation
prior to the co-culture with patient-derived HPMC. Cells were analyzed for HPMC apoptosis (annexin V/PI), as well as NK/T cell degranulation (CD335+/
CD107a+, CD3+/CD107a+) by flow cytometry.

(B) Apoptotic HPMC after co-culture with TAL are shown as percentage of annexin V+ cells by gating on CD45 cells to exclude TAL contaminations (n = 11
patients, including n = 3 matched pairs of TAL and HPMC from the same patient as indicated by blue dots). The background apoptosis was measured from
HPMC alone.

(C) Exemplary annexin V/PI dot plots gated on HPMC after co-culture with unstimulated and a-CD3 Ab stimulated TAL.

(D) Apoptosis induction in HPMC after co-culture with isolated CD3* T cell, CD3~ NK cells, and T/NK cell mix at 1:1 ratio (n = 4 different patients).

(E and F) Determination of NK and T cell degranulation by flow cytometry in response to HPMC. The percentage of degranulating NK cells (CD335+/CD107a+)
(E) and T cells (CD3+/CD107a+) (F) in TAL co-cultured with HPMC is depicted (n = 4 different patients, including n = 3 autologous pairs as indicated by blue dots).
The background degranulation was measured for TAL in the absence of HPMC.

(G) Representative FACS blots showing degranulating NK cells (CD335+/CD107a+) and T cells (CD3+/CD107a+) in HPMC co-cultures with TAL (+/— a-CD3 Ab
stimulation). Background staining of TAL alone (+/— a-CD3 Ab stimulation) is given.

(H) The amount of degranulating NK cells (CD335+/CD107a+) is depicted after HPMC co-culture with isolated NK cells compared to NK/T cell mix (n = 5 different
patients).

Horizontal bars indicate the mean and vertical error bars represent the standard deviation in B, D, E, F, and H. * FDR < 0.05; ** FDR < 0.01; *** FDR < 0.001;
determined by paired t test and Benjamini-Hochberg adjustment (ns: not significant).

commonly expressed mediators as effector molecules (Figure 2F). In accordance with the data obtained from direct T-NK cell co-cultures, the
cytolytic activity of isolated NK cell fractions stimulated with CM of activated T cells was blocked by a-TRAIL Ab (Figure 2G).

These observations suggested that activation of NK cell cytolytic function by soluble T cell-derived factors would trigger TRAIL-dependent
killing mechanisms directed against HPMC. Indeed, when using the CM of T cells activated by a-CD3 Ab to stimulate NK cells, we clearly
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Figure 2. Ascites blocks NK cell degranulation but not TRAIL-dependent HPMC apoptosis

(A and B) TAL were pre-cultured in RPMI/5% AB media or 100% ascites pool (+/— a-CD3 Ab stimulation) prior to co-culture with HPMC. (A) Apoptosis of HPMC is
shown as percentage of annexin V+ cells after gating on CD45 cells (n = 7 patients). (B) Degranulating NK cells in response to HPMC were measured via flow
cytometry and depicted as percentage of CD335+/CD107a+ cells (n = 6 patients).

(C and D) TAL were pretreated with a-TRAIL blocking Ab prior to HPMC co-culture. An irrelevant mouse 1gG was included as control. Experiments were
conducted with TAL cultured in RPMI/5% AB media (n = 11 patients) (C) and 100% ascites pool (n = 5 patients) (D). The amount of Annexin V+ HPMC was
determined as described previously.

(E) Schematic representation of co-culture experiments applying T cell CM for NK cell activation. CM were collected from CD3*, CD3+/CD4+, and CD3+/CD8+
T cell subsets cultured in media +/— a-CD3 Ab stimulation. Purified NK cells were then stimulated with T cell CM prior to HPMC co-cultures.

(F) The amount of apoptotic HPMC induced by NK cells activated with CM of CD3" T cells was compared with CM of CD3+/CD4+ and CD3+/CD8+ T cells (n = 4
matched pairs of different patients).

(G) Analysis of TRAIL signaling was performed by applying an a-TRAIL blocking Ab to NK cells stimulated with CD3" T cell CM (a-CD3 Ab activated) prior to the
co-culture with HPMC (n = 5 patients). An irrelevant mouse IgG was included as control.

The mean is shown by horizontal bars or boxes; vertical error bars represent the standard deviation in A-D, F, and G. * FDR < 0.05; ** FDR < 0.01; *** FDR < 0.001;
determined by paired t test and Benjamini-Hochberg adjustment (ns, not significant).
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Figure 3. NK cells are activated by T cell-derived soluble mediators to conduct a TRAIL-dependent cytotoxicity against HPMC

(A) TRAIL expression on CD335+ ascites-derived NK cells was measured after treatment with CM from unstimulated and a-CD3 Ab stimulated T cells by flow
cytometry (n = 13 different patients). The geometric MFI was calculated after subtracting the isotype control.

(B) Corresponding to the TRAIL expression on NK cells induced by the CM of T cells (+/— a-CD3 Ab stimulation), HPMC apoptosis induced by these activated NK
cells was also analyzed by annexin V/PI staining (n = 13 different patients).

(C) CD3 activation of ascites-derived T cells induce the secretion of cytokines fitting the terms “NK cell activation” and “TRAIL" in the Genecards database. Protein
signals were determined by PEA-based affinity proteomics. Results are expressed as the fold change of T cells activated with a-CD3 Ab relative to untreated
T cells (n = 5 matched pairs of different patients). Boxplots show the median (line), upper and lower quartiles (box), range (whiskers) and outliers (circles).

(D) Upregulation of TRAIL expression on NK cells upon stimulation with rh-TNFea and rh-1L-21 together with rh-IL-2 (n = 5 experiments) and combinations of all 3
cytokines (n = 3 experiments) was analyzed by flow cytometry.

(E) Co-culture of HPMC with NK cells previously activated with rh-TNFa. (n = 6 patients) and rh-IL-21 (n = 4 patients) combined with rh-IL-2 were conducted and
HPMC apoptosis induction was measured by flow cytometry.

(F) ATRAIL-dependent apoptosis induction in HPMC by NK cells activated with rh-IL-2/IL-21/TNFa was confirmed by adding a-TRAIL blocking Ab (n = 6 patients).
(G) To evaluate the contribution of TNFe and IL-21 on NK cell activation resulting in HPMC apoptosis, CM of T cells (a-CD3 Ab stimulated) were incubated with
blocking Ab against IL-21 and TNFa (Infliximab) prior to NK cell treatment. The effect on HPMC apoptosis induction was analyzed in co-culture experiments (n = 5
experiments).

Horizontal bars or boxes indicate the mean and vertical error bars represent the standard deviation in panels A, B, and D-G. p values were determined by two-
sided, paired t test and Benjamini-Hochberg adjustment: * FDR < 0.05; ** FDR < 0.01; *** FDR < 0.001; **** FDR <0.0001.

detected increased TRAIL expression on these NK cells as compared to NK cells exposed to CM from untreated T cells (Figure 3A), which also
correlated with enhanced HPMC apoptosis (Figure 3B). We therefore focused on the identification of mediators in the activated T cell secre-
tome responsible for the induction of TRAIL expression in NK cells. To this end, we applied affinity proteomics (Proximity Extension Assay;
PEA) to investigate the secretome of CD3" ascites-derived T cells in the presence and absence of a-CD3 Ab stimulation, followed by compar-
ative bioinformatic analysis (Tables ST and S2). As depicted in Figure 3C, activation of ascites-derived T cells strongly associated with an
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increased secretion of cytokines linked to NK cell activation and TRAIL according to the GeneCards database (n = 43; FDR < 0.05; Table S3).
These include diverse members of the TNF ligand (e.g., TNFa, CD40LG, CD70, FASL, TNFSF8, TNFSF?, TNFSF10/TRAIL) and receptor su-
perfamilies (e.g., FAS, TNFRSF10A/TRAILR1, TNFRSF10B/TRAILR2, TNFRSF4, TNFRSF8) together with cytokines assigned to different
T cell subsets such as IL-2, IFNy, IL-4, IL-10, and IL-17A. Among these, T cell-secreted factors related to death cell receptor pathways like
GrA/GrB, TRAIL, and FasL (Figure 3C) were not further pursued, since activated T cells on their own were unable to trigger apoptosis in meso-
thelial cells as shown in Figures 1D and 1F. Apart from this, an implication of the CD40LG/CDA40 as well as CD70/CD27 signaling axis in NK cell
killing was ruled out by the failure of agonistic a-CD40 and a-CD27 Ab to stimulate NK cell cytotoxicity against HPMC targets (Figure S5). Thus,
we further concentrated on prominent cytokines known to be involved in NK cell expansion and stimulation of NK cell cytotoxicity, including
IFNY, IL-2, and TNFe.. IL-21 was not part of the PEA panel employed, but was included in the investigated factors, as published transcriptomic
analysis of activated T cells suggest it as a candidate for NK cell activation (RNA-Seq datasets at GEO: GSE112899; http://www.ncbi.nlm.nih.
gov/geo GSE1 12899)."” Furthermore, we confirmed its induction in our experimental setting by RT-gPCR (Figure S6A), and expression of TNF,
IL2, 1L21, and IFNG genes was validated in ascites-derived TAT (Figure S6B).

Since IL-2 and IFNY have also been linked to TRAIL regulation in NK cells,”>~*? we first investigated their relevance for induction of TRAIL-
mediated NK cell cytotoxicity. Stimulation of NK cells with rh-IFNy combined with rh-IL-2 only slightly increased TRAIL expression in NK cells,
as well as TRAIL-mediated cytotoxicity against HPMC. IL-2 alone was completely ineffective (Figures S6C and S6D), leading to the assumption
that these cytokines do not play a pivotal role in the process. In contrast, enhanced secretion of IL-21 and TNFa from stimulated T cells ap-
peared to be related to the activation of cytotoxic NK cell activity. Evidence for this arose from gain-of-function and loss-of-function exper-
iments using recombinant cytokines and neutralizing antibodies. As depicted in Figure 3D, rh-TNFa combined with rh-IL-2 resulted in signif-
icantly increased TRAIL expression by NK cells, which was not seen with rh-IL-2 + rh-IL-21. Moreover, NK cell stimulation by rh-IL-2 + rh-IL-21 or
rh-IL-2 + rh-TNFe, led to a strong induction of HPMC apoptosis (Figure 3E), which was at least partially dependent on TRAIL as shown by
inhibition through a a-TRAIL blocking antibody of NK cell cytotoxicity induced by rh-IL-2 + rh-IL-21 + rh-TNFa (Figure 3F). Of note, rh-IL-
21 did not significantly increase the effect of rh-IL-2 + rh-TNFa on TRAIL expression or NK cell mediated killing efficiency (Figures 3D and
3E). The stimulatory potential of CM from activated T cells on NK cell-mediated HPMC apoptosis was at least partially blocked by a neutral-
izing antibody against TNFa. (infliximab) (Figure 3G), substantiating the relevance of T cell-derived TNFa for NK cell function in the TME. This
blocking effect was not replicated when using an o-IL-21 neutralizing antibody, arguing for a minor role for IL-21 (Figure 3G).

TRAIL death receptor expression differs between HPMC and tumor cells

To address the question as to why HPMC are sensitive to NK cell attack, we first analyzed the expression level of MHC class | molecules on
HPMC. MHC | determines the “immunological self” of healthy cells by interaction with inhibitory receptors on NK cells (killer cell immuno-
globulin-like receptors; KIRs).”* As depicted in Figure 4A, the expression of HLA-A, B-, and C- genes was significantly lower in HPMC
compared to immune cells (e.g., TAT), approaching the low levels detected in tumor cells. This low expression of MHC | molecules likely ren-
ders both HPMC and tumor cells vulnerable to NK cell-mediated clearance.

We next addressed the potential relevance of the stress-induced ligands MICA and MICB (MHC class | polypeptide-related sequence A
and B), which interact with the activating receptor KLRK1/NKG2D (killer cell lectin like receptor K1) on NK cells. In HPMC, we found MICA but
not MICB mRNA to be expressed at high levels (Figure 7A). Surface expression of MICA/B in HPMC was found to be unaffected by cell-free
ascites as evaluated by flow cytometry (Figures 7B and 7C). The corresponding receptor NKG2D was stably expressed on NK cells also in the
presence of ascites (Figure 7D). Addition of a blocking NKG2D antibody resulted in a slight, but significant decrease in HPMC apoptosis
induced by activated TAL (Figure 7E). In light of the more pronounced effects of blocking TRAIL signaling, however, we concluded that
the MICA/B—NKG2D axis may not be a central pathway contributing to HPMC apoptosis.

A prerequisite for TRAIL-mediated cell death is the presence of TRAIL death receptors on the surface of the target cell. We therefore
analyzed the expression of TNFRSF10A (DR4, TRAIL R1) and TNFRSF10B (DRS, TRAIL R2), as well as the decoy receptors TNFRSF10C
(DcR1, TRAIL-R3) and TNFRSF10D (DcR2, TRAIL-R4) on the mRNA (RNA-Seq data) and protein (flow cytometry) level in both HPMC and tumor
cells. Of note, a strong expression of TNFRSF10B (DR5) was selectively detected in HPMC, whereas TNFRSF10A (DR4) and TNFRSF10C (DcR1)
were only weakly expressed by both cell types. TNFRSF10D (DcR2) expression was also slightly enhanced in HPMC relative to tumor cells
(Figure 4B). To assure maintenance of the observed phenotype in the cultured HPMC used in this study, we additionally compared death
cell receptor expression in ex vivo and cultured HPMC. Despite a general decline of expression levels in cultured HPMC, the observed expres-
sion pattern was maintained in culture, irrespective of the presence of serum or ascites (Figure S8).

Flow cytometric analysis further confirmed a strong and selective surface expression of DR5 and to a lesser extent of DR4 in HPMC as
compared to tumor cells, (Figures 4C and 4D), while low expression of the decoy receptor DcR2 was found in both. For DcR1, the RNA-
Seq and flow cytometry data were inconsistent, the latter showing a high surface expression in HPMC (Figures 4B and 4C). TRAIL receptor
expression on HPMC from patients with benign disease (Ctrl HPMC) did not reveal substantial differences, with HPMC from tumor patients
trending toward enhanced DR4 and DcR1 expression (Figure 4C). Taken together, these data suggest that the high expression of DR5 (and to
a lesser extent of DR4) in HPMC may provide an explanation for the susceptibility of HPMC to TRAIL-dependent apoptosis.

T cell-activated NK cells fail to kill primary HGSC tumor cells by TRAIL

Motivated by the low expression of both death receptors DR4 and DR5 on primary HGSC tumor cells, we postulated that, in contrast to HPMC,
tumor cells may be less sensitive to TRAIL-dependent apoptosis by T cell-activated NK cells. To test this hypothesis for primary HGSC cells, we
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Figure 4. TRAIL sensitivity of HPMC is linked to low expression of MHC class | and high expression of DR5 death receptor

(A and B) Expression of MHC class | genes (HLA-A, HLA-B, HLA-C) (A) and TRAIL receptor genes (TNFRSF10A, TNFRSF10B, TNFRSF10C, TNFRSF10D). (B) In
HPMC (from omentum) compared to tumor cells and TAT (from ascites) from HGSC patients according to RNA-Seq datasets as described previously.”* TPM
values are depicted from n = 5 HPMC, n = 34 tumor cells and n = 6 TAT of different patients.

(C) The expression of TRAIL receptors (DR4, DR5, DcR1, DcR2) on ex vivo tumor cells (n = 12 patients) and cultured HPMC from HGSC patients (n = 8 patients) and
control HPMC originated from patients with benign gynecological diseases (Ctrl HPMC, n = 6 patients) was further validated on protein-level via flow cytometry.
The geometric MFI minus the isotype control is depicted.

(D) Overlay of representative histograms showing the TRAIL receptor expression (DR4, DR5, DcR1, DcR2) in comparison to the isotype controls for HPMC and
tumor cells from HGSC patients are presented.

The mean is shown by horizontal bars and vertical error bars represent the standard deviation. * FDR < 0.05; ** FDR < 0.01; *** FDR < 0.001; **** FDR < 0.0001
determined by unpaired t test and Benjamini-Hochberg adjustment (ns: not significant).

subjected them to the experimental settings used previously for the measurement of TRAIL-dependent apoptosis in HPMC. Induction of
apoptosis through co-cultured a-CD3-Ab-activated TAL was less pronounced in HGSC cells as compared to HPMC despite a higher back-
ground in the untreated HGSC cells (Figure 5A: 26.62% mean increase for tumor cells; Figure 2C: 51.07% mean increase for HPMC). Impor-
tantly, in contrast to HPMC, TAL-mediated apoptosis of tumor cells was not affected by a blocking a-TRAIL Ab (Figure 5A), consistent with the
low levels of DR4/5 death cell receptor expression by HGSC cells. These data support the conclusion that in the HGSC TME, other than HPMC,
tumor cells are resistant to TRAIL-dependent killing.

Another important question concerns the conditions under which mesothelial cells become a target of TRAIL-dependent NK cell cyto-
toxicity in the TME. Similar to omental HPMC from HGSC patients, HPMC from peritoneal fluid of patients with benign gynecological dis-
ease (Ctrl HMPC) exhibited detectable levels of apoptotic cells when co-cultured with activated TAL in the presence of ascites-containing
media, albeit to a far lesser extent (Figure 5B: 23.6% mean increase for Ctrl HPMC; Figure 2C: 51.07% mean increase for HPMC). As
observed for tumor cells, TAL-induced apoptosis of Ctrl HPMC was not blocked by a-TRAIL Ab (Figure 5B), which argues against a
TRAIL-dependent mode-of-action in this case. Both omental HPMC and Ctrl HPMC strongly express TRAIL death receptor DR5, but
elevated DR4 expression is restricted to omental HPMC (Figure 4C), suggesting that an interplay between DR4 and DR5 may be crucial
for TRAIL-mediated apoptosis.
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Figure 5. TAL-derived TRAIL does not mediate apoptosis of control HPMC from patients with benign gynecological diseases or tumor cells from HGSC
patients

(A) Apoptosis induction in ex vivo tumor cells derived from ascites of HGSC patients was analyzed after encounter with TAL according to the protocol for HPMC
co-cultures. TAL were pretreated with a-TRAIL blocking Ab prior to tumor co-culture where indicated. An irrelevant mouse IgG was included as control.
Experiments were conducted with TAL previously cultured in 100% ascites pool (+/— a-CD3 Ab treatment) (n = 5). Apoptotic tumor cells were evaluated by
annexin V staining of CD45 cells.

(B) Co-culture experiments were performed as in panel A using HPMC (Ctrl HPMC, n = 4) derived from ascites of patients with benign gynecological diseases
instead of tumor cells. The mean is shown by horizontal bars and vertical error bars represent the standard deviation. * FDR <0.05; determined by paired t test and
Benjamini-Hochberg adjustment (ns: not significant).

TRAIL-related HMPC apoptosis is linked to tumor cell invasion

We next addressed a potential functional link between tumor cell invasion and mesothelial injury by TAL-mediated apoptosis. To this end, we
established a three-dimensional in vitro culture system to measure the trans-mesothelial invasion of primary tumor cells into an underlying
extracellular matrix (ECM) consisting of collagen |, which represents the major constituent of the peritoneal ECM. For proof-of-principle, we
investigated the impact of rh-TRAIL-induced HPMC apoptosis in tumor cell invasion under conditions of ascites exposure. As shown in Fig-
ure 6A, HPMC pre-cultured in ascites built up an intact monolayer on Transwell inserts coated with a collagen | gel. Treatment with rh-TRAIL
significantly increased the fraction of apoptotic cells as detected by Caspase 3/7 staining (Figure 6A), as well as reduced the integrity of a Ct-
orange-stained HPMC monolayer (Figure S9). Furthermore, significantly increased matrix invasion by a primary OCMI tumor cell line (OC_58)
toward FCS as a chemoattractant was observed when the HPMC monolayer was disrupted by TRAIL-mediated apoptosis (Figure 6B for an
example of microscopic evaluation; Figure 6C). This finding was confirmed using a primary tumor cell line from another patient (OC_37). While
OC_58 invasion was FCS-chemoattractant-dependent, rh-TRAIL enabled a high, but statistically not significant, OC_37 tumor cell invasion
eveninthe absence of FCS (Figure 6D), which we attribute to increased invasive potential of tumor cells from this particular patient. Importantly,
increased trans-mesothelial invasion toward a chemotactic gradient (FCS) was confirmed for primary tumor cells from 3 different patients
(OC_37,0C_58, and OC_91; represented by different symbols in Figure 4E) in an experimental setting with an HPMC monolayer pre-cultured
with ascites-derived TALs. In agreement with the data on TRAIL-mediated HPMC apoptosis (Figure 1E), the tumor invasion was more pro-
nounced when TAL were stimulated with a-CD3 Ab to provide T cell-dependent NK cell activation toward full cytotoxic potential (Figure 6E).

To place these in vitro findings into a clinical context, we analyzed omentum specimens from HGSC patients by immunohistochemistry.
Mesothelial cells which form the lining of the omentum were identified by calretinin expression, and apoptotic cells were detected by
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Figure 6. TRAIL-induced disruption of the mesothelial barrier promotes tumor cell invasion

(A-D) The invasion of primary OCMI tumor cell lines in collagen matrix through an HPMC monolayer was analyzed. Where indicated, the HPMC monolayer was
pretreated with rh-TRAIL. (A) The loss of integrity of the HPMC monolayer was visualized by light microscopy and by fluorescence staining of caspase 3/7+
apoptotic HPMC and a representative picture is depicted. Trans-mesothelial invasion of OCMI tumor cells OC_58 (B and C) and OC_37 (D) was evaluated
using fluorescence microscopy. The mean of invading cells was calculated for each experiment (n = 4-6 experiments using HPMC form different patients
indicated by different colors) and is shown here relative to the untreated control with FCS as chemoattractant. (C) Representative fluorescent microscopic
pictures of invaded tumor cells OCMI OC_58 are shown for untreated as well as rh-TRAIL-treated HPMC, both with and without FCS chemoattractant.

(E) Invasion of three primary OCMI tumor cell lines (OC-58: n = 4, blue dots; OC_37: n = 3, pink squares; OC_91: n = 3, orange triangles) through an HPMC
monolayer pre-cultured with TAL (+/— a-CD3 Ab stimulation) to induce HPMC apoptosis.

The mean is shown by horizontal bars and vertical error bars represent the standard deviation in C-E. * FDR <0.05; ** FDR <0.01; determined by paired t test and
Benjamini-Hochberg adjustment (ns: not significant). Scale bars, 100um.

co-staining for active caspase 3. Unambiguous detection of caspase 3" mesothelial cells at micrometastatic sites in omentum is challenging
due to the scarcity of micrometastases and the early desquamation of apoptotic mesothelium at such sites.”* However, in one of six
patients analyzed, we detected a loss of intact mesothelium with high numbers of underlying apoptotic caspase 3"/aSMA™ cells (Figure 7;
patient OC_67). These findings suggest that apoptosis induction is not limited to mesothelial cells, but may also impact fibroblasts in the
vicinity of micrometastases. Furthermore, we found apoptotic caspase-3" mesothelial cells in matched ascites samples from the same patient,
either as free-floating single cells (Figures 7F and 71) or associated with spheroids (Figures 7G, 7J, 7H, and 7K). Taken together, these obser-
vations are consistent with the hypothesis that early steps of metastasis require disruption of the mesothelium through the induction of
apoptosis.

In view of these data, we conclude that an intact HPMC monolayer functions as a barrier preventing tumor invasion. This protective function
may be impaired by mesothelial cell apoptosis induced through TRAIL-mediated cytolytic activity of T cell-activated NK cells in the TME. Pri-
mary HGSC tumor cells, on the other hand, appear largely protected from TRAIL-mediated NK cell attack, potentially shifting the latter cell
type toward a pro-metastatic role in the TME.
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Figure 7. Immunohistochemical detection of apoptotis in metastatic omentum and in mesothelial cells from ascites

Matched pairs of omental tissue and ascites were retrieved from n = 6 HGSC patients including one patient (OC_67) with early micrometastatic lesions which is
depicted in the following. (A-E) Paraffin sections from omentum specimens with early metastasis. (A) Sections subjected to HE staining. (B) Sections stained for
caspase 3 to detect apoptotic cells (asterisks). (C) Tumor cells identified by staining for cytokeratin MNF 116. (D) Mesothelial cells were not detectable by
calretinin staining, most likely due to early desquamation of apoptotic mesothelium. (E) Staining for «SMA was applied to identify the caspase 3" apoptotic
cells as fibroblasts. (F-K) Paraffin sections of ascites cells stained for caspase 3 (F-H) and calretinin (I-K). Apoptotic mesothelial cells (arrows) were identified
as caspase 3"/calretinin® cells with typical mesothelial morphology. Scale bar, 100 um in all panels. Magnification: 200x in (A-E) and 400x in (F—K).

DISCUSSION

Mesothelial cells are a central part of the HGSC TME and affect multiple stages of tumor progression through their interaction with tumor and
other host cells.” Due to their epithelial nature, mesothelial cells build a protective layer preventing peritoneal implantation of tumor cells. In
the present study, have uncovered a novel mechanism by which tumor-associated immune cells, in particular NK cells, may compromise the
integrity of the mesothelium by TRAIL-dependent apoptosis induction. Intriguingly, histological examination of HGSC specimens revealed
the presence of detached apoptotic mesothelial cells in ascites, and a loss of intact mesothelium close to omental micrometastases. The later
observation is consistent with previously published observations,”* and is consistent with a possible clinical relevance of mesothelial cell
clearance for peritoneal tumor cell dissemination.

Malignant ascites of HGSC patients is rich in immune cells, predominantly tumor-associated macrophages (TAM), T and NK cell subsets,”
which can be actively recruited by peritoneal mesothelial cells secreting inflammatory cytokine IL-6 and chemokine CCL2.7*?” We have iden-
tified NK cells as an effector population which develop their full cytotoxic potential against HPMC in concert with activated T cells. As part of
the innate immune system, NK cells are involved in anti-viral and anti-tumor immunity through various effector mechanisms, including (i) the
activation of death cell receptor pathways via FasL and TRAIL, (ii) the release of lytic granules loaded with perforin and granzymes, and (jii) the
secretion of cytokines (e.g., TNFa and IFNYy) with cytotoxic or regulative functions.”®?” Although HPMC from HGSC patients were susceptible
to Fas/FasL-dependent killing induced by crosslinked sFasL, as described earlier for patients subjected to peritoneal dialysis,'* our data sug-
gest that this mode-of-action might not account for the cytotoxic activity of ascites-derived NK cells despite high FasL expression on NK cells
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and Fas expression on HPMC. The reason for this dysfunctional Fas/FasL-interaction is not known, but different mechanisms are conceivable,
including Fas receptor function (e.g., Fas downregulation, inactivating Fas mutations, transcriptional dysregulation) and impaired Fas-medi-
ated signal transduction (e.g., by Fas-inhibitory proteins such as Fas-associated phosphatase-1.°"' Furthermore, our data suggest that the
GrB/perforin pathway does not play an important role in NK cell-mediated HPMC killing due to blockade by ascites compounds. In contrast,
TRAIL-dependent killing of HPMC by NK cells, as demonstrated by blocking with a-TRAIL Ab, was maintained in the presence of ascites, indi-
cating a potential relevance of this mechanism in the HGSC TME. Nevertheless, involvement of other, as yet unidentified, mechanisms
contributing to NK-cell-induced mesothelial cell apoptosis cannot be excluded.

The TNF superfamily member TRAIL is frequently expressed by activated NK cells,
contrast to other immune cells of lymphoid or myeloid origin, do not express TRAIL.** In our experimental system, the cytolytic potential
of NK cells against HPMC was associated with an upregulation of TRAIL, which was triggered by soluble factors secreted by activated
T cells. Multiple cytokines are implicated in the functional maturation and maintenance of the cytotoxic state of NK cells,” whereas only a
subset, including IL-2, IL-12, IL-15, and interferon class | molecules, are known to trigger surface expression of TRAIL on NK
20.21,32,36,37 Among the factors expressed by activated T cells, TNFa and, to a lesser extent, IL-21 and IFNy, turned out to promote
NK cell activation by upregulating TRAIL expression and TRAIL-dependent killing of HPMC. These cytokines have been unequivocally linked
to the induction of TRAIL expression in NK cells. In liver NK cells, for example, IFNy was reported to act as an autocrine regulator of TRAIL
expression,” contradicting an earlier study.*® Likewise, TNFa acts as positive TRAIL regulator in human fibroblasts,”® but has a negative
impact on TRAIL expression in human neutrophils,* suggesting that the cellular context may determine the impact of TNFea on IL-21 expres-
sion. IL-21, has not been implicated in the regulation of TRAIL expression, but is known to promote the differentiation and expansion of cyto-
toxic NK cells in concert with other cytokines.”” Our data suggest that ascites-derived NK cells with an impaired activation profile require
additional stimuli, such as TNFa, IL-21, IFNy or other unidentified factors derived from T cells, to reach full TRAIL-dependent cytotoxic po-
tential against HPMC in the HGSC TME.

NK cell cytotoxic activity and the recognition of potential target cells is further dependent on the balance between activating and in-
activating receptors expressed on NK cells.”’ As proposed by the missing-self hypothesis, healthy cells are normally protected from NK-
mediated killing through recognition of MHC | by KIRs/CD158 family members, C-type lectin receptors (CD94/NK group 2 member A,
NKG2A), and leukocyte immunoglobulin-like receptor-1 (LILRB1/ILT2) expressed on the surface of NK cells.”® Indeed, a downregulation
of HLA-A, HLA-B, and HLA-C gene expression was observed on HPMC in cancer patients and correlates with NK cell-mediated clearance.
In line with these findings, HPMC also express stress-induced ligands, including MICA and MICB, serving as danger signals via the acti-
vating receptor NKG2D on NK cells. Importantly, the expression of NKG2D is not downregulated on ascites-derived NK cells as demon-
strated by our previous data.”” We further showed that MICA/B-NKG2D interaction alone may not be sufficient for the induction of HPMC
apoptosis by NK cells. However, MICA/B-NKG2D may act in concert with other mechanisms to promote pro-apoptotic signaling by NK
cells.

32,33 ’ ! ’
*> whereas non-activated peripheral NK cells, in

cells.

Receptors interacting with TRAIL comprise two death receptors, DR4 and DRS5, as well as two decoy receptors DcR1 and DcR2. By
engagement with the death receptors DR4 and DR5, TRAIL forms a pro-apoptotic death-inducing signaling complex (DISC), leading to
activation of the extrinsic apoptosis pathway via caspase 8 in the target cell.**** By contrast, the decoy receptors DcR1 and DcR2 lack
functional death domains and protect from TRAIL-induced apoptosis.”” The expression of death receptors in relation to decoy receptors
further determines the susceptibility of the target cell to TRAIL.“® As shown in the present study, omental HPMC from HGSC patients ex-
press high levels of DR5, and to a lesser degree DR4, which coincides with TRAIL sensitivity. TRAIL has been initially regarded as a prom-
ising therapeutic option for cancer treatment, as it was believed to selectively induce apoptosis in cancer cells with little toxicity toward
normal cells due to high level of DR4 and DR5 expression and low expression of decoy receptors.”’*** This view has been revised, as a
number of normal, untransformed cell types, including ovarian epithelial cells,”” were found to respond to TRAIL-mediated killing, some-
times concomitant with a low expression of decoy receptors.”” Furthermore, clinical efficacy of TRAIL-based therapies against ovarian can-
cer have been limited by an apparent TRAIL resistance of tumor cells.”’ Our data confirm the resistance of primary ascites-derived HGSC
cells to TRAIL-induced cell death through low expression of DR4 and DRS, which was strikingly different from patient HPMC. Loss or post-
translational modifications of DR4 and DR5 surface expression have been linked to TRAIL resistance in previous studies.””>> Other factors
favoring TRAIL resistance may implicate an activation of non-apoptotic, pro-tumorigenic pathways, e.g., by upregulation of c-FLIP, Bcl-2, or
XIAP.>*° Moreover, malignant ascites protects ovarian tumor cells from TRAIL-induced cell death, probably by activation of focal adhe-
sion kinase and Akt.”’

To better understand why HPMC, in contrast to ovarian cancer cells, become prone to NK cell lysis in the TME, we compared HPMC
from omentum of HGSC patients with those from a benign gynecological background and found substantial differences. HPMC from a
benign origin were less efficiently killed by ascites-derived NK cells, and moreover, were TRAIL-resistant. This was associated with lower
DR4 expression, yet unchanged high DR5 expression. The relevance of this observation remains uncertain, as the role of DR4 or DR5 in
TRAIL-mediated apoptosis appears to be context-dependent. TRAIL-mediated cell death, for example, has been attributed mainly to
DR4%°7 or DR5,%° but DR5 has also been reported to trigger pro-survival signaling.®’ Only limited data on TRAIL-sensitivity in untrans-
formed HPMC are available to this date but our observation is consistent with a study by Catalan et al. showing that HPMC death in peri-
toneal dialysis patients is caused by Fas/FasL interaction rather than TRAIL.'* Based on these observations, we propose that HPMC may be
re-educated to become TRAIL-sensitive probably by factors of the TME, such as TNFe, IFNYy, or IL-6 known to modulate TRAIL receptor
expression.”*?** Understanding the role of ascites-derived factors in sensitizing mesothelial and/or tumor cells to TRAIL-dependent
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killing by NK cells will be an interesting subject of upcoming studies that may pave the way to the development of new strategies to inter-
fere with peritoneal metastasis.

Limitations of the study

There are nevertheless two major limitations of our study with respect to the clinical relevance of the identified interaction of T, NK, and meso-
thelial cells in promoting tumor cell invasion. First, our data are based on in vitro studies using primary host and tumor cells isolated from
HGSC patients, and second, the induction of tumor cell invasion requires a-CD3 Ab activation of TAL which is unlikely to occur in vivo. Albeit
our observations from immunohistological analyses of clinical specimens support the in vitro data by demonstrating the presence of
apoptosis in mesothelial cells in the ascites, functional in vivo validation is required. Unfortunately, easily accessible tumor models that
adequately recapitulate critical oncogenic features of HGSC as well as the human TME are still lacking. Currently available tumor models
include xenografts with artificial mixed mouse-human compositions, which are problematic to study multifaceted interactions of tumor, im-
mune, and other host cells. Genetically engineered mice recapitulating the genomics and the TME of human HGSC are available,*” " but due
to multiple genetic alterations these mouse models require complex breeding programs. Therefore, their application is beyond the scope of
the present study but may represent useful tools for future investigations.

Furthermore, it is challenging to ultimately prove mechanistically that NK cells, in concert with T cells, are involved in mesothelial cell death
in patients. However, several independent observations indicate that ascites may be the main route by which T cell-activated NK cells attack
the mesothelium. First, NK cells expressing activating NKG2D receptor and also T cells are highly abundant in the ascites, as shown by our
own previously published data.”” Second, we could confirm the expression of cytokines involved in the regulation of TRAIL-mediated NK cell
cytotoxicity also in ex vivo ascites-derived T cells from patients. Third, a basal HPMC apoptosis is induced by ascites TAL without a-CD3 Ab
activation, even though its extent was not sufficient to affect tumor invasion in our experimental setup. This may be attributable to the use of
ex vivo TAL which require additional artificial stimuli, such as a-CD3 Ab. It is also conceivable that the local environment in vivo provides addi-
tional stimuli not present in the experimental setting.
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Cat# 130-091-253; RRID:AB_871665
Cat# FAP3715P; RRID:AB_2884010
Cat# A15785; RRID:AB_2534564
Cat# 130-116-663; RRID:AB_2727645
Cat# 130-112-933; RRID:AB_2651499
Cat# 320820; RRID:AB_2562864
Cat# 320802; RRID:AB_492956

Cat# 12-9927-42; RRID:AB_10557246
Cat# MAB375; RRID:AB_2256258
Cat# 307207; RRID:AB_2256112
Cat# 307405; RRID:AB_314677

Cat# 130-124-904; RRID:AB_2876902
Cat# A121841; RRID:AB_2749664
Cat# 320914; RRID:AB_2266419
Cat# 311405; RRID:AB_314874

Cat# MAB126; RRID:AB_2246667
Cat# 130-118-491; RRID:AB_2751526
Cat# BEO189; RRID:AB_10950314
Cat# 12-1079-42; RRID:AB_10853326
Cat# 130-117-813; RRID:AB_2751526
Cat# 130-093-386; RRID:AB_1036117
Cat# 3540-0N-500

Cat# MABO50; RRID:AB_357353
Cat# M 7245; RRID:AB_2068519
Cat# 9661; RRID:AB_2341188

Cat# M 0821; RRID:AB_2858276

Cat# 61001; RRID:AB_2920672

Cat# BYT-ORB746677; RRID:AB_2921569

(Continued on next page)



iScience

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chimeric human-murin anti-human-TNFa (Infliximab,

Remsima)

mouse IgG

Mouse IgG isotype control (Clone MOPC-2)
Mouse IgG isotype control FITC

Mouse IgG isotype control APC

Mouse IgG isotype control eFluor 450
Mouse IgG sotype control PE-Cy7

Mouse IgG isotype control PE

Celltrion Healthcare

Jackson Immuno Research
Biolegend

Miltenyi Biotec

Miltenyi Biotec
eBioscience

eBioscience

BD Biosciences

kind gift from Christian Bauer, Clinic
for Gastroenterology, Endocrinology,
Infectiology and Metabolism, Philipps
University Marburg, Germany

Cat# 015-000-002; RRID:AB_2337187
Cat# 400102; RRID:AB_2891079
Cat# 130-113-833; RRID:AB_2733684
Cat# 130-113-269; RRID:AB_2733442
Cat# 48-4714-82; RRID:AB_1271992
Cat# 25-4714-42; RRID:AB_1548705
Cat# 555574; RRID:AB_395953

Biological samples

HGSC patient-derived ascites and omental metastatic
tissue samples
Leucoreduction system (LRS) chambers of healthy

adult volunteers

Marburg University Hospital

Marburg University Hospital

N/A

N/A

Chemicals, peptides, and recombinant proteins

rh-TNFo

rh-IFNy

rh-1L-2

rh-1L-21

rh-TRAIL (SuperKiller TRAIL)
sFasL

Monensin (Golgi-Stop)
Phorbol 12-myristate 13-acetate (PMA)
lonomycin

Anti-APC microbeads
CD14 Microbeads, human
Collagen | gel (rat tail)
CTgreen

CTorange

PeproTech
Biomol
ImmunoTools
PeproTech
Enzo Life Sciences
Biolegend

BD Biosciences
Sigma Aldrich
Sigma Aldrich
Miltenyi Biotec
Miltenyi Biotec
Ibidi

Invitrogen

Invitrogen

Cat# 3000-01A-10UG
Cat# 51564.100
Cat# 11340025
Cat# 200-21

Cat# ALX-201-115
Cat# 589402

Cat# 554724

Cat# P1585

Cat# 19657

Cat# 130-090-855
Cat# 130-050-201
Cat# 50201

Cat# C2925

Cat# C2927

Critical commercial assays

FITC annexin V Apoptosis Detection Kit |
CellEvent TM Caspase-3/7 Green

Dako REAL EnVision HRP Rabbit/Mouse polymer
Olink Explore 3072

BD Bioscience
Invitrogen
DAKO

Olink

Cat# 556547
Cat# C10723
Cat# K5007
N/A

Deposited data

E-MTAB-4162
E-MTAB-10611

complete PEA affinity proteomics dataset

EBI ArrayExpress
EBI ArrayExpress
This paper, Table S1

Experimental models: Cell lines

Jurkat

kind gift from Miriam Frech, Department
of Internal Medicine and Hematology,
Oncology and Immunology, Philipps
University Marburg, Germany)

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
K562 kind gift of Elke Pogge von Strandmann,

Institute for Tumor Immunology, Center
for Tumor Biology and Immunology,
Philipps University, Marburg, Germany

Oligonucleotides

RPL27, AAAGCTGTCATCGTGAAGAAC and
GCTGTC ACTTTGCGGGGGTAG

IL-21, TGTGAATGACTTGGTCCCTGAA and
CTGCATTTGTGGAAGGTGGTTTCC

N/A N/A

N/A n/A

Software and algorithms

Diva Software
FlowJo™ v10.8 Software
ImageJ Software

GraphPad Prism 8 & 9 Software

BD Biosciences
BD Life Sciences
ImageJ

GraphPad

RESOURCE AVAILABILITY
Lead contact

Requests for further information should be directed to and will be fulfilled by the lead contact, Rolf Miiller (rolf.mueller@uni-marburg.de).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact upon request with a material transfer agreement.

Data and code availability

e RNA-Seq data were deposited at EBI ArrayExpress (accession numbers E-MTAB-4162, E-MTAB-10611). The complete PEA affinity pro-
teomics dataset is included as Table S1.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Patient samples and healthy donors

As approved by the local ethics committee (Philipps University Marburg: reference number 205/10), samples of the malignant ascites and
omentum tissue with metastatic lesions were obtained from first line HGSC patients without prior treatment preceding the surgery at the
Marburg University Hospital. As a control, HPMC were propagated from peritoneal lavage of female patients with benign gynecological dis-
ease obtained during hysterectomy. Written consent was given by each patient according to the Declaration of Helsinki. The patient char-
acteristics are summarized in . In addition, peripheral lymphocytes were also retrieved from leucoreduction system (LRS) chambers of healthy
adult volunteers which were kindly provided by the Center for Transfusion Medicine and Hemotherapy at the University Hospital Giepen and
Marburg. Blood lymphocytes enriched by ficoll gradient centrifugation were only applied for generation of T cell conditioned media (CM) as
described in the method details section.

METHOD DETAILS

Peritoneal cell types from malignant ascites

Peritoneal cells, including tumor-associated macrophages (TAM), tumor-associated lymphocytes (TAL) and tumor cells were isolated from the
malignant ascites following our established standard protocol ?“® This includes a first separation of mononuclear cells by applying Lympho-
cyte Separation Medium 1077 (PromoCell, Heidelberg, Germany) and density gradient centrifugation. Tumor spheroids were separated by
size exclusion using 30 pm and 100 um cell strainer. The whole TAL fraction was isolated from the remaining peritoneal cells composing of less
than 3.5% EpCAM+ cells by depletion of CD14" TAM via magnetic activated cell sorting (MACS) following the standard protocols of the sup-
plier (Miltenyi Biotec, Bergisch Gladbach, Germany). CD14~ TAL were cryopreserved for the purification of T and NK cells at a later point. To
isolate CD3-/CD56+ NK cells for functional assays, a negative MACS sorting strategy was chosen to avoid unspecific NK cell activation by
direct labeling. Therefore, the CD14-depleted TAL fraction was stained with APC-labelled anti-human CD3 antibody (Biolegend, San Diego,
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CA, USA) followed by incubation with anti-APC microbeads (Miltenyi Biotec). After MACS separation, CD3" T cells were eluted from the col-
umns, whereas the flow through contained the CD3 cell fraction, mainly consisting of CD3-/CD56+ NK cells. The purity of the fractions was
determined via flow cytometry. A purity of >95% was achieved for CD3" T cell fractions, and >80% for the NK cell fraction with CD19" B cells as
major contaminating cell population. The viability of TAL subpopulations was >80% as determined by trypan blue staining.

To further divide the CD3* T cell fraction into CD3+/CD4+ T helper cells and CD3+/CD8+ cytotoxic T-cells, the preselected
CD14" lymphocytes were stained with APC-labelled anti-human CD8 antibody (Miltenyi Biotec), incubated with anti-APC microbeads and
isolated via MACS. CD3+/CD8+ cytotoxic T-cells were eluted from the column, whereas the flow through was further applied to a CD3-pos-
itive MACS selection as described above to isolate CD3+/CD4+ T-Helper cells from CD3~ NK and B cells.

Apart from cellular fractions, cell-free ascites was cryopreserved at —80°C and an ascites pool of n = 10 HGSC patients were used for co-
culture experiments where indicated.

HPMC from patients

The isolation of HPMC from omentum tissue of HGSC patients was performed according to Sommerfeld et al.** First, macroscopically tumor-
free omentum tissue was minced and digested with trypsin (0.05% Trypsin/0.02% EDTA, Thermo Fisher Scientific, Waltham, Massachusetts,
USA) for 30 min at 37°C, 5% CO,. HPMC-enriched fractions obtained after filtration through a 100 um cell strainer and centrifugation (10 min,
300x g) were either used directly (ex vivo cells) or initially cultured in RPMI 1640/10% FCS/1% sodium pyruvate/1% Pen-Strep (RPMI1640, Life
Technologies, Darmstadt, Germany). The purity of the HPMC primary culture was determined by flow cytometric analysis of CD45" leukocyte
and EpCAM+ tumor cell contaminations. In case of <95% purity, an additional MACS depletion of CD45" and EpCAM+ cells was performed.
As exemplified in Figure S10, HPMC were routinely examined for their typical cobblestone-like morphology by microscopy (Figure S10A), high
expression of the mesothelial markers cytokeratin and vimentin (flow cytometry) and reduced staining for the fibroblast-selective markers
CD140a and FAP (Figure S10B) as described previously.”* Additionally, RNA-Seq data”® were used to verify the mesothelial origin of isolated
cells (Figure S10C). Primary HPMC were further propagated in OCMI medium®’ for a maximum of five passages with a viability of >90%. De-
pending on the experimental setting, the OCMI medium composition was modified by adding 50% ascites pool or removing EGF (for trans-
mesothelial invasion assay) where indicated.

In order to obtain HPMC from patients with benign gynecological disease, mononuclear cells were enriched from peritoneal lavage by
Ficoll gradient prior to MACS depletion of CD14" macrophage contaminations. CD14-depleted peritoneal fractions containing floating
HPMC were cultivated in OCMI medium until confluency. Purity was determined by flow cytometry using mesothelial markers (vimentin, cy-
tokeratin 8), fibroblast-specific markers (FAP) and leukocyte marker CD45.

Primary tumor cell culture

Emanating from ascites tumor spheroids, permanent primary tumor cell cultures (OCMI tumor cells) were established from patients OC_37,
OC_58 and OC_91, following the description of Ince et al.”” with slight modifications as delineated previously.®” The benefit of this culture
method is to retain the original tumor characteristics and propagate the tumor cells long-term without the induction of cell culture crisis and
genetic alterations. Patient-derived OCMI cell lines were tested for mycoplasma contaminations prior to their experimental use.

HPMC/tumor cell co-culture experiments with TAL or purified T/NK cells

Co-culture experiments comprising of HPMC and either TAL or purified T or NK cells were performed in 96-well plates based on published
protocols® with some modifications as follows. Prior to the co-culture, an HPMC monolayer was generated by cultivating 4 x 10* HPMC per
96-well in OCMI/5% FCS or OCMI/50% ascites pool media for two days. The lymphocytes were harvested after initial stimulation (see above)
and resuspended in OCMI/5% FCS media. The lymphocytes were applied to the HPMC monolayer in a TAL:HPMC ratio of 10:1. The co-culti-
vation was performed for 6 h at 37°C, 5% CO,.

In single experiments, 5 x 10% primary tumor cells isolated from ascites of HGSC patients (viability of >80%) were tested instead of HPMC
by applying the same experimental setting for TAL co-cultures.

Susceptibility to TRAIL-mediated killing of HPMC was tested by incubating HPMC with 100 ng/mL rh-TRAIL (SuperKiller TRAIL, Enzo Life
Sciences, Lérrach, Germany) for 18 h according to the suggestions of the manufacturer. Furthermore, for TRAIL-blocking analysis, the lym-
phocytes were pre-treated with 10 ng/mL human a-TRAIL antibody (R&D Systems, Minnesota, USA), mouse 1gG (Jackson Immuno Research,
Cambridgeshire, United Kingdom) as isotype control and PBS as solvent control for 1 h at 37°C prior to the co-culture with HPMC. A possible
contribution of NKG2D expression on NK cells to HPMC apoptosis induction was determined using lymphocytes pre-treated with 10 pg/mL
human a-NKG2D antibody (Clone 1D11, BioLegend) or an appropriate IgG control (Clone MOPC-21, BioLegend).

To evaluate the impact of CD40~and CD27-mediated signaling on NK cell activation, purified NK cells were stimulated with 10 ng/mL
agonistic a-CD40 antibody (mouse, clone G28.5, Bio X Cell InVivoMab, Lebanon, NH) and a-CD27 antibody (human, Biozol, Eching, Germany)
for 30 min at 37°C prior to HPMC co-culture based on published protocols.”'” Mouse and human IgG (both from Biolegend) were included
as controls.

To analyze Fas/FasL-mediated killing of HPMC, soluble sFasL (1-100 ng/mL, Biolegend) was crosslinked with a-His-Tag antibody
(10 pg/mL, Clone #AD.1.1.10, R&D Systems) for 1 h at 37°C, 5% CO, according to the supplier’s information. The crosslinked FasL was added
to the HPMC monolayer and incubated for 24 h. The Fas-sensitive cell line Jurkat (kind gift of Miriam Frech, Department of Internal Medicine
and Hematology, Oncology and Immunology, Philipps University Marburg, Germany) was used as a positive control for Fas/FasL-mediated
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killing. To specifically block Fas/FasL-mediated killing of HPMC by TAL, TAL were pre-treated with a-FasL antibody (500 ng/mL as suggested
by the supplier, R&D Systems) for 1 h and were then added to HPMC. After co-cultivation flow cytometric analysis were performed to deter-
mine NK cell and T cell degranulation, as well as HPMC apoptosis induction, as described in the following sections.

For evaluation of direct cytotoxicity of NK cell-derived cytokines, HPMC were incubated with 100 ng/mL rh-TNFa and 20 ng/mL rh-IFNy for
6h, 37°C, 5% CO, prior to apoptosis detection.

Treatment of TAL and T/NK cell co-cultures

As indicated in individual experimental settings, either whole ascites-derived TAL, purified T cells or NK cells, as well as NK/T cell co-cultures
were cultivated for 2 days in the presence or absence of a-CD3 antibody for T cell stimulation prior to the co-culture with HPMC. Therefore, a
24-well plate was pre-coated with 0.5 pg/mL a-CD3 antibody (Clone Okt3, Biolegend) in PBS for 2 h at 37°C. The wells were washed twice with
PBS and once with the corresponding cultivation media (either RPMI 1640/5% AB-serum (Sigma Aldrich, Taufkirchen, Germany)/1% sodium
pyruvate or 100% ascites pool), a total of 2 x 10° TAL per 24-well were then added and incubated for 2 days at 37°C, 5% COs,. In single ex-
periments, costimulatory a-CD28 antibody (2 pg/mL; Miltenyi Biotec) was added to TAL cultures. In case of NK/T co-cultures, the purified
fractions were mixed in a ratio of 1:1.

In individual experiments, NK cells were treated with the following cytokines — alone or in combination — for two days: 10 ng/mL rh-TNFa
(PeproTech, Hamburg, Germany), 10 ng/mL rh-IFNy (Biomol), 20 ng/mL rh-IL-2 (ImmunoTools, Friesoythe, Germany), and 10 ng/mL rh-IL-21
(PeproTech). Instead of T cell co-cultures, NK cells were also stimulated with conditioned media (CM) of CD3" T cells (or CD4" and CD8" T cell
subsets) diluted 1:1 in RPMI 1640/5% AB serum/1% sodium pyruvate. CM of T cells were collected after two days cultivation with or without
a-CD3 antibody stimulation followed by two centrifugation steps (10 min, 300x g and 10 min, 14,000x g). The CM was preserved at —20°C until
used. For blocking experiments, CM of T cells stimulated with a-CD3 antibody were pre-treated with 10 pg/mL neutralizing a-hIL-21 antibody
(MABTECH, Nacka Strand Schweden) and a-hTNFa antibody (Infliximab, Remsima, Celltrion Healthcare, Bad Homburg vor der Hohe, Ger-
many; a kind gift from Christian Bauer, Clinic for Gastroenterology, Endocrinology, Infectiology and Metabolism, Philipps University Marburg,
Germany) for 1 h at 37°C prior to their use for NK cell activation.

CD107a degranulation assay

To detect specific degranulation of TAL or purified NK and T cell subsets in response to HPMC, 5 ul. CD107a-PE (eBioscience, Frankfurt, Ger-
many) and 20 nM Monensin (Golgi-Stop, BD Biosciences, Heidelberg, Germany) were added during HPMC/TAL co-cultures in 96-well plates
for 6 h. Unstimulated TAL, NK or T cells alone served as negative controls. As a positive control for NK cell degranulation, NK cells or TAL were
incubated together with the myeloid cell line K562 in an NK cell/TAL to K562 ratio of 10:1 for 6 h. Stimulation of TAL or isolated T cells with
phorbol 12-myristate 13-acetate (PMA, 1 pg/mL) and ionomycin (15 ng/mL, both from Sigma Aldrich) for 6 h was included as positive control
for T cell-specific degranulation. Afterward the TAL (or isolated cell subsets) were harvested using EDTA (20 mM in PBS), washed and resus-
pended in staining buffer (PBS with 1% FCS). The following antibodies were added for 30 min at 4°C for detection of cell-type specific degran-
ulation: CD3-APC, CD335-eFluor 450 (eBioscience) and CD4-PE-Cy7 (Southern Biotech, Birmingham, Alabama, USA). Isotype controls were
obtained from Miltenyi Biotec, eBioscience and BD Bioscience BD. Flow cytometric analysis was performed on a FACS Canto Il instrument
using Diva Software (BD Biosciences) and FlowJo v10.8 Software (BD Life Sciences). The percentage of degranulating CD107a+ cells was
calculated in CD335+ and CD3" subsets.

Detection of apoptosis by annexin V staining

After co-culture with lymphocytes, HPMC (or primary tumor cells in individual experiments) were harvested with trypsin for flow cytometric
detection of apoptosis by annexin V/propidium iodide (Pl) staining. To exclude contaminating lymphocytes from the analysis, HPMC were
counterstained with CD45-APC (BioLegend) for 30 min at 4°C. Cells were then washed once in 1x annexin V binding buffer (FITC annexin
V Apoptosis Detection Kit |, BD Bioscience) before 5 uL annexin V-FITC and 5 plL Pl were added and incubated for 15 min in the dark at
room temperature. After adding 250 pL 1x annexin V binding buffer, the cells were measured immediately. HPMC as well as lymphocytes
alone were included as negative controls to enable correct gating of CD45 negative HPMC by excluding contaminating lymphocytes. The
amount of apoptotic cells within the CD45 negative population was calculated based on the total numbers of annexin V+ CD45 cells
including PI- (early apoptosis) and Pl + cells (late apoptosis).

Flow cytometric analysis of surface receptor expression

In order to analyze the purity and phenotype of peritoneal cell fractions, cells were stained following the standard staining protocol for surface
staining (as described above) applying the following antibodies: CD3-APC, CD4-PE-Cy7, CD335-eFluor 450, CD45-APC, CD56-PE (Miltenyi
Biotec), CD19-FITC (Miltenyi Biotec), EpCAM-PE (Miltenyi Biotec), CD140a-PE (Invitrogen) and FAP-PE (both R&D Systems). For phenotyping
of HPMC, additional intracellular staining with Vimentin-FITC (Miltenyi Biotec) and Cytokeratin-APC (Miltenyi Biotech) was applied. TRAIL and
NKG2D surface expression on NK cells were analyzed using TRAIL-PE (eBioscience) and NKG2D-FITC (Clone 1D11, Biolegend) combined
with CD335-eFluor 450. The expression of TRAIL-R1 (DR4), TRAIL-R2 (DR5), TRAIL-R3 (DcR1), TRAIL-R4 (DcR2) and MICA/B on HPMC was
measured after staining with antibodies TRAIL-R1-APC (CD261, BioLegend), TRAIL-R2-PE (CD262, BioLegend), TRAIL-R3-PE (CD263, Miltenyi
Biotec), TRAIL-R4-APC (CD264, antibodies.com) and MICA/B-Fluor 647 (Clone 6D4, Biolegend). HLA-ABC-PE (Clone W6/32, Biolegend) was
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used for evaluation of MHC class | expression on HPMC, tumor and lymphocytes. Staining of Fas ligand on lymphocyte subsets was performed
for 10 min at 4°C with antibody FasL (CD178)-PE (Miltenyi Biotec) and Fas receptor (CD95) expression on HPMC was detected with CD95-APC
(Miltenyi Biotec).

The corresponding isotype control antibodies were purchased from BD Biosciences, Miltenyi Biotec, Biolegend and eBioscience. Flow
cytometry was performed as described above and results were calculated as percentage of positive cells. Geometric mean fluorescence in-
tensities (MFI) are given after subtracting the isotype control.

Trans-mesothelial tumor cell invasion analysis

To determine the impact on TRAIL-mediated apoptosis induction in HPMC on tumor invasion, a 3D trans-mesothelial tumor invasion assay
was established based on a transwell system. Therefore, transwell inserts (24-well inserts, 8.0 um pore size, BD Biosciences) were coated with
10 pL collagen | gel (rat tail, Ibidi, Grafelfing, Germany) at a concentration of 150 pg/mL in OCMI media (without EGF). The gel was allowed to
polymerize for 3 h at 37°C, 5% CO, and was then equilibrated in 100 pL OCMI media (without EGF) for 1 h. HPMC previously cultivated in
OCMI/50% ascites pool for 3-4 days, were labeled with CT-orange (Invitrogen) and plated on top of the collagen | gel in a density of 8 x
10* cells in 300 uL OCMI media (without EGF). In individual experiments, 100 ng/mL rh-TRAIL was added to the HPMC for 18 h before tumor
cells were applied. Alternatively, TAL (derived from 100% ascites pool cultivation + a-CD3 antibody stimulation for 2 days) were added to the
HPMC monolayer on collagen | gel in a 10-fold concentration and incubated for 24 h. The induction of apoptosis in the mesothelial layer was
monitored by caspase3/7 staining using 10 pM CellEvent TM Caspase-3/7 Green (Invitrogen) according to the instructions of the supplier.
After incubation for 30 min, apoptotic cells were documented by microscopy (Leica DMI3000B microscope; Leica, Wetzlar, Germany).

Primary tumor cells (OCMI cells) from patients OC_37, OC_58 and OC_91 were used for invasion assay. Tumor cells were washed serum-
free using serum-free OCMI media (without EGF), stained with CTgreen (Invitrogen) and added at a concentration of 4 X 10° cells/insert in
300 plL serum free OCMI media. Complete OCMI media (without EGF) containing 5% FCS was used as chemoattractant in the bottom well.
The tumor cells were allowed to invade for 2 h at 37°C, 5% CO,. Remaining cells were removed from the inside of the inserts, invaded cells
were fixated with methanol, filters were cut out and fixed on to microscope slides for microscopic evaluation on a Leica DMI3000B micro-
scope. Invaded tumor cells were counted in 6 visual fields per filter using the ImageJ software.

RT-qPCR
Isolation of RNA and cDNA transcription from T-cells, as well as RT-qPCR analyses were performed as described previously.”* RPL27 was
applied for normalization. The following primers were used: RPL27, AAAGCTGTCATCGTGAAGAAC and GCTGTC ACTTTGCGGGGGTAG;
and IL-21, TGTGAATGACTTGGTCCCTGAA and CTGCATTTGTGGAAGGTGGTTTCC. For raw data evaluation the Cy0 method was
applied.”’

Immunohistochemistry

Forimmunohistochemistry, heat-induced epitope retrieval was performed with EDTA according to the manufacturer's protocol of the respec-
tive primary antibody. Staining was performed on a DAKO autostainer Link 48. After blocking endogenous peroxidase, sections were incu-
bated for 45 min with mouse monoclonal a-calretinin antibody (1:100; Dako M 7245, clone DAK Calret 1; DAKO Waldbronn, Germany), rabbit
polyclonal a-cleaved caspase-3 antibody (1:200; Cell Signaling #9661), mouse monoclonal a-human cytokeratin antibody (1:100; Dako M 0821,
clone MNF116) or mouse monoclonal a-alpha-smooth muscle actin (aSMA) antibody (1:200; Progen 61001, clone ASM-1; Progen, Heidelberg,
Germany). Sections were washed and incubated with Dako REAL EnVision HRP Rabbit/Mouse polymer, which reacts with DAB-Chromogen,
according to the manufacturer’s protocol.

Affinity-based proteomics

Ascites-derived CD3" T cells from 5 patients were stimulated with or without a-CD3 activation for 2 days at 37°C and 5% CO,. Supernatant
from stimulation cultures was harvested as described above and tested for NK cell activation and induction of NK-mediated HPMC killing in
functional assays. Basal medium (RPMI 1640/5% AB serum/1% sodium pyruvate) was included as background control for medium derived
proteins. Olink analysis was performed using the Olink Explore 3072 platform at the Core Facility Translational Proteomics at the Medical
Department of Philipps-University Marburg (UMR), following the Olink standard protocol (v1.5, 2022-12.21). All samples were randomized
and plated on a 96-well plate. Samples were processed in one batch. Next-Generation Sequencing (NGS) of the generated libraries was per-
formed at the Genomics Core Facility of the Department of Medicine at UMR. Olink Explore uses Proximity Extension Assays (PEA) technol-
ogy’® and has been optimized for high-throughput analysis with NGS readout.”® In brief, the PEA immunoassay uses two matched antibodies
per target, binding simultaneously to different epitopes on the protein. The antibodies are covalently labeled with complementary oligonu-
cleotide probes that only hybridize when the correct pair of matching antibodies is in close proximity. The resulting short dsDNA sequences
contain an assay specific barcode and are pre-amplified by a first PCR. In a second PCR, additional DNA tags providing information on the
respective sample are added to the barcodes. This coding allows for the parallel measurement of ~3000 proteins.

Protein levels are expressed as Normalized Protein eXpression (NPX; Olink-provided arbitrary unit in log2 scale). For mediators present in
more than one panel (CXCL8, IDOT1, IL6, LMOD1, SCRIB, TNF) mean NPX values were used in subsequent bioinformatic analyses (Table S1;
complete dataset). aCD3-induced proteins were identified by determining the difference of NPX values (ANPX) for samples with and without
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CD3 stimulation. Fold change (FC) values (22NPX) were calculated as the median of n =5 biological replicates. False discovery rates (FDR) were
determined by applying the Benjamini-Hochberg method to nominal p values determined by unpaired t test of FC values (Table S2). Iden-
tification of potential T cell secreted mediators promoting NK-cell-induced TRAIL-dependent apoptosis was achieved by filtering the hits for
proteins retrieved by the search term “NK cell AND TRAIL" in the genecards.org database (Table S3).

RNA sequencing

RNA-Seq datasets for omentum-derived ex vivo HPMC as well as for tumor cells and tumor-associated T cells (TAT) from ascites of HGSC
patients were retrieved from Sommerfeld et al.?" and used for Figures 4A and 4B; Figures S6B, S7A, S8, and S10C; Tables S5 and Sé.
RNA-Seq data were processed as described previously’>“® using Ensembl 96.”

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparative data were statistically analyzed by paired or unpaired Student's t test (two-sided, unequal variance), as indicated in the figure
legends. Post-hoc analysis of multiple comparisons (if n > 2) was performed by the Benjamini-Hochberg method. Results were expressed as
follows: *FDR <0.05; **FDR <0.01; ***FDR <0.001; ****FDR <0.0001. Boxplots were constructed using the Matplotlib boxplot function with
Python. Boxplots show medians (horizontal line), upper and lower quartiles (box), range (whiskers) and outliers (open circles).
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